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ABSTRACT

The grain boundary diffusion and segregation can influence the grain growth kinetics, the grain size distribution,
and therefore the mechanical properties of the ceramic matrix composites. The present paper proposes a phase-
field modeling approach to simulate the grain growth in polycrystalline alumina fibers embedded in alumina
matrix at temperatures above 1000 C in presence of the grain boundary diffusion of dopants from the matrix to
the fiber and vice versa. The multi-phase-field model for grain growth [I. Steinbach and F. Pezzolla, Phys. D, 134
(1999) 385] is extended by the incorporation of the grain boundary diffusion, grain boundary segregation model,
and the dependence of the interface mobility on the segregation concentration. The kinetic parameters of the
model which allow describing the real microstructure evolution were estimated by the comparison to the
experimental measurements.

The simulation and experimental results of the grain growth with the diffusion of dopants in Nextel 610 fibers
show the significant effect of the grain boundary diffusion on the grain size distribution. The results of numerical
tests were used to adjust the values of the grain boundary diffusion coefficients by the experimental data at
different temperatures by means of an inverse method. From the simulations, the diffusion coefficient of Mg was

estimated to be 6 7 times higher than that of Si.

1. Introduction

Since the mechanical properties of oxide ceramic matrix composites
(Ox-CMCs) are mostly dependent on the strength of the oxide fibers
which are used as the reinforcement [1], many studies have investigated
the effect of high temperature on fiber degradation [1 5]. Although
comparatively, the brittle matrix has significantly lower strength [6],
the adjustment of the matrix composition can influence the micro-
structural and subsequently mechanical performance of the composites.

Schmiicker et al. [2] showed that the fine-grained fiber microstruc-
ture of Nextel 610 is more prone to coarsening when the fibers are in
contact with alumina-based ceramic matrix. Moreover, it was found that
pronounced grain growth occurs predominantly in the peripheral zone
of the fibers in comparison to the fibers center [1 3]. This observation
was explained in terms of outwards diffusion of silica, which is normally
added as dopants to reduce the grain boundary (GB) mobility of the
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fibers. Electron beam microprobe analysis of the spatial elemental dis-
tribution of Si clearly indicates this diffusion effect, resulting in a con-
centration profile with maximum Si content in the fiber center and
gradually decreasing towards fiber periphery and matrix [2]. However,
the precise temperature where the silica diffusion start to influence of
grain growth is still unknown. In order to avoid the outwards diffusion of
Si, the composition of the matrix can be adjusted to reduce chemical
composition gradient between fiber and matrix [1]. A more recent study
[7] on the changes of the grain structure for Nextel 610 fibers embedded
in mullite-SiOC matrix confirms the previous results, although an
opposite effect was observed. The original grain size was found to be
retained only in a small stripe at the periphery of the fibers while the
grain growth occurs in the center of the fibers. This fact could be
explained by similar diffusion effects, but in this case, an inwards
diffusion of matrix constituents into the fibers could be expected. Be-
sides silica, the presence of Y and La cations at the interface reduce the
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GB energy and make the GB more stable [8]. The studies of the sintering
and grain growth in alumina ceramics showed that MgO doping has an
inhibition effect on the grain growth [9,10].

The influence of additives and segregation on the kinetics of the
grain growth was investigated in ceramics theoretically and experi-
mentally in many works. To get a fine grain size, additives/dopants are
added to render the grain growth by decreasing its GB energy or GB
mobility. Weissmiiller et al. first formulated their thermodynamic
treatment based on Gibbs adsorption equation for decreasing GB energy
by segregation on grain boundaries [11]. Later a number of theoretical
works were carried out to develop this approach and a good agreement
with related experimental results was found [12 15]. Kirchheim and Liu
[13] proved the McLean s grain boundary model [16] by experiments
that the segregation decreases the GB mobility and inhibits grain
growth. Aidhy et al.[17] elucidate a framework using atomistic simu-
lations of ceria to design dopant-pinned grain boundaries that prevent
the grain growth. Gong et al. [18] showed that the retardation of grain
growth in nanocrystalline ceramics is caused by the reduced GB energy
and the reduced GB mobility which are dopant-segregation-dependent.
Furthermore, increased GB segregation enthalpy and decreased GB
diffusion coefficient of dopant cation in lanthana-doped alumina leads
to a promoted sintering behavior in a alumina system, i.e., a higher
relative density at the same grain size [19].

Dillon et al. [20,21] performed an extensive kinetic study of grain-
boundary transport kinetics in alumina for a number of dopant chem-
istries over a broad temperature range. The data show that the grain-
boundary mobilities are proportional to grain-boundary diffusivities.
There was found the remarkable correlation between grain-boundary
complexion and grain growth kinetics. In the review papers [22 24]
the different complexion in alumina and their effect on the normal and
abnormal grain growth are widely discussed. The diffusion in poly-
crystalline materials follows the different mechanisms: (i) volume
diffusion through inner region of the crystal or the bulk diffusion; (ii)
grain boundary diffusion through interfaces of the polycrystals which
are disordered, and (iii) surface diffusion, which can occur both in single
crystals and polycrystals. In polycrystalline material the grain boundary
diffusion is faster than the bulk diffusion [25]. Grain boundary (GB)
diffusion plays an important role in many processes taking place in en-
gineering materials at elevated temperatures. Such processes include
creep, sintering, diffusion-induced grain boundary migration, discon-
tinuous reactions (such as discontinuous precipitation, discontinuous
coarsening, etc.), recrystallization, and grain growth.

The model for a semi-infinite diffusion system was initially devel-
oped by Fisher [26] and the analytical solutions were obtained by
Whipple and Suzuoka [27,29]. Fisher initially considered differences in
diffusivity between grain boundary and the bulk crystal. He assumed
that along the grain boundary the diffusivity are higher than in the bulk.
Additionally, there is no flux between grain boundary and the bulk
material. Whipple obtained the analytical solution for the same physical
model by considering the flux distribution between grain boundary and
bulk material. Later, Sozuoka [28] used the same Fisher s model to
derive his equation for a thin film where the tracer atoms are deposited
on the surface of the sample. In all three model variants, the authors
consider the large bulk crystal and a small diffusion time across the grain
boundary [30]. Later Gilmer and Farrell [31,32] and Preis and Sitte [33]
developed a new model for thin films of finite thickness. In this model
they embedded the highly diffusive slab in between two plane surfaces.
The model was analysed by Hwang and Balluffi [34] and applied to
polycrystalline thin films. Further, Bokshtein et al. [35] developed
spherical grain model which was used by Preis [36] for thin films. This
model has spherical grains enclosed in the squares as grain boundaries.
Belova and Murch [37] modeled the 2D polycrystals as the square grains
separated by straight lines as grain boundaries by the similar approach.
Levine and MacCallum [38] considered grains as randomly oriented
polyhedra of different size. Recently, Chen and Schuh [39] extended
these approaches and suggested to consider the polycrystal as a binary

Table 1

Average grain size, d, standard error, average feret, and maximum feret di-
ameters of fibers alone (as-received) and fibers embedded in alumina matrix
with and without dopants obtained for experimental SEM images of the
microstructure after 2 h of heat treatment. All sizes are in nm.

Conditions Position Av. size St. error Av. feret Max. feret
As-received center 87 1.1 88 120

1200 C, no dopant rim 97 1.4 98 198

1200 C, with MgO rim 84 1.1 99 200

1300 C, no dopant rim 173 5.5 277 1040
1300 C, with MgO rim 133 3.4 185 801

1400 C, no dopant rim 298 5.9 775 1986
1400 C, with MgO rim 229 5.6 602 1374

composite of grains and intergranular regions including the dual
boundaries and triple junctions.

The influence of segregation of matrix and fiber dopants (MgO and
SiO2) on the grain growth and the grain size distribution in alumina and
mullite-based fibers are studied in the present work by phase-field
modeling. A phase-field model which takes into account the reduction
in GB mobility during segregation on grain boundaries was recently
suggested by the authors [40]. In this work, we will extend the multi-
phase-field approach to the GB diffusion of two species between the
matrix and the fiber. Our purpose is to describe the changes in the
microstructure of the fibers during the heat treatment process which are
influenced by inwards and outwards diffusion in matrix and fiber
components. Since the interface in the phase-field approach is diffuse,
the flux between the grain boundary and the bulk is incorporated
naturally. The phase-field model which we will apply in this study is an
efficient approach to simulate the ideal grain growth first suggested by
Steinbach et al. [41]. The modeling approach related to the present
study are, e.q., the works of Steinbach, Song and Hartmaier [42] and
Kamachali et al. [43] where the grain growth with the elastic flow on the
grain boundaries depending on the concentration was studied. We apply
a similar approach which combines the grain growth with the segrega-
tion of a dopant on the grain boundaries, the GB diffusion and the de-
pendency of the mobility on the segregation.

The paper is organized as follows. The experimental procedure is
described in Section 2. The combined model is introduced and the model
parameters are described in section 3. The results of the simulation for
different cases are presented in Section 4. Then we conclude with dis-
cussion and conclusion in sections 5 and 6.

2. Experimental data

For the fabrication of Ox-CMC mini-composites, 3000 den Nextel ™
610 fibers (d 10 12 m, 3 M) were initially thermally desized at
700 C for 2 h in a LHT 04/17 chamber furnace (Nabertherm GmbH,
Lilienthal, Germany). The fibers contain 99% Al;03, 0.7 wt% Fe;O3 and
0.3% SiO [44]. For the preparation of the matrix, two different alumina
powders (d 150 nm, Baikowski, France) without and with 480 ppm
MgO dopant were used. Tube-shaped paper molds were used to fabricate
the mini-composites in cylindrical shape. After the fiber infiltration, the
specimens were dried and the mini-composites were sintered in the same
furnace used for fiber desizing at 1200 C for 2 h. In order to investigate
the performance of the MgO dopant at higher temperatures, the sintered
samples were heat treated at 1200 C, 1300 C and 1400 C for 2 h. For
all thermal exposures, a heating rate of 100 K/h and a cooling rate of
300 K/h were used.

For the grain size analysis, the mini-composites were embedded in
epoxy for surface preparation, e.g., grinding and polishing. Afterwards,
the epoxy was thermally extracted for the subsequent thermal etching to
reveal the grain boundaries of the fibers and matrix. Thermal etching
temperature were performed at 1100 1300 C with 30 min of dwell time
for all samples. Pictures of the microstructure of fibers were taken with a
scanning electron microscope (SEM) ZEISS Supra 40 (ZEISS,
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Fig. 1. SEM images of the microstructure in the fiber without dopant after the heat treatment for 2 h: (top) 1300 C; (bottom) 1400 C; (left) in the center of the

fibers; (right) on the rim of the fibers.
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Fig. 2. SEM images of the microstructure in the fiber embedded in alumina matrix with MgO dopant after the heat treatment for 2 h: (top) 1300 C; (bottom)

1400 C; (left) in the center of the fibers; (right) on the rim of the fibers.

Oberkochen, Germany) on the center of the fibers cross-section and on
the rim. Grain-size analysis was done by using the freeware ImageJ. The
corresponding average grain size (the square root of the average area)
and the standard errors are listed in Table 1. Since the grains in the fiber
show an elongated shape at higher temperatures, the feret diameter was
selected to represent the length of the grains. The corresponding average
and maximum feret diameters in the center and on the rim of a fiber are
listed in Table 1. Note that the maximum ferret can also depend on the
observation window. For comparison, the same procedure was done on

fibers alone, i. e., as-received condition. Examples of the microstructures
of fibers after heat treatment are shown in Figs. 1 and 2. The picture size
is about 2180 3056 nm? (see the scale bars).

3. Model description
Our purpose is to develop an effective method to simulate the grain

growth in ceramic fibers embedded in a ceramic matrix with various
solvent components which diffuse along the grain boundaries in the
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fibers and wvice versa and mmfluence the grain size evelution during the
heat exposure. For thiz aim, we apply the multi-phase model for the
izotropic grain srowth and extend it by the GB diffusion and segregation
For the simulation of the anizotropic abnormal grain growth (see cases 4
and 5 in Seetion 4], we will uze the phase-field model developed in [40]
with the anieotropic interface energy and variable interface mobality.

We assume that our physical system contains N grains which are
dezeribed by N phase fielde ¢, = [0,1], @ = 1...N, which are components
of a vector ¢p. The phase fields are used to distinguich graine with
different erystallographic orientations.

The total free energy functional of the syetem is grven by

F= f (sl $.Y8) + fanlc. ) V. o

where f iz the free energy density of grain boundaries and fy is the
chemieal free enersy density of the composition.
The free energy density of grain boundaries 1= expanded into the
following termes
N

In@.Vé) =Y %(—%?4',-?4',+ |¢.¢,|).. @

x faff

where 5 iz a model interface width, 5,4 15 the energy of a dual interface.
The chemical free energy density 1= expressed az

fale.#) = 5ot 321 —sit9), @

where fy 15 the chemical energy density without dopants, ¢ is the con-
centration of a dopant in units of mole fraction, g{¢) = E:F-ﬂ#‘#'ﬂ‘% iz
the function responsible for the grain boundaries, X; is a thermodynamie
factor, and 2 1= the segregation coefficient.

The evolution equation for the phase field variables iz the Ginz-
burg-Landau equation for non-conserved field with Lagrange multiplier:

CL Lﬂ(ﬂ_ﬂ)
- T\ 5 )

wh:n:pup.{inunitsufm‘f[Js}l}ar:nmbﬂiﬁ:smdualinlnrfa::sandnis
the number of graine which are in local contact.

Inserting the free energy we get the evolution equation explicitly
b o by R # X
T=‘;E o Wﬁ,—v¢,+?(¢,—¢,} +ETHI‘“_¢'B} -

(5)

Here we assume the same mobility for all grains g, = y and the same
surface energy oo = .

The evolution equations for the concentration have the form of the
diffusion equation in the dilute solution limit

dr DFTGF
?‘=v- [—1—?— (&)

with the effective diffusion coefficient defined as

N N
DT =D S g, +DF Y #3-28.). )

alarf =

whﬂchhisH::GBdlEﬁmdmm:EEdmb,mdD];isth:latﬁn:diﬁ:uﬁm
The model function hi$,) = #2(3 —24,) guarantees non-zero values of
diffusivity in grains and zero values outside grains. The function be-
comes significant if the system contains pores or different phases. It 1=
mdﬂ?ﬁbﬂ}.ﬁ:diagmﬂmmpﬂmtddiﬁmmhixmutm
zero. The real GB diffusion coefficients should be recaleulated using the
ratio between the real srain boundary width, 4, and the interface width

Case 1 Case 2

Malriz (4200

Fibesr [ALEO3+50F Malrix (A200+MgEY]  Fiber (A1205

= rm =i CEmer
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Wialmy (203D} Fiber (A5G0 i (80 200} Fibser (A2 05503

L=t nm L=< cenier r=c rm i=c cemer

\
la)
Srart - Sat input - Solve model
PAIAMEIES equatons
[
Y
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parameters: frain size,
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Y
[

fes

Mo

Mapping
experiment

()

Flg. 3. (a) Scheme of simulation caszes; (b) scheme of the inverse method.

iuumphm-ﬁkdmddwhighisequamﬂfz #{1 —¢)dx = L From the
constraint that the real total flux over the grain boundary equals the
total flux over the grain boundary in the phase-field model, we obtain
D (real) = D (model}]. Note that the real concentration of dopants on
the grain boundary should by larger than the simulated value also by
faﬂ:ﬂl’f:#

Inserting the free energy in (5) and applying V4 =§m-., where

g:xgisﬂmﬂzﬂmnd}mamicfacbur,w:g:tth:mroluﬁnu:quaﬁmiu
the form
de,

F'. =V [Df"( 1 — sigld) }"C-"c"-] - ‘E"-[:.-cjﬂf" "C-"gwr}]. (8)

In the dilute solubion limit the equation iz valid for both components
MgO and 510,

The dependency of the boundary mohility on the concentration 1z
defined by

w(e) = o1+ elr)fen) 2, ©
where ¢, 1= a phenomenclogical parameter which indicates the con-

centration on the grain boundary which reduces the mobility by four
times. In case of two components, the concentration dependency be-
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Table 2
Model parameters used in the simulations.
Parameter Symbol Value Units
Grid spacing x 5 10 ° m
Interface width 5.4 x m
Time step t varying H
Interface energy 1.5 J/m?
Lattice diffusion coefficient D 001D m?/s
GB diffusion coefficient D varying m?/s
Initial concentration co, MgO 03 %
o, SiO3 005
GB concentration Cm, MgO 0 066 %
Cm, SiO2 04
Segregation coefficient s 2
Case 1 (SiOy)
Interface mobility 0, 1300 C 44 1018 m*/(Js) [20]
0, 1400 C 18 107
GB diffusion coefficient D1 56 10 16 m?/s
D2 12 101
D3 29 10 1°
D4 56 10 1°
Case 2 (MgO)
Interface mobility 0, 1200 C 55 10 m*/(Js)
0, 1400 C 44 1018
GB diffusion coefficient D5 36 10 16 m?/s
D6 72 10 1
D7 29 10 °
D8 58 10 15
Case 3 (SiO, and MgO)
Interface mobility 0, 1300 C 44 10 '8 m*/(Js)
0, 1400 C 18 10"
GB diffusion coefficient D9 Si 11 101 m?/s
D10 Si 29 101
D11 Mg 68 10 1©
D12 Mg 52 10 ©®
Case 4 (SiO,, abnormal)
Interface mobility 0, 1400 C 18 10V m*/(Js)
GB diffusion coefficient D13 29 10 1° m?/s
D14 58 1016

comes

(10)

where c, are the corresponding phenomenological parameters of
components.

4. Simulation procedure and results
4.1. Simulation procedure and model parameters

We consider the following cases: 1) SiO» diffuses from the fiber into
the matrix; 2) MgO diffuse from the matrix into the fiber; 3) combined
diffusion of SiOy and MgO; 4) abnormal growth in presence of the SiO,
diffusion. The general scheme of simulation tests is given in Fig. 3. Cases
1 and 3 represent the composite without dopant and with MgO dopant in
the matrix, respectively. Without dopant means the presence of SiO as a
standard additive in Nextel fibers. Case 2 is necessary to roughly esti-
mate the value of the GB diffusion coefficient of MgO. Case 4 attends to
show the influence of the abnormal and anisotropic grain growth on the
grain size distribution on example of SiO, diffusion from the fiber into
the matrix. The real diffusion of silica and magnesia occurs by the

diffusion of oxygen, Si and Mg ions. For the sake of simplicity, we will
assess in the following the diffusion coefficients of Mg and Si ions and
omit the diffusion of oxygen ions.

The diffusion is modeled in the 2D box of size 436 612 x?
(2118 3060 nm?) filled by 720 grains in cases 1 and 2 and in the 2D
box of size 436 1049 x2 (2118 5248 nm?) filled by 1192 grains in
cases 3 and 4. The size in x-direction is circa 50% of the fiber diameter.
The boundary conditions for phase-field parameters are periodic on the
top and bottom of the box, and no flux on the left and right sides of the
box. The boundary conditions for concentrations are periodic on the top
and bottom of the box, no flux on one right side, and a constant con-
centration on the left side where the rim of the fiber is joined with the
matrix. The model Egs. (5) and (8) are solved by finite difference method
with the forward Euler method. The time step was adjusted accordingly
using the numerical stability criterion for diffusion 2D t x?> 1 and
for grain growth 2t x2 1.

The model parameters are listed in Table 2. The GB mobility in pure
alumina without dopant is taken from experiments [20]. The interface
energy is chosen according to the first-principal calculations presented
in Refs. [45,46]. The GB diffusion coefficient varies for different cases.
The segregation coefficient is chosenass 2. It means that according to
Eq. (3), the part of the chemical energy responsible for dopants de-
creases on a grain boundary, where 05, in two times. The
value is chosen in accordance to the theoretical predictions of the energy
of ion segregation to an alumina grain boundary [8].

The values of GB diffusion coefficients were determined from the
tests by the inverse method which is described in the next section. The
diffusion coefficients D1 D14 in Table 2 are used as examples.

4.2. Inverse method

The inverse method is used with the aim to simulate the diffusion of
dopants between fiber and matrix in order to make predictions about the
chemical composition of matrix to fully or partially inhibit the grain
growth. However, we do not have the proper diffusion coefficient for
each element in alumina, nor how two elements can influence the
diffusion of each other. Due to slower diffusion of silica and magnesia,
the local amount of dopant components cannot be measured. We do
however, know that these elements change the grain growth kinetics of
the fibers, resulting in different grain sizes after the exposures. There-
fore, we try to change the GB diffusion coefficients to achieve a similar
microstructure.

The method is used to adjust the unknown GB diffusion coefficients
until the microstructure parameters match the measured experimental
values. The microstructure parameters used for mapping the experiment
are the average grain size in the center of fiber, dener, and the ratio
between the sizes on the rim and in the center dy;, deeneer- The algorithm
of the inverse method is sketched in Fig. 3(b). The iterations are
repeated until the deviation between the modeling and experiment re-
sults becomes smaller than the standard error in the experiment.

In case 1, we start with the experimental interface mobility
without dopant and adjust the GB diffusion coefficient of Si. In case 2,
we use the mean interface mobility from case 1, which is reduced due to
presence of silica, and analyse the effect of the GB diffusion coefficient of
Mg on the grain growth. In case 3, we use the experimental interface
mobility , and the GB diffusion coefficient of Si defined in case 1, and
adjust the GB diffusion coefficient of Mg. During the inverse simulation
tests, bisection method is used for the optimization of one parameter, i.e.
diffusion coefficient, while the other parameters are fixed.

4.3. Case 1

The diffusion of Si from the fiber into the matrix is modeled at two
temperatures 1300 C and 1400 C. The GB diffusion coefficients were
varying in the region from 2 10 17 to 2 10 5 m?/s during the
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Flg. 5. Simulation resultz in case 1 after heat treatment during 1 h (top) and 2 h (bottom) at 1400 * C with D3(5i): (left) grain microstrocture in the fber embedded in

inverse method to fit the experimental properties. The example co-
efficients are histed m Table 2. The mitial concentration of 5109 in the
fiber iz set to ey = 0.3%. The concentration on the night side of the box 1=
get to zero, which mimics the concentration in the matrix.
The simulated microstructure and the concentration distribution are
shownin Figs. 4 and 5 for 1 and 2 h at 1300 “C and 1400 “C, respectively.
The time evolution of the average grain size for two temperatures

and different diffusion cocfficients 1z shown in Fiz. 5(a). The comparizon
to the theoretical curve, &* =tﬁ+pcr§,whmpiscalcula‘hdhjr5q.(9]
using the mean concentration on the gramn boundary, chows that the
grain growth rate 1 if 51 diffuses from the fiber along the grain
boundaries. The increase of the diffusion coefficient from D] to D2 and
from D3 to D4 affects the growth lanetice and this effect 15 larger at the
higher temperature.
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Fig. 6. Simulation results in case 1 at 1300 C and 1400 C with different GB diffusion coefficients: (a) grain size evolution in the fiber with Si diffusion from the
matrix to the fiber during heat treatment, straight red lines are the theoretical dependencies without diffusion from the sample; (b) concentration distribution of SiOy
in the fiber after heat treatment during 2 h, the distance from the matrix/fiber boundary is plotted on the x-axis; (c) time evolution of the SiO, average concentration

in the fiber, m t ; (d) logarithmic plotof 1 mt.

The concentration distribution in the sample for different diffusion
coefficients after 2 h of the heat treatment is shown in Fig. 6(b) for
1300 Cand 1400 C.The matrix is on the left side and the diffusion flow
is directed from the right to the left. The average concentration in sec-
tions decreases with increasing diffusion coefficient.

The fitting of the concentration distribution at 2 h by the error
function gives:

_ an
where the fitting parameters are the following:
Parameter 1300 C, D1 1300 C, D2 1400 C, D3 1400 C, D4
Xo 1.3382 1.8038 1.1193 1.5189
co 0.033 0.031 0.029 0.033
c 0.2572 0.2258 0.2707 0.2722

The comparison to the homogeneous solution of the diffusion
equation in two semi-infinite bodies gives xg 4D t 8, where factor
8 comes from the interface width in the phase-filed model.

Fig. 6(c) and (d) show the evolution of a total mass in the fiber for
different GB diffusion coefficients and temperatures. The kinetic of this
diffusion process can be also analysed by means of the calculation of a
total mass, m t ct co, where c t is the volume averaged concen-
tration in the sample and ¢ is the dopant concentrations at the end of

the equilibration process (i.e the concentration of silica in the fibers).
mt is a reduced mass exchanged between the fiber and a constant
diffusion source. The analytical model which describe the process of GB
diffusion was proposed by Preis et al. [36] for spherical and square
grains. According to this model, in the case of a constant grain structure
and the fast GB diffusion, the total mass recalculated in the semi-
logarithmic plot is a linear relaxation curve with an effective coeffi-
cient of proportionality D . Fig. 6(c) shows the evolution of the total
mass in the fiber for different GB diffusion coefficients and tempera-
tures. As it can be seen in Fig. 6(d), the relaxation curves tend to a
logarithmic dependency. The best fit of the time dependencies is a
phenomenological equation with power law:

(12)

where a and n are the fitting parameters, t is given in hours. The cor-
relation coefficient is 0.99987. The fitting parameters are the following:

Parameter 1300 C,D1 1300 C, D2 1400 C, D3 1400 C, D4
a D 0.2651 0.3820 0.1681 0.2353
a 111 107 110 107 984 10° 984 10°
n 0.4550 0.4416 0.4285 0.4201

It can be seen that a and n depend on the temperature and do not
depend on the diffusion coefficient. The temperature dependency is
obviously due to the interface mobility and hence due to the different
average grain size.
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Flg. 7. Grain zize distribution in casze 1 in the fiber with 50, diffusion after
heat treatment during 2 h at 1300 *C and 1400 °C for different GB diffusion
x-axis.

Table 3

Comparizon of experimental and modeling rezults: ratio between the rim and the
center and the average size in the center of the fiber. The data for the feret
diameter are thown in brackets.

—_ Model
Conditions i Py . A —— [ Py A —— Caoe, D
nm nm
1300°C mo LI1{1.18) 161 1.15 155 1,0.1501
dopant (233)
with 1101 10) 124 1.08 128 3,
MgO (163} De&D1l
1400°C mo 1.32(2 3) 225 1.50 212 1,03
dopant (336)
no 1.32(2 3) 225 1.46(1.8) 245 4,013
dopant [336) (3601
with 1.50 153 125 175 3,
MgO (1.85) (338) D10&D12

The grain mze distribution profile in Fiz. 7 after 2 h of the heat
treatment was caleulated by using the sections in the direction normal to
the diffusion flow similar to the concentration distribution profile. At
low temperature (1300 “C), the difference in grain size on the rim and 1in
the eenter iz about dy /doeer = 1.39 for the diffusion coefficients D] and
D2 That 1z much more than in the experimental results in Table 1. The
diffusion coefficient 0.15D1 = 8.4 x 10~"7 m®/= at 1300 °C gives the
best fit with the experiment with diim /deaner = 1.15. At high temperature
(1400 “C), the difference iz also significant and the ratio of grain sizes
reaches dyp/doener = 1.5. Comparing to the experimental results in
Table 1 chows the best fit at 1400 “C for the diffusion coefficient D3 =
2.9 % 107" m®/s. The comparison of the experimental and modeling
ratio of grain sizes between the rim and the center 1z shown in Table 3.
The modeling ratio in case 1 is a little larger than in the experiment.

4.4 Caze 2

The diffusion of Mg from the matrix into the fiber iz modeled for two
temperatures, 1200 “C and 1400 “C, with the concentration ¢y = 0.05%
(500 ppm) in the matrix and 0% in the fiber. The lower temperature iz
changed now compared to cases 1 and 3 due to the much faster diffusion
in this case. The effect of Mg diffusion can be observed in the experiment
already at 1200 “C, whereas the effect of silica at this temperature 1= not
evident The applied GB diffusion coefficients and the interface mobility
are listed in Table 2. No diffusion of silica from the fiber to the matrix is
simulated. To mimic the presence of silica in the fiber, the interface
mobility iz chosen to be four imes emaller than in case 1. The concen-
tration of Mg0 on the left boundary of the box iz eet to op.
after 1 and 2 h of the heat treatment are shown In Fige. & and 9 at
1200 “C and 1400 “C, respectively. The matrix 1z on the left boundary of
the simulation box and the diffusion flow of Mg iz directed from the left
to the nght.

The average grain size evolution iz shown in Fiz. 10{a) for two
temperatures and different diffusion coefficients. The comparison to the
theoretical curve, & = d + pyot, for 1200 °C chows that the grain

MgQ %

[0.12

—0.1
~ .08

—0.06
—0.04

lﬂ.{lZ
a

Mg %

I—'{] 12

$ 0.1
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— .06
L .04

[ﬂ a2
0

Flg. 8. Simulation results in caze 2 after heat treatment during 1 h (top) and 2 h (bottom) at 1200 *C with D6{Mg]: (left) grain microstructure in the fiber embedded
in alumina matrix; (right) concentration field for Mgd. The matrix,/filker boundary iz on the left site.
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Flg. 9. Simulation results in caze 2 after heat treatment during 1 h (top) and 2 h (bottom) at 1400 =C with D7(Mg]: (left) grain microstructure in the fiber embedded
in alumina matrix; (right) concentration field for Mgd. The matrix,/filker boundary iz on the left site.
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Fig. 10. Simulation results in case 2 at 1200 °C and 1400 ° C with different GB diffusion coefficients: (a) grain size evolution in the Aber with Mg diffusion from the
matrix to the fiber during heat treatment; (b) concentration distribution of MgD in the fiber after heat treatment during 2 h, the distance from the matrix,/fiber
boundary is plotted on the x-axis; (c) time evolution of the MgQ average concentration in the fiber, m(t); (d) logarithmic plot of m(f).
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Fig. 11. Grain size distribution in caze 2 in the fiber with Mg diffusion after
heat treatment during 2 h at 1200 *C and 1400 °C for different GB diffusion
x-axis.

growth rate decreases at least in two times if Mg diffuses in the fiber
along the grain boundaries. The increase of the GB diffusion coefficient
does not effect the growth rate at 1200 “C. Howewver, at the hagher
temperature (1400 “C) the effect on the growth kineties iz significant.

The average concentration distribution in the sample for the
different diffusion coefficients after 2 h of the heat treatment iz shown in
Fiz. 10(b). The calculation wae carried out by using the sections n the
direction normal to the diffusion flow. The matrix i= on the left side and
the diffusion flow iz directed from the left to the nght so that the dis-
tance 1s measured from the im to the center. The average concentration
in secHons increases with inereasing diffusion coefficient. At hagher
and, therefore, it should decrease the grain growth rate here.

The fitting of the coneentration dizstnbution by the error function

4I:Il.'.|l1rrl-

(13)

Mg0. %

~0.0a

—0,06
=0.04

0.0

Flg. 12, Simulation results in case 3 after heat treatment during 2 h at 1400 *C with D10{5i) and D12(Mg): (a) Simulated grain microstrucoure in the fiber embedded
in alumina matrix; (b) concentration filed for 5i0y; (c) concentration feld for MgQ; (d) grain size distribution in the fiber. The matrix/fiber boundary iz on the
left zite.

o

RIS,

i

where the fithng parameters g and b are the following:

Parameter 1200 °C, D5 1200°C, D6 1400°C, D7 1400 °C, D&
X 1.13 1.57 3.22 555
co 0.0355 0.0360 0.0301 0.0299

Here xo is proportional to +'D® with the precision +12%.

Fiz. 10{c) and (d) deseribe the time evolution of the concentration
field for different GB diffusion coecfficients and temperatures. For the
caleulation of the total mass, mit) = E(t)/ e, the dopant concentrations
at the beginning of the equilibration process (Le. the initial concentra-
in Fig. 10{d} az logarithmic plote of mit) versus ime. They can be fitted
by a phenomenological equation

mit) = n@:‘, (14)
where ¢ is the ime in hours, a and n are the fitting parameters:
Parameter 1200°C, D5 1200°C, D6 1400°C, D7 1400 °C, D&
u‘.l"_[; 0.0933 01428 0.2423 034445
a 5.2x 10° 5.3 = 10° 45 10° 45% 10%
n 0.4587 04518 0.3720 03791

The correlation coefficient 1 0.99987. It can be seen that these pa-
rameters change with the temperature. Thizs iz due to change of the
average grain size and the length of the grain boundaries.

The grain size distribution profile is plotted in Fiz. 11 after 2h._ It can
be seen that at low temperature the difference in grain size on the rim
and in the center of the fiber 1z small. However, at high temperature
(1400 “C) the difference iz significant, the ratio between grain sizes iz
about di /dpper = OB,

4.5. Caze 3

The combined diffusion of 51 from the fiber into the matrix and Mg

502 ,%

['.I-':I?

= 0.6
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Flg. 13. Simulation results in case 3 at 1400 *C: (a) concentration diztribution of Mg0 and Si0y in the fiber after heat treamment during 2 h; (b) time evoluton of the
Mg and 5i0; average concentration in the fiber for different GB diffuzion coefficients, comparison to case 4.

Table 4
Comparizon of the real GB diffuzion coefficients defined in thiz work with the
lattice diffuzsion coefficients. The diffusion coefficients are given in unitz m?/z.

T Element b * D* [Ref] D®{real) /D
(model) (real)
1300°C 5 B4 L4x L7 107 W extr.  83x 107
101 10 [10]
Mg 6Bx L2x 22 107 extr.  54x 107
10 [l 0]
Al - - 40x 107" [10]  35%10°
[48]
1400°C 51 29 4.9 15% 10 W extr,  3.5x 10°
1w 10 [0l
Mg 52k B8 1.9 107" extr.  4.4x 107
1w = 1w [0l
Al - - 3.5% 107 [10] -

into the fiber 1z simulated at the temperatures 1300 “C and 1400 “C.
From the experimental data in Table 1, we can see that the grain size
decreases in the center and on the nm of the fiber in presence of Mz0

lh - -
450 1
—_—

2|-I-

ADD Fie
_—

dopant whereas the 51 diffusion affects only the nm causing here the
larger grain size. Henee we can assume that the Mg diffusion iz much
faster than Si diffusion and Mg have time to fill the fiber till the center.
The diffusion coefficients lisbed in Table 2 are the best fit of the exper-
imental grain size. The microstructure after 2 h of the heat treatment and
the concentration field of 5104 and MgO iz shown in Fig. 12(a}-(c). The
grain size distribution profile 1= plotted in Fig. 12(d) for two different
diffusion eoefficients of Mg. The ratio of grain sizes is dyp /doger = 1.25
for both diffusion coefficients. The comparison of experimental and
size n the center 1z shown in Table 3.

The concentration distribution and the ime evolution of the average
concentration of S10s and MgO in the fiber 1s shown in Fiz. 13. The
simulation results allow to assess the GB diffusion cocfficient of Mg by
the inverse method. The fithng parameters for 1300 “C are: D9(5i) =
8.4 x 10" m%/s; D11(Mg) = 6.8 x 10°'® m%/s. The fitting parameters
for 1400 *C arc: D10(Si) =29 x 10°'* m%/s; D12(Mg) = 5.2 x 10715
mzfs.ﬁ:vahmsmﬁd:dinTablc4_lnaumm?,th:difuximcn:f-
ficient of Mg iz higher than that of 5iin 6-7 times to fit the experimental
data

Si02 %
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[0'.3
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Flg. 14. Simulation resultz in caze 4 after heat treatment during 1 h (top) and 2 h (bottom) at 1400 = C with D13(5i) (left) anisotropic grain microstructure in the
fikeer embedded in alumina maitrix; (right) concentraton field for 5i0:. The anizotropic surface energy and misorientation dependent grain boundary mobility are
used for the simulation of the abnormal grain growth. The matrix,/fiber boundary iz on the left site.
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4.6. Case 4

The diffusion of Si from the fiber into the matrix is modeled at
1400 C for the abnormal grain growth. We assume in the sample the
presence of 20% of abnormal grains which have a large misorientation
with normal grains and hence the mobility of grain boundaries of such
grains is chosen to be in 5 times higher than the mobility of grain
boundary between normal grains The later assumed to be
045 . The values of the anisotropic surface energy and anisotropy
parameter are taken from Ref. [40]. Other parameters are listed in
Table 2.

The simulated microstructure in the fiber and the composition field
for SiO, after 1 and 2 h of heat treatment is shown in Fig. 14. The
estimation of the average grain size in the center and on the rim gives
d 245 and d 361 nm, the ratio of grain sizesisd d
1 48 as shown in Table 4 (with GB diffusion coefficient D13).

It can be also seen in Fig. 13(b) (compare Si diffusion in case 3 and
case 4) and Fig. 14 (right) (compare concentration distribution with
Fig. 12(b)) that the concentration in the case of the abnormal grain
growth with the Si diffusion do not show an evident difference with the
results for the normal grain growth in case 3. A future work is needed to
make the precise verification of the abnormal grain growth effect by
means of 3D simulations.

5. Discussion

It is important to point out that the accuracy of the assessment of
diffusion coefficients is determined by the statistical data of the exper-
iment and the assumption that the grain growth kinetic can be repro-
duced by the isotropic model neglecting the anisotropic character of the
microstructure. Nevertheless, the differences found by the modeling
between diffusion coefficient of Si and Mg are significant which is
confirmed by the literature data regarding the size and the charge of the
cations. It is assumed in the modeling that the presence of SiO3 in the
fiber does not affect the diffusion of magnesia from the matrix and the
duffusion of magnesia does not affect the diffusion of silica. However,
the presence of both components on the grain boundary can affect the
GB mobility.

To calculate the real diffusion coefficients, the coefficients in the
model should be multiplied by factor f 8 . For the grain width in
ceramic 0 2 nm, the factor is equal to 17. The comparison of the
estimated real GB diffusion coefficients, D¢ (real) 17D% (model), with
the data from the literature is given in Table 4. The lattice diffusion
coefficients of Al in alumina from the literature [10] were extrapolated
to Mg and Si by using the factors defined by the molecular dynamics
(MD) simulation in Ref. [47]. It can be seen that the diffusion coefficient
of Mg is much higher than that of Al and Si. This is also in accordance to
the fact that diffusion of the cations with lower valence, e.g. Mg, is much
faster than with high valence, e.q. Si [10].

Using the real GB diffusion coefficients estimated by the inverse
modeling, we can find the parameters of the Arrhenius law. The acti-
vation energy of the diffusion for Mg is 435 7 kJ/mol and the prefactor is
3 5m?/s. The activation energy of the diffusion for Si is 273 9 J/mol and
the prefactor is 18 10 ® m?/s. Then we can calculate the unknown
diffusion coefficients at 1200 C as D¢ (real, Mg) 12 1015 m?/s and
D#(real, Si) 34 10 '6 m%s.

The modeling results such as the phenomenological egs. (12) and
(14) allow us to estimate the time to reach a stable concentration dis-
tribution of the dopant in the fiber. E.q. for Mg, we can find that to reach
the maximum value of the concentration in the full fiber at 1400 C,m t

0 03% in Fig. 10(b), one needs 17.6 h.

The developed model with estimated parameters allows us to make
the predictions of grain size distribution in the fiber (see Fig. 12(d)) by
varying the dopant concentration in the matrix at different heat treat-
ment temperatures for different dwell time.

6. Conclusion

We developed an extended model for describing GB diffusion and
segregation in ceramic materials. The model is based on the multi-phase-
field model of grain growth which takes into account the dependency of
the GB mobility on the concentration (segregation dependency). Our
considerations are restricted to the cases of silica diffusion from the fiber
to the matrix and magnesia diffusion from the matrix to the fiber. The
grain size distribution in the fiber after heat treatment is affected by the
diffusion of dopants that leads to the different grain size on the rim of the
fiber and in the center. The inverse method is applied to adjust the un-
known grain boundary diffusion coefficients of dopants by comparison
to the experimental grain size distribution. The analysis of the concen-
tration distribution in the fibers shows that the simulation results are in
agreement with the theoretical prediction of diffusion profiles for semi-
infinite bodies.

By numerical tests with different diffusion coefficients the following
effects are found:

the diffusion of Si from the fiber to the matrix in the samples without
MgO dopant causes the increase of the average grain size on the rim
of the fiber due to the decreasing concentration of SiO, on the rim.
the diffusion of Mg from the matrix to the fiber causes the decrease of
the average grain size on the rim of the fiber due to the increasing
concentration of MgO on the rim.

at high temperature (1400 C) the effect of the diffusion of Mg and Si
on the grain size difference between the rim and the center of the
fiber is larger;

the combined diffusion of Mg and Si causes the decrease of the
average grain size in full sample due to the faster diffusion of Mg. The
effect of the Si diffusion slightly decreases.

the GB diffusion coefficient of Mg is estimated to be larger than that
of Si by 6 7 times that is in agreement with the data in the literature
(see Table 4).

The developed model with estimated kinetic parameters allows us to
make the predictions on the dopant concentration of the matrix and the
heat treatment process parameters to fully or partially inhibit grain
growth in ceramic composites.

7. Data availability
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study are available from the corresponding author on reasonable
request.
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