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Abstract

Attaining high densification without grain growth is one of the main objectives of the
sintering optimization in ceramic materials. For dental implant applications, achieving this
objective has a decisive impact on the mechanical resistance, the duration and the
translucency of the implant. To improve these sintering outcomes a long experimental
explorative study is generally required. In this work, we developed a combined
experimental/modeling approach allowing a rapid identification of the optimal sintering
conditions. The determination of the model densification and grain growth kinetic constitutive
parameters has been done experimentally. We found that the sintering/grain growth kinetics
have a detrimental acceleration above a critical temperature level. The pressure-less sintering
model able to predict the sintering stress, powder densification and grain growth has been
used for the determination of the optimal sintering trajectory. We utilized the two step
sintering method to approach the critical temperature without an undesirable grain growth.

We obtained translucent sintered specimens with a very limited grain growth.
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Nomenclature

6 Porosity

6 Porosity rate (s™)

o Stress tensor (N.m™)

£ Strain rate tensor (s™)

¢ The trace of the strain rate tensor (s™)

¢, Radial component of isotropic strain rate tensor (s™)
¢ Shear modulus

Y Bulk modulus

PI Sintering stress (Pa)

i Identity tensor

a Surface energy (J.m?)

r Grain radius (m)

n Material viscosity (Pa.s)

1o Viscosity pre-exponential factor (Pa.s)

Q Viscosity activation energy (J.mol™)

R Gas constant 8.314 (J.mol™*.K™)

T Temperature (K)

G Grain growth rate (m.s™)

G Grain size (m)

G, Initial grain size (m)

p Grain growth exponent

K Grain growth factor (m**".s™)

k, Grain growth pre-exponential factor (m**".s™)
Q. Grain growth activation energy (J.mol™)

m the viscosity grain size exponent

C a constant

w the sintering equation grain size exponent

D the diffusion coefficient

k the Boltzmann constant (1.38064852E-23 J.K™)



1. Introduction

Attaining a final high relative density and a minimum of grain growth are required sintering
outcomes for obtaining translucent zirconia dental implants with high mechanical strength [1—
5]. Pressures-less sintering modeling is an efficient way to optimize the grain
growth/densification sintering trajectory for different thermal cycles. It requires a careful
identification of the densification/grain growth during the final stage of sintering. Grain
growth is known to slow down the sintering kinetics by reducing the sintering stress and
longer diffusion distances in the grains [6-8]. The traditional sintering models consider a
grain size and porosity dependence of the effective sintering stress [9]. On the other hand,
grain growth induces longer diffusion distances within the grain lattice and at the grain
boundaries [6]. This phenomenon is particularly known for diffusional creep, where larger
grains are associated with slower creep rates (at the same temperature) due to longer grain
boundaries or lattice diffusion distances. The grain growth kinetics is known to be affected by
porosity (porosity pinning), which results in the different grain growth mechanisms for high
and low porosity stages of sintering [6,7]. In the generalized form of the continuum theory of
sintering, it is usually assumed that the grain growth modifies the sintering stress and the
material’s equivalent deformation behavior (viscosity for linear viscous constitutive behavior,
and the creep properties for nonlinear viscous constitutive behavior) [10]. The prediction of
the densification/grain growth kinetics and their interaction during the sintering process is the
key for understanding the sintering final stage phenomena [8,11]. For spark plasma sintering
[12], the information on the densification/grain growth interaction can be used to optimize the

densification curve at the end of the cycle [13].

In this work, we investigate the possibility to predict by an analytic sintering/grain growth
model the sintering trajectory of a zirconia powder dental implant. In this regard, the implant
should simulate the translucent aspect of natural teeth and have high mechanical properties to
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resist the chewing stress and to extend the implant duration [5]. Minimal porosity and grain
sizes are required to optimize these characteristics. First, we will explore the implant
material’s experimental sintering response (in terms of porosity and grain size) under different
sintering temperatures and holding cycles. Based on this, the sintering/grain growth model
will be calibrated to follow the experimental data points and the explored sintering trajectory.
When the model renders a satisfactory response, it will be employed to virtually adjust
different sintering cycles using long holding times (a long exploration time would be needed
if the material were tested experimentally). We will, in particular, explore the two step
sintering method to optimize the sintering trajectory [14]. Then the optimized cycle will be

tested experimentally for verification.

2. Theory and calculations

The sintering model employed is based on the continuum theory of sintering [9]. This
approach allows an easy identification of the sintering parameters using the analytic
constitutive equations and provides the possibility to use these parameters in finite element
simulations. The constitutive equation describing the linear viscous densification behavior of

a compressible medium taking into account the sintering stress P; is defined as:
. 1 . a a
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with the invariant (volumic shrinkage rate):
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and the Skorohod’s sintering stress expression [15] for the capillarity forces developed at the

particles contacts:

PL=>2(1-6)> (3).



Equation (1) gives the sintering deformation behavior of a linear viscous medium. The
porosity evolution rate is linked to the rate of volume change through the mass conservation
equation:
6 : . :
&t tTE (4).
For pressure-less isotropic sintering, the stress and strain rate tensors can be reduced to:
0 0 O & 00
c=(0 0 0 ; é€=(0 & 0 |isotropic é = 3¢, (5).
0 0 0 0 0 ¢

Equation (1) becomes:
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We obtain the reduced expression:

—P, = 2n3&,.¢ (7).

Using the mass conversation (4), we obtain [9]:

—-P;(1-6)
V=" ®

and then, the analytic equation describing the rate of porosity elimination [9];

N —Pl(1—6)
§ =110 9).

Equation (9), can be used to model the sintering densification. However, at the sintering final
stage, the grain growth will influence the sintering stress (3) and the viscosity. The grain

growth kinetics is usually modeled by the following equation [6,7,16]:
G=== Eexp (_—QG) (10).

The viscosity temperature and grain size dependence can be defined by the expression

[8,11,13,17]:



2n = (GG—o)m NoTexp(==) (11)

Substituting the expression of the sintering stress (3) and the viscosity (11) in Eq. (9), we
obtain the expression of the rate of porosity evolution which takes into account the actual

grain size (G).

_ —6a(1-60)3
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(12)

This equation can be compared to the theoretical equations of solid-state sintering which have

the general form [6,18-20]:

__ —Cf(8)aD
T GWkT

0 (13).

In this equation, C is a constant, f(6) a function of the porosity, and D the diffusion
coefficient (D, for volume diffusion and Jg,Dg, for grain boundary diffusion) which has an
Arrhenius form. From Coble [21] sintering models and in accordance with Herring’s scaling
law [22], the grain size exponent w in (13) has a value of 4 for grain boundary diffusion and 3
for volume diffusion [6]. Comparing (12) and (13), we can see that all the constants (G,, m, K,
6) of Eq. (12) are included in C constant, the exponential term is included in the diffusion

coefficient, f(6) gather all the porosity terms in Eq. (12) including the bulk modulus ¥ and

the sintering stress porosity function, and we have, w = m + 1.

In order to determine the viscosity parameters and the surface energy, equation (12) was
written in the following form, enabling the constitutive parameters’ identification by a linear

regression:

V=i (Z520) - () + 2 (14)

rTOY a RT



3. Experiment and method

This study employs Tosoh Zpex Smile zirconia powder specimens prepared by 200 MPa Cold
Isostatic Pressing (CIP American isostatic pressing). In order to identify the sintering
densification behavior using Eq. (14), a dilatometry test was performed (Unitherm model
1161, Anter Corporation) at 5 K/min up to 1650 °C. For the determination of the grain growth
kinetics, we conducted different sintering tests with a 5 K/min heating ramp and two hours of
holding at different temperatures. To determine the grain growth rate exponent p, we
conducted interrupted dwell experiments for a temperature level at the onset of grain growth
in the sintering trajectory (1550 °C see later). The mean grain diameter was calculated
through the scanning electron microscopy (SEM FEI Quanta 450, USA) of polished and
thermally etched samples; the linear intercept method using Mendelson’s stereological factor
was used [23]. After obtaining the average grain size and the relative density of all samples,
the grain growth exponent p and K factor were determined for the interrupted sintering tests at
1550 °C. Then, the sintering data obtained using equation (14)-based regression of the
dilatometry test was employed to simulate all the sintering experiments. The model of
sintering during the final stage was particularly adjusted using the grain growth relationship to
determine the grain growth activation energy Q,. After a reasonable prediction of all the
sintering tests at different temperatures, the densification and grain growth data were used to

determine an optimized sintering cycle.

4. Results and discussions
4.1. Sintering tests

The sintering process design and obtained specimens’ average grain sizes and relative density

are reported in figure 1. The experimental process design consists of a sintering cycle with a



heating ramp of 5 K/min and a 2 hours holding time under temperatures between 1200 and
1700 °C (see figure 1a). The experiments at 1550 °C were carried out at different holding
times to reveal the isothermal grain growth behavior (see figure 1b). For the different tests
conducted with 2 hours of holding time, the average relative densities and grain sizes are
reported in figure 1(c and d). It is interesting to note in figure 1d two different grain growth
behaviors: a slow grain growth behavior for temperatures below 1550 °C and a behavior
which has faster grain growth kinetics for higher temperatures. A possible explanation of this
change of the grain growth behavior could be a slower grain growth kinetics due to the
intergranular porosity pinning which slows down the grain boundary mobility [6,7]. The grain
growth curves (figure 1d) and the densification data (figure 1c) show that this transition
cannot by easily related to the specimen’s overall densification, but it seems more influenced
by the temperature which accelerates the grain boundaries’ mobility. This slower grain
growth zone is of high importance for our study which is essentially focused on the slow
kinetics zone (blue arrow in figure 1d with low grain boundary mobility) to eliminate the
porosity with a minimum of the grain growth. It is important to avoid the formation of an

intragranular porosity which is known to be very difficult to eliminate [6,7].
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Figure 1 Experimental exploration of Zpex Smile zirconia pressure-less sintering, a) sintering
cycles, b) grain size evolution in 1550°C tests, c) densification of the specimens obtained with
120 min dwell, d) average grain size of 120 min dwell specimens.

4.2. ldentification of the modeling parameters
4.2.1. Sintering dilatometry

An important step of this study is to determine the densification parameters of the employed
powder during the 5 K/min heating ramp. Our entire study is focused on this heating ramp to
avoid extensive constitutive parameter identification tests. A sintering dilatometry is
performed for this heating ramp. The densification data (8, 8) are extracted to plot based on
Eq. (14) the regression graph of figure 2a which gives the ratio n,/a of 0.0085 Pa.m?.s.J".K™*
and the densification activation energy Q of 295 kJ.mol™. The sintering constitutive parameter

identification zone is reported in figure 1b and represents an area where the grain growth is



not active. This graph reports also the model of the dilatometry test with and without grain
growth. This shows the influence of the grain growth at the end of the sintering cycle where

the sintering rate is decreased.
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Figure 2 Identification of the densification behavior based on 5 K/min sintering dilatometry
(a) and experimental densification data modeled with and without grain growth (b).

4.2.2. Grain growth at 1550 °C

To estimate the grain growth exponent p, the interrupted dwell tests were carried out under
1550 °C (during the grain growth behavior transition). Using equation (10) in a logarithm
form and the data in figure 1b, it is possible to determine the grain growth exponent p and the
pre-exponential factor K for 1550 °C by a regression approach reported in figure 3. We
obtained the value p of 1.63 and a K value of 3.74E-19 m**?.s™. We use these data to calibrate
ko and Q. corresponding to the generalized grain growth behavior (the data of figure 1) and
the analytical model which utilizes equations (4, 10, 12) and assumes the dominant grain

boundary diffusion densification mechanism [6,20].
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Figure 3 Grain growth parameters identification at 1550 °C.

4.2.3. Grain growth below 1550 °C

Using the densification parameters of figure 2, the sintering/grain growth analytical model
was employed to calibrate the grain growth behavior (k, and Q;) with the grain size data
below 1550 °C. The results are reported in figure 4. One can see that the 1200 °C experiment
has almost no grain growth and an incomplete densification. The grain growth Kinetics is slow
until 1300 °C where it becomes active. In the temperature zone of figure 4 we obtained the
grain growth parameters of k,=1.5E-4 m**".s™ and Q=600 kJ.mol™. These values are of high
importance for the sintering optimization study because they represent the grain growth

kinetics in the transition from high to low porosities.
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Figure 4 Identification of the grain growth kinetics below 1550 °C, a) modeled porosity
evolution, b) modeled grain size evolution.

4.2.4. Grain growth above 1550 °C

In order to predict the grain growth for higher temperatures, the grain growth model has been

also calibrated for temperatures above 1550 °C. The results are reported in figure 5. Because

the temperatures are within a high range, the main part of the densification is conducted

during the 5 K/min heating ramp and the grain growth dominates the high temperature

densification. In consequence, the densification occurs up to 97.5% of the relative density

regardless of the temperature cycle (see figure 1a). This phenomenon is observed

experimentally (figure 1c) where the final relative density seems to stabilize close to 98.6%

for temperatures above 1400 °C. We obtained the following grain growth values:

k,=0.058 m***.s* and Q=600 kJ.mol™.
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Figure 5 Identification of the grain growth kinetics above 1500 °C, a) modeled porosity
evolution, b) modeled grain size evolution.

4.2.5. Thermal transition of the grain growth behavior

In the generalized grain growth model we chose to model the transition from the low to high
temperature behaviors via a sigmoidal function (15) which gives 0 for low temperatures and 1

for high temperatures.

1
" 1+exp(-0.1(T-Tcr)) (15)

Based on the results figure 1d, the critical temperature Tcr was chosen to be 1793 K. This
function is reported in figure 6. At this stage, the sintering/grain growth model is fully
identified, and the sintering optimization can be conducted using the determined constitutive

parameters.
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Figure 6 Sigmoidal function used to model the grain growth behavior transition between
1500 and 1550 °C.

4.3. Modeling of optimized sintering trajectories

The modeling optimization study is conducted using the two step sintering method. This
method consists of an initial heating to a maximum temperature followed by a temperature
decrease down to a long holding temperature which is lower than the maximum temperature
attained at the end of the initial heating ramp. This approach has shown an interesting
potential for the improvement of the sintering trajectory without the help of an externally
applied pressure [14]. In the present study, (see figure 7a) a 5 K/min heating ramp is applied
to the highest temperature under which the grain growth is not highly active (1400 °C). After
reaching this temperature, a 5 K/min decrease is applied to reach different lower temperatures
held during 10 hours to ensure a slow but active densification. The obtained porosity and
grain size evolution curves are reported in figure 7a and figure 7b, respectively. From the
modeled sintering trajectory reported in figure 7d, one can see that the optimal sintering cycle
having a maximal densification for a limited grain growth corresponds to the cycle with a
holding temperature of 1300 °C. One can clearly see that the regular one-step sintering cycle

(in red) causes an excessive grain growth which prevents attaining high densification.
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Figure 7 Modeled sintering trajectories for the optimization of the sintering of the zirconia
samples through the two step sintering approach, a) Temperature cycles, b) modeled porosity
evolution, ¢) modeled grain size evolution, d) modeled sintering trajectories.

4.4.

Experimental verification

The obtained by modeling optimal sintering cycle at 1300 °C has been tested experimentally.

The respective microstructure is reported in figure 8. The average grain size is 285 nm, which

is close to the 272 nm obtained in the modeling approach. The presence of localized porosity

is observed (blue arrow) while the model predicted a quasi-full densification. However, this

experimentally observed porosity seems to be very localized and can be caused by

compaction defects or impurities which can generate a similar porosity not homogeneously

distributed around the grains (and not predicted by the model).
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Figure 8 Experimental microstructure obtained for the optimized sintering cycle predicted by
modeling.

5. Conclusions

A coupled sintering/grain growth model has been developed based on the continuum theory
of sintering and applied to the optimization of sintering of zirconia powder used for dental
implant applications. Constitutive equations have been derived for the modeling study and for
the identification of the sintering and grain growth constitutive parameters. The sintering
experiments performed under different temperatures reveal that the grain growth has two
types of behaviors. The first behavior represents the slow grain growth for low temperatures,
which can be possibly explained by the pore pinning of the grain boundaries, and the second
behavior corresponds to the faster grain growth kinetics for temperatures higher than 1550 °C.
Both grain growth behaviors were identified using the experimental sintering data. The
resulting sintering/grain growth model was used to predict the optimized sintering cycle
which was too long to be completely explored experimentally (more than 10 hours). We
determined through the two step sintering approach different sintering trajectories, and the

optimal sintering cycle has been identified. The experimental verification of the optimal
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sintering cycle predicted by modeling rendered the average grain sizes close to the ones

predicted by modeling and a high degree of densification. The experimentally observed

localized porosity probably originated from the specimen cold pressing preparation.
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Figure captions

Figure 1 Experimental exploration of Zpex Smile zirconia pressure-less sintering, a) sintering
cycles, b) grain size evolution in 1550°C tests, c) densification of the specimens obtained with

120 min dwell, d) average grain size of 120 min dwell specimens.

Figure 2 Identification of the densification behavior based on 5 K/min sintering dilatometry

(a) and experimental densification data modeled with and without grain growth (b).
Figure 3 Grain growth parameters identification at 1550 °C.

Figure 4 Identification of the grain growth kinetics below 1550 °C, a) modeled porosity

evolution, b) modeled grain size evolution.

Figure 5 ldentification of the grain growth kinetics above 1500 °C, a) modeled porosity

evolution, b) modeled grain size evolution.

Figure 6 Sigmoidal function used to model the grain growth behavior transition between 1500

and 1550 °C.

Figure 7 Modeled sintering trajectories for the optimization of the sintering of the zirconia
samples through the two step sintering approach, a) Temperature cycles, b) modeled porosity

evolution, ¢) modeled grain size evolution, d) modeled sintering trajectories.

Figure 8 Experimental microstructure obtained for the optimized sintering cycle predicted by

modeling.
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