Cracking in ceramic/metal/polymer trilayer systems
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Fracture and deformation in model brittle-outerlayer/metal-core/polymer-substrate
trilayer systems in concentrated loading are studied. Model systems for experimental
study are fabricated from glass microscope slides glued with epoxy adhesive onto steel
and aluminum sheets, and the resulting laminates glued onto polycarbonate substrate
bases. Critical loads to initiate two basic fracture modes in the glass layers—cone
cracks at the top surfaces and radial cracks at the undersurfaces—are measured as a
function of metal thickness b situ observation through the glass side walls. Finite
element modeling (FEM) is used to quantify these competing fracture modes. The
more damaging radial fracture mode is attributed to flexure of the glass layers on soft
underlayers. Although much of this flexure can be eliminated by removing the soft
adhesive interlayer between glass and metal, yield in the metal limits the potential
increases in critical load for radial cracking. Trilayer systems consisting of porcelain
fused to Co-, Pd- and Au-alloy core support layers relevant to dental crowns are then
analyzed by FEM. The hardness (especially) and elastic modulus of the metal are
identified as the primary controlling material parameters, with modulus and strength of
the brittle layer as supplemental parameters. Guidelines for improving metal-based
crownlike layer structures are thereby developed via optimization of metal properties
and relative layer thicknesses.

I. INTRODUCTION to cone cracking at the top surfateyhile metals are

Ceramic/metal/polymer layer structures are of interesfélatively soft and thus subject to yield below the oral

in a wide range of biomechanical and other engineerin&ontaCts- Studies. of bilayers made from thin porcelain
applications. An illustrative example is found in tradi- plates fused to thick metal substrates have demonstrated

tional dentistry, where a porcelain ceramic veneer id'0W Yield in the metal allows the overlaying brittle layer
fused to a stiff metal core to form an integral crown to flex, building up tensile stresses in the ceramic under-
which is then cemented onto a compliant dentin tootisurface and thereby generating additional, comparatively

base® As with natural tooth enamel, the crown “shields” dangerous subsurface radial cracKsReducing the
the compliant polymer-based dentin underlayer from exthickness of the metal support layer and placing the rem-
ant bilayer plate onto a compliant polymer, in simula-

ternal applied loads arising from contacts with opposin% o
dentition. In such crown structures, the intended benefitdon of the crown/dentin trilayer structure, only enhances

of each component layer must be weighed against cour€xure of the top veneer layer, exacerbating the prospect
tervailing disadvantages. The outer porcelain veneer i8f Such radial cracking. Considerations of this kind are
hard and therefore provides wear resistance (as well £SO relevant to the design of total hip replacemérfts,

aesthetics): the metal core is stiff and tough, and so prosPecifically in the acetabular cups where various ce-
vides support without danger of itself fracturing. How- '@mic/metal/bone layered combinations have been

ever, porcelain is relatively brittle and thus subjectPrOP0OS€d. ,
Accordingly, there is a need to study the fracture and

. ) ~_deformation processes that characterize generic ceramic/
dPresent address: Vitreous State Laboratory, Catholic Universityatal Ipolymer layer structures. What are the best metals

of America, Washington, District of Columbia 20064. d th t effecti | thick t N
blVisiting Professor, from Departamento Electronica e Ingenierig®’) € most eflecuve layer thicknesses to minimize

Electromecanica, Escuela de Ingenierias Industriales, Universthese damage processes? Why is_it th_at i_n praCtice_metal'
dad de Extremadura, 06071 Badajoz, Spain. based dental crowns have superior lifetimes relative to
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all-ceramic crowns with hard ceramic cores, even thouglin analogous bilayer studié€s’. As in those earlier stud-
the latter are stiffer and would therefore appear to offeiies, either top or bottom surfaces of the slides were
greater support? A fundamental understanding of the pre-abraded with 600 SiC grit to reduce the scatter of
implicit materials issues underlying such questionsdata in the ensuing contact loading tests and to provide a
would appear to hold the key to improved lifetime per-means for independent examination of cone and radial
formance of biomechanical structures. crack systems. Common stock 416 stainless steel and
In the present study, we examine cracking in modebluminum sheets, ground to thicknesses in the range
flat-layer glass/metal/polycarbonate trilayer systemsd,, = 0.1to 4 mm and cut to the same lateral dimensions
These structures are simple elaborations of previouslgs the glass, were chosen for the core metal layers. These
studied ceramic/polym&® and ceramic/metal bilay- two metals embrace a broad range of modulus and
ers>* They are easily fabricated by bonding adjacenthardness values. Polycarbonate slabs 12.5 mm thick
layers together with epoxy adhesive. Steel and aluminuniHyzod, AIN Plastics, Norfolk, VA) were used as
are chosen for the metal core layers because of thethe polymer base layers. As with the glass, the utility of
ready availability and their disparate modulus and hardpolycarbonate as a model compliant substrate has been
ness properties; glass is chosen for its amenability tovell documented:®
in situ observation of subsurface radial cracks; polycar- Basic materials characterization was carried out for
bonate is an ideal compliant polymer substrate base maach of the above constituent materials. Young’s modu-
terial, with minimal viscoelastic complication. The lus E was measured by an ultrasonic method (Grindo-
trilayers are loaded at their top surfaces with a spherisonic MK5, J.W. Lemmens Inc., St. Louis, MO) and
cal indenter. Critical loads to produce subsurface radiaindentation hardneds was determined from Vickers in-
cracks, as well as top-surface cone cracks, are measurdéntations (Zwick 3212 Hardness tester, Zwick of
as a function of metal layer thickness (glass thicknes®\merica, East Windsor, CT). Indentation stress—strain
fixed) for each trilayer system. Finite element modellingcurves were obtained using WC sphere indenters
(FEM) is used to evaluate the stresses responsible for tHe98 to 12.7 mm, from measurements of contact radii
fracture and any underlying yield processes, and to corspecified load®, yielding indentation stregs, = P/mwa?
firm basic trends in the critical load data. as a function of indentation straanr.>° Strengthsry of
With the computational methodology validated for theabraded glass slides were measured in conventional four-
model systems, FEM is then used to predict critical loadgoint bendingd’
for lifetime-threatening damage in clinically relevant The constituents in each trilayer structure were bonded
dental trilayer systems, specifically for porcelain veneerdogether by epoxy adhesive (Harcos Chemicals, Belles-
fused to Co-, Pd- and Au-alloy core layesthout soft  ville, NJ), which was allowed to set under clamping
adhesive, on dentin substrates. Whereas critical loads for
radial cracking in the veneer are the primary concern, it
is argued that yield in the core is an important precurso P
factor in the failure mechanics, and that such yield may '
even lead to system failure of its own accord under ex r
treme conditions. Guidelines for improving metal-basec
crownlike layer structures are thereby developed via op —{a
timization of metal properties and relative layer thick-
nesses to minimize potential failures.

Ceramic layer

- ==

[I. EXPERIMENTAL AND ANALYTICAL
PROCEDURE

A. Experiments on model trilayers

s [

Model ceramic/metal/polymer trilayers for experimen-
tal testing were prepared in accordance with Fig. 1. Con
stituent layer materials, chosen in part for their ready
availability, are shown in Table I, along with pertinent
properties. Soda-lime glass microscope slides (Fischer
Scientific, Pittsburgh, PA) of thickness = 1.2 mm and FIG. 1. Schematic diagram of a model flat ceramic/metal/polymer

surface dimensions 75 x 25 mm were used for the o tetrilayer test configuration, ceramic outerlayer thickndssand metal
u ' ! w u u gupport core thickness,,. Model specimens were bonded with epoxy

brittle ceramic layers. The 'Uti”ty of transparent glassaghesive with thickness The specimen is loaded in indentation with
as a model outerlayer material has been well documentedwc sphere of radius at loadP.

Substrate
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pressure for 24 h at room temperature. Both sides of eadmalf-sphere indenter (radius= 3.96 mm) in frictionless
trilayer specimen were polished for through viewingaxisymmetric contact with a well-bonded flat deformable
during ensuing contact testing. Interlayer adhesive thickmultilayer (8 mm radius and 14 mm total thickness). The
nessesh = 15 + 10 wum were measured by center- simulation is performed by first setting the sphere in
sectioning cured specimens after contact experimentatiocontact with the flat specimen and then loading to a
was complete. prescribed maximum value in 20 increments. For each

Contact loading was applied to the top glass surfacekyer, a bilinear constitutive elastic—plastic uniaxial
of the trilayer specimens with WC spheres of radius  stress—strain functiowr(e) is prescribed®** Initially,
3.96 mm at a fixed crosshead speed 0.2 mm-himair®  each material deforms elastically, as defined by Young’s
The incidence of subsurface radial or top-surface conenodulus and Poisson’s ratie; once yield occurs, the
cracking in the glass layers was obserueditu through  materials deform according to a linear strain hardening
the side walls during contact, with an optical zoom sys{unction of formo = Y + a(eE - Y), with Y a uniaxial
tem (Optem, Santa Clara, CA) mounted into a videoyield stress andv a dimensionless strain-hardening co-
camcorder (Canon XL1, Canon, Lake Success, NY)efficient (values between 0, fully plastic, and 1, fully
Several indentation tests could be made on any onelastic)*®
trilayer specimen surface. In the present studyy and a were adjusted to fit

Included in Table | are some materials used in thendentation stress—strain data for each constituent mate-
preparation of simulated metal-based crowns for laterial in Table | (glass, porcelain, and dentin assumed lin-
FEM analysis, with data taken from a previous stidy ear). Critical loads for fracture and yield were then
veneering porcelain (Vita Omega 900, Vita Zahnfabrik,evaluated for the composite trilayers, for specified layer
Bad Sackingen, Germany) and three core alloys—thicknesses. LoadB = Pg for radial cracking in the
Co-alloy (Novarex, Jeneric/Pentron, Inc., Wallingford, ceramic outer layers were determined by imposing
CT), Pd-alloy (Argipal, Argen Precious Metals, the conditiono, = o, with o, the maximum principal
San Diego, CA), and Au-alloy (Argident 88, Argen Pre- out-of-plane hoop stress at the ceramic undersurface
cious Metals, San Diego, CA). Data for dentin areand o the bulk ceramic strength (Table 1). Similarly,
also shown! loadsP = P, for yield in the metal layers were deter-

mined by imposingrs = Y, with o5 = {¥[(0, — 0,) +
o _ (0, — 03)° + (03 —01)?]} *? the von Mises stress.

B. Finite element modeling FEM was also used to determine critical lodejsfor

A FEM algorithm was used to analyze the stresses itone cracks. These cracks are governed by the in-plane
the model ceramic/metal/polycarbonate systems (coms, stresses in the near-contact region at the ceramic top
plete with any adhesive interlayers), and to relate thessurface, but in a complex manner, due to strong stress
stresses to the measured critical loads for radial crackingradients along the crack pathTo evaluateP we first
in the model trilayer systems. The procedure and griccalculate the peak value ef; at the critical load for
detail have been detailed previousf/Basically, the glass/metal bilayers, then determine the critical loads to
algorithm models a deformable tungsten carbideattain this same peak stress level in the trilayers.

TABLE I. Materials used in this study.

Young’s modulu$ Hardnes$ Yield stress Strain-hardening Strength
Material E (GPa) H (GPa) Y (GPa) coefficienta S (MPa)
Ceramics
Glass 70 5.4 110
Porcelain 66 6.2 130
Metals
Steel 199 1.8 0.40 0.006
Aluminum 71 0.77 0.20 0.005
Co-alloy 231 3.0 0.70 0.030
Pd-alloy 126 2.0 0.55 0.010
Au-alloy 92 1.2 0.37 0.001
Polymeric materials
Polycarbonate 2.35 0.3 0.065 0.050
Epoxy adhesive 3.7 0.4 0.093 0.001
Dentin 18 1.0

aPoisson’s ratiav = 0.22 for veneer materials, = 0.35 for metal cores and substrates.
PHardnesH = load/projected area of Vickers indentatien 1.078,,.
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[ll. RESULTS contained within the glass layers at initiation, indicative
of a structure with a degree of damage tolerance. On
further increase of the applied loads, both crack types
expanded; the radial cracks more rapidly, until ultimately
Figure 2 shows micrographs of cone and radial crackene or other penetrated through the glass layer. At that
in glass outerlayers (thickness = 1.2 mm) on steel point the glass/metal interfaces delaminated, leading to
[Figs. 2(a) and 2(b)] and aluminum [Figs. 2(c) and 2(d)]total failure of the trilayer.
core support layers (thicknesk, = 1.5 mm). For top- Figure 3 plots measured critical loads for cracking in
surface-abraded glass layers [Figs. 2(a) and 2(c)], ringlass layers of fixed thicknesd (= 1.2 mm) as a func-
cracks have initiated within the near-contact region intation of steel [Fig. 3(a)] or aluminum [Fig. 3(b)] core
classical Hertzian cone configurations. For bottom-thicknessd,, for model trilayers with adhesive interlay-
surface-abraded glass layers [Figs. 2(b) and 2(d)], radiars. Data points are means and standard deviations (mini-
cracks have initiated at the glass/metal interface intanum 5 indentations)Py for radial cracking (filled
characteristic elongate pennylike configurations on mesymbols, bottom-abraded glass surfaces), RBaéor cone
dian planes containing the contact axis (in the examplesracking (unfilled symbols, top-abraded glass surfaces).
shown, the radials are inclined to the plane of the figure)Solid curves are FEM calculations of the functions
In these examples both crack types remain whollyPx(d,,) andP(d,,), assuming a fixed adhesive thickness

A. Data and analysis for adhesively bonded
glass/metal/polycarbonate trilayers

Top glass surface abraded

(b) (d)

Bottom glass surface abraded

FIG. 2. Optical side-view micrographs showiitg situ crack initiation in glass/metal/polycarbonate trilayer of thickneskes: 1.2 mm and
d,, = 1.5 mm, on a thick (12.5 mm) polycarbonate substrate, during contact with a WC spher8,96 mm. Steel core: (a) top glass surface
abraded, showing a cone crackPat= 525 N; (b) bottom glass surface abraded, showing a radial craék=at1210 N. Aluminum core: (c) top
glass surface abraded, cone crackat 520 N; (d) bottom glass surface abraded, radial cradR at 895 N.
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(h = 15 pm) and using best-fity and a parameters over most of thel,, range, indicating that the metal sup-
(Table 1) from the indentation stress—strain data forport is not so important in surface cone cracking. Com-
constituent materials in Fig. 4. (ThHe. predictions are paring the two crack type® < P for all d,,, = 0.6 mm
“truncated” at smalld,,, where the fracture shifts from for both core metals, so that radial cracking would appear
near-contact cone cracking to far-contact ring crackjng. to be a secondary mode for trilayers with metal core
The FEM-generated curves confirm the basic datahicknessesl,, = 0.5d..

trends—i.e., increasinB(d,,) and decreasing(d,,)—

between limits atl,, = O for glass/polycarbonate bilay- B. FEM predictions for glass/metal/polycarbonate
ers®andd,, - o for glass/metal bilayerSOnced., >d.,  system with no adhesive

the Pk(d,,,) andP(d,,) data saturate, signaling a shift in .
load-bearing capacity from the polycarbonate base to In many layer structures, e.g., porcelain/metal dental

the intervening metal core layer. Some deviations beS OWNs, adjacent layers are fused together rather than

tween individual P, data points and FEM curves in joined by a soft adhesive. To illustrate the behavior of
Fig. 3 may be attribRuted to scatter in actual valueb. &t such structures, the validated FEM model is used to ana-

Comparing metal cores, we see thag(steel) > lyze glass/steel/polycarbonate and glass/aluminum/

P_(aluminum) for any given. , affirming that the harder polycarbonate trilayers as al_aove _but with the adhesive
R o L,]nterlayers removed. The residual interfaces are assumed

and stiffer metal provides better support against radia; S S .
cracking, at least for the glass thickness and sphere radi gbe |nf|n|te5|ma||y_th|nh - Q)’ to remain well bpnded,
and to have negligible residual stresses. Since even

used here. On the other harith(steel)= Pc(aluminum) thin adhesive interlayers can facilitate flexure in overly-
ing glass plate§, such removal can be expected to

1500 : : , result in substantial increases in the critical lo&gsfor
Glass/steel/polycarbonate d,=12mm radial cracking? in contrast, the critical load®.
= for cone cracking, governed largely by the near-contact
z Hertzian field, may be expected to be much less affected.
A, 1000 Pr(dy) - Higher Pk translates to higher stress intensities in the
= i metal cores, directing attention to prospective precursor
= yield in those layers.
G Accordingly, Fig. 5 plots von Mises stress contours in
= 500 7 two steel core layers, thickness#s = 1.5 and 2.5 mm,
o Peldy) for the same glass thicknesd.(= 1.2 mm) used in
Fig. 3(a). The figure shows how shear stresses develop
0 !
a 3 4
@ 2.0
1500 . . 1
Glass/aluminum/polycarbonate
- d,=12mm
Z N
& 1000 |- 4 £ 15
N % €]
3 =
= Pr(dy) n
8 3
g 500 7 510
O Pc(dy) g
0 : g
0 1 2 3 4 205
(b) Metal thickness, d_, (mm)
FIG. 3. Critical loadsP; and P for cracking in glass layer in model
flat trilayers as function of metal support thickneks at fixedd, =

1.2 mm and WC sphere = 3.96 mm: (a) glass/steel/polycarbonate
and (b) glass/aluminum/polycarbonate. Experimental data (means and
standard deviations) for trilayers with epoxy adhesive interlayers (

15 + 10 wm), showing data for radial cracking (filled symbols) and FIG. 4. Indentation stress—strain curves for constituent materials used
cone cracking (unfilled symbols). Solid curves are corresponding FEMn model trilayer experimental test specimens in this study. Curves are
calculations ofP(d,,) andP<(d,,) for fixed h = 15 pm. FEM fits using bilinear constitutive relation.

Indentation strain, a/r
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in the metal cores at loads up to and just beyond peak Figure 6 plots FEM-generated functiois(d,,) for
values for radial cracking, with black regions indicating adhesive-free trilayers with elastic glass outerlayers
yield zones. In the thinner steel layer [Fig. 5(a)-5(d)], yield(d. = 1.2 mm) andP.(d,,,) for plastic steel [Fig. 6(a)]
occurs first at the bottom surface, at critical Idddbot-  and aluminum [Fig. 6(b)] cores. Results from Fig. 3 for
tom); in the thicker layer [Fig. 5(e)-5(h)], yield occurs comparative trilayersvith adhesive are included as the
first at the top surface, at critical lod®, (top). This in-  dashed curve; the effect of eliminating the adhesive on
version in first-yield location is consistent with a domi- the values ofPg is manifest. Also manifest is a strong
nant core flexural stress field in the thinner metal layercorrelation betweeiP; and P, (top) for both metal core
and a dominant Hertzian contact field in the thicker metakystems, withP; = 2P, (top) over a wide range dod,,,.
layer. In both cases, yield initiates at one surface athe maxima inP.(d,) and Px(d,) at d,, = d. again
threshold load, then at the other surface at higher loadeflect a transition from flexure-dominated to Hertzian-
Ultimately at even higher loads the opposing yield zoneslominated shear stress fields. On the other hBpdloes
merge to form a “plastic hinge.” [In trilayers with very not appear to correlate at all strongly wiiy (bottom).
thin metal layers (not shown) yield spreads from theThese trends, taken together, indicate the effectiveness of
bottom surface through the layer without ever initiatingmetal top-surface yield in facilitating glass flexure adja-
separately at the top surface.] In no case were the sheeent to the radial crack initiation site, compensating in
stresses in the trilayers sufficient to exceed the yielgart for removal of the adhesive interlayer. By way of
point of polycarbonate over the load ranges covered, atonfirmation, FEM-generateBx(d,,) functions for sys-
testing to the capacity of the overlayers to shield theéems containing the same metals, but with yield artifi-
much more compliant substrate. cially suppressed (infinite hardness), show relatively

d =15 mm d=2.5mm

\<

(d) (h)

FIG. 5. FEM-generated contours of von Mises stresses in steel core layer for glass/steel/polycarbonate trilayers with no fache3jve (
increasing contact loads indicated (glass and polycarbonate layers not shown); WCrsgh8r@é mm. Plots for glass thickneds = 1.2 mm,

and two steel thicknessed;;, = 1.5, loads (aP = 1600 N, (b)P = 2000 N, (c)P = 2600 N, (d)P = 3400 N; andd,,, = 2.5 mm, loads (e)

P = 1800 N, ()P = 3300 N, (g)P = 3600 N, (h)P = 4500 N. Compare with Fig. 3(a). Each contour represents a stress increase of
50 MPa. Yield zones are indicated in black.
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rapid and monotonic increasing critical loads, with vir- Pd-alloy and Au-alloy core$,bonded to dentin sub-
tually no prospect of radial cracking in trilayers with strates. Again, as in Sec. lll. B, we assume no intervening
thicker cores. adhesive at the porcelain/metal interface. However, in
It is clear from Fig. 6 thaP, (top) andPg are consis- this case the net thickness of the porcelain/metal bilayer
tently greater for trilayers with steel cores than with alu-coating is held constant at = d. + d,, = 1.5 mm,
minum cores, confirming the advantage of stiffer andrelevant to physical limitations imposed on dental
harder metals for both real and hypothetical systems witlerowns. InputY anda parameters (Table ) for the FEM

and without adhesive or metal yield. computations are evaluated from fits to the indentation
stress—strain data for the constituent materials shown in

IV. FEM SIMULATIONS FOR CROWN Fig. 7. The relative positions of the curves for the met-

MATERIAL STRUCTURES als in Fig. 7 reflect the elastic modulus and hardness

) , ] ) . values in Table I. Porcelain, like glass, is elastic, and
In this section we describe FEM calculations of critical \yjle dentin is surely deformable above a low yield

contact loads to produce radial crackifig and yieldPy  gyress Y = H/4-H/3), the “shielding” effect of the over-

in flat trilayers using more realistic dental crown mate'laying “crown” layers prevents the dentin from entering
rials (Table I): porcelain veneers fused onto Co-alloy,ihe plastic domain.

FEM-generated functionBg(d,,) and P.(d,,) for the

4000 . . . .
. trilayers are plotted for each of the metal alloy core
Glass/steel/polycarbonate layers in Fig. 8. Again, botl®, (top) andP show well-
2000 defined maxima, albeit more pronounced. These

“sharper” maxima are attributable to the constraint of a
fixed thicknessd, so that asd,, increasesd. simulta-
neously diminishes, causing the porcelain/metal interface
. to migrate upward into the Hertzian contact field. This
intensifies the shear stress in the metal top surface,
resulting in a rapid falloff inP (top) and thereby also
1000 T T T in P, at larged,,. This latter Hertzian-dominated part
of the curve will be dependent on the contacting
sphere radius.

Py(bottom)

2000

Py(top)

Critical load, P (N)

(a) 0 1 2 3 4
4000 ! T T
Glass/aluminum/polycarbonate 3 T T T T
d. =12 mm .
i ¢ Porcelain
A M) - ; T
Z 3000 ; ) B
s rd
Q ’ /,I ,c_“\
el ;!I ,’I %
3 ; _
S 2000 |- ; Py (bottom) - = 2
= ! =
Q / ]
= g Py @
ra\ III ‘——f/ = ‘g ]
~ 1000 |- ’ = b
///‘/ ————————————————————————————— .S
/ Py(top) g i
=
0 ' i i 3
0 1 2 3 4 =
(b) Metal thickness, d, (mm) )
FIG. 6. FEM-computed critical loads for model flat trilayers without
adhesivelf = 0; fixed glass thicknesd, = 1.2 mm; WC sphere = 0 i
3.96 mm) as a function ofl,; (a) glass/steel/ polycarbonate and 0 0.1 0.2 0.3

(b) glass/aluminum/polycarbonate. Curves showrP@l,,,) for yield
at the top and bottom metal surfaces d&hdd,,) for subsequent (post-
yield) radial cracking. The lower dashed curve is calculd®gt, ) FIG. 7. Indentation stress—strain curves for constituent materials used
for trilayer with intervening adhesive between glass and metal (fromin alternative trilayers consisting of dental materials: porcelain, Co-,
Fig. 3). The upper dashed curve is calculaedd,,) for hypothetical ~ Pd-, Au-alloys, dentin (elastic only). Curves are FEM fits using bilin-
metal with no yield, and with no glass/metal interlayer adhesive.  ear constitutive relation.

Indentation strain, a/r
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Once more, the relative values®§ (top) andP scale  substrates, bonded together with thin, soft epoxy adhe-
in some way with the modulus and hardness values of thsive interlayers. Glass is used because of its transparency
metal alloy (Table I). However, the same is not true ofand well-documented fracture properties, plus its amena-
P, (bottom), as we discuss below. bility to control of strength by surface abrasion (e.g., to
match the strength of typical porcelains in dental crown
simulations). In these structures, the primary mode of
failure is radial cracking at the brittle layer undersur-

V. DISCUSSION st i
faces; cone cracking in the near-contact regions at the top

W_e have studied model triIay_er structures consistingy,rfaces is a competing mode. Selective experiments
of brittle glass outer Ia_yers on stiff e}nd tough metal supy the model systems were used to validate an FEM
port layers on elastically compliant polycarbonateyqqrithm simulating the contact process. With this vali-

Critical load, P (N) Critical load, P (N)

Critical load, P (N)

(W]
e
o
o

—_
=
e
S

3000

b
[e]
=1
S

—
e
=
=

3000

[\
e
=
<o

Ju—
o
2
=

Porcelain thickness, d, (mm)

0.5

1.0
T

I (a) Co-alloy

| |

l (b) Pd-alloy

Py(bottom)

! I (c) Au-alloy

Py(bottom)

PN
| |

0.5 1.0
Metal thickness, d_, (mm)

1.5

dation, FEM predictions were made for specific metal-
based trilayer systems pertinent to materials used in
dental crowns. We showed that typical support core met-
als, although themselves generally immune to fracture,
are susceptible to yield above some critical contact load
Py, facilitating flexure of the overlaying brittle layers
and thence initiation of radial cracks at some higher load
Pr. Consequently, the plastic as well as elastic properties
of the metal core materials emerge as limiting factors in
the design of metal-based layer structures.

A comparison between radial and cone crack data in
Fig. 3 warrants further comment. It is seen that cone
cracks occur at lower critical load®£ < Pg) over the
bulk of the range of metal layer thickness @t =
0.6 mm in Fig. 3). The rise ifP: atd,, < 0.6 mm is
attributable to increasing compression in the top surface
of the flexing glass plate on a thinner metal support.
Since this rise correlates with a declineRp data in this
region, we may take it as an indicator of increased ten-
dency toward radial cracking in the bottom layeFhis
conclusion may be used to draw inferences on undersur-
face fracture tendencies in opaque coating materials. Of
course, it is always wise to supplement any such infer-
ences with specimen sectioning or other diagnostic
techniques:* Whereas radial cracking is relatively in-
sensitive to contact conditions, cone cracking depends on
sphere radius in accordance withP. « r (Auerbach’s
law), and so will initiate at higher critical loads with
blunter contacts/*®* meaning that the value af,, at the
crossover betweeR(d,,) andP(d,,) curves will move
further to the right as increases. In any case, cone cracks
are less likely than radial cracks to cause the system to
fail and are thus of somewhat secondary interest in this
kind of layer systerf.

Figure 6 demonstrates that the removal of adhesive
interlayers between top ceramic and support metal layers
can greatly enhandeg.®*? Accordingly, care should be
taken to keep any such adhesive interlayers as thin as

FIG. 8. FEM calculations of critical loads in flat crownlike porcelain/ possible or, preferably, to avoid them altogether. One
metal/dentin trilayers as function of metal thicknelgs for fixed d =

d. +d,, = 1.5 mm, WC sphere = 3.96 mm: (a) porcelain/Co-alloy/
dentin, (b) porcelain/Pd-alloy/dentin, and (c) porcelain/Au-alloy/
dentin. Plots aré,(d,,) to produce yield (top and bottom surfaces)

way to accomplish the latter is to fuse the ceramic to the
metal, as is done in the manufacture of porcelain-fused-
to-metal dental crowns. Fused interfaces, on other hand,

and Px(d,,) to produce radial cracking (including dashed curve for Bring countervailing effects into play, e.g., residual
hypothetical metal with no yield).
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can cause complications in fabrication (specifically fromcounterparts imply some diminution of the shear compo-
delamination) and, where tensile, can greatly enhanceent of the Hertzian contact field associated with the
fracture in the brittle layer. compliant substrate. Above some transition porcelain
It is instructive to compare the current porcelain/thicknesd. = d,,,, depending on the metal, the location of
metal/dentin trilayer computations with analogous porfirst yield switches from the top to the bottom metal
celain/metal bilayer results from earlier studfésin the  surface, and the curves abruptly flatten out. The shear
bilayers, yield begins at the top surface of the metaktresses in the metal layers are now dominated by flexure
half-space at a critical loa®, = GH,d.?, G = « + on the compliant dentin. In this region the curves no
BEJ/E,, with dimensionless coefficienta = 0.56 longer scale in the order of hardness valtigs nor of
andpB = 0.17% Observe the linear dependence on theelastic modulus,,,, indicating a more complex interplay
metal hardness and comparatively slow modulusbetween plastic and elastic properties.
mismatch dependence. As intimated in Sec. |, we may The results above, particularly plots such as Fig. 9,
think of the trilayer as a special case of the bilayer in whichserve as useful guidelines to the design of trilayers with
that portion of the metal substrate beyond degth= metal support cores. The principal goal is simply to
d. + d., (Fig. 1) is replaced by tooth dentin. To examine minimize radial cracking, i.e., kedp< Px. (Cone crack-
the effect of such a replacement we replot in Fig. 9 thang may be minimized by avoiding sharp contacts.) As
P, (d,,) results for first yield in Fig. 8 a®.(dy), in ac- demonstrated in Fig. 6, eliminating any soft adhesive
cordance with the constraining relatiah = d. + interlayers between the brittle layer and metal is a first
d., = 1.5 mm, for each of the metal alloys (solid curves).requirement, to restrict buildup of tensile stresses in the
These results may be compared with the correspondingverlying brittle layer from contact-induced flexure.
P,(d) = GH,d.? predictions for porcelain metal bilay- With this condition met, a high metal stiffness, is
ers, using the hardness and modulus values in Tabledesirable, both to restrict flexure and to shield the com-
(dashed curves). Initially, both the trilayer and the bilayerpliant substrate from the external contact loads. It would
P, curves increase monotonically witth, consistent also seem prudent to increase the strength of
with dominant yield in the metal top surfaces. In thisthe brittle overlayer. However, as is evident from the
region the hardnesd,,, remains the dominant material computations for hypothetical elastic—brittle materials
parameter; note how the position of the curves along th€ig. 6), it is neither the elastic nor strength properties
P, axis scales with the hardness values in Table Iof the brittle layer that limit the trilayer response, but
The slightly higher trilayer curves relative to their bilayer rather the yield properties of the metal core. Plasticity in
the metal support greatly diminishé%, by enhancing
Metal thickness, d, (mm) flexure in the brittle layer; in such cases, metal yield
strongly enhances brittle fracture. Moreover, in extreme

15001'5 1;0 0;5 0 cases yield may Ieaq dir_ectly to premature failure of the
structure by delamination at the brittle-layer/metal-
"IP d-/alloy support int_erfa_ce, e.g.asa _result of plgstic deformation
- Co-alloy /— : acg:umulatlon in fatigue .Ioadln]gj’.. Accord|_ngly, a more
< 1000 stringent and conservative design requirement is to en-
A sureP < P,,. Thus in Fig. 9 the goal is to remain beneath
g theP. (d,) curves. The first and obvious requirement is to
2 keep the metal hardness,, sufficiently high. Another
S requirement is to avoid the region of easy top-surface
£ 500 yield at left of the diagram. This means keeping the outer
© brittle layer sufficiently thick, i.ed. = d,,, but not so
thick that the metal layer becomes too thin to protect the
compliant substrate or to support the brittle overlayer. An
0 added advantage of working in the regidp = d, is
0 0.5 1.0 1.5 ; _
that flexural compressive stresses in the top surface of
Porcelain thickness, d (mm) the brittle layer will inhibit cone cracking, as indi-
FIG. 9. Critical loads for first yield in different core metals in porce- cated above.
lain/metal/dentin trilayers as a function of porcelain thicknelss Specific mention may be made of these requirements

for three metal alloy core materials, WC sphere= 3.96 mm. The  in the context of dental crown design. For the porce-
replot of curves from Fig. 8 is in accordance with constrained netlain veneers. it is recommended that the thickrrdhcss

crown thicknessl = d. +d,, = 1.5 mm. Solid curves are trilayers: the 5 t mini ith | thick f ft
left segment of the curve corresponds to the top-surface yield in metaﬁ)' mm at minimum, with even larger thickness for sotter

layer; the right segment corresponds to the bottom-surface yieldmetal core support layers (Fig. 9). Strength, while not a
Dashed curves are bilayer equivalents (top-surface yield). limiting factor, should be maximized, particularly by
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avoiding excessively large flaws. (Voids at the porcelainy Tecnologia y el Fondo Social Europeo, Spain (Grant
metal interface could be most deleterious, by facilitatingNos. BRV010007 and IPRO0A084), and by the United

spurious flexure on the metal core.) For the metals, higiStates National Institute of Dental Research. Information
hardnes#,,, is a primary requirement. The advantage ofon product names and suppliers in this paper does not

a high modulusk,, is less apparent: on the one hand,imply endorsement by NIST

high E,, will help to shield the substrate and impede
further radial cracking in the top layer; on the other, it

will increase the flexure of the metal layer on the com-REFERENCES
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