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Abstract

Its shear and bulk viscosity, as well as dynamic viscosity, describe the rheological behavior of a ceramic body during
liquid-phase sintering. The thermal behavior of a ceramic body during sintering, including viscous flow deformation,
anisotropic shrinkage, heterogeneous densification, has a significant influence on both the final body’s dimensional
precision and the densification process. In this paper, the numerical-experimental method was developed to study both
the rheological and thermal behavior of hard porcelain ceramic body during the liquid phase sintering process. After
analysis of the raw materials, a standard hard porcelain mixture was designed and prepared as a ceramic body. The
finite element method in the CREEP user subroutine code in ABAQUS was implemented for the ceramic specimens
during theliquid-phase sintering process. Densification results confirmed that the bulk viscosity was well-defined with
relative density. Also, deflection and shrinkage outputs proved that the shear viscosity was well-defined with dynamic
viscosity. The sintering stress exceeded the hydrostatic stress during the entire sintering time so the sintering process
occured completely. Dilatometry, SEM, XRD investigations as well as simulation results for bulk viscosity confirmed

the “mullitization plateau” as very limited expansion during the final sintering stage.
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I. Introduction

One of the most important stages in ceramic manufac-
turing is the sintering process. During this stage, a ceram-
ic partundergoes thermo-mechanical loading, which leads
to shape deformation of the sintered body. Not only do
deformation, deflection, and cracks occur, non-uniform
shrinkage takes place in the sintered bodies 1-3. The loss
of a product’s final shape can be defined as the pyroplastic
or viscous flow deformation, which takes place more fre-
quently in highly vitrified ceramic bodies such as porce-
lain 2=#. This loss in dimensional precision and deforma-
tion during the sintering process lead to an increase in
cost of producing the ceramic body, especially if the sin-
tered ceramic body then needs machining or finishing 3-5.
Therefore, prediction and modification of the distortion
in a ceramic body during sintering has attracted many re-
searchers and producers to develop models to describe the
sintering process, but the road to the commercial bene-
fits is still too far #=7. The non-economical trial and error
method is routinely carried out to predict and modify the
final dimensions and obtain the desired ceramic parts after
sintering. The finite element method (FEM) is an alterna-
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tive cost-benefitted procedure to predict the shape insta-
bilities during the sintering process 3~7. Therefore, under-
standing the rheological and thermal behavior of green ce-
ramic compacts during liquid phase sintering is essential.
The rheological behavior is defined as the resistance
against viscous flow deformation and shrinkage1-*.
Although it is a function of the physical and thermo-
mechanical properties of the material, e.g. relative density,
temperature, grain size, diffusion coefficient, and activa-
tion energy, it can be parameterized mainly by the shear,
bulk, and dynamic viscosities. Considerable conceptual
and experimental difficulties are involved in determining
the rheological parameters in ceramic materials during
the liquid phase sintering process 1 ~8; however, different
methods and models for determining these parameters
have been proposed in the literature 5. The shear viscos-
ity (Gp) can be expressed in a form very similar to the

bulk viscosity (K) and then approximated by assuming

%‘j = 0.6 just before liquid formation, as suggested by

Riedel ez al. 6=8. Moreover, the uniaxial dynamic viscosity
can be determined in the creep test #=7. Another approach
proposed in the literature is that, at low stresses (about
1 Mpa), the green ceramic body undergoing densification
can be treated as a linear viscous material 4 10-11, So, to
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overcome these problems, an alternative is finite element
simulation supported by some economical experimental
tests 2.

Other efforts have been devoted to the development of
the theory of sintering to predict the final density and di-
mensions. However, the major challenges here are, (i) how
to predict both the anisotropic shrinkage and heteroge-
neous densification, (iz) how to take the simultaneous ef-
fect of gravity and friction force into account, and (i7z) how
to measure the sintering and hydrostatic stress through
the ceramic body during the liquid phase sintering pro-
cess 1=7. These challenges define the thermal behavior of a
ceramic body during liquid phase sintering. Determining
these key parameters is essential for ceramic manufactur-
ers to estimate the densification process and final shape of
a ceramic body.

The major objective of this paper is to develop a nu-
merical-experimental method to study both the rheolog-
ical and thermal behavior of hard porcelain ceramic body
during liquid phase sintering. For this purpose, the con-
tinuum model is used based on the sintering kinetics of
a porous nonlinear-viscous material. This macroscopic
model is implemented using ABAQUS with the CREEP
subroutine. The shape distortion, viscous flow deforma-
tion, anisotropic shrinkage and heterogeneous density of
hard porcelain body have been addressed. The other nov-
elties of this paper are to accurately determine (7) the dy-
namic viscosity, (i7) relative density distribution, and (iiz)
deformation evolution as a function of sintering time.

The present study is organized as follows: Section2
presents the sintering model and the constitutive law in-
cluding initial and boundary conditions. Section 3 de-
scribes the numerical procedure to implement the mod-
el with the CREEP subroutine in ABAQUS. Section 4
includes the experimental procedures for preparing hard
porcelain samples in different geometries to obtain enough
data to select a proper model for dynamic viscosity as well
as to calibrate and validate the numerical model. Section 5
presents a comprehensive comparison between the exper-
imental and simulation results.

IL. Sintering Model

(1) Constitutive law

The macroscopic approach to modeling the sintering
process with the aid of continuum mechanics has been
developed by V.V. Skorohod. Further investigations have
been carried out by E. A. Olevsky 16-18 The model pro-
poses a constitutive law for a porous green body with a
two-phase material which includes a porous body skele-
ton phase and a void one. The skeleton is assumed to be
made up of individual particles having a general linear-
viscous incompressible isotropic behavior, and the dis-
tribution of the voids is isotropic. Therefore, the over-
all response is assumed to be isotropic. The constitutive
model described in this paper follows the formulation
of the continuum theory for sintering of porous viscous
materials 12-24, The Skorohod-Olevsky Viscous Sinter-
ing (SOVS) constitutive relationship for a linear viscous
porous material is presented as, 24-27
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in _ (Gm Gs)

&= 2G tIK, % M
where, 6; and 6, are the dev1at0rlc and hydrostatic parts
of the true stress tensor 6y, 8;; is the Kroneker delta, 6 is
the sintering stress, which will be elaborated later, G, and
K, are the effective shear and bulk viscosity of the ceramlc
body, which are defined in the following 16-24,

Gy =(1-6)n 2)
K, - 4(13-:)3 n 3)

Here 7 is dynamic viscosity of the ceramic material. It
is a temperature-dependent property that should be de-
fined correctly to obtain a finite element model with rea-
sonably accurate prediction capability. The experimental
method in the later section is designed to find such an accu-
rate model for the dynamic viscosity function for ceramic
materials during liquid phase sintering.

As mentioned above, o is the sintering stress or the
Laplace pressure. It is the driving force for densification
due to interfacial energy of pores and grain boundaries.
This stress caused by surface tension acting on the pore
surface perpendicularly is calculated as,

o.= Y (1-0) )
o

where y is the material surface tension, ry is the initial par-
ticle radius and 0 is relative porosity 24-28,

The total strain in the sintering body including elastic and
inelastic strain is given as 24,

tot _ ael in
& =&t ey ®)

The elastic part of the material response is assumed
to be isotropic and characterized by Hooke’s Law as
Eq. (6)24-27_ Tt is noted that the elastic modulus of the

ceramic body depends on the relative density according to
Eq.(7) 15-17,27-28,

. . l
G;; = Ciugy (6)

E =Eoexp(-bo(1-p)) ?)
in which E is the elastic modulus of a fully dense material
and bo is the materlal constant, Cyy is the elastic stiffness
matrix and £} is the elastic strain rate.

Differentiating Eq. (5) with respect to time and com-
bining with Eq. (6) gives the overall constitutive behavior
as 24,

G; = G (8" - € (8)
the inelastic strain rate tensor (8 1) that is formulated in
Eq. (1).

(2) Conservation equations, boundary and initial condi-
tions

The other governing equations for modeling the sinter-
ing process based on the continuum mechanics are mass
and momentum conservation which are given as 16,

— =-£ 9
o kk ( )

Gij,j + fi =0 (10)
in which, p is the time derivative of relative density (p), €

is the first invariant of the strain rate, G;; is the true stress
and f; is the body force 6.
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The initial relative density and particle size was measured
at about 0.694 and 3.9 m, respectively. The friction effect
between the specimens with refractory supports was al-
so measured based on the Coulomb friction law with an
isotropic friction coefficient equal to 0.2. The gravity was
also considered 9.81 ().

III. Numerical Simulation

(1) Implementation of the finite element method

The finite element method (FEM) with C3DS8I mesh
(8-node linear brick, incompatible element), iterative
method for equation solver and explicit/implicit integra-
tion method are used for simulation of the sintering pro-
cess in ABAQUS with the user subroutine CREEP. Gen-
erally, the user subroutines are provided to increase the
functionality of several ABAQUS capabilities for which
the usual data input methods alone may be too restric-
tive. The CREEP user subroutine provides an extremely
powerful and flexible analyzing tool for time-dependent
volumetric shrinkage viscoplastic behavior of materials.
This user subroutine has been written as FORTRAN code
and included in a model when the finite element analysis
has been executed by ABAQUS 2. The logarithmic strain
is used for geometrically nonlinear analysis. The relative
density can be described as,

P = Poexp(-&) (11)
where pg and p are the initial and final relative density,
respectively. The volume strain ey is equal to the swelling
strain in a 3D sample, as shown in Eq. (12) 12-13,

€ =Ex T &y + €4 (12)
The incremental creep is calculated as follows 12-13, 24,

Aer = %AQSWI +AEn (13)

where Ag°" and A&V are the equivalent creep strain and
the incremental volumetric swelling strain, respectively.
n is the direction normal to the yield surface, given as
follows 17-18,30-31,

d6. 36
n= = — 14

06 29 (14)
here 6 is the deviatoric stress and q is the von Mises equiv-
alent deviatoric stress. From Eq. (1), the incremental form

of the creep strain can be expressed as,

tr(0)At-36,At,  GAt
9K, ' 2G, (15)
Comparison between Eq. (13) and Eq. (15) leads to the
following relations:

tr(o)At-3c,At, 1

Aer =

— T ASSW
9K, I—3A£ I (16)
OAt i =036

and hence the incremental creep strain components can be
obtained as follows 17-18,30,
tr(c)-36s .. P+og

3K, At= K, At (18)

oCr q

A = —=—At
3G, (19)

in which P =-{tr(c) is the equivalent pressure stress (hy-
drostatic pressure) 17-18,

AE =
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From ceramic engineering, the shrinkage anisotropy has
a significant influence on final dimensional precision of
a ceramic body. Therefore, to determine the shrinkage
anisotropy, the factor K, is defined as,

€
Ky =100(1 - @ (20)
wheree,, is the logarithmic strain or shrinkage in the plane
of the casting direction and ey, the same in the transverse
direction.

The fraction of frictional work converted to heat was ne-
glected in this work, because of the low weight of sample,
low friction coefficient, thermal equilibrium in the small
box electrical furnace and low contact area between sam-
ple and refractory holder; however, the frictional force be-
tween sample and substrate and gravitational force influ-
ence was included in the simulation.

Finally, it should be mentioned that the curve fitting,
parameter estimation, and error analysis were performed
with Wolfram Mathematica 8.0 Software.

IV. Experimental Procedure

In this section, the experimental procedure for determin-
ing the thermal properties of the hard porcelain bodies
is explained. Experimental tests measuring the shrinkage
behavior of specimens along different directions, tensile
strength, water absorption, bulk density, permanent linear
change (PLC), microstructure evaluation, phase analysis,
and dilatometry were performed.

This ceramic body is formulated based on quartz,
feldspar, and clay. Hence, its pyroplastic deformation
is mainly affected by its mineral and chemical compo-
sitions 12, Therefore, as the first step in the procedure,
both of these have to be analyzed. For the mineral aspect,
the phases of its raw materials were analyzed by means
of X-ray diffraction (XRD) and the results are shown in
Fig. 1. The chemical composition of the formulated body
determined by means of X-ray fluorescence (XRF) (PA-
Nalytical Minipal 4) is presented in Table 1.
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Fig. 1: XRD patterns of the raw materials.

After raw material analysis, the next step is to prepare
the final ceramic slip. This step consists of two stages.
First, all the non-plastic raw materials, such as feldspar and
quartz and some parts of plastic materials, such as clay,
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were milled for 20 h in a laboratory ball mill. This suspen-
sion was then mixed with the leftover clay in the laborato-
ry mixer. During this procedure, the solid concentration
was held constant at 66 % weight. The density of the slip,
determined with a pycnometer, was also held at 1690 g/1.
TheFord cup/ASTM Number 2 was used to determine the
slip viscosity. It was about 85 s. The distribution of particle
size in the slip obtained with a laser particle size analyzer
(Fritsch Particle Sizer ‘analysette 22°) is presented in Fig. 2.
It indicates that d 15 =0.98, d55 =3.89, dgg =11.84 pm.

Table 1: Chemical composition of hard porcelain body.
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Several samples were prepared from the slip. The sam-
ples were shaped by means of two methods: slip casting in
a plaster of Paris mold and uniaxial pressing of granules
in a steel mold. The dimensions of the rectangular sam-
ples were 5.8 x 36 x 260 mm. The pressed samples had di-
mensions of 103 x 22 mm with different thicknesses (6, 9.5
and 16.5 mm). The uniaxial pressure of the press was about
25 bar. The spherical granules were formed in a laborato-
ry spray dryer from the same slip-casting suspension. The
mean size and relative humidity of the granules was about
210 um and 2 %, respectively.
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Fig. 2: Laser particle size distribution of porcelain slip in (a) cumulative distribution and, (b) normalized particle amount format.
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Refractory support | "

Fig. 3: (a) Midpoint deflection test and (b) sinter-bending test set-up (c) free sintering sampl.

To evaluate the sintering model, three different configu-
rations as shown in Fig. 3 were designed. Since both gravi-
tational and frictional force have effects on the deforma-
tion, the designed configurations were chosen based on
different levels of these effects. The sample in Fig. 3a will
experience a maximum frictional and minimum gravita-
tional force, the sample in Fig. 3b will experience a min-
imum frictional and maximum gravitational force, whilst
the sample in Fig. 3¢ will experience their combinatorial
effect. All the samples were placed on refractory supports.
The sample in Fig. 3a, midpoint deflection test, was used to
select a proper model for dynamic viscosity and calibrate
the FE model for the sintering procedure. The samples in
Figs. 3b and 3¢, sinter bending and free sintering test, were
used to validate the model and simulation.

The samples were sintered according to the isothermal-
stage firing curve in Fig. 4. In this sintering process, there
are no temperature gradients that could lead to cracking or
to distortion formation. The average heating and cooling
rate was 5.6 and 1.65 °C/min, respectively. The tempera-
ture was increased monotonically to a sintering hold tem-
perature and reduced to room temperature afterward.

Dynamic sintering viscosity (») is an important physical
property thataffects pyroplastic deformation. Itis defined
as a function of temperature T 3-9,

4
()= PestC e
' 328(T)h(T)?
in which & is the time derivative of the total deflection 8§,
h is the sample thickness, L is the distance between the
supports, py, is the bulk density of the body, and g is the
gravitational constant. Temperature is also defined as a
function of time according to the firing curve shown in
Fig. 4.

Moreover, other important physical properties of the
samples are apparent porosity (P), bulk density (p},). They

are measured according to the ASTM C20-00(2015) stan-
dards as follows,

o Wy-Wy
P9% = St x100 (22)
W
b= W, W, 23)

where W, W4and W are the wet weight, dry weightand
the weight of sample suspended in the water, respectively.
This experimental result is reported in Fig. 10 for compar-
ison with the simulation results.
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Fig. 4: Designed firing curve in a laboratory electrical furnace.

Because of the significant influence of the microstruc-
ture changing on the shear, bulk and dynamic viscosi-
ty, the microstructure of both the dried and fired sam-
ples was investigated by means of scanning electron mi-
croscopy (SEM) in combination with energy-dispersive
X-ray (EDX) spectroscopy. The samples were ground and
polished in preparation for SEM. The polished surfaces of
the samples were chemically etched in aqueous 5 % hy-
drofluoric acid solution for 10 min. The crystalline phas-
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es of samples fired at different temperature were deter-
mined using an X-ray diffraction (XRD) with CuK« radia-
tion. The scans were recorded in the 10—90° 26 range. The
dilatometric test was also performed to measure shrink-
age during the sintering process from room temperature
to 1400 °C. This test result is reported in Fig. 15.

V. Results and Discussion

In this section, the results of the test experiments and the
FE simulation to obtain the pyroplastic deformation, dy-
namic viscosity and other important physical properties
are presented and compared.
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Fig. 5: Fitted model among experimental data for pyroplastic de-
flection..

One important result is the deflection, 8, of the sample
during the sintering process. It was obtained by measuring
the curvature in the midpoint deflection test and plotted
versus sintering time in Fig. 5. Since the time derivative of
this deflection, 3, is an important property, a model should
be fitted to the midpoint deflection data and then its time
derivative found. For this purpose, let §; be the deflections
measured at time t;. The models fj(t, 0),j=1,2, ..., N
with parameters 6 € R K. are j different competing models
selected to fitto the data. The Akaike information criterion
(AIC) canbeused asa mean of comparison. Itis defined as,
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AIC; =nLog(RSS;) + 2K; (24)
in which RSS is the Estimated Residual of Fitted Model
and is calculated by

RSS; = " (§; - (1, 0)) (25)
i=1
This criterion is applied to find the simplest model with
the least number of parameters (K) that can fit to the da-
ta with reasonably good accuracy. This corresponds to the
minimum AIC value. This was calculated for five differ-
ent models presented in Table 2. It indicates that the 4th
model has the minimum AIC value, so it is the best one to
define the deflection as a function of time. The compari-
son between this best-fit model and experimental results
is shown in Fig. 5.
Having selected 4th model to define deflection as a func-
tion of time, one can easily obtain the deflection rate, i.e.
its derivative with respect to time can be obtained as,

5= %(m/s) =1.53131x101% (26)

here t =0 corresponds to 600 °C.

Now, to find a proper model for the dynamic viscosity 1,
it has been calculated using Eq. (21) at some temperatures
and then the best model from the competing models de-
scribing available data is selected. To this end, at each tem-
perature, bulk density and thickness were measured, de-
flection rate & was calculated using Eq. (26) and consider-
ing the firing curve presented in Fig. 4. These values along
with the constant gravitational and span length are substi-
tuted into Eq. (21) to obtain the experimental dynamic vis-
cosity, shown by orange disk in Fig. 6. Competing models
and their AIC valuesare listed in Table 3. It can be conclud-
ed that Model 5 is the best model to describe the available
experimental dynamic viscosity data. The outcome of this
model for different temperatures is illustrated in Fig. 6. It
indicates an excellent fit between the model’s response and
the experimental data.

As another measure of accuracy of the models selected
above forn, it has been substituted in the FE model and the
detlection of the samples during the liquid phase sintering
process in the midpoint deflection test have been predict-
ed. The outcome of this simulation is shown in Fig. 7 to-
gether with the deformation at the real test samples at dif-
ferent temperatures. They indicate a good accordance of
the simulated results with the experimental tests.

Table 2: Proposed models to find the best fit for pyroplastic deflection.

Model No. f(, ) K RSS AIC
Proposed models Number Estimated
of parameters residual
Model 1 -1.40x 10"*+5.26 x 107t + 5.13 x 10-11¢2 3 4.055E-5 -25.69
Model 2 |2.13x 103 +7.11 x 10-11¢2 2 2.98E-5 -26.74
Model 3 [5.05x 107t +5.19 x 10-11¢2 2 5.6E-5 -27.68
Model 4 |7.66 x 10-11¢2 1 2.11E-5 -27.76
Model 5 [1.02x1073-5.34x 107t + 1.69 x 10-10¢2 -3.22 x 10-15¢3 4 13.8E-5 -24.73
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Table 3: Proposed models to find the best fit for dynamic viscosity.

Model No. f(t, 6) K AIC
Proposed models Number of parameters
Model 1 |2.158 x 1012 - 3.94206 x 109T + 1.55648 x 106T2 3 156.859
Model 2 |5.57681 x 1011 - 31.328T2 2 162.966
Model 3 |4.34495 x 1011 - 179.479T3 2 163.763
Model 4 |5.87341 x 1012 - 1.41305 x 1010T + 1.14597 x 107T2 - 3108.82T3 4 147.058
Model 5 [1.61954 x 109 exp(42511) 2 140.541

Moreover, Fig. 8 shows the simulation results obtained
in [0, 405] min. Comparing these with the real test data
reveals a good match between them. This means that the
shear viscosity modulus and dynamic viscosity (5th model)
used in the simulation process are near the real ones 31-33.
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Fig. 6: Fitted model among experimental data for dynamic viscosity.

However, there is a slight mismatch between the exper-
imental and simulation results for deflection at t = 0 min
and around t = 330 min. For the former, the experimen-
tal result shows no deflection, whereas the simulation re-
sult exhibits less than 3 mm deflection. This is due to the
elastic deflection of the sample stemming from the ther-
mal stress at T =600 °C. It was recovered when the sample
was extracted from the furnace, and therefore cannot be
measured experimentally. The mismatch around 330 min

VNNENENy
O HHH
LT
.'ﬂl,,ligl
NERNNETNEY

might be due to instrumental imprecision or inaccurate es-
timation of effective shear viscosity, at this time.

The simulation result for the linear shrinkage of ceram-
ic body in X, Y and, Z-directions was obtained and com-
pared with the PLC experiment data. The results shown
in Fig. 9 reveals the accuracy of the simulation’s outcome.
From the simulation and experiment results, it was found
that the linear shrinkage along the normal axis of slip
casting (X-direction) is about 1.15 times larger than that
of casting direction, because of preferential orientation
of clay platelets. In deflocculated porcelain slip, the clay
platelets diffuse toward the surface of the plaster mold and
a green ceramic layer is formed over time. As the clay par-
ticles approach the wall, they orient with the long dimen-
sion parallel to the capillary channel direction because of
water shear across the channel. As the channel narrows,
the particles wedge into the wall with the orientation ge-
ometry, resulting in dense packing with preferential orien-
tation 10-14,

The next simulation is carried out to investigate the accu-
racy of the model to predict the evolution of relative den-
sity during the sintering time. As shown in Fig. 10, there
is a good match between the experimental and simulation
results. It should be noted that the abrupt increase in the
relative density at the middle step of sintering time (t =
5000 to 20 000 s) obtained by the experiment has been cap-
tured with good accuracy by the proposed model. This
phenomenon occurs because of the significant increase in
the amount of liquid phase. Furthermore, a decrease in
the glassy phase viscosity leads to filling out of the pores,

which is confirmed by SEM investigations, and previous
findings 3 -4 16,27,

41.4 mm

1400 °C

Fig. 7: Comparison of shape distortion of real sample and finite element simulation after the sintering process for the slip-cast sample.
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ples.

To validate the developed FE model in conjunction with
the proposed model for the dynamic viscosity 7, the de-
flection, spatial displacement in Y-direction, of the sinter
bending samplesis shownin Fig. 11 for both the model and
experiment. It illustrates the relative good match between
the model response and the experimental results. The max-
imum error is about 5 %. Moreover, this result shows that
the sample with the greatest thickness exhibits significant
resistance against deflection compared with the other sam-
ples. In other words, based on this hard porcelain com-
position, deflection may be suppressed by the increasing
sample thickness.

To obtain more detail, the anisotropic shrinkage factor
K,y is plotted versus shrinkage along the X-direction in
Fig.12. It shows that K, is more extensive in midpoint
deflection than in a free sintering test; in other words, Ky
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in midpoint deflection test is far from the zero horizontal
lineinFig. 12 in comparison with free sintering test. There-
fore, the shrinkage anisotropy in the midpoint deflection
sample is more critical than in the free sintering one.

Some important material properties obtained from the
afore-mentioned validated sintering simulation are densi-
ty distribution, effective shear and bulk viscosity, sintering
and hydrostatic stress trend during the sintering process.
As a first, the heterogeneous distribution of density for
specimens in midpoint deflection and sinter bending test
are shown in Fig. 13a and Fig. 13b, respectively. The rela-
tive density was distributed from 0.990 to 0.983 through
the sample thickness, in the midpoint deflection test. In
the sinter bending sample, the relative density was dis-
tributed non-uniformly around the contact area between
sample and refractory support. Simultaneous influence of
the gravitational and frictional force is mainly responsi-
ble for this heterogeneous density distribution. Besides,
in the free sintering sample (Fig. 13c), the gravitational
force brings neither inhomogeneous density nor deflec-
tion; however, the friction force hinders complete densi-
fication. In this case, the maximum density is reached uni-
formly to just 0.988.

The next simulation concerns the investigation of the
rheological behavior of sample during the liquid phase sin-
tering process. Fig. 14 shows the shear and bulk viscosi-
ty trend over the sintering time. Shear and bulk viscosity
are responsible for resistance against deformation and vol-
ume shrinkage of the ceramic part during the liquid phase
sintering process, respectively. From Fig. 14, the shear vis-
cosity dropped suddenly from t =0 to t =20000. This was
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confirmed by the deformation of sample during this peri-
od of sintering time, which is due to vitreous phase forma-
tion and a decrease in its viscosity. This indicates that the
shear viscosity is not stiff enough to offer sufficient resis-
tance against the viscous flow deformation of the sample;
however, the mullite growth strengthens the body against
more viscous flow deformation and ends the falling trend
of shear viscosity 10:28,
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Fig. 12: Anisotropic shrinkage factor for midpoint deflection and
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Fig. 13: (a) Heterogeneous densification after complete sintering process in midpoint deflection test; (b) non-uniform density distribution after
complete sintering in sinter bending test set-up; (c) homogeneous densification after the free sintering test.
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From Fig. 14, the bulk viscosity was reduced from t =0 to
t=10000s, then it rose in [10000, 24300] s. The decrease in
the bulk viscosity may be related to the volume shrinkage
of sample which started from t =0 to t= 10000 s during the
sintering process. The growth in the bulk viscosity may be
attributed to the increased mullite content in the ceram-
ic body during the final stage of the sintering process. It
means that the sample resistance against volume shrink-
age was increased by the bulk viscosity extension and sec-
ondary mullite growth, which is confirmed by the previ-
ous findings 19,30, In addition, slight expansion at the final
stage of sintering, in the mullite formation region (about
1200 to 1400 °C) has been proven by the dilatometry test
result as shown in Fig. 15.
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Fig. 14: Simulation of effective shear and bulk viscosity for the hard
porcelain samples.
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Fig. 15: Dilatometry test for hard porcelain sample from room
temperature to about 1400 °C with a heating rate of about 21 K/
min.

During heating in the dilatometry test, the body expands
semi-linearly up to the quartz «—p transition, the effect
of which has been recorded at 573 °C, then it continues
to contract along a straight line to about Tg=1000°C
(Tg: glass transition temperature), it then shrinks abrupt-
ly from Tg to nearly 1150 °C, then very little expansion
occurs owing to secondary mullite growth. This tempera-
ture range has been referred to in earlier studies as a “mul-
litization plateau”, that is a definite temperature interval
in which the rate of shrinkage decreases and the shrinkage
curve flattens 10,
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From the thermo-mechanical point of view, the sinter-
ing stress should be more than the hydrostatic stress dur-
ing the entire sintering time until the sintering process has
been completed. Therefore, according to Eq. 2, the green
ceramic body will be sintered when the sintering stress (o)
exceeds the hydrostatic stress (0,,). Sintering stress is the
surface tension acting on the pore surface perpendicular-
ly, and hydrostatic stress relates to internal pressure of en-
trapped air in each pore. As shown in Fig. 16, with increas-
ing sintering time, more vitreous phase as well asa decrease
in porosity content cause the sintering stress to increase;
moreover, a decrease in the porosity diameter causes an in-
creasein the hydrostatic stress. Itis also concluded that the
sintering stress remained higher than the hydrostatic stress
during the entire sintering time.
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Fig. 16: Sintering stress and hydrostatic stress changing over sinter-
ing time.

SEM-EDX evaluations reveal that the porcelain sample
has a heterogeneous microstructure after dryingat 110 °C.
It includes the broken solid materials and some porosi-
ty. Platelet shape of clay agglomerates, dispersed broken
sharp edges of fine feldspar particles, as well as coarse
quartz particles are obvious in the green porcelain body,
as shown in Fig. 17.

Fig. 17: Heterogeneous mixture of hard porcelain after drying at
110°C.
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Fig. 18: Fully dense structure of hard porcelain after sintering at
1400°C.

When the sintering temperature of about 1400°C is
reached, significant vitreous phase fills out the porosi-
ty, to produce a fully dense body. The morphology of the

2um

(©
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porosity also became more spherical shape, as shown in
Fig. 18.

After chemical etching of the polished sample surface,
SEM-EDX investigations show the fine feldspar and
quartz particles begin to melt and cause formation of a
highly viscous liquid phase. The secondary mullite nu-
cleus and colonies were enhanced from this liquid phase
after sintering at 1200°C (Fig. 19a). In addition, SEM-
EDX evaluation shows the well-grown mullite crys-
tals with high aspect ratio in the sample after sintering
at 1400°C (Fig. 19¢c). These needle-shaped long crys-
tals formed three-dimensional interlocking networks,
strengthen the porcelain and increase resistance against
excessive pyroplastic deformation 210,

The XRD results show the phase evolution as a function
of the increasing sintering temperature (Fig. 20). Kaolin-
ite was detected as a major crystalline phase in the dried
sample at 110 °C. Crystalline phases including quartz and
feldspar were detected in all samples, from dried samples
at 110 °C to sintered samples at 1200 °C. The low level of

Mullite
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AullAule Aulg  Aulyl kev
10 15 %0
(b)
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Aulg2  Aulyll
Aull Aule Aulg A‘gLﬂy Kev
10 15 )
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Fig. 19: (a) SEM for secondary mullite colonies, (b) EDX of mullite colonies after firing at 1200 °C, (c) SEM for mechanical interlocked acicular

mullite, (d) EDX of well-grown acicular mullite after firing at 1400 °C.
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glassy phase and secondary mullite crystals Al,05-2S10,
in the sample fired at 1200 °C in comparison with the high-
er amount of vitreous phase and mullite crystals in the
sample sintered at 1400 °C were determined by means of
the MAUD method and baseline noises 15-30-32, In addi-
tion, some residual quartz crystals were detected which re-
main insoluble in the vitreous phase in the sample sintered
at 1400 °C.
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Fig. 20: XRD patterns of samples fired at different temperatures.

VI. Conclusions

In this paper, pyroplastic deformation during liquid-
phase sintering of a ceramic body was modeled with the
finite element method. For this purpose, from some mod-
els to define the dynamic viscosity, which were obtained
with the midpoint deflection test, the most suitable model
was selected based on the Akaike information criterion.
Outcomes of two experimental tests, namely sinter bend-
ing test and free sintering test, were used to validate the FE
model. The results showed an excellent match between the
experimental and the simulated outcomes. The validated
model was utilized to predictcertain physical, thermal,and
rheological properties of the ceramic body including rela-
tive density, bulk and shear viscosity, sintering stress, and
hydrostatic stress, which were confirmed in other experi-
ments. Deflection outputs proved that the shear viscosity
was well-defined with both dynamic viscosity and relative
density. Densificationand shrinkage resultsalso confirmed
that the bulk viscosity was well-defined with relative den-
sity. The sintering stress exceeded the hydrostatic process
during the entire sintering process so the sintering process
was completed. Dilatometry, SEM, XRD investigations as
well as simulation results for bulk viscosity confirmed that
the “mullitization plateau” was present as slight expan-
sion at the final sintering stage. It is mainly attributed to
the high amount of mullite formation. The pressure stress
concentrates at the upper surface of the deflected sample,
causing intensification of the densification process, whilst
the tension stress on the mirror surface hinders the densifi-
cation process. Heterogeneous density happens inevitably
inboth the midpointdeflectionand sinter bending test. The
anisotropic shrinkagefactor K, implies that the shrinkage
anisotropy in the midpoint deflection test happens during
the liquid phase sintering process.
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