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The role of a soft adhesive interlayer in determining critical conditions for fracture in
brittle layer structures from indentation with hard spheres is investigated. A model
transparent trilayer system consisting of a glass plate overlayer (thickness rapge 80

to 2 mm) joined to a glass plate underlayer (thickness 5.6 mm) by an epoxy adhesive
(thickness range pm to 8 mm), loaded at its top surface with a hard tungsten carbide
sphere (radius 3.96 mm), facilitates situ observations of the crack initiation and
propagation. Whereas in bulk glass fracture occurs by inner Hertzian cone cracking
immediately outside the contact circle, the soft adhesive allows the overlayer glass
plate to flex, initiating additional transverse fracture modes within the overlayer:
downward-extending outer ring cracks at the top glass surface well outside the contact,
and upward-extending radial cracks at the bottom glass surface (i.e., at the
glass/adhesive interface) on median planes containing the contact axis. The top and
bottom surfaces of the glass overlayers are given selective prebonding abrasion
treatments to ensure uniform flaw states, so as to enable accurate comparisons between
crack initiation conditions. The adhesive bonding is strong enough to preclude
delamination in our layer system. Of the three transverse crack systems, the subsurface
radials generates most easily in systems with large adhesive thicknesses (and smaller
overlayer thicknesses). Semi-empirical relations are specified for the dependence of the
critical loads for radial and ring cracking on adhesive as well as overlayer thickness,
based on the assumption that crack initiation occurs when the maximum tensile
stresses in the flexing glass plate exceed the bulk strength of the (abraded) glass.
Coupled with the traditional “Auerbach’s law” for cone crack initiation, these relations
afford a basis for the construction of simple design diagrams for brittle layer systems
joined by adhesives.

[. INTRODUCTION with hard spheres, projectile impacts. In such cases the
Brittle layers can be made damage tolerant by joiningouter brittle layers are subject to transverse (through-
them together into laminate structures with a weak adthickness) cracking. Such cracking has been well docu-
hesive interphask.® Practical examples are seashells,mented in many ceramic-based layer and coating systems
natural teeth and dental crowns, car windscreens, anoh soft supporting substrates, from examination of sec-
some thermal barrier coatings. The brittle layers affordtions through indentation sit€s'’ Two new contact-
stiffness, wear resistance and durability; the complianinduced transverse crack systems have been identified in
interlayer provides damage tolerance, by redistributinghese studies: surface circumferential ring cracks that ini-
stresses, and confining fractures within individual brittletiate at the top surface well outside the contact circle
layers. The adhesive needs to be weak enough to prevefttistinct from conventional cone cracks that occur just
cracks from penetrating into adjacent layers but strongutside the contact in monolithic materials); and subsur-
enough to preclude delamination failures. face median—radial cracks that initiate at the bottom sur-
The damage tolerance properties of such stiff-layerface of the overlayer, i.e., at the interface with the soft
soft-foundation structures are especially conspicuous isupport. Normal stresses across the interface plane are
concentrated loading configurations, e.g., indentatiocompressive below the contact, so delamination cracks
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do not usually occur in such systems, provided the bond- P
ing between layers is sufficiently strong and the soft ‘
layers do not undergo extensive yiéfd. r

However, “post-mortem” section studies are not \ I—’i/
amenable to straightforward measurements of critical ini-
tiation loads, nor to determining the ensuing (three- g4 —R— Glass
dimensional) crack geometries, especially of thet
subsurface cracks. Such characteristics of the fractur%
pattern are much more easily studied in transparent laye
systems, byn situ observation during actual contact test-
ing.*? In this paper we use such a model system to ex-
amine the role of an adjoining adhesive in the contact
fracture properties of brittle laminates. We construct
model trilayers consisting of glass plate overlayers
(thickness range 8@.m to 2 mm) glued to thick glass
underlayers (5.6 mm) with epoxy adhesive (thickness
range 5um to 8 mm). The appeal of using like materials
on either side of the interface is that the incidence of any
fracture modes other than conventional cone cracking
can be unequivocally attributed to the influence of the

adhesive. Load is applied via a hard tungsten carbidg ' _ . .
WC) sphere (radius 3.96 mm), and the onset and ev -1G. 1. Schematic of glass/adhesive/glass trilayer system, overlayer
( P : ! 0glass thicknesd and adhesive thickne$sfor indentation with sphere

lution of ?aCh crack is monitored using @mnsitu Iow-  of radiusr at loadP (underlayer glass thickness d), contact radius
power microscope arrangement. We shall demonstrateand radial directiorR indicated. Transverse crack systems generated

that the presence of the adhesive interlayer can have iathe brittle overlayer in the vicinity of the contact are viewed by a
profound influence on the critical loads as well as on theSubsurface camera arrangement.
types of transverse crack, even for adhesive thicknesses
as small as um. From simple empirical relations forthe ~ An epoxy adhesive (Harcos Chemicals, Bellesville,
critical loads as functions of adhesive and glass overlayelJ) was used to bond the upper and lower glass plates
thicknesses, we shall construct design diagrams for ogogether. This was done at room temperature, under light
timizing resistance to fracture. The high stability of the pressure. This bonding procedure eliminated the likeli-
transverse cracks, once formed, will be duly noted, buhood of significant residual stresses in the glass layers.
deferred to another study for more detailed analysis. The thicknesses of the final adhesive layer were con-
trolled by inserting metal shims at the specimen interface
ends. In some specimens the shims at opposite ends were
IIl. EXPERIMENTAL PROCEDURE of different thickness, producing an adhesive joint with
We construct a model trilayer system from transparengraded thickness to enable more rapid data accumulation,
brittle plates to enable diredh situ viewing of coating but never with adjacent glass surfaces inclined at more
fracture during indentation testing, with upper layerthan 0.5°. Thicknesses over a rarfge: 5 um to 0.5 mm
thicknessd and adhesive thicknes$s subject to contact were prepared in this way. Thicker bonds, 0.5 mm up to
loading with a sphere of radiusat loadP, Fig. 1. The 8 mm, were prepared by filling part of the gap with thin
upper plate in contact with the indenter is designategolycarbonate slabs, again with epoxy adhesive as a
the “overlayer,” and the lower support plate-) the  bonding agent. As indicated in our previous paper, the
“underlayer.” properties of the polycarbonate are sufficiently similar to
Soda-lime window glass slabs 75 x 18 x 5.6 mm werethat of the adhesive as to produce indistinguishable frac-
used for the underlayer plates. Slabs for the overlayeture data® In all cases the top surfaces were carefully
plates were ground to prescribed thicknesses within thaligned normal to the load axis.
ranged = 80 pm to 2 mm and polished to jtm dia- Indentation tests were conducted on the glass over-
mond paste. Chemical etching in a solution of 12% hy4ayer surfaces with WC spheres of radius= 3.96 mm,
dorfluoric (HF) acid for up to 10 min was used as ain a screw-driven testing machine (Instron 4501, Instron
means of thinning at the lower end of the thickness rang€orp, Canton, MA), in air, as befof€.These tests were
and also of preparing selected surfaces in a relativelynade at constant crosshead speed such that transverse
flaw-free state. To obtain reproducible critical load data,cracks initiated in the glass coatings within 1 min or so.
selective abrasion of the top or bottom overlayer glas§he subsurface contact regions in the coatings were ob-
surfaces using a slurry of 600 SiC grit was employed. servedin situ using a Questar telescope (Questar, New
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Hope, PA), either from below using a mirror to redirect . .
the light source or directly through the side surface; in the (a)
former case the top contact surface was precoated with =+~ -,
gold film to enhance reflection. The indentation crack,”. "
evolution was observed directly on a monitor and re-* -
corded on a video recorder unit, with provision for on-| - %
screen recording of indentation load. Critical loads to , = . _
initiate each fracture mode were thus measured. [ PRLRRC I N

. "
-
-
.

lll. RESULTS i ot

A. Crack morphology E & - ‘. APIRY
Representative examples of the crack morphologiesi: Tl o @IS

the glass overlayer, photographiedsitu from below the = « =« .5 - = % o~

contact during loading, are shown in Figs. 2 and 3. Con™ "= = o Tl

firmation of the origin of cracking, i.e., bottom or top : - 23, Mo

surface, was obtained from subsidiary side viewing (b) €y o -

-

experiments. >
Figure 2 illustrates the crack pattern for a specimen irks
which thebottomsurface of the overlayer glass plate was , ™ i
abraded prior to bonding to the underlayer. Radial crack =«
generate immediately below the contact (central brigh i
spot), at the bottom surface of the overlayer. The se,  *,
guence shows the crack development at increasing loa -

for a glass thickness = 310 um and adhesive thickness * Kk
h = 360um: (a) loadP = 32 N, just above the threshold ' "7 &«
load, one set of diametrically opposed subsurface radic = #* « *
cracks; (b) aP = 68 N, two sets of radials, which ex- s 4°
pand more or less equally; (c)Rt= 96 N, an outerring |~ , = =,

crack originating from the top surface, well outside the” . = *
contact circle. The radial cracks extend laterally outward
sometimes to the edges of the specimen, butremainsu - .
surface without penetrating through the thickness to thi (C)-' ’
top of the overlayer, except at very high lodds®Note & \ te
that the ring crack in Fig. 2(c) is not perfectly axisym-
metric and occurs near the periphery of the precedin(. *
radials, suggesting significant crack—crack interactions.
Figure 3 illustrates analogous crack patterns for speci
mens in which thaop surfaces of overlayer glass plate
were abraded. In these cases ring cracks generate at t h
top surface outside the contact circles. The micrograph  *.
show ring crack patterns for two adhesive thicknesses, ¢ =~
fixed glass thickness = 310um, for loads at or just . .
above threshold: (a) “thin” adhesivie,= 26 um, acon- _ »
ventional “inner” cone crack with surface trad®,
just outside the contact circkg R,/a = 1.5; (b) “thick”
adhesive,h = 360um, a much wider “outer” ring >3,
crack at several times the contact radiRg/a = 6. In
these cases the outer ring crack has near-axisymmetrG. 2. In situ micrographs of crack evolution in overlayer soda-lime
[cf. Fig. 2(c)]. glass plates of thickness = 310wm, bottom surfaces abraded,
A normalized plot of ring-crack surface tra&g as a bonde_d with adhesive of_thicknc_ei;s: 360pm to like unc_ierlayer
function of adhesive thickness, relative to overlayer soda-lime glgss plites of fixed thickness 5.6 mm.. Indentitlon with WC
. oo . . . . sphere radiuss = 3.96 mm, contact loads: (ap = 32N,
plate thicknessl, is given in Fig. 4 for specimens with top (5)p = 68 N, (c)P = 96 N. Abrasion flaws and contact zone (central
surfaces abraded. In this plot we arbitrarily distinguishbright spot) are visible.
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s

,. o
FIG. 3. In situ micrographs of crack evolution in overlayer soda-lime
glass plates of thickness = 310wm, top surfaces abraded, bonded

solid curve is an empirical universal fit to the outer ring
data—this curve tends asymptotically to a liRjj/d = 4

at h >h. for infinite adhesive substrates, confirming a
certain self-similarity in the outer ring geometty.

All three transverse cracks, once initiated, are highly
stable. They grow and proliferate with increasing load,
and ultimately interact with secondary cracks [e.g.,
Fig. 2(c)]*° Considerable load increase beyond the
threshold is required to cause general overlayer failure by
penetration of one or other cracks through the layer, with
consequent delamination and spalling.

B. Critical loads

Critical loads for radial cracking as a function of ad-
hesive thickness,.(h), are plotted for specified values
of d in Fig. 5, for specimens with bottom surfaces
abraded. Each data point represents an individual radial
crack initiation event. Solid curves are theoretical fits
(see Sec. IV). Increasimjincrease®, 4 at any specified
h, as documented in our earlier study of bilayer glass
coatings on semi-infinite polymer substrat@szor any
givend, P,,4declines with increasing, tending asymp-
totically to the bilayer limit ath — .*°

An analogous plot of critical load datR,,4(h) for
specified values ofl is shown in Fig. 6. Initially, ah <
h. = 0.2d (vertical dashed lines), the ring cracks develop
as inner conesR; < 2a), designated by the unfilled sym-
bols. The horizontal dashed line indicates the critical load
P.one for monolithic glass?® In this region, measured
values ofP_,,.are quite insensitive th, as well as ta,
although those for larged do tend markedly upward as
h approachesh.. At h> h., the nature of cracking
changes abruptly to outer ringR{ > 2a), designated by
the filled symbols. Again, solid curves are theoretical fits
to the data (Sec. IV). In this regioR,;,4(h) follows the
same trend as the data f&(h) in Fig. 5, albeit at
higherP values; i.e., increasing witthat any giverh, and
declining withh at any givend.

with adhesive to like underlayer soda-lime glass plates of fixed thick-

ness 5.6 mm, from indentation with WC sphere radius 3.96 mm,
adhesive thickness and contact loads:Hay 26 um, P = 199 N;
(b)h = 360pm, P = 137 N. Abrasion flaws and contact zone (central
bright spot) are visible.

inner rings (unfilled symbols) and outer rings (filled
symbols) by the conditioRy/a = 2, using surface trace

IV. ANALYSIS

Analytical solutions for tensile stresses in general
trilayer systems of the kind depicted in Fig. 1 are un-
available. Arguably the closest is a solutiore (P/cP)
log(Ed®/ka®) for the stresses in an elastic plate of modu-
lus E center-loaded over contact radiasn a soft semi-
infinite support of foundation “stiffnessk.?° In our
preceding analysis of bilayer glass coatings on soft poly-

measurements from micrographs (e.g., Fig. 3). Data armer substratd§ we used FEM to compute tensile

shown for selected values df The vertical dashed line

stresses in the glass, and thence to confirm that critical

ath./d = 0.2 delineates the transition from inner cone toloadsP,,{d) andP,;,(d) are consistent with the assump-

outer ring, most clearly at largett values—note that

tion that crack initiation occurs when and where these

some of the data overlap this condition somewhat, so thenaximum tensile stresses exceed the bulk strergth«

condition h./d = 0.2 is at best an approximation. The

1020

110 + 5 MPa) of the (abraded) glaSsThis assumption
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was substantiated by the similarity between the farh = o, so that Eq. (1) reduces to the bilayer result, as
contact tensile stress fiel®R(> a, Fig. 1) in the glass required. Note also tha&,_,is independent of, reflect-
coatings in our system and in flexing plates of the kinding the far-field nature of this solution. Imposifg =
used to measure strengths of brittle materials. From th&t10 + 5 MPa (above), we obtain best-fit paramefers

study, a resulP, 4 (or P;,,) « ord® was derived from
fits to the bilayer data, witlg = 1.75. Here we adopt a

simple approach and use an empirical modification to 0 [ T
allow for the effect of adhesive thickness on the critical d = 1660 ym
conditions. 1130 um

It should be reiterated that previous studies have  10°-
shown that the validity of a simple critical stress criterion £

for crack initiation does not extend to the near-contact & 485 pm

field (R = a, Fig. 1) where inner cone cracks initiate,
owing to inordinately high stress gradients in this re-
gion?*~%3 This breakdown of a critical stress concept
manifests itself as an altogether different functional
dependence ®®.,,,.on test and material variables, some-
what independent o in bilayer systems?

Critical load, P
-
=
=3
T

._.
<

A. Radial cracks

T T T T T T T T T T T T T Ty

Radial cracks

Lol 1 1t

| ® I

10°
Assume that only the bottom surface of the glass over 10°
layer contains flaws, so that subsurface radial crack:
form before rings. To allow for the influence of finite

10!

102 10° 104 108
Adhesive thickness, & (um)

FIG. 5. Critical load$?,,4to initiate radial cracks at bottom surface of

adheswe.thlcknesla, we n_md'fy the em_plrlcal C_”t'cal overlayer glass plate bonded to underlayer glass plate with adhesive of

load relation from our earlier study of brittle coatings on thicknessh, for upper plate thicknessesindicated. Data points are

thick soft substraté: experimental results for specimens with bottom surface of overlayer
abraded, WC indenter radins= 3.96 mm. Solid curves are theoreti-

Prad = Bragred® [1 + C(d/M)] (1)  calfis.

with y an exponentB,, (dimensions lengffi®) andC

(dimensionless) coefficients. Note that the modifying  10* g——rrmr——rr—rr——rrmr——rrrm
term in the square brackets reduces to unity in the limit | Ring cracks

10! T T - 103:—

C 3 zZ f
X L h=hy 3 2
54 - —_— &
. 1 F 10°%
E B QOuter rin . = 3
; ° l“E. E £ § i ~_. ®TEze TTT—— A
2 LN = | . (] >>\’_ L1J JAITL
5 1000 ° = 5 s g 136 um—
#F ] 100 ol 80— 2 7
= T ~ d=136um H - - 80 um —
B i 8 o 215pm ] X
= 8 e  310pm L
g I T o  485um | I . ) . _
E o lij'v'n 1 |||||||i‘ L III;LL.II.iH I |||||‘|’i." 1 |||||4|i’i“ 1 II”JI:;
- ’ ° 750um + 109 10! 10? 10° 10* 10°
< Inner cone e 1000 um . .
| Adhesive thickness, & (um)
|~ L1 IIIIII| 11 ||r|||| 1§ !IIliIi -l IIlIIIl 1 1
1010-3 102 10! 100 100 102 FIG. 6. Critical loadsP,,, to initiate ring cracks at top surface of

. . . overlayer glass plate bonded to underlayer glass plate with adhesive of

Normalized adhesive thickness, h/d thicknt}e/ssr?, for LFJ)pper plate thicknesseds);ndi?:ated? Data points are
FIG. 4. Surface crack radil, for ring cracks in overlayer soda-lime experimental results for specimens with top surface of overlayer
glass platestop surfaces abraded, bonded with adhesive of thicknessabraded, WC indenter radius= 3.96 mm: unfilled symbols represent
hto like glass underlayers of fixed thickness 5.6 mm. Data normalizednner cone cracks, and filled symbols outer ring cracks. Horizontal
to plate thicknesd. WC indenter radius = 3.96 mm. Cracks undergo dashed line indicates critical load for cone cracking in monolithic
transition from inner ring (cone) (unfilled symbols) to outer ring (filled glass, vertical dashed lines indicate transition adhesive thickness
symbols) ath = h. = 0.2d. Solid curve is empirical fit. h. (Fig. 4). Solid curves are theoretical fits.
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1.49,B,,,= 0.018 nf®,y = 0.45andC = 1.73forthe with a large interlayer modulus mismatch to embrace a
data in Fig. 5. The solid curves are regenerations frontiversity of fracture modes. Apart from traditional cone

Eqg. (1) using these parametecs. @ = 1.75 obtained for cracking at the top surface, other transverse cracks, i.e.,
the glass-plate/polycarbonate-substrate thick bilayer sysubsurface radials and top surface outer rings, are gen-

tem in our earlier study)? erated. Such cracks are not ordinarily observed in mono-
liths. [An exception in monoliths occurs in contacts with
B. Ring cracks sharp (e.g., Vickers) indenters, where intense quasiplas-

ticity fields generate their own radial cracks?9 In our
Now assume that only the top surface of the contacteg¢haterial system, the radial cracks initiate at relatively
glass layer contains flaws, so that either outer ring crackfw critical loads and so represent an especially danger-
(h>h.) or inner surface cone crackis € h.) form before  ous form of damage. These subsurface cracks may pass
radials. Since the outer ring cracks are assumed to forminnoticed in routine surface inspections of damaged
in the same linear far-field flexure stress fields as do theoating layers, particularly in opaque materials. The ex-
radials, we may simply repladg.,in Eq. (1) withBy;.g:  tent of the influence of thickness of an intervening
adhesive layer on the critical fracture conditions is illus-
Pring = B””QGFdB [+ C(dh], (h>h) . (2 trated in Fig. 5, where an increase linfrom 10um to

Note again thaP,,,, is independent af. The solid curves 10 mm diminishes the critical loa.4 by a factor of
through the outer-ring data in Fig. 6 are generated usingPout 5 in our glass/adhesive system.
the same values @, y andC from the preceding radial ~ Our analysis in Sec. IV prowdgs a basis for the con-
data fit, with the single adjustmeBf;,, = 0.065 n¥2to  Struction of “unlvers_al” design diagrams for any given
provide a best fit. Note thaBy,, > B.s Signifying a trilayer system subject to damage from blunt contacts
lower stress intensity maximum at the location of the ring(Fig- 1). Figure 7 is a plot of normalized critical loads
crack relative to the radial crack. Pc/B,.qoed® as a function of normalized adhesive thick-
As mentioned above, one cannot assume a simple crit?€ssh/d, in accordance with Egs. (1) and (2) for radial
cal stress criterion for initiation of the inner cone cracks.@nd outer ring cracks. The curve for each of these two
Notwithstanding the slight dependence lbapparent in ~ crack systems is universal for dil d, andr. The hori-
the data in Fig. 6, the critical loads for cone cracks mayZontal line representing Eq. (3) for inner cone cracks, on
be represented to first approximation by Auerbach’s lawthe other hand, is dependent orandd: here we arbi-

for monolithic solids?1—23 trarily plot this line for PoondPrag(h = ©) = ArG./
B..oed® = 8. This plot maps out different damage
Peone = ArG,,  (h <h.) (8)  zones: A, no cracks, safe zone (@|IP< Pqne P < P.ad);

) B, inner rings (cone cracks), no radiats<{ h., P.,,.< P
with G, the crack resistance amdAuerbach’s constant os ( ) A cone

(dimensionless, dependent on relative elastic properties

of the indenter and specimen). Nd®, . in Eq. (3) is 10° | |
independent ofd, reflecting a near-field solution. For
r = 3.96 mm, taking®.,,. = 210 N (horizontal dashed
line in Fig. 6) andG, = 7.7 J.m? for soda-lime glas$?
we determineA = 6.9 x 1G.

We now have the basis for predicting critical loads for
any specifiable adhesive layer thicknésand glass over-
layer thicknessd, and hence for designing interlayer
structures for specific applications.

—
(o]
Y
T
=
[EONPUN | R —
=
*

cone Pring(h) ———

100+ Prad(h) ———

V. DISCUSSION

Normalized load, P./B_0,.d"
=
T
®
1

This study has examined the influence of an adhesive 10" . | . .
layer on contact fracture modes in multilayer systems. 1073 102 10 10° 10! 102
Specifically, we have considered a simple trilayer system . ) )
with like glass sandwiching plates bonded by an epoxy Normalized adhesive thickness, h/d
adhesive, covering a broad range of layer thicknesseEG-hT F'?eSign féjlé‘%fam- Sho‘ging critical I?’atﬁ’c%ne: Cfl%n_Stanlt- adndt

H . y P . Plots are made "universa normalizing loads to
(adhesive, um to 8 mm; overlayer glass, &OTI to ..qlrja;(nt)ity Ig:isridB in Eg. 1, and adhesive thi:knesses t(? overlayer
2 mm). We ha\{e_ (_:hoser? ’gran;parent mat_e”als toifac'“ﬂﬂicknessd. Cracking zones: A, no cracks (safe); B, inner rings
tate data acquisition usinip situ observations during (cones), no radials; C, radials, no rings; D, cones and radials; E, radials
contact with sphere indenters on the overlayer surfacend outer rings.
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< Pr.g); C, radials, no ringsh(> h., P,¢< P <Py,,); D,  any such rate effects would “wash” out. Nevertheless, it
cones and radialf(< h., P,,4 < P); E, radials and outer is arguable that higher crosshead speeds might affect the
rings (> h., P;,q < P). Thus in applications where itis growth of upper ring cracks more strongly than radial
imperative to remain in the ultra-safe zone A, and espeeracks, because of more direct access to atmospheric
cially to avoid radial cracking, the principal requirement moisture. Higher crosshead speeds may also result in
is to maintain the adhesive thickness in the redgiog  enhanced stress transfer across the polymeric adhesive
0.2d as well as to ensure thdt[Egs. (1) and (2)] and interlayer: in glass laminate systems with highly vis-
[Eq. (3)] do not become too small. Another requirementcoelastic interlayers, such transfer can actually lead to a
is to minimize the incidence of uncommonly large sur-change in fracture origin from the lower surface of the
face flaws, so as to maintain high valuessefin Egs. (1)  overlayer to that of the underlay@t.
and (2). (iii) Large deflectionsOur relations are based on the
In other applications it may be tolerable to operate innotion that the stresses in the overlayer resemble those in
the limited cracking zones B and C, provided the cracks flexing plate on a soft foundation. If deflections are
remain wholly contained within the outer brittle layer. In large, membrane stresses may become impoftafit.
extreme cases where the cracks do traverse the outer(iv) Weak interfacial bondindf the adhesive bonding
layer thickness, the soft adhesive interlayer may act tés especially weak, delamination may occur, especially
prevent the cracks from penetrating into the next brittleduring indenter unloadin® In layer structures with no
layer (cf. crack penetration in ceramic—metaland bonding at all between overlayer and soft support, the
ceramic—ceramfomultilayers). In dental restorations, for upper layer is free to flex upward at its edges, so dimin-
instance, it is clearly desirable to avoid any crackingishing tensile stresses, especially those responsible for
whatsoever—yet natural teeth sometimes sustain popthe initiation of outer ring cracks
lations of stress cracks (especially in older patients)
without immediate failure (although strength is unques-
tionably degraded)..Thls is true also of car Wmdscre.ensACKNOWLEDGMENTS
In such cases a thick adhesive layer can be beneficial.
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