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The deformation response of sol-gel-derived
zirconia thin films on 316L stainless steel
substrates using a substrate straining test

P. B. KIRK, R. M. PILLIAR
Centre for Biomaterials, University of Toronto, Toronto, Ontario, Canada M5S 3E3

Thin (78 + 4 nm), well-bonded zirconia films were formed on 316L stainless steel substrates
by dip-coating in an alkoxide precursor solution followed by annealing in air to achieve film
densification. X-ray diffraction showed the film to be either metastable cubic or tetragonal
zirconia. A substrate-straining test was used to investigate the mechanical characteristics of
the film and interface; this protocol has been used previously to estimate interfacial shear
strength through a shear-lag model. At strain levels of about 1.5%, 15 times the yield strain
of the substrate, through-thickness cracking of the film was observed. These cracks were
driven by deformation localized at slip bands on the substrate surface and the cracking
pattern reflected the slip band pattern of the underlying substrate; the propagation of long
cracks transversely to the applied stress, as observed in similar experiments previously,
was not seen and consequently the shear-lag model was not applicable. As a qualitative
indication of good adhesion, film debonding was not observed even at high strain levels. A
non-guantitative model was proposed which examined stress transfer across the
film-substrate interface on a microscopic scale, and suggested how film, substrate and
interface properties affect competition between transverse and slip-band-induced modes of
film cracking. This model was then used to reconcile the observations of this study with the
transverse cracking observed by others. © 1999 Kluwer Academic Publishers

1. Introduction a force balance on the segments of film separated by
Surface modifications may be used to improve the weatransverse cracks; various relationships of the general
and corrosion characteristics of metals and to controform
special surface properties such as the biocompatibility
of surgical implants. Sol-gel thin film technology offers
the potential for relatively simple and low temperature
processing to produce protective ceramic coatings with
controlled chemistry and uniformity. were developed [1, 4, 5, 11], whekeas a measure of
For a thin film coating such as a sol-gel-derived ce-the steady-state crack spacing (either minimum, mean
ramic to remain functional it must stay well adheredor maximum spacing)s is the film thicknessgs is
throughout whatever loading the substrate may expethe tensile fracture strength of the coating, &nid a
rience while in service. Substrate straining tests havelimensionless constant of the order of 1.
been used to investigate the mechanical behaviour and Zirconia films produced through the sol-gel process
bonding of thin brittle films which are well adhered to have been reported as effective in retarding corrosion
ductile substrate materials, such as metal and ceramiaf stainless steel in salt and sulphuric acid solutions
films on polymeric substrates [1-3], ceramic films on[12-16], as well as in reducing high temperature ox-
metal substrates [4—9], and brittle chromium films onidation of stainless steel [12, 17, 18] and nickel [19].
aluminum and steel substrates [10]. Since strain in thé&arlier work by our group has been undertaken in order
substrates was transferred into the film through the into evaluate sol-gel-derived zirconia as a potential coat-
terface, these studies yielded information about the ining for dental and orthopaedic implant applications, and
terfaces [1]. Commonly, cracks were observed to formhas demonstrated good adhesion of the films to Ti-6Al-
transversely to the applied strain and the transversdV [9]. In this article we report on the characteriza-
crack density was related to shear load transfer proption of sol-gel-derived zirconia films deposited on 316L
erties of the interface by shear-lag models. At highstainless steel, another common medical implant alloy.
strainlevels, these analyses predicted thatthe crack defithis system was of interest also in the evaluation of
sity would tend to a steady-state value. An interfacialthe substrate straining protocol and shear-lag analysis
shear strengthmax could then be determined through as measures of adhesion and interface behaviour.

dof
Tmax= k_
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2. Experimental Zirconia-coated tensile test specimens were prepared
2.1. Substrate preparation and as described above. Tensile deformation was applied to
film deposition the samples by a servohydraulic mechanical testing ma-
Substrates were machined from stainless steel (316L9hine (Instron 8501), which was operated under strain
bar stock to a geometry based on the ASTM E-8 staneontrol using an extensometer (Instron model 2620-
dard for subsize rectangular tensile test specimen®30) to monitor strain levels. This deformation was in-
These were polished on one face to a bright mirroterrupted at pre-defined strain levels, and the samples
finish using an automated polishing machine. The subwere unloaded and examined using SEM for cracks in
strates were degreased with acetone and washed in dése zirconia film.
tergent then copious distilled water, and then passivated Accompanying this investigation of the cracking be-
with 28% nitric acid for one hour, a procedure compli- haviour of zirconia-coated substrates was characteriza-
ant with ASTM F-86. The passivated substrates werdion of the strain response of the substrates themselves.
stored under anhydrous alcohol untilimmediately priorThe same sequence of incremental straining and SEM
to coating. observation was performed on uncoated samples which
Zirconia films were deposited by dip-coating from had been polished and passivated by the same proce-
a precursor solution containing zirconium propoxidedures as the coated samples. These uncoated samples
in n-propanol, with water as catalyst, acetic acid aswere also given a heat treatment similar to that used
a chelating agent to control polymerization rates, andor annealing the sol-gel films (&/min up to 490C,
ethylene glycol as a plasticizer. Dip-coating was per-1°C/min to 500°C, and hold at 500C for one hour be-
formed within a class 100 laminar flow clean hood infore furnace cooling). In order to prevent oxide growth
order to reduce air-borne particulate contamination obn these uncoated samples the heat treatment was per-
the films. The coatings were densified by sintering informed in vacuo.
air: samples were heated in a muffle furnace“&@/Mnin
from room temperature to 47&, then at £C/min to
500°C, held at 500C for one hour, and furnace cooled.

The precursor and coating procedure have been d&- Results _
scribed in detail elsewhere [21]. Numerous pits were observed in the 316L substrate af-

ter polishing, often elongated in the rolling direction

of the bar stock. These were attributed to inclusions
. . . in the steel which had been pulled out during the pol-
2.2. Zirconia film characterization , ishing procedure. The pits were not generally covered
X-ray diffraction (XRD; Siemens D-5000 with U, er by the zirconia film, and often acted as nuclei for
X-ray source) was performed to examine the crystalyryingcracks. However, these drying cracks were not
structure of the film. Scans were made over the ranggy,served to propagate far from the pits. The low density
20 =25 10 65’ in increments of 0.02 Although high  o¢1hese defects and their lack of interaction with strain-

order reflections have been recommended for disting,§,,ced modes of cracking in the film after annealing

guishing between the cubic and tetragonal phases Qfj\yeq the substrate straining test to be unaffected by
zirconia [20], no h|gher angle reflections were detectedy, i, presence. The coatings were free of other gross
abo_ve ba_ckground noise Ieve_ls. . defects, except for cracking found at geometric discon-
Film thickness was determined by automated ellip+;p, jities such as sample edges. Automated ellipsometry
sometry (AutoEL-Il, Rudolph Research, Flanders NJ)yeaqrements indicated that the mean thickness of the
using a signal wavelength of 6328 Thickness values  ;j.cqnia film was 78 nm, with a standard deviation of
were calculated frond andW parameters by software 4
(FILM85, v.3.0, Rudolph Research) running on adesk-  1he x_ray diffraction spectrum of sol-gel-derived
top computer. The work of Filiaggit al. [21] showed  ;ircqnia on 316L stainless steel is shown in Fig. 1,
that an assumed value of=1.90 for the refractive 54 with that of sol-gel-derived zirconia deposited on

index of these sol-gel-derived zirconia films was ac-1i_gal-4V from earlier work [22]. The zirconia/316L
ceptable insofar as it gave calculated film thiCk”esse§pectrum showed only one peak due to zirconia, the

that agreed with values measured by the stylus teChgong 11) reflection at 2 = 30.3 characteristic of

nique. cubic and/or tetragonal zirconia. The higher order re-
flections which had been observed in the zirconia/
Ti-6Al-4V system were not observed, although the

2.3. Substrate straining test (220 reflection at 2 ~51° may have been masked

The mechanical behaviour of the zirconia thin film andby the 316L substrate signal. TheL{) reflection was

the zirconia-metal interface were investigated througtshifted to a slightly lower value of@®in the zirco-

a substrate straining test. In this test, used previouslpia/316L spectrumthaninthe zirconia/Ti-6Al-4V spec-

by Filiaggi et al. [9] and based on work by Agrawal trum, which was more indicative of tetragonal than cu-

and Raj [4, 5], cracks in the thin brittle film were in- bic zirconia. The disappearance of higher order peaks

duced through application of a uniaxial strain to thesuggested a smaller crystal size in the zirconia/316L

ductile substrate material. Cracks were observed to desystem.

velop transversely to the applied strain, and through a Figs 2—4 show the progressive development of cracks

shear-lag analysis the crack spacing was related to lodd the zirconia films with increasing substrate strain lev-

transfer properties of the interface. els, along with the surface morphology of the polished,
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Figure 1 X-ray diffraction spectrum of sol-gel-derived zirconia on 316L stainless steel substrate (lower spectrum), and that of zirconia on Ti-6Al-4V.
Unmarked peaks are attributed to the substrates; those marked with an arrow are characteristic of cubic and/or tetragonal zirconia. Theldedation mar
with “??” may be the 200 diffraction signal.

uncoated substrate at equivalent strains. At strains akesearchers studying materials combinations ranging
about 1% a slip band structure was easily observed dtom the similar (e.g. sol-gel-derived silica films on
the surface of the uncoated samples, and was well devatickel [5]) to the seemingly identical (sol-gel-derived
oped in those grains with their crystal axes favourablyzirconia films on Ti-6Al-4V [9]). The shear-lag models
aligned with respect to the tensile axis (note that theused previously do not effectively address the phenom-
yield strain of the mill-annealed 316L substrate wasena observed in this study of the zirconia/Ti-6Al-4V
about 0.1%). However, at this strain level cracks wereand zirconia/316L systems. In the shear-lag models a
not observed in the zirconia-coated samples. Slip bandsniform tensile strain is assumed to build up in the film
were on occasion observed beneath the film without evby shear stresses transferred across the interface, and
idence of film fracture, implying some degree of plas-long transverse cracks are observed. However, at the
ticity in the coating. microscopic level the strain in the 316L and Ti-6Al-4V
At higher strains of about 1.5%, localized film crack- substrates at the interface was not uniform nor was it
ing was observed in the zirconia-coated samples. Theecessarily parallel to the applied macroscopic stress.
crack pattern which developed was clearly similar toSubstrate plastic deformation was localized in bands
slip band patterns on uncoated steel surfaces. Thef very high shear strain (slip bands), not as a uniform
cracks were short, limited in extent to single grainstensile strain as assumed in the shear-lag modéi.
in the substrate, and did not propagate catastrophicalljas a hexagonal crystal structure with anisotropic elas-
across any great length of the film. The cracks were notic moduli, and therefore even the elastic strain was not
oriented transversely to the applied strain; rather theyecessarily uniform in magnitude or direction. In ad-
existed in localized groups of parallel cracks with manydition, the strain at slip bands was not confined to the
orientations. original plane of the surface; out-of-plane displacement
At high strains the crack patterns in the zirconia film across the slip band may also have occurred. None of
continued to be a reflection of the slip band structurghese factors are addressed in the shear-lag model.
in the substrate. Dense slip bands were observed in The shear-lag model can only be effective in a case
all grains at the substrate surface; multiple slip syswhere the stress that builds up in the film is uniform in
tems were active in many grains. At low magnificationsmagnitude (prior to initial film cracking) and direction,
(1000x), the coated and uncoated samples were indisand is in the plane of the film. In that case, assuming
tinguishable (see Fig. 4, left); at higher magnificationsadequate resistance to debonding, at some critical stress
the structure of cracks in zirconia over the slip banddevel the film will fail by propagation of cracks from
became visible (see Fig. 4, right, and Fig. 5). No de-surface, internal, or interfacial flaws and these cracks
lamination of the zirconia film was observed, even onwill propagate in a direction that maximizes the release
one sample subjected to 23% strain. of strain energy from within the film while minimizing
the created surface area. Thus, catastrophic propagation
of cracks should occur normal to the stress in the film.
4. Discussion This transverse cracking mode of film failure has been
The slip-band-induced cracking observed in this studyobserved in brittle films deposited on metal substrates
and in an examination of sol-gel-derived zirconia filmsin studies reported by others [4, 5, 7, 10, 21]. Given
on Ti-6Al-4V (results reported elsewhere [22]) is in that the plastic deformation of metals occurs by shear
contrast to observations of transverse cracking bylong slip planes, it seems remarkable that any of these
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Figure 2 Scanning electron micrographs showing low-strain surface morphology of (top) zirconia-coated 316L stainless steel; and (bottom) uncoated
316L stainless steel. Substrate strain levels: 1.0-1.3%. Note that micrograph at bottom left isabfi@Bl magnification; the others are 3000

researchers would have observed transverse crackingpundaries of the underlying substrate grains. Judging
especially as the strain levels reported for initial film from the micrographs which accompanied their article,
fracture were in all cases well above substrate yieldshear bandswere only observed at 25% strain; they were
strains. Agrawal and Raj [4, 5] did report observationnot apparent at 5 and 10% strain, while the transverse
of slip bandsinthe copper and nickel substrates beneattrack pattern had almost reached steady state spacing
the silica films that they were investigating, but theseby 10% strain. Agrawal and Raj proposed that slip had
did not seem to have any effect on film cracking. All not played a role in the initiation of cracks; the crack
cracks observed in their silica films formed normal topattern developed before slip bands became well de-
the tensile axis irrespective of the orientations and graitfined at the surface. Other researchers using a shear-lag

3970




Figure 3 Scanning electron micrographs showing moderate-strain surface morphology of (top) zirconia-coated 316L stainless steel; and (bottom)
uncoated 316L stainless steel. Substrate strain levels: 1.5-1.75%.

model to investigate films on metal substrates did noslip-band-induced cracking in others, both deposited
report any observation of slip bands [6—10]. However,on metals which deform primarily by shear along slip
Quinsonet al. [14] in their study of sol-gel-derived planes. In the first case (Fig. 6a), the interface be-
zirconia coatings on 304 stainless steel observed slipveen the film and metal is assumed to be “sharp” and
bands beneath the coating after 5 and 20% strains. THstrong.” By a “sharp” interface, itis meant that the sur-
slip bands were observed to cause cracking of thickace of the substrate behaves in a manner representative
multi-layer (150 nm thick) coatings, while thin (34 nm) of and dictated by the bulk, i.e. slip lines extend fully to
coatings were uncracked after 20% substrate strain. the surface. In assuming a “strong” interface, all strains
A simple model is illustrated in Fig. 6 for explaining are transferred from the substrate to the film, and modes
the observation of transverse cracking in some films anduch as adhesive failure (debonding) are ignored. In this
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Figure 4 Scanning electron micrographs showing high-strain surface morphology of (top) zirconia-coated 316L stainless steel; and (bottom) uncoated
316L stainless steel. Substrate strain levels: 8%.

case, the strain applied to the interface by substratbe covered by a layer of deformed material which acts
deformation is localized at slip bands. These strairto blunt slip bands as they impinge on the surface; re-
concentrations induce stress concentrations in the filngall that slip bands are not observed on poorly prepared
which initiate and propagate through-thickness crackssurfaces. “Interfacial sliding,” i.e. some form of very lo-
these are observed as “slip band” cracking patterns icalized deformation near the interface, may also occur;
the film. The second case (Fig. 6b) considers an interindeed, this is incorporated into the shear-lag model
face that is not “sharp” and “strong” in the sense de-in the assumption of an interfacial shear strength
scribed above. The surface of the polished metal mayrhis too would act to delocalize the stress transferred
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representative of the macroscopic applied strain, i.e.
tensile in nature. Transverse cracking would then be
expected, and shear-lag analysis could be applied.

In reality, what probably occurs is somewhere in be-
tween these two extremes and is dependent on a number
of factors, including:

o the nature of slip bands in the metal substr&tew
does the slip band structure develop with applied
strain? Is strain highly localized in a few very fine
slip bands, or more widely dispersed in a greater
density of broad, diffuse slip bands?

o the quality of the metal surfacélow thick is the
deformed surface layer, or Beilby zone? How are
its mechanical properties and microstructure dif-
ferent from the bulk of the substrate? How does
this affect the distribution of strain at the substrate-
film interface?

o the nature of the substrate-film interface zdAew
effectively is stress transferred across the interface?
Is some form of “interfacial sliding” possible? How
much resistance to debonding exists?

o the tensile failure strain of the filny. How much
tensile strain must be applied to the film before
transverse cracks are initiated?

o the resistance of the film to bending or shear defor-
mation Will the stresses concentrated at slip bands
cause the film to crack? Can some plastic deforma-

Figure 5 Electron micrograph of cracks in zirconia film above slip band
region of 316L stainless steel.

into the film from slip band strain concentrations in the

substrate. If these factors acted sufficiently to diffuse
the microscopic strain concentrations in the substrate,
the stress and strain transferred to the film would be

strain in coating localized;
slip bands initiate cracks

tion be accommodated by the film? If the film is
very stiff, it may act to inhibit deformation of the
interface and metal surface, thereby diffusing slip
bands.

strong interface;
good stress transfer

[

[ ¥ 1]

o

(a)

distributed strain in coating;
transverse cracking initiated
at defects within ﬁlm‘l

-

localized strain in substrate
(slip bands)

strain “blunting” at interface
(Beilby zone/interfacial sliding ?)

->

o

(b)

localized strain in substrate
(slip bands)

Figure 6 (a) Strain localized at slip bands in the deformed substrate is transferred across an ideal “sharp” interface; localized stress in the coating
drives cracks at the slip bands. (b) Strain localized at slip bands in the deformed substrate is diffused by a surface layer of deformed material (e.g.
Beilby zone) and sliding at the interface; uniform, delocalized tensile strain in the coating drives propagation of long transverse cracks.
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In general, strain in the sub-surface metal is localized irand shear-lag analysis cannot a priori be assumed to
slip bands; as they approach the interface these straive useful in quantitatively assessing interface strength.
concentrations may be dispersed to some degree Qualitatively, however, the observed behaviour seemed
interaction with a surface layer of deformed metal.to indicate that adhesion and tensile strength of the zir-
“Interfacial sliding” may further delocalize the stress conia coating were not poor, as no delamination was
transferred across the interface into the film. Considepbserved at high strains, and film cracking was not ob-
the stress and strain transferred into the film as diserved until 15 times the 316L substrate yield strain, or
vided into two components: shear and bending com4.5 times that of Ti-6Al-4V.
ponents localized at slip bands; and a component re- A preliminary TEM study into the microstructure
sulting from the diffused part of the slip band strains.of sol-gel-derived zirconia showed the film to be well
As a simplifying assumption, if this diffused part of crystallized and composed of 50-100 nm clusters of
the strain is adequately dispersed it may be considered5 nm subgrains, where the orientation of subgrains
tensile in naturé. If the strain componengs, (local-  within each cluster varied by only a few degrees [23].
ized at slip bands) exceeds the shear or bending failfhis nanocrystalline structure was expected to be re-
ure strain of the film then the cracking occurs along sponsible for the high strain levels accommodated by
slip band lines; if the uniform tensile component,  the film before cracking.
of strain in the film exceeds the tensile failure strain
of the film & then transverse cracks propagate. The
distribution of total strain into these components then
controls which failure mode is observedy, andey,  Acknowledgements
are affected by the applied strain, the substrate maté~unding for this research from the Natural Sciences
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