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INTRODUCTION ; e MG

Coatings consisting of ceramic maé%@ig}s have received
considerable attention for use in severe fﬁermal and corro-
sive environments such as those exhibited in turbinel! and
coal gasification? units. Nh%]e such areas as corrosion,
erosion or thermal fatigue must be considered in the use
of such coat%ng, the initial critical issue is often adher—l
ence. Previous studies have shown that the level of adher-
ence of thick film systems3'5 and ceramic joints formed by
solid state bonding® is often very dependent upon the
microstructure adjacent to, or within, the interface regibn.
The role of material properties (and microstructure) in
ceramic coating adherence has also been discussed together
with effects of residual coating stresses,interface (par-
ticularly that associated with the ce;amic layer), andv
fracture toughness in the ceramic.’/ Furthermore the com-
position and amount of the metal bond coat used as an inter-
mediate layer between the Zr02 coating and substrate can
strongly influence adherence.8:9 Along this same line,

it has also been suggested that the inclusion of a chromium

layer beneath the Zr0O2 layer might alleviate fracturing in
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" the Zr02 coating upon exposure to hot cor'r-osive’gas'es,]0 ‘
j.e. in a manner similar to self-healing éoatings'where the
chromium oxidizesll.  Such findings point to the need to
characterize thé‘composition and microstructure'of ceramic
coating systems and to cofre]ate these with measurements“of-
coating adherence to gain an understanding of how adherence
might be optimized. The present study has thus examined
Lr02 coating of various compositions (i.e-Y203 and MgO
stéb%lizers)'phase content.(ipeo cubic,;etragonai, and

mohqc]fniéj,and'differing'meté]lic interlayers.

EXPERIMENTAL |

.~ The - materials tested “included flat substratés coaté
ed first with various bond coéts then~piasma sprayed with
various ZrQg composifion, Table 1I. Microstruéturé and
composition (é]ement distribution via energy dishersive
Xuray1anaiysié) wéfe characterized on polished crosé sec-
tions of the coatings, along with fractographic (i.e.
Tocus of failure) analysis using standard scanning electron
microscopy. X—fay diffraction'aha]ysis was employed on
the.as-sﬁrayed surfaceé of and fracture sdrfdces in the
Zr02 coatings 'tq determine pﬁaSes present The tests for
coating adherence included both a fracture meéhanics
tests and a tensile pull test. The latter employed a
square cross section'coated:sample cut from the coupons
suppliéd. For'the purposes of the tensile test a threaded
brass block waé attaqhed to the Zr02 coating. using an ad-

hesive.* The substrate was held in a grip and the load

*Adhesive-Bondmaster M777, National Starch and Chemical
"Corp., Bridgewater, N. J.
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abp]ied normal to the'coating/substrate interface by a
threaded coupling attéched to.the cross head of the test.
machine; Figure 1. The fracture'toughneﬁs (Kic) of the}
. coatings was determined using a modificétionlg of the_
_abp]ied ‘momentl3 double cantilever beam configuration,13
Figure 2. Both measuremenés were made at 220C, 40% rela-
iive.hhmidiyuand a 1oéding.rate of 0.5 cm/min. in an Instrdn
' ‘téSfxchHiné'wftﬁ a modified load train in corporafing gas.
 f}o§téd spherical air bearings to minimize parasitic bending

moments.14,'

LRESULTS

- _ The ceramic coat%ﬁgs fested involved a wide ‘variety'
of starting powder (Table I) -which resulted in the pres-
ence of various amounts of non-cubic Zr02. Thisnvaria~
tion ranéés in the coatings,.lfsted in Table I, from 100%
_cﬁbic to predominately noncubic, Zr0Oz. HMicrostructures of
these same coatings obserQéd on fractured‘cross sections all
éxhibit very similar features in the 2r02 layer, Figure 3.
These feafures consist of plateF]ike Zr0p regions (10-15
microns acroés x 1-3 microns thick) formed when the melted
{or pértia]]y melted) particles struck the surface of the
-sample being coated. Fractures through.these plates sﬁggest
that they consist.of fine (~ 0.5 micron diameter) columnar .
grains. In addition, the Zr02-Mg0 coatings, of course,
contain Mg0 regions as these coatings .actually consist of
two different chemfcal phases (i,é. Mg0 and Zr0z, Table 1).
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Element maps of polished cross sections of the ébat-
. : _ P .

ings, Figure 4, illustrate two features which differentiated

to sources ‘of coatings, Table I. First note that the bond

coat in the Zr0p coated samples from Source I is thinner

and has a very uniform thickness° Second the'coatings.from‘

,Source I1 have highly interioqking interfacial structures at

tﬁe'substratedenﬁ coat and bond coat-Zr02 layer inter-

faces. MWhile the coated samp]es‘from Source 1 have~sbme,

;interlﬁkking"interfacial"structure at the ZrOp-bond coat
" interface, but the degree of ﬁnterlocking appear less than

thé,coatings from Source II. Fufthermore,_the bond coat-

substrate interface apbears quite smooth in the coated

samples from Source I.
~ The room temperature adherence values of the various
coatings where a crack js‘ propagated parallel (orinear]y

~

s0) to the the p]ané of the coating to substrate interface

are listed in Table I. Note that the adherence strength of

the fully cubic ZrO2 coatings (from both Source I .and II,

Tab]e-l) hre somewhat Tower than measired earlier on Véry.

similar coatings.? This is felt to reflect the damage
introduced by having to machine samples from the coated

coupon specimens in the current tests as opposed to testing

" samples where the coatings were applied to specimens of the,'

geometry to be used in testing.? On the other hand, Kic

values for Zr02-Mg0 coatings of 1.0 to 1.5 MPa-m!/2 have
been obtained by the single edge notched beam method.14
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These are comparéﬁ]e to the Qa]ueé obtaineé here.with
differences 1in both testing and pfbcessing (sprajing)
condftidns'likely being the cause for the small differehcé
‘in.KIC.values‘obtained in that study versus the’turrent

viork. ' , ~ o
Of the ~ 0.05 cm thick ceramic coatings listed in -

“Table T, tho$e containing both cubic and non-cubic Zr02
ﬁhaSes‘appear;io exhiﬁit impfoved adherence in terms of Bofh'
h%gﬁer streﬁéfhs and.ffactﬁre toughness values over_thg
ful!y cubxc ZrOz coatlngs. This is true despite the fact
?those coat1ngs conta1n1ng non- cub1c ZrQ2 1ncorporate 1) a
d1fferent substrate mater1a],-and 2) a thicker (as well as a
udiffereﬁt) bond coatviayer than one of the cubic irOZ,
coated samples. Fina]iy the addition of a thin chromium'
layer between the Zr02 and bond coat had negligible efféct

on adherence.

~DISCUS§ION | .

“The adﬁerence"of'p]asma spraye& Zr0z coatings at 1ow '
temperatureé (i.é. near room temperature) appears to be
enhgnce& by several features. 1) the format1on of a
 distinct infer16bking interface structure, and 2) incor-
:poration of Mg0 and some noncubic Ir02 within thé.cuBiC‘
Ir02 1layer. While at fhis time it is difficult to fully;

.determine the sources of adherence, several comments are 1n

e

order. '
First it must be recognized that there are the under-
lying effects of residual stresses generated during‘the

plasma spraying process. ,This .is indicated by the thick-

-5-




ne;ﬁ dependence of adherence strength observed in one of
the cubic Zr02 coatings (fab]e I). It fs also suggested
by the greater adherence in the Mg0 containing Zr02 coat-
ings where the Mg0 exists as a second_phase (Table I). ';n _ »Z-ﬁ; 

-this‘caselthe MQO regions can plastically deform during

~

cool down bf the coating,after the spraying proceés;:ahd.
ihus'ré}ieve"a_greater portion of the stresses generated
_fhanfin the‘césé of the Y203 stabilized Zr0; coatings;
In'facé; it should be noted that the fracture path within
the ZfOz layer in the hore a&hgrent.coatings tended to be
]ocatéd furtﬁer away from thé 2r02-bond coat interfacetas
’Ehe adherence:increased.: Residual stresses which are gener- -
'ated by the mismatch in thermal expénsion betwéen fhe Irz
and;bond coat/substrate alloys would be concentrated‘at;the
" Zr0p-bond coét interface. Thus, relief of residual stress-_
es éhou]d not only impfove adherence but also shift the
locus-bf failure away from the interface, aé.obserye&.
It shqd]d be' remembered also that the fracture Ratﬁ
-wili_not'fo]]ow é]ong the exact bond coat-Zr02 interface
ekcépt for very 'smooth interface;o Crack deflectidns
required to follow an interlocking fhterface would reduire'
more-energy.than a more'planar fracture path.. [Such .in-
"creaées'in the energy to propagate a crack (i.e. increases

in Kyc) by forcing it to attempt to propagate along an

inter]ocking-interface have been observed in a thick. film

systems.®] Thus fracture will involve a mixture of frécf
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ture along the interface and through the Zr0p with inter-
locking iﬁterface; Such mixed fracture, in fact,fs ob--
served in.the fracture (or spalling) of hény Zr02 coatings.
‘Noncubic ZrOz in the Zr02 layer apbears to ihcrease‘
the'éoating adherence. “This is'indicated by the jncrease'.;f
in adherence as the ,amounf of tetragonal phase increases
~from 0% to ~ 70% in the coatings listed in Table I. While
péryipf thislincreaséd:adherence is due to the presence‘
of.én'Mgo phase,VamongSt'those'ZrOZ coatings containing
'-HgO*thére is a further increase in adherehce with increase
Tnifétraénnallmonocifnic ZrOé;contenta This indicates
'Ihat'soﬁevstrengthening (and/or toughening) effects'ére
being derived by the inclﬁsion of the noncubic phases..
This may result either from pre-existing microcracking
due toAthe présence of monoclinic Zr02 or from(theAtOQghn
eningﬂassactated.ﬁith the tétragon31 fo moﬁoc]inic transfor
mation a§ a result of the abp1ied mechanical.stresﬁes.15al7
- In: the absenpe of chemical bondingAacross the'inter-‘
face, a strong.mechanical bond needs to be eStab]i§hed
at the interface. Sohe chemica1'bonding is posé}b]e thh
plasma spraying but the short times at.te@pérature aﬁpérflh
ently limit the formation of such a bond. For those cases
where high strengths and stresses normal to the interQTﬁf

face are critical'enhancing the chemical bonding nature

of the interface ought to be examined (e.g. possibly post

spraying anneals could be used to enhance the chemical bond




via diffusion or reactions). The current coatings ﬁeévi]y
rely on é'nmchanica]]y interlocked interface to raise fhé
ceramic coating adherence. This becomes more appérent in
-the more adherent coatings wﬁere-faiTure occurs well within

the Zr0p layer and not at the ceramic-bond coat interface.

SUMMARY -

ii.Analysiglof'the microstructure and adherence of,ZrOz
coaﬁanS'revea1ea that the adherence decfeased Qith incfeas—
ingfcﬁétihg'thickness and could be increased 5y iﬁcorporat-
-ing~Mg0 as a second-phase 3swﬁe]1 as by 1including noncubic
,ZrOé in the cubic Zr0yp éoating.. Residual Sfressesﬁfrom-
the plasma spraying p%oces§'1imft adherence (hence thé
coaijng thickness dependence) But these can be relieved by
p]aétjcu flowlvin the Mg0 phase during post-spray 6001ing.
Some degrée of'sfrength/todgheniﬁg is also derived by the

presence of microcracks and/or from transformation asso-

ciated with the presence of tetragonal Zr03.
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AUHERENCE OF

Bond Layer(s) :

PLASMA SPRAYED ZrUg COATINGS

Substrates++

. ILr02 Layers Tensile '
Composition Phases Thickness  Composition | Thicknes Strength Kic Locus of
Sample wt % in wt % cm wt % cm _MPa MPa/m3/2 . Failure
Coatings
on FeCrNi
Alloy Sub- : : : o
strates¥8 | Zr0p+25Mg0 70% t 0.04 Ni20Cr6Al 5.00£0.35 | 2.7:0.5 Within ZrQ;
' . 25% ¢ ' : layer
10% m
with
10%Mg0 ‘ ‘
: Cr 0.004 . :
9 same same same Ni20Cr6Al 0.010 5.35+0,30 [ 2.9%0.2 In or near to
Zr02 to bond
coat interface
‘ Cr 0.004 ‘
7| Zr0p+24Mg0 45% t {0.04-0.05 Ni20CrG6A1 0.010 4,00£0.25 | 2.220.1 Same: Cr found
A : on fracture
surface
4 same same same Ni20Cr6Al 0.010 4.60£0,10 | 2.421.0 %gylroz
' er
51 Zr0p+20Y703 90% ¢ 0.04 Ni20Cr6Al 0.010 3.05:0,45 | 1.7£0.9 Near Zr0z to
- 10% m : ' : bond layer
‘ interface:
. Cr 0.004
6 same same same Ni20Cr6Al 0.010 3.45+0.60 | 1.6%0.3 same
- Coatings on : : 5 : :
NiCrCo Alloy| Zr0p+12Y203 |100% cubic 0.05% Ni16Cr56A106Y 0.005 2.50£0.,60 | 1.9x0.9 Near Zr02 to

bond layer
interface

+Supblied by Central Institute.for Industrial Research,

used Castoline powders,

**Supplied by NASA-Lewis, Cleveland, Ohio.

*t-tetragonal; m-monoclinic; c-cubic Zr02 phases.

Oslo, Norway: Metco
Metco NiCrAl powder used for bond coat. -

Zr02 powders used for all except 8 and 9 which




Fig. 2.

FIGURE CAPTIONS

" Tensile Paull Test for Ceramic Coated Substrates. The

coated samples are machined from large coupons with subse-
quent tensile load applied via a brass coupling block
epoxied to the coating surface. :

Test for Determining KyC Values for Adherence Of Ceramic .
Coatings to Substrate. The specimen used for coated
substrates_deviates from that used in KjC test of bulk .
materialsl3 by the fact that half of DCB specimen c¢on- - ,,m;;'j
sists of a brass arm (2 in figure) attached to the coat- PR
ing3 on.the substrate (1) by epoxy. This requires ST

" that the specimen geometry be altered so that there

Fig. 3.

Fig. 4. .

" view of coatings from Source I.

"is equal strain energy in each half of the DCB specxmen'
.{i.e. as indicated by EjIj-E2Il2 where E is Youngs oo
- modulus and I is the moment of inertia of each half of the

DCB specimen). Also, the applied moment to each arm must
be constant therefore the applied load P/2 and the fulcrum

'ﬁpointWCO“coating"surface'(sample mid-plane) distance
" for each half of the DCB specimen must be equal. These -

considerations allow one to propagate a crack in the Zx09
coating with the crack plane parallel to the coating
su*face

Fracture Surface Microstructure of Zr02 Coatings.

Fracture surfaces obtained from.applying bending load
parallel to coating surface to obtain a cross sectional

Element Distribution of Polished Cross Sections of Cubic
2r07 Coated Samples from Sources I(A) and II(B). :
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ZrO:‘z, . Coatings

Fractured in Bending

T Tetragonal
€ Cubic ZrO,
M Monoclinic : s
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