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Abstract: The 0.65Cag 1 Lag 26 TiO3-0.355m(Mgy 5 Tip 5)O3[0.65CLT-0.35SMT] ceramic was prepared by
the solid-state reaction method. The effects of sintering process on its microstructure and grain growth
behavior were investigated. The Hillert model and a simplified Sellars model were established by
linear regression, and the Sellars-Anelli model with a time index was established by using a nonlinear
regression method. The results show that the grain size gradually increases with the increase of
sintering temperature and holding time. Meanwhile, the sintering temperature has a more significant
effect on the grain growth. The grain sizes of 0.65CLT-0.35SMT ceramic were predicted by the three
models and compared with the experimentally measured grain size. The results indicate that for the
0.65CLT-0.35SMT ceramic, the Hillert model has the lowest prediction accuracy and the Sellars-Anelli
model, the highest prediction accuracy. In this work, the Sellars-Anelli model can effectively predict
the grain growth process of 0.65CLT-0.35SMT ceramic.
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1. Introduction

In recent years, with the rapid development of microwave mobile communication technology;,
especially the advent of the 5G commercial era, microwave dielectric ceramics has become a research
hotspot worldwide. Excellent performance microwave dielectric ceramics have the following properties:
Moderate dielectric constant ¢,, high quality factor Qf, and near-zero resonance frequency temperature
coefficient 7. According to the characteristics of microwave dielectric properties, microwave dielectric
ceramics can be divided into low ¢, (& < 15) and high Qf ceramics: Al,O3 [1], MgAlL,Oy [2], etc.;
medium ¢, (¢,~30) and Qf value ceramics: BaTizsOg [3], ZnNb,Og [4], etc.; high ¢, (¢, > 60) and low Qf
materials: CaCuzTisO1; [5], LipO-Nb,Os5-TiO, [6], etc. Various types of microwave dielectric ceramics
with different performances are widely used in the production of dielectric resonators, dielectric filters,
dielectric oscillators, phase shifters, microwave capacitors, microwave substrates, and other microwave
components. Microwave dielectric ceramics play an increasingly important role in the miniaturization,
integration, and cost reduction of modern communication tools [7-12].

Grain size has an important influence on the properties of various materials [13,14]. Through the
study of the grain growth kinetics, a grain growth kinetic model can be constructed to analyze the
growth rate and growth mechanism of the grain. This provides favorable conditions for controlling
the grain size and crystal structure to achieve the desired performance. Therefore, more attention has
been paid to the research on the kinetics of grain growth. Qing et al. [15] studied the grain growth
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behavior of low-carbon Nb-V-Ti microalloyed steel X70, and established three grain growth models of
the steel using the Beck, Hillert, and Sellars models. With a high prediction accuracy, the Sellars model
can effectively predict the grain growth behavior of X70 steel. The grain growth kinetics model can
be applied not only to metallic materials but also to ceramic materials. Du et al. [16] calculated the
kinetic index and growth activation energy of xNb,Os5-7.5LayO03-Al,03 (x = 7.5, 10, 12.5, 15) ceramics
using the simplified Sellars model, and analyzed the columnar grains growth regularity and interface
reaction process.

The effects of sintering temperature and holding time on the grain size growth law of
0.65CLT-0.355MT ceramics were studied. Hiller model, simplified Sellars model, and Sellars-Anelli
model were established, respectively. The three models were compared to predict the accuracy of the
ceramic grain growth. A kinetic model that conforms to the grain growth of this ceramic was obtained,
thus providing theoretical guidance for the sintering process of this ceramic.

2. Experimental Process

The 0.65CLT-0.355MT ceramics were prepared by the solid phase reaction method. The ingredients
were proportioned according to the stoichiometric ratio. High-purity CaCO3 (99.8%), La;O3 (99.9%),
Sm;03 (99.9%), MgO (99.99%), and TiO; (99.5%) powders were mixed by a ball mill for 8 h and then
dried, ground, sieved, and calcined (CLT at 1200 °C for 3 h, SMT at 1400 °C for 3 h, respectively). Then,
the calcined CLT and SMT powders were ball milled, dried, and sieved (200-mesh). After adding about
10 wt% of polyvinyl alcohol solution (PVA, 10%) as a binder, the mixed 0.65CLT-0.35SMT powders
were pressed into columns with a diameter of 13 mm and a thickness of 2~6 mm and then these
specimens were heated at 600 °C for 1 h to remove the PVA. Finally, these specimens were sintered in
air in a box-type electric furnace (Luoyang Hengyu experimental electric furnace Factory, Luoyang,
China) with a heating rate of 10 °C/min (1525~1600 °C, 30~240 min).

After being polished and ultrasonically cleaned, the sintered 0.65CLT-0.355MT ceramic specimens
were thermally corroded at 25 °C below the sintering temperature for 20 min. The morphologies of the
mixed powders and sintered specimens were observed with a scanning electron microscope (SEM,
FEI, Hillsboro, OR, USA). The initial particle size of the calcined 0.65CLT-0.355MT powders and grain
size of 0.65CLT-0.355MT ceramic specimens were measured by using the Nano Measurer 1.2 software
(Fudan University, Shanghai, China), with 100 particles or grains for each specimen.

3. Results and Discussion

3.1. Microstructure Analysis

The SEM image of mixed 0.65CLT-0.35SMT powders is shown in Figure 1. It shows that most
of the 0.65CLT-0.35SMT powders are spherical and a few of them are occasionally agglomerated.
Meanwhile, the average size of the mixed 0.65CLT-0.355SMT powders is measured as 1.31 pm.

Figure 1. SEM image of the mixed 0.65CLT-0.35SMT powders.
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Table 1 shows the average grain size (d) and density (17) of 0.65CLT-0.35SMT ceramics obtained at
different temperatures (T) for different holding times (f). As listed in Table 1, d gradually increases with
increasing T or t. The maximum d of 0.65CLT-0.355MT ceramic is 44.49 um, which is about 34 times of
the initial average particle size (dg) of mixed 0.65CLT-0.35SMT powders (1.31 um).

Table 1. Average grain size (d) and density (17) of 0.65CLT-0.35SMT ceramics sintered at different
sintering temperatures (T) for different holding times (¢).

f/min
dfum(n/g-cm=3) 30 60 120 240
T/°C
1525 6.67 (5.07)  7.87(5.08)  8.90(4.96)  10.11 (5.00)
1550 9.63(5.02) 11.13(4.99) 13.41(5.00) 14.87 (5.10)
1575 14.66 (4.98) 22.28 (5.06) 27.36 (5.06)  34.75 (5.13)
1600 19.59 (5.09) 2625 (5.09) 32.74 (5.08)  44.49 (5.15)

3.2. Effects of Sintering Temperature and Holding Time on Grain Growth

Figure 2 demonstrates the effects of sintering temperature and holding time on the average
grain size of 0.65CLT-0.355MT ceramics. In Figure 2a, the slopes of the four lines are similar in the
temperature range of 1525~1550 °C, indicating that the growth rate of grains is relatively similar at
different holding times. In addition, the largest slopes in the temperature range of 1550~1575 °C
indicate that the grain growth is accelerated in this temperature range. Figure 2b shows that, at various
holding times, the grain growth rate of 0.65CLT-0.35SMT ceramics sintered at 1575 and 1600 °C is much
faster than that at other temperatures. By comparison, sintering temperature has a more significant
effect on grain growth than holding time.

50 50
—&— =30 min —&— 7=]525°C
—0— =60 min —o— 7=1550 °C
40F A =120 min —A— 7=1575°C
—&— =240 min —&— 7=1600 °C

30F
30F

d/um
d/um

201

L D/D/D/u
10 ./._/./'

1 1 1 1 1 1 1 1
1525 1550 1575 1600 0 50 100 150 200 250

Heating temperature/°C t/min
(a) (b)

Figure 2. Effects of sintering temperatures (a) and holding times (b) on the average grain size of
0.65CLT-0.35SMT ceramics.

SEM images of 0.65CLT-0.355MT ceramics sintered at 1525~1600 °C for 60 min are presented
in Figure 3. Strip-shaped grains can be observed in all four specimens, which is similar to the
CaTiOs-La(Mg5Tig5) ceramics [17]. With the increasing sintering temperature, the grain growth
accelerated by the increased atomic diffusion ability, which is consistent with the relationship shown in
Figure 2a.
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Figure 3. SEM images of 0.65CLT-0.35SMT ceramics sintered at different temperatures for 60 min:
(a) 1525 °C; (b) 1550 °C; (c) 1575 °C; (d) 1600 °C.

4. Grain Growth

4.1. Hillert Model
The Hillert model [18] is as follows:

d* - d = Atexp[-Q/ (RT)] )

In Equation (1), d is the average grain size of the grains, um; dj is the average grain size of the
original particles, 1.31 um; t is the holding time, s; T is the sintering temperature, K; Q is the growth
activation energy, J/mol; R is the gas constant; and A is the constant.

Equation (2) was obtained through logarithmic calculations performed on both sides of
Equation (1):

In(d* - d5) =InA +Int-Q/(RT) )

To obtain Q and A, the linear relationship curves between In(d* —d3) and 1/T of the
0.65CLT-0.355MT ceramics were drawn in Figure 4, according to the data in Table 1. It can be
calculated that Q is 1,008,570 J/mol and A is 2.828 x 10%7, respectively. Therefore, the Hillert grain
growth model of 0.65CLT-0.35SMT ceramic is identified as Equation (3):

d* — d3 = 2.828 x 10% x t X exp[—1,008,570/ (RT)] ®3)
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Figure 4. Linear relationship curve between In(d? - d2) and 1/T of the 0.65CLT-0.35SMT ceramics.

4.2. Simplified Sellars Model
The Sellars model [19] is as follows:

d" - dy = Atexp[-Q/(RT)] 4)
where 7 is the growth index. Some researchers [20,21] found that d is much larger than dj (i.e., d >> dj)
during the sintering process. Hence, the Sellars model can be simplified as Equation (5):

d" = Atexpl-Q/ (RT)] ©)
When T takes a certain value, A is a constant. After being performed with logarithmic calculations
on both sides, Equation (5) can be rewritten as:

nind =Int+nlnA - Q/(RT) (6)

Equation (6) can be transformed into Equation (7):

Ind=1/nlnt+1/nlnA-1/n[Q/(RT)] (7)

To get n and Q of 0.65CLT-0.35SMT ceramic, the linear relationship curves of Ind~Int and
nlnd~1/T were drawn in Figure 5. Through calculation, the average growth kinetic index n is 3732
and the average growth activation energy Q is 1,865,042 k]/mol. According to the data in Table 1, it can
be calculated that A is 1.123 x 10°%. Finally, the simplified Sellars model of 0.65CLT-0.35SMT ceramic
grain growth leads to Equation (8):

3.732 54
d =1.123x10>* x t X exp[—l, 865,042/ (RT)] 8)
® 7=]525°C, n=5.210, R*~0.998 16.000 F | =30 min, Q=1 510.290 kJ/mol, R*~0.99
4.000F O 7=1550°C, n=4.653, R*<0.989 O =60min, Q=1 802.321 ki/mol, R
A 7=1575°C, 2.480, R*~0.972 A =120 min, Q=1933.610 kJ/mol, R*~0.95
A T=1600°C, n~2.585, R*~0.996 14.000 - A A =240 min, Q=2 213.945kJ/mol, R*<0.959
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A
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Figure 5. Linear relationship curves of Ind~Int (a) and nInd~1/T (b) for the 0.65CLT-0.355MT ceramics.
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4.3. Sellars-Anelli Model

To establish the mathematical model of the 0.65CLT-0.35SMT ceramic grain growth during the
sintering process, it is necessary to consider the influence of sintering temperature, holding time,
and initial particle size on the entire system at the same time, and the growth of grain may have a
certain power relationship with the holding time. The Sellars-Anelli model, Equation (9) [22], can be
used to describe the process of 0.65CLT-0.35SMT ceramic grain growth.

d" —dj = A" exp[-Q/ (RT)] ©)

In Equation (9), d is the average grain size of the grains, um; d is the average grain size of the
initial particles, pm; t is the holding time, s; m is the time index, T is the sintering temperature, K; Q is
the growth activation energy, J/mol; R is the gas constant; A is the constant; and # is the growth index.

In order to determine the unknown quantity of the Sellars-Anelli model, both sides of Equation (9)
were performed by natural logarithm:

In(d" -dj) =InA+mlInt—Q/(RT) (10)

To solve Equation (10), n, m, Q, and A should be determined successively. Firstly, the n value could
be setto 0.5,1.0,1.5,2.0,2.5, 3.0, 3.5,4.0,4.5,5.0, 5.5, 6.0 according to the n value of 3.732, which was
obtained from the simplified Sellars model (Equation (7)). Secondly, the fitting relationship between
In(d" —dj) and Int according to Equation (10) was established to solve the m value and error value
corresponding to each 7 value. Thirdly, the function of the sum of squared errors and each n value was
established and then the minimum sum of squared errors was taken as the optimization goal to finally
determine the value of n. Fourthly, the determined # value was returned into Equation (10). Finally,
the values of m, Q, and A were solved in turn by establishing fitting curves of In(d" —dj) ~Int and
In(d" —d)~1/T.

The fitting curve of the sum of squared errors with 7 is shown in Figure 6. A smooth cubic curve,
f(n) = 0.010 6n° + 0.268 7n? — 1.875 1n + 3.306 3, can be obtained by fitting a cubic polynomial. It can
be solved that 7 is 2.968 when the sum of squared errors is minimum.

4.0

351

3.0

251

201

Sum of squared errors

Figure 6. Fitted curve between the sum of squared error and #.

n = 2968 was substituted into Equation (10) to establish linear relationship curves of
In (42968 —dé'%s) ~Int and In(d>%8 —dé‘%s) ~1/T for the 0.65CLT-0.35SMT ceramic, as shown in
Figure 7. In Figure 7a, each curve shows the change of the grain size with the holding time at a
certain sintering temperature and the m can be calculated as 0.889 from the average value of slope.
In Figure 7b, each curve represents the change of the grain size with the sintering temperature under a
certain holding time and Q is calculated to be 1,484,900 kJ/mol.
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Figure 7. Linear relationship curves of In(d>%8 — d%‘%S) ~Int (a) and In(d>%%8 — dg'%s) ~1/T (b) for
the 0.65CLT-0.355MT ceramics.

After n =2.968, m = 0.889, Q = 1,484,900 k]/mol was being substituted into Equation (9), A can be
calculated as 3.936 x 10*? according to the measured data in Table 1. Finally, the Sellars-Anelli model
for the grain growth of 0.65CLT-0.35SMT ceramic is obtained:

4998 = 4598 1 3.936 x 10*2 x 1785 x exp[-1,484,900/ (RT)] (11)

4.4. Comparison of Different Grain Growth Models

The results predicted by the Hillard model (Equation (3)), simplified Sellars model (Equation (8)),
and Sellars-Anelli model (Equation (11)) were compared, respectively, with the measured data in Table 1
to get the errors (A = dpredicted — @measured)- The curves of [A|~T and |A|~t are shown in Figure 8a,b,
respectively (where |A| is the average value of the absolute value of error). The grain size predicted by
the Hillert model (Equation (3)) is quite different from the measured value in Table 1, indicating the
lowest prediction accuracy. By comparison, the Sellars-Anelli model (Equation (11)) is more accurate
than the simplified Sellars model (Equation (8)) in the interval range because the average grain size
calculated by the former is closer to the measured value. It suggests that the Sellars-Anelli model
(Equation (11)) is more suitable for describing the grain growth of 0.65CLT-0.355MT.

8
6k +SellarS-Ane|1Ffﬂ0de| —=a— Sellars-Anelli model
—— Sgllars simplified model —e— Sellars simplified model
—a— Hillert model —a— Hillert model
6F
4+
(=N ER)
2k
2k
1 1 1 1 0 1 1 1 1 1
1525 1550 1575 1600 50 100 . 150 200 250
7/°C /min
(a) (b)

Figure 8. Relationship curves between |A| and T, t: (a) Sintering temperature T; (b) holding time ¢.
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5. Conclusions

(1) The 0.65Caq 61Lag 26 TiO3-0.355m(Mgy 5Tig 5)O3[0.65CLT-0.355MT] ceramic was prepared by the
solid-state reaction method. The microstructure and grain growth behavior under different
sintering processes were studied. The results showed that with the increase of sintering
temperature and the holding time, the grain size was getting larger. Meanwhile, the effect
of sintering temperature on grain growth is more obvious than that of holding time.

(2) The Hillert model and simplified Sellars model of the grain growth of 0.65CLT-0.35SMT ceramic
were established by the linear regression method. In addition, considering that the growth of
grains may become a certain power relationship with the holding time, the nonlinear regression
method was used to construct the Sellars-Anelli model with a time index.

(3) An error analysis was made on the grain size predicted by the three models. The Sellars-Anelli
model,d>%8 = dé‘%s +3.936 x 10%2 x 19889 x exp[-1,484,900/ (RT)], has the highest prediction
accuracy, i.e., it is able to predict the grain growth process of 0.65CLT-0.355MT ceramic effectively.

Author Contributions: Methodology, software, investigation, and data curation, B.L. and J.L.; supervision, C.L.,
J.Z., and W.C,; formal analysis, W.H. and S.O.; validation and resources, Y.A. All the authors discussed the data
and wrote the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (No. 51664043,
No. 51802140) and the Key Laboratory for Microstructural Control of Metallic Materials of Jiangxi Province
(Nanchang Hangkong University).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Heintz, ].M.; Letullier, P; Miane, J.L.; Ravez, J. Dielectric properties of alumina lamellar ceramics. Mater. Sci.
Eng. B1998, 52, 84-88. [CrossRef]

2. Zhang,J.; Wu, D.X;; Chang, X.H.; Lu, T.C,; Jiang, Y.H.; Zhu, ].G. Dielectric properties of MgAl,O, transparent
nano-ceramic. Key Eng. Mater. 2008, 368-372, 412-413. [CrossRef]

3. Su,Y.S,;Jean, ].H. Low-fire processing of microwave BaTiyOg dielectric with BaO-Li,O-B;03-5i0,-Zn0O glass.
Jpn. J. Appl. Phys. 2008, 47, 7254-7256. [CrossRef]

4. Bafrooei, H.B.; Nassaj, E.T.; Hu, C.F; Huang, Q.; Ebadzadeh, T. Microwave sintering of nanopowder
ZnNb,Og: Densification, microstructure and microwave dielectric properties. Physica B 2014, 454, 35-41.
[CrossRef]

5. Jesus, LM,; Silva, R.S.;; Raj, R.; M'Peko, J.C. Electric field-assisted flash sintering of CaCu3TizO1;:
Microstructure characteristics and dielectric properties. J. Alloys Compd. 2016, 682, 753-758. [CrossRef]

6. Li, E.; Zou, M.; Duan, S.; Xu, N.; Yuan, Y.; Zhou, X.H. Effect of excess Li content on the microwave dielectric
properties of the M-Phase of LiO-Nb,O5-TiO, ceramics. J. Electron. Mater. 2014, 43, 3954-3958. [CrossRef]

7. Plourde, ].K.; Ren, C.L. Application of dielectric resonators in microwave components. IEEE Trans. Microw.
Theory Tech. 1981, 29, 754-770. [CrossRef]

8.  Petzelt, J.; Kamba, S.; Kozlov, G.V,; Volkov, A.A. Dielectric properties of microwave ceramics investigated by
infrared and submillimetre spectroscopy. Ferroelectrics 1996, 176, 145-165. [CrossRef]

9.  Shih, C.E; Li, WM,; Tung, K.S. Low-loss microwave dielectric material based on magnesium titanate. J. Am.
Ceram. Soc. 2010, 93, 2448-2451. [CrossRef]

10. Liao, Q.W,; Li, L.X.; Zhang, P,; Ding, X,; Ren, X.; Zhang, W. A microwave dielectric material for microstrip
patch antenna substrate. J. Mater. Res. 2011, 26, 2503-2510. [CrossRef]

11.  Chen, Y.B. New dielectric material system of La(Mgq,Ti12)O3—Cag ¢Lag g/3TiO3 for microwave applications.
J. Alloys Compd. 2009, 490, 265-269. [CrossRef]

12.  Chen, ].Y,; Huang, C.L. Crystal structure and dielectric properties of La(Mg 5Tig 5)O3—Cag §Smg 4/3TiO3 solid
solution system at microwave frequencies. J. Alloys Compd. 2011, 509, 426-430. [CrossRef]

13. Jeon, S.C; Fisher, ].G.; Kang, S.L.; Moon, K.S. Grain growth behavior of 0.95(Nag 5Big 5)TiO3-0.05BaTiO3
controlled by grain shape and second phase. Materials 2020, 13, 1344. [CrossRef] [PubMed]

14. Opiela, M.; Fojt-Dymara, G.; Grajcar, A.; Borek, W. Effect of grain size on the microstructure and strain
hardening behavior of solution heat-treated low-C high-Mn steel. Materials 2020, 13, 1489. [CrossRef]


http://dx.doi.org/10.1016/S0921-5107(97)00212-2
http://dx.doi.org/10.4028/www.scientific.net/KEM.368-372.412
http://dx.doi.org/10.1143/JJAP.47.7254
http://dx.doi.org/10.1016/j.physb.2014.07.024
http://dx.doi.org/10.1016/j.jallcom.2016.05.002
http://dx.doi.org/10.1007/s11664-014-3317-9
http://dx.doi.org/10.1109/TMTT.1981.1130444
http://dx.doi.org/10.1080/00150199608223607
http://dx.doi.org/10.1111/j.1551-2916.2010.03790.x
http://dx.doi.org/10.1557/jmr.2011.281
http://dx.doi.org/10.1016/j.jallcom.2009.02.025
http://dx.doi.org/10.1016/j.jallcom.2010.09.048
http://dx.doi.org/10.3390/ma13061344
http://www.ncbi.nlm.nih.gov/pubmed/32188022
http://dx.doi.org/10.3390/ma13071489

Materials 2020, 13, 3905 90f9

15.

16.

17.

18.

19.

20.

21.

22.

Yang, Q.; Zhang, L.W.; Zhang, C.; Shen, W.F; Li, E. Austenite grain growth behavior of low carbon Nb-V-Ti
microalloyed steel X70. Heat Treat. Met. 2019, 44, 1-5. [CrossRef]

Du, W.Y,; Ai, Y.L.; Chen, WH.; Zhang, ] .].; Fan, Y.Q.; Gong, Y.X. Grain growth kinetics and growth mechanism
of columnar Al;Oj3 crystals in xXNb,Os5-7.5LayO3-Al;O3 ceramic composites. Ceram. Int. 2019, 45, 6788-6794.
[CrossRef]

Kipkoech, E.R.; Azough, F; Freer, R. Microstructural control of microwave dielectric properties in
CaTiO3-La(Mgy, Tiy/2)O3 ceramics. J. Appl. Phys. 2005, 97, 1-11. [CrossRef]

Stasko, R.; Adrian, H.; Adrian, A. Effect of nitrogen and vanadium on austenite grain growth kinetics of a
low alloy steel. Mater. Charact. 2006, 56, 340-347. [CrossRef]

Sellars, C.M.; Whiteman, J.A. Recrystallization and grain growth in hot rolling. Met. Sci. 1979, 13, 187-194.
[CrossRef]

Feng, Y.; Pu, Z.T.; Wu, M.M.; Mi, J. Microwave calcination of nano-grained iron oxide and grain growth
kinetics. Energy Chem. Ind. 2015, 36, 55-59. [CrossRef]

Chen, J.; Che, M.C,; LI, Y,; Yan, F. Study on Grain Growth Kinetics of Barium Strontium Titanate Ceramics.
J. Synth. Cryst. 2015, 44, 2433-2437. [CrossRef]

Li, G.S,; Li, L.P; Boerio, G.J.; Woodfield, B.F. High purity anatase TiO, nanocrystals: Near room-temperature
synthesis, grain growth kinetics, and surface hydration chemistry. J. Am. Chem. Soc. 2005, 127, 8659-8666.
[CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.13251/j.issn.0254-6051
http://dx.doi.org/10.1016/j.ceramint.2018.12.171
http://dx.doi.org/10.1063/1.1856212
http://dx.doi.org/10.1016/j.matchar.2005.09.012
http://dx.doi.org/10.1179/msc.1979.13.3-4.187
http://dx.doi.org/10.1016/j.fuel.2020.117215
http://dx.doi.org/10.16553/j.cnki.issn1000-985x.2015.09.021
http://dx.doi.org/10.1021/ja050517g
http://www.ncbi.nlm.nih.gov/pubmed/15954771
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Process 
	Results and Discussion 
	Microstructure Analysis 
	Effects of Sintering Temperature and Holding Time on Grain Growth 

	Grain Growth 
	Hillert Model 
	Simplified Sellars Model 
	Sellars-Anelli Model 
	Comparison of Different Grain Growth Models 

	Conclusions 
	References

