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Abstract

Alumina is the most commonly used ceramic in orthopedics due mainly to its wear resistance and chemical inertness. However, alumina has
relatively low load-bearing capacity compared to other advanced ceramics, such as zirconia. We hypothesized that grading the elastic modulus at
the surfaces may substantially increase the load-bearing capacity of alumina. In this study, graded structures were fabricated by infiltrating glass
into dense alumina plates, resulting in a diminished modulus at the surface layers. The plates were then bonded to polycarbonate substrates and
subjected to flexural loading with various loading rates spanning five orders of magnitude (dynamic fatigue) in water. Infiltrated specimens showed
an increase in flexural load over homogenous controls for all loading rates, despite the graded alumina exhibiting greater load rate dependence
than their homogenous counterparts. Our results indicate that controlled elastic gradients at the surface could be highly beneficial in improving the

load-bearing capacity of alumina ceramics.
© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Material selection for modern medical implants and den-
tal prostheses has become a significant field of study. Ceramic
materials have been chosen for load bearing applications due
to their wear resistance and relative passivity in physiologi-
cal environments. These positive traits are tempered by their
inferior toughness and the undesirable flaw population created
during ceramic processing and handling. Thus, ceramic materi-
als, such as alumina and glass-ceramics, exhibit relatively poor
flexural strength, especially when exposed to fatigue loading in
wet environments.' ™

Composite ceramics have been designed in an attempt to
improve strength and toughness while expanding functionality.
Simple laminate materials have been developed for many years,
in which a number of materials with different properties are
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bonded into a layered structure.* Though these composites do
combine varying properties, the abrupt interface between the
two materials often holds residual stresses>® and sometimes
delaminate under load.” These composites can be seen as the
precursor to recent studies of functional gradients, and modeling
and testing of such materials.

A material can be said to be functionally graded if it has two
distinct values of an engineering property, with a gradual range
of intermediary properties along the space between.® A variety
of natural gradients occur, including a graded elastic modulus
in hard tissues such as the human dentin and dentin—enamel
junction.> Many engineered materials are graded in some
manner, but a functionally graded material (FGM) is often char-
acterized by a gradient purposefully formed using compositional
or microstructural design.

Suresh, Jitcharoen and co-workers investigated the effects
of increasing elasticity as a function of depth from the sur-
face on the resistance to contact damage.'®!! Aluminosilicate
and oxynitride glasses were infiltrated into dense alumina and
Si3Ny4 matrix, respectively, to create the elastic modulus gradi-
ent at the surface, which showed marked resistance to blunt
indentation induced cone cracking otherwise seen in their
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homogenous alumina and Si3N4 counterparts. This was hypoth-
esized as being due to shifting of maximum stress from the
contact surface into the material interior due to the modulus
gradient.

We apply the concept of stress dissipation via elastic gradi-
ent to improve the much needed flexural fracture resistance of
ceramics. Success has been shown in creating FG zirconia,'>14
but use of zirconia in medical applications is debated because
of potential hydrothermal instability of yttria stabilized zirconia
(Y-TZP).1520 An FG alumina would have increased fracture
resistance while retaining its phase stability.

In this study, we infiltrate the top and bottom surfaces of
a relatively fine grained, medical grade alumina with a silica-
based glass of similar coefficient of thermal expansion (CTE).
This way a graded glass—alumina layer is introduced to the
alumina surfaces without significant residual thermal stresses.
Flexural resistance of graded alumina and homogeneous alu-
mina are investigated using Hertzian contact flexural tests on
flat-layer ceramic bonded to compliant substrate. Critical loads
to produce flexural radial cracking at the ceramic lower sur-
faces are measured as a function of loading rates—dynamic
fatigue. Data are analyzed using a slow-crack-growth (SCG)
model; crack velocity exponents for both graded and homoge-
neous alumina are determined. Weibull analysis is conducted
on normalized critical load. Theory behind improved fracture
resistance by introduction of surface elastic grading is dis-
cussed.

2. Materials and methods
2.1. Sample preparation

The base ceramic used in this study was a commercial medi-
cal grade alumina (99.6% purity, density ~3.9 g/cm®) (AD-996,
CoorsTek, Golden, CO). Specimens were obtained in a plate
form (2mm thick, 23 mm in diameter); both top and bottom
surfaces of the alumina plates were polished with successive
grits to 0.5 wm finish. The final thickness of these plates was
reduced to 1.5 mm £ 0.01 mm, measured with a digital caliper
(Mitutoyo, Kawasaki, Japan). The average grain size of this
alumina was measured as ASTM Grain Size Number 14, cor-
responding to approximately 2.8 pum, using a linear intercept
method.?!

Some of the polished plates were infiltrated with a sil-
icate glass at both top and bottom surfaces, producing a
glass/alumina/glass graded structure. The main composition of
the infiltrating glass (>1 wt%), according to X-ray fluorescence
(XRF) measurements, is: SiO» (71.60%), Al,03 (10.55%), K, O
(8.00%), NayO (6.89%), and CaO (1.34%). The glass was for-
mulated to create a CTE of 8.2 x 107°C~! (between 25 and
450°C), which is identical to that of alumina. The particle size
of the infiltrating glass ranged from 10 to 60 pwm.

Specimens were coated on both surfaces with glass slurry cre-
ated by suspending powdered glass in double deionized water
and glass infiltration was conducted in one step in a Thermolyne
46100 furnace (Barnstead, Dubuque, IA).13 Cannillo showed

that powdered glass infiltration creates significantly better infil-
tration than bulk glass infiltration.??

To investigate the effect of infiltrating duration on the flexural
load, specimens were divided into 3 groups of 6 and infiltrated at
1550°C for 1 h, 2 h, and 3 h respectively. A heating and cooling
rate of 500 °C per hour were utilized. The selected infiltrating
temperature was below the sintering temperature of alumina, to
avoid significant grain growth. An additional group of 6 was left
untreated to serve as the control. The glass infiltrated specimens
were abraded with a 3 wm diamond disk to remove residual
surface glass and then polished with a 0.5 wm disk to ensure that
total specimen thickness remained at 1.5 mm and to produce a
surface finish similar to the uninfiltrated alumina plates in the
control group.

20 additional glass infiltrated specimens were created at the
2 h time point after it showed the highest flexural load resistance.
Specimens were subjected to dynamic fatigue testing as detailed
below.

2.2. Materials characterization

Selective specimens (at least three specimens from each test-
ing group) were subjected to scanning electron microscopy
(SEM), X-ray diffractometry (XRD) and microindentation anal-
yses.

2.2.1. SEM analysis

Specimens were sectioned along the modulus gradients using
a water cooled low speed diamond saw (Isomet, Buehler, Lake
Bluff, IL). The cross-sections were polished to 0.5 pm finish
and subjected to thermal etching at 1500 °C for 20 min with a
heating and cooling rate of 500 °C per hour. The polished and
etched sections were carbon coated prior to SEM examination
(Hitachi 3500N, Japan).

2.2.2. X-ray diffractometry

To determine the crystallinity of the external surface residual
glass and the graded layers, as infiltrated glass—alumina graded
surface (with an external glass layer) were subjected to XRD
(Philips X’Pert System, Almelo, Overijssel, Netherlands) anal-
ysis with nickel filtered Cu K, radiation. XRD data was taking
from 5° to 80° at 45kV and 45 mA at a scanning rate of 1°/min
and a step size of 0.02°. Spectrum was analyzed for homoge-
nous alumina, the graded layer, and the external glass to show
the amorphous glass phase expected on the surface and to ensure
that no phase change occurs within the alumina and that no addi-
tional crystal phase is formed on the surface upon cooling from
the glass infiltration temperature.

2.2.3. Micro-indentation

Micro-indentation was performed on a 3D Omniprobe
Tribolndenter (Hysitron, Minneapolis, MN) to measure the
hardness and elastic modulus as they change in relationship
with depth. Indentation provides measurements of elastic mod-
ulus and hardness over a small surface, allowing for specific
readings at increments of the glass—ceramic gradient. Speci-
mens (n=3) from each infiltration duration (i.e. 1, 2, and 3 h)
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were embedded in a resin epoxy and sectioned and polished
to 0.5 pm finish. Measurements were taken along the graded
cross section with a Berkovich indenter at 50 mN with a step
size of 10 or 20 pwm. The reduced modulus was determined by
the Oliver-Pharr approach?? from the indentation curve. The
Young’s modulus of the specimen was computed using the mea-
sured reduced modulus. The reduced modulus, E,, is described
by the relationship:
1 1—v? 1—v?

[ 1
E, E; * Eg ( )

where E and v are the Young’s modulus and Poisson’s ratio of
the indenter (i) or tested sample (s), respectively. For a diamond
indenter tip, E; is 1140 GPa and v; is 0.07. For alumina, glass,
and graded alumina—glass materials, v is 0.22.

2.3. Indentation flexural testing

The specimens were bonded to the surface of a compliant
substrate of polycarbonate (Sheffield Plastics, Sheffield, MA)
using a fast setting epoxy (Hardman Red, Royal Adhesives
and Sealants, Belleville, NJ).24 Here we adopted a ball-on-
ceramic/polymer bilayer method to determine the critical frac-
ture load of a bending plate (Fig. 1).!"*%> The ball-on-flat bilayer
indentation flexural test produces bending stresses in the ceramic
layer just like those generated by a biaxial or three-point bend
test, and yet is more tolerant to the specimen dimensions, capable

Indenter

R l Ceramic

Polycarbonate

Fig. 1. (a) Indentation loading rig with specimen bonded to polycarbonate sub-
strate and (b) schematic of test geometry showing radial crack (R) initiating
from the lower surface of ceramic specimen.

of testing specimens with smaller thicknesses and irregular
shapes. In addition, this ceramic/polymer bilayer system repre-
sents the ceramic crown on dentin structure and thus, upon inden-
tation fracture, produces clinically relevant failure modes.*2¢

The specimens were loaded into an universal testing machine
(Instron 5566, Norwood, MA) (Fig. 1). A spherical tungsten car-
bide indenter (r=3.18 mm) was used as the contactor (see insert
of Fig. 1). Specimens were loaded monotonically at a rate of
1 mm/min. Failure was defined by the onset of flexural radial
cracks (R) at the ceramic lower surface (see insert of Fig. 1).
Critical load corresponding to the radial crack pop-in was deter-
mined by a machine noted load drop. Continuous data points
were recorded during the test for load and extension, as well as
load and extension at the point of failure.

The slow crack specimens were loaded similarly at progres-
sively decreasing rates to investigate SCG. Tests included rates
in decades between 1 and 10~% mm/min (n=35, each rate). Test
rates (mm/min) were converted to N/s for each data point. The
specimen was loaded at a fixed rate dF/d¢ = constant until initi-
ation of a radial crack at a critical load Fr

F dF 2
R= "R 2
where R is the elapsed time to produce the radial crack.
Previous studies showed that the velocity exponent N that
describes the SCG behavior of the material can be determined
with the equation below.?

Fr [A(N+ DF]YOED
3 - [
where A’ is a load-, time-, and thickness-independent quantity,?’
FR is the ultimate load (N), F = dF/dt is the load rate (N/s),
and d is the plate thickness (mm).

Therefore, by plotting the Fr — F curve in logarithmic coor-
dinates, the N value can be readily derived from the slope of
best-fit curves.

Substituting Eq. (2) into Eq. (3), we obtain the Fr—tR relation
for dynamic fatigue:

Fr 0\ /N y
(o) @
where F and fy are reference parameters relating to short-term
tests.

Finally, by using Eq. (4) and experimentally determined N
and R values, fracture load corresponding to various load rates

can be collapsed to short-term fracture load, which can be related
to the inert ceramic strength, o, using equation’:

F

where B=0.751og(E./Es). E. and E are elastic modulus for
ceramic and substrate respectively. This provided a pool of
short-term fracture load data of graded and homogenous alumina
for Weibull statistical analysis.
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2.4. Weibull modulus m

To provide reliable prediction of fracture resistance of ceram-
ics, the Weibull failure probabilities should be taken into
account. The Weibull failure probability is described by the
Weibull modulus, m. A higher m value indicates a smaller scatter
in measured properties.

Interms of critical load Fy, of brittle layers, the Weibull failure
probability P can be defined as

resenl ()]

where Fy is a scaling load. For a data set of critical loads,
cumulative probabilities are calculated by ranking values in
ascending order and evaluating corresponding F values. A plot
of In(In(1/(1 — P))) against In Fy, gives a straight line with slope
m.

3. Results

Representative SEM micrographs of graded glass—alumina
surface (top) and pure alumina interior core (bottom) are shown
in Fig. 2. In this case the specimen was glass infiltrated at
1550 °C for 2 h. However, detailed examinations on specimens
infiltrated at 1, 2, or 3 hrevealed similar microstructural features.
The glass content at the graded glass—alumina surface was rel-
atively high, which decreased as the distance from the surface
increased. Eventually the graded glass—alumina layer gave way
to a highly crystalline alumina core.

The gradation of Young’s modulus along the depth (from
both top and bottom surfaces to interior) of graded alumina
infiltrated at 1, 2, or 3h is shown in Fig. 3. Data revealed a
relatively low Young’s modulus at the hybrid glass—alumina

External glass
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Fig. 2. Graded specimen showing infiltrated glass surface and graded
glass—alumina layers (top) and dense alumina core (bottom) after thermal etch.
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Fig. 3. Indentation profile of glass infiltrated alumina. (I) External glass layer, (II) graded glass—alumina transition region, and (III) dense alumina core.
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Fig. 4. XRD comparison of graded (top) and control (bottom) specimens. Major
peaks for a-alumina are indexed. No new crystalline phases are noted after
infiltration as compared to the control specimen. Amorphous glass is visible as
low hump near the first alumina peak.

surface, which rose rather quickly to the bulk modulus of
alumina as the distance from the surface increased. The resid-
ual glass layer (d~ 60-70 wm, labeled as zone I in Fig. 3)
possessed a Young’s modulus value of E=68.3+2.5GPa
(mean £ S.D., n=85). For the glass—alumina graded layer
(d~ 80 pm, marked as zone II), the Young’s modulus varied
from E=109.7 & 5.9 GPa (n = 10) near the external glass/graded
layer interface to E=418.9+ 17.4GPa (n=510) at the alu-
mina interior (identified as zone III). Note that the n values
quoted in parentheses, n=285, 10, and 510, represent number
of indents made in the external glass layer, graded layer sur-
face, and the alumina interior, respectively, from a total of 12
specimens.

One concern of the graded glass—alumina structures was the
crystallization of glass during cooling from the infiltration tem-
perature, both in the external surface glass layer and in the graded
glass—alumina layer. Changes in glass composition and structure
could alter its CTE and thus introduce residual stresses to the
graded material. XRD analysis of the as infiltrated glass—alumina
surfaces revealed a small amount of glass phase in the exter-
nal glass and graded glass—alumina layers (Fig. 4). There was
no detectable secondary crystalline phase present in addition
to the a-alumina phase, at least within the detection limit of
XRD (i.e. ~3 vol.%). For reference, an XRD spectrum of a sin-
tered homogenous alumina, prior to glass infiltration, is shown
in Fig. 4. In addition, energy dispersive X-ray (EDX) analysis
confirmed identical compositions in uninfiltrated and infiltrated
glasses, indicating no essential change in properties during infil-
tration.

Critical load for fast loading (1 mm/min) flexure-induced
fracture of graded glass—alumina infiltrated at various dwell time
periods is shown in Fig. 5. Although a trend may be noted which
hints at a higher fracture load in the 2 h samples, this trend was
not statistically significant. However, all three groups showed
improved fracture resistance over untreated alumina, indicating
that the induced gradient does produce the desired effect. The
2 h treatment time was chosen for continued dynamic fatigue
samples.

Results of the dynamic fatigue tests are shown as Fr/d>
versus F/d? in logarithmic coordinates in Fig. 6. Normalization
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Fig. 5. Fast loading (1 mm/min) experiments with specimens treated for 1, 2,
and 3 h and untreated control. Significant increase in load-bearing capacity was
seen between all treated specimens and control. No significant difference was
found between the 3 treated groups.

AlLO,

of Fr to d* enables direct comparison of critical loads for
ceramic layers of different thicknesses, effectively reducing all
data to one nominal thickness. Solid lines are best fit regressions
for each data set, while shaded bands are 95% confidence
bounds. Data showed the expected rate dependence; critical load
decreased as load rate decreased. The graded glass—alumina
composite retained higher load bearing capacity at all tested
rates, despite also following a higher rate dependence than alu-
mina controls. SCG exponents, N, were derived from the inverse
slopes of the fitted lines. N=17 for graded glass—alumina and
N=27 for alumina. The N value for alumina is similar to that
obtained in a previous study (N =26)> using the same alumina
plates but different thicknesses bonded onto polycarbonate
substrates, confirming the reproducibility of the current
test methods.

Weibull plots for nominal critical load data on graded and
homogenous alumina plates are shown in Fig. 7. Critical load
data corresponding to different load-rates were reduced to nom-
inal Fp, for plates of 1.5 mm thickness using a common load
rate 100 N/s. Linear regression fit (shown as solid lines) seemed

10° . . . . T .
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Fig. 6. Critical load versus load rate normalized against specimen thickness
(d®). Linear regression and 95% confidence bounds shown for both graded (top)
and alumina (bottom) specimens.
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Fig. 7. Weibull plot including slow crack growth data collapsed to a nominal
100 N/s and normalized against specimen thickness (d%). Linear regression (solid
lines) and 95% confidence bounds (dashed lines) shown for both graded (right)
and alumina (left) specimens.

to be reasonable representations of the data for both materials;
Weibull moduli m were derived from the slope of the linear
lines. In our Weibull analysis, we used the nominal critical
load instead of flexural strength for graded alumina. Although
the flexural strength is proportional to nominal critical load
(0 & F/d?, Eq. (5)), flexural strength for graded alumina may
not be readily derived owing to the variations of the stress
profile in the graded region. Our analysis showed that graded
alumina exhibited similar Weibull modulus (m=10.4) com-
pared to homogeneous alumina (m=11.2). However, alumina
with elastic grading at the flexural surface showed signifi-
cantly higher load-bearing capacity than their homogeneous
counterparts.

4. Discussion

The initial, fast loading experiments showed a very clear
increase in load-bearing capacity in graded alumina over its
homogenous counterpart by a factor of approximately 1.5
(Fig. 5). A one tailed z-test produces a p-value smaller than
a=0.025, indicating that the difference between the graded
material with a 2h treatment and the mean for alumina con-
trols is significant. However, little difference was seen in critical
load for samples infiltrated for various durations (1, 2, and 3 h).
The increase in load-bearing capacity can be explained by a
change in the flexural tensile stress profile in the graded mate-
rial under load, as suggested by Zhang and Kim.'> Composite
beam theory'* and finite element analysis'?> show that a lower-
modulus surface graded layer can effectively reduce the surface
stress and transfer the maximum stress to the ceramic interior,
improving the load-bearing capacity.

As previously explained, the bottom surface of a homo-
geneous specimen under flexural load will be experiencing
the highest tensile stress in the material. This is the point
where flexural radial crack will initiate, due to the suscepti-
bility of ceramics to tensile stress. If the stress at this point
is lowered, we will see a lower likelihood of critical crack

propagation beginning at surface flaws. Further, if the peak
stress is pushed away from the material surface, internal
flaws will bear this maximum. The absence of large internal
flaws, coupled with the somewhat diminished effectiveness of
any such internal flaws as stress concentrators,?8 renders the
graded material more flaw tolerant. The increased stress tol-
erance of graded materials relative to homogenous materials
explains the higher critical loads for flexural radial fracture
observed experimentally. Thus, the load-bearing capacity of the
ceramic material is significantly improved by reducing the sur-
face tensile stress and shifting the maximum stress into the
interior.

Our experimental data also showed a similar load-bearing
capacity for graded alumina infiltrated for various durations
(Fig. 5). Micro-indentation tests revealed almost no differ-
ence in Young’s modulus gradients amongst these specimens
(Fig. 2), suggesting that effects of surface elastic gradients on
load-bearing capacity in these graded materials should also be
similar. The lack of dependence of infiltration depth on infiltra-
tion time and a fairly steep grading observed in all specimens
are probably due to the relatively low infiltration temperature
(1550 °C) utilized in this study. Jitcharoen and co-workers infil-
trated fully sintered alumina using an aluminosilicate glass at
1690 °C for 2h, the resultant infiltration depth was ~2 mm.!?
However, the trade-off for using such a high infiltration temper-
ature is the grain growth of alumina particles and crystallization
of the infiltrating glass, which in turn would compromise the
flexural strength and the aesthetic appearance of graded alu-
minas. The effect of graded to total layer thickness ratio on
the strength of these graded structures has been examined
analytically'* and experimentally'? in several previous publi-
cations.

Question then arises as to whether the increased load-bearing
resistance in graded alumina relative to their monolithic coun-
terparts is due to the residual stresses introduced to the graded
materials upon cooling. This residual stress can form from the
crystallization and/or compositional changes of the infiltrating
glass, which in turn could modify the CTE of glass. A com-
pressive residual stress at the surface can also improve the
flexural damage resistance. Our XRD analysis of the as infil-
trated glass—alumina surfaces revealed a predominant o-alumina
phase with a broad amorphous glass peak (Fig. 4). There was
no detectable secondary crystalline phase present. In addition,
EDX analysis revealed no essential compositional changes in
glass before and after infiltration. SEM and optical microscopies
revealed a highly transparent appearance of the external glass.
Thus, our findings suggest that there are no significant resid-
ual stresses induced through microstructural changes during the
glass infiltration process.

The dynamic fatigue loading experiments also show an
improved flexural resistance in graded alumina. In this experi-
ment, there was less surety of a favorable outcome. This is borne
out by the lower N exponent in the graded materials, an indicator
of higher load rate dependence on crack growth (Fig. 6). It was
theorized that the load-bearing capacity of the graded material
would eventually be lower than that of the homogeneous
control. The estimated critical point where the control shows
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better flexural resistance than the graded material would be
over 3 years. This is because cracks would propagate faster in
the glass phase, which is more susceptible to moisture-assisted
SCG. Thus the slower rate of dynamic tests would increase
susceptibility of crack growth in the glass-rich regions.

In clinical applications, these graded alumina materials can
be used as monolithic crowns and bridges. Although the graded
alumina has limited translucency, the external glass layer and the
graded glass—alumina layer provide necessary shade options. In
addition, color stains can be applied to the surface of the exter-
nal glass layer using a powdered glass slurry that has similar
composition to the infiltrated glass. This staining technique has
been used on the Empress system to improve the aesthetic out-
come of a single color pressed block of glass ceramic and is well
established in aesthetic dentistry.2*3% To improve aesthetics, a
thin porcelain veneer with similar compositions to the infiltrated
glass can be applied to the surface of the external glass layer.
This thin veneer could contain the contact damage, provide aes-
thetics, prevent excessive wear of opposing dentition, and allow
for adjustment on the occlusal surface. Any occlusal-surface
contact damage can be confined within the thin veneer layer,
because cracks are unlikely to propagate from a low modulus,
low toughness porcelain to a higher modulus, higher toughness
alumina.®!

The external glass and the graded glass—alumina layers on
the cementation surface (the tensile surface) of graded aluminas
offer great potential for adhesive bonding using etching-silane
techniques. The external glass layer and the glass phase in the
graded layer can be selectively removed by hydrofluoric acid,
creating a three-dimensional surface morphology and enhancing
physical adhesion. A strong resin bond can be achieved through
the application of a silane coupling agent.

5. Conclusions

The observed behavior was significant as an indicator of
the interaction between the modulus gradients and stress dis-
tributions. Our findings have demonstrated that significantly
improvement in load bearing capacity of ceramics can be
achieved by appropriate elastic grading at the surface. The
observed behavior was due to a reduction of the surface stress
and to a shift of the maximum tensile stress into the depth of
the material. It was also shown that the resulting increased sus-
ceptibility to SCG did not limit material strength or reliability
below that of homogenous alumina for the load rate tested.
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