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Post-Deposition Treatment of Zirconia Thermal
Barrier Coatings Using Sol-Gel Alumina
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This article addresses the problem of gas permeability of thermal sprayed yttria-stabilized zirconia ther-
mal barrier coatings (TBC)s. The objective of this study was to decrease the open porosity of TBCs
through deposition of dense alumina ceramic on the surface of the pores. A simple infiltration technique
was used, beginning with aluminum isopropoxide as sol precursor, subsequently hydrated to aluminum
hydroxide sol, which decomposed at relatively low temperatures to extra-fine, readily sinterable alumi-
num oxide. In some experiments, the sol-gel (SG) precursor was combined with fine grains of calcined
alumina, constituting high solid-yield composite sol-gel (CSG) deposits within the pores of TBCs. Sinter-
ability in the model systems, including aluminum hydroxide sol-calcined alumina and aluminum hydrox-
ide sol-calcined alumina-zirconia, has been studied. A number of TBC specimens were impregnated with
suspensions of alumina sols and CSG. It is shown that these ceramics effectively penetrated into the pores
and cracks of TBCs and reduced the coating permeability to gases. The overall reduction of porosity
was however small (from ~12 to ~11%), preserving the strain and thermal shock tolerance of the
coatings. Burner rig tests showed an increase in sealed coating lifetime under thermomechanical fa-
tigue conditions.

The method proposed in this study involves partial sealing @
the pores and healing of the cracks of a zirconia TBC by infiltra
tion with liquid precursors of alumina. Similar SG infiltration
techniques have been used to fabricate multiphase ceramic bg
1. Introduction ies with improved properties (Ref 10-12). The principal objec

] ] ] tive of this work was to modify the surface and volume of

'_I'herma_l barrier coatings (TBCs) are frequently uset_ll IN COT- thermal sprayed TBCs in an attempt to decrease their permeal
rosive environments, even though their major purpose is to pro-ity to gases and therefore to increase the high temperature cor
vide thermal resistance, rather than corrosion resistance (Ref 1xjon resistance of the coated substrates. The rationale to sel
Porosity of TBCs is a desired feature to provide good thermal glJumina as a high-temperature sealant for porous zirconia wz
protection (through low thermal conductivity) and tolerance to based on several factors. The alumina-zirconia system belon
differential strain and thermomechanical fatigue (through low to one of the best studied groups of composite ceramics. One
stiffness). However, the interconnected (open) porosity allows the toughest ceramics known (beyond fiber-reinforced compos
the corrosive media to reach the coating-substrate interfaceijtes) is zirconia-toughened alumina. The system exhibits n
which eventually leads to delamination of the coatings. In the measurable solid solubility, promising long-term stability at ele
simplest case, the corrosive medium is hot oxygen that reacts/ated temperatures. Itis also important that the alkoxide precursg
with the bond coat to produce complex oxides at the TBC/bond to alumina and alumina hydroxide sols are readily available and o
coat interface. of the cheapest ceramics produced through the SG method.

The problem of interconnected porosity can be addressed by The SG treatment of thermal sprayed coatings has been
modifying the characteristics of the coating. Investigations have plored previously (Ref 12, 13). On heat treatment at relativel
been carried out to explore the feasibility of using ion and laserlow temperatures and short times, the SG precursors of ceram
beams to optimize the properties of plasma sprayed coatings bylecompose to their respective oxides. The depth of penetrati
decreasing their porosity and improving the surface finish (Ref of the precursor in the coating is controlled by the immersio
1-6). Although substantial cracking usually accompanies thesetime in the sol and can be described by the Washburn mode
treatments, in some cases controlled cracking introduced to thevhich considers the porous medium as a constant cross-sect
coating can be beneficial. In particular, cracks perpendicular to capillary (Ref 14). If thermal sprayed coating can be assumed to
the coating surface can help in accommodating the strains dura porous body behaving as an assemblage of capillaries, the in
ing thermal cycling (Ref 6-8). The successful use of high inten- trated depth is parabolic in time;, and depends on fluid viscosity,
sity arc lamp to sinter the surface of a sol-gel (SG) treated TBCN; surface tensiory, pore radius;; and wetting anglé (Ref 15):
was investigated to lower the overall costs of post-deposition
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and wetting of the coating material. The advantage of the SGsional network (Ref 19). The following phase transformations
route is that the starting precursor is usually a low viscosity fluid occur upon subsequent heat treatment of the result hydroxides:
yielding a fine powder on decomposition (Ref 16, 17). Equa-

tion 1 has been shown to properly describe penetration of par- YAIOOH 450 - 550°C YAl O, 850 °c
tially hydrated silica sols into thermal sprayed TBCs (Ref 9,
18).

8A1,0, ~22C ga1,0, 22 CAlL0,

2. Sinterability of Sol-Alumina/Calcined

Alumina/Zirconia Systems The inherent feature of SC processing is relatively low volu-

The starting precursor to prepare high purity alumina metric yield of a solid material out of a liquid precursor, leading
through SG is usually aluminum isopropoxide Al (§p13)3 dis- to 60 to 70% shrinkage of gel upon transformation to a solid. The
solved in isopropyl alcohol. Aluminum isopropoxide is readily large strain can easily result in cracking of the component unless
hydrolyzed to produce hydrated alumina sol particles. It is be- special precautions are undertaken to ensure uniform dehydra-
lieved that the ~1 nm Iar79e alumina sol particles of the formula tion and pore collapse. One method to increase the yield and de-
AlO Al {OH),4H-0);5" " are transformed during gelation into  crease densification strain of gel is to disperse secondary
pseudobehmite (AIOOH) because of the loss of the tetrahedrallyceramic particles in the sol, which act as an inert filler in the
coordinated aluminum (Ref 19). Gels forms by step-wise link- composite sol-gel (CSG) (Ref 19, 20). A variety of solid phases,
age of AIOOH dimers into double chains to form a three-dimen- such as fine powders or fibers, can be dispersed into a sol before

gelation, leading to a composite with good homogeneity and in-

100 - timate contact between the components. The composite slurry is
. typically dried at 25 to 250 °C and sintered at temperatures sev-
Q 90 -+ 45% 35% 20% eral hundred degrees lower than the counterpart calcined ceram-
i: 80 Composite with 86.2 vol% ~ ics. The respective shrinkage curves for heat-treated pure
5 Calcined Alumina P<i% alumina SG phase and CSG with 86.2 vol% of calcined alumina
K (A16, Alcoa Chemicals) are shown in Fig. 1 (the vol% of total
¢ 60 porosity,P, is shown at the various stages of heat treatment for
B 50 Pure Alumina Sol-Gel both materials) (Ref 20). The pure alumina sol-gel phase shrinks
& 35% P<1% linearly by about 66% upon reaching essentially full density (
40 20% 10% < 1% at 1400 °C in Fig. 1). This large shrinkage frequently re-
gq LF=Forosty \ ‘ sults in cracking of SG derived ceramics. In contrast to this, CSG

0 200 400 600 800 1000 1260 1400 shrinks by about 20% upon reaching full density, a value more
common to densification of calcined ceramics. The rationale to
use CSG as a high temperature sealant for TBC is therefore in

Fig. 1 Linear shrinkage and porositl,(/0l%) versus heat treatment high solids yield and relatively small shrinkage during heat
temperature for pure sol-gel derived alumina sealant for TBCs and for  {regtment.

° - ; 1 o nl
E?ﬁecdogggsig;sm gel (CSG) alumina sealant containing 86.2 vol% cal The compatibility between the CSG sealant and the pure SG

phase is further illustrated in Fig. 2. In this figure, the CSG base
(86.2 vol% of calcined alumina, the “grainy” structure in the top
of the figure) sintered at 550 °C has been coated with pure alu-
mina sol (the “smooth,” ~am thick layer in the bottom of the
figure) and sintered repeatedly at 550 °C. While both the CSG
and sol-derived coating still have substantial porosity after sin-
tering at this low temperature, the porosity of the sol-derived
coating appears to be closed and well belownin size (the
pores are not resolved in the smooth SG derived coating in the
bottom of Fig. 3). This system offers a combined ceramic sealant
that can be applied to TBCs at moderately high temperatures
(e.g., 550 °C). If the temperature of heat treatment is further in-
creased, the alumina sealant sinters completely, especially in the
presence of a MgO additive (Fig. 4). Thus the process of sealant
densification is expected to continue during service of TBCs.
Figure 3 illustrates the results of investigation of another model
ceramic-ceramic system with the CSG ceramic sealant. The zir-
conia-yttria ceramic was impregnated with alumina precursor to
result in 67.3, 72, and 74% of zirconia-yttria component after
Fig. 2 Sol-derived alumina sealant coating (bottom) on the compos- ~ Calcination. Likewise, substantial sinterability in this model sys-
ite sol-gel alumina sealant (top), sintered at 550 °C tem was observed only about 1100 °C.

Temperature, (°C)
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Fig. 3 Densification in the system containing composite sol-gel alu-
mina sealant (86.2 vol% calcined alumina in sol-gel alumina matrix)
plus various contents of zirconia-yttria powder as a function of sinter-
ing temperature

—

an bgl in Alumina Sol-Gal Matis Fhasg (ol 0
a5
— 30 | - T 20.5
E o || B . w1
= m
B 18 |
a 10 | ]
im_
11040 1200 13080 140

Sintering Temperature, [“C]

Fig. 4 Densification of composite sol-gel (CSG) alumina sealant
containing 86.2 vol% calcined alumina in sol-gel alumina matrix as a
function of temperature and MgO content

(b)

(@)

Fig.5 Scanning electron micrograph of the yttria-stabilized zirconia TBC: (a) As sprayed, top surface. (b) Infiltrated withprkouisar for 10 min
and heat treated at 600 °C for 15 min, top surface. (c) Cross section, secondary electron image. (d) Cross sectionf&ltayimap o

Journal of Thermal Spray Technology

Volume 8(2) June 19231

o)
®
®
o
Y|
©
S
=
o)
Q




Peer Reviewed

3. TBC Impregnation Experiments tion was used as the criterion (Ref 7). Appearance of cracks was
used in some investigations as a sign of failure (Ref 7). In the

The yttria-stabilized zirconia thermal sprayed TBCs studied setup for this study, failure was considered to have occurred
in this work were supplied by Northwest Mettech, British Co- when 75% or more of the test zone (area of the coating exposed)
lumbia, Canada (sprayed directly on steel or nickel) and Pratt &spalled. This criterion for failure was set based on previous re-
Whitney, Quebec, Canada (deposited on nickel-base alloy withports (Ref 3).
an intermediate MoCrAlY alloy bond coat). The precursors for
infiltration were prepared through the alkoxide route, as de-
scribed previously. The specimens were infiltrated by immer- 4. Results and Discussion
sion in the precursor solutions for various lengths of time (4 min . . . .
to 1 h). The infiltrated specimens were dried at 65 °C for 12 h, " 19ureé 5(a) shows highly microcracked surface of a typical
and furnace or flame heat treated at 600 or 700 °C for times be{nsealed plasma sprayed TBC and Fig. 5(b) shows the surface of
tween 15 s and 15 min. The heat treatment temperature was chd? €oating that was infiltrated with alumina precursor for 10 min
sen based on thermogravimetric analysis and x-ray diffraction@nd heat treated at 500 °Cfor 1,5 min. The br[ght regions in F'Q-
results. According to the previous discussion, the principal form 2(P) are representative of alumina as determined by energy dis-
of alumina achieved in this procesg-&l ,0s, which transforms persive x-ray analysis. Howe_ve_r, itis difficult to observ_e the dis-
to the final form ofu-Al O3 during the burner rig tests at 1270 tribution oflthe.sealant mz_;ltenal |nS|dethe pores and microcracks
°C. of the coating in a scanning electron micrograph because of ab-

The effectiveness of the sealing process was verified in thisSCTPtion of x-rays inside the pores by the surrounding material.
work using potentiodynamic polarization, gas permeability, and The dlstrlbut|qn of the sea_lant material (aIummq) in the coating
thermogravimetric tests. The full set of results of these tests hadVas also studied by mapping the element (aluminum) in the pre-
been published elsewhere (Ref 18). The durability and ther-CUrSOr across the cross section of the coating. Flggre 5(c)shoyvs
momechanical fatigue resistance of infiltrated TBC was com- & Scanning electron micrograph of the cross section of the zir-
paratively assessed in a simple burner rig using naturalConia-yttria TBC infiltrated with alumina precursor for 10 min.
gasloxygen flame and air cooling. The burner rig test samples] NiS figure presents the top ~fh of the coating, with the coat-
were 0.38 mm thick 18Y05-ZrO, TBC on 0.22 mm MoNi- ing surface seen on top of the figure. Figure 5(d) also shows t_he
CrAlY alloy, on nickel-alloy substrate. A turntable held six XTay map of aluminum for the same sample and the same region
specimens, with adjustable residence time at the heating or cool@S IN Fig. 5(€). The high concentration of aluminum on the sur-
ing station. Severe heat treatment schedules were selected to af2c€ and in the pores of the coating shows that the precursor is ef-
celerate the test, that is, heating in a flame to 127@ 2@ °C fectlye in sealing the surface and penetrating the pores of the
for 56 s and then quenching to room temperature with a jet of€0ating. , ,
cold air, in approximately 20 s. The test temperature was meas- eight gain measurements were carried out to evaluate the
ured continuously using a thermocouple, positioned just below@mount of two-molar (2M) alumina infiltrant deposited in the
the surface (in the coating) and verified by intermittent pyromet- €0atings, before and after the heat treatment. The open porosity
ric measurements. of these coatings, measured by Archimedes water displacement

The definition of coating failure in burner rig tests is rather Method, was ~12%. For example, typically the weight gained,
arbitrary. In some investigations failure was considered to havethat is, the weight of dry infiltrant (gel) in the coating, with 10
occurred when the ceramic coating spalled from 50% or more of N of infiltration was 5.5 mg. When heat treated at 600 °C for

the test zone, whereas in other investigations complete spallad® Min, the surface exhibited the weight of the precursor decom-
posing to oxideyalumina) in the coating at 4.2 mg. This corre-

sponded to a yield of 76% and was in good agreement with
themogravimetric analysis results, which showed a decomposi-

DLUNE" TN TR T tion yield of 78% from the dry alumina gel (Ref 18). The volume

yield of the 2M alumina precursor was 4.5%. Assuming that the

2 20 min [ A S liquid precursor fills up all the pores in the coating, the maxi-

- mum decrease in porosity would also be 4%, for example, poros-

= ity would decrease from 12 to ~11.5%. Therefore a single

o i _ infiltration process does not substantially change the overall po-

i rosity content of the coatings. Further tests indicate however

ey 000 | that the type of porosity and the microcrack morphology was
modified to result in decreased permeability and increased resis-
tance to thermomechanical fatigue.

ome. [N

Figure 6 summarizes the results obtained in the cyclic burner
rig tests. Four of the five specimens tested were infiltrated with
S0 350 &0 8§ Tl TR0 300 alumina precursor (2M) for 5, 10, 20, and 30 min. The infiltrated
Murrber of cycles o lalure specimens were dried and subsequently heat treated at 600 °C in
Fig. 6 The number of burner rig cycles to failure tests (i.e., heating in a ﬂa.me for 15 .S' During th.e test, the crackmg_ behavior of the
a flame to 127@& 20 °C for 56 s and then quenching to roon‘1 tempera- coatings was visually examined allnd.r.ecord.ed In terms of the tc?'
ture with a jet of cold air, in approximately 20 s) for TBC specimensim-  tal area exposed. There was a significant increase in the cyclic
pregnated with alumina sealant for various periods of time life, from approximately 560 cycles in the untreated coating to
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approximately 780 cycles in the coating treated with 30 min of for 30 min. Out of the two coatings infiltrated with alumina pre-
infiltration. The bond coat coating interface of the untreated cursor for 30 min at the start of the test (i.e., No. 3 and 4 in Fig
sample after 500 cycles shows evidence of delamination prior to8), one was treated again after 300 cycles. Figure 8 summariz
spallation (Fig. 7(a), compared with the as-received coating inthe results obtained from this test, in terms of the number of ¢
Fig. 7(b)). cles to failure. The cyclic life of the coating untreated at start o

Figure 8 presents the results of another series of the burner righe test increased from 540 cycles to 740 cycles with 30 minute
tests (thatis, heating in a flame to 12720 °C for 56 sand then o nfiltration (after 300 cycles) with the 2M alumina precursor.
quenching to room temperature with a jet of cold air, in approxi- The Jife of the initially infiltrated coatings further increased

mately 20 s). As in the previous tests, six specimens were anag,m 870 to 1050 cycles with 30 min of infiltration (after 300 cy-
lyzed simultaneously, but some samples were additionally cles) with the alumina precursor.

infiltrated with the precursors for 30 min after 300 cycles in the
burner rig. This intermittent infiltration treatment was carried to
establish the feasibility and usefulness of the sealing techniques  Conclusions
to improve the life of coatings already in service. Out of the two

untreated coatings at the start of the test (i.e., No. 1 and 2 in Fig. Sol-gel alumina sealing treatments were carried out to im
8), one was infiltrated after 300 cycles with alumina precursor prove the protective characteristics of porous plasma spraye
yttria-stabilized zirconia TBCs. Sinterability of the sealantin the
system, alumina sol-calcined alumina-zirconia, has been stu
ied. The effects of such a sealing treatment on the permeabili
and mechanical properties of the parent coating were chara
terized. An x-ray map of the sealant material in the parent coa
ing shows that the infiltrant is effective in penetrating into the
pores and capillaries of the coating. Porosity of the modifiec
coatings is decreased minimally (~12 to ~11%), and thus it is bg
lieved that this sealing technique preserves the overall strain tg
erance of the porous coatings, as evidenced through t
subsequent thermal cycling tests. Burner rig cyclic tests (i.e
heating in flame to 1278 20 °C for 56 s and then quenching to
room temperature with a jet of cold air, in approximately 20 s
show an improvement in the cyclic life of the coating from 560
to 780 cycles with alumina infiltration. The burner rig tests o
coatings additionally sealed after 300 cycles show a further i
provement in the cyclic life of these treated coatings to 1050 ¢
cles. It appears therefore that this technique is equally suite
for sealing fresh coatings as well as enhancing the life expe
tancy of coatings already in service. The results of the inves
tigations on post-treated coating permeability and durabilit
indicate a potential for the application of this method for hig
temperature environments subject to corrosive gaseous ¢

PAM3INSY 1884

tack.
Primary infiltration: Secondary infiltration:
after O cycles after 300 cycles
@ Material: 18YSZ - TBC
on MoNiCrAlY BC / Ni allo
1. Control Failure:
Not Infiltrated 540 cycles
2. Control T .
Failure:
Infiltrated at
300 cycles i 740 cycles
3. Test S
Infiltrated at Failure:
0 cycles 870 cycles
Failure:
4. Test |
Infiltrated at L 1050 cycles
0 & 300 cycles } | } | } |
200 400 600 800 1000 1200
(b) Number of burner rig cycles to failure of coating
Fig. 7 Sce}nnin_g electron micrograph qf the cross secti_on of yttria- Fig. 8 The burner rig tests results for TBC specimens impregnated
stabilized zirconia TBC after 500 cycles in (a) the burnerrig and (b) as  with alumina sealant of various stages of damage. Refer to text for ex-
sprayed planations.
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