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Abstract 

Sintering is the most widely used consolidation method of polycrystalline 

materials in powder metallurgy and ceramic industries. Grain growth and 

densification process play the two most crucial roles on the microstructure 

evolution and the achieved performances during sintering of ceramics. In 

this thesis, the grain growth of SrTiO3, BaTiO3-SrTiO3 solid solutions and 

Si3N4 ceramics during spark plasma sintering (SPS) were investigated by 

electron microscopy.  

SrTiO3 ceramics starting from nanopowders were fabricated by SPS. A 

novel grain growth mechanism was discovered and named ordered coales-

cence of nanocrystals. This mechanism involved nanocrystals as building 

blocks and is distinguished from atomic epitaxial growth (AEG) in classical 

sintering theory. The results also revealed that the dominant grain growth 

mechanism can be changed by varying heating rates. Low rate (10°C/min) 

gives AEG, whereas high rates (≥ 50°C/min) yields three-dimensional coa-

lescence of nanocrystals, i.e. ordered coalescence.  

BaTiO3-SrTiO3 sintered bodies were made by SPS of BaTiO3 and SrTiO3 

nanopowders mixtures. A novel Sr1-xBaxTiO3 ―solid solution‖ with mosaic-

like single crystal structure was manufactured by ordered coalescence of the 

precursor crystallites. This reveals a new path for preparation of solid solu-

tion grains or composites with unique structure.    

Si3N4 ceramics were prepared from α- or β-Si3N4 nanopowders at the 

same SPS conditions. The anisotropic ordered coalescence of precipitated β-

Si3N4 crystallites gives elongated β-Si3N4 grains at 1650°C using α-Si3N4 

nanopowder. The metastable α- to β-Si3N4 phase transformation and ordered 

coalescence of crystallites accelerates anisotropic grain growth. In contrast, 

AEG leads to the equi-axed β-Si3N4 grains using β-Si3N4 nanopowder. 

Grain motions contribute to the densification process during pressureless 

sintered 3Y-ZrO2 (>87%TD) or SPS of SrTiO3 (>92%TD) ceramics. This 

extends the sintering range for active grain re-arrangement over that pre-

dicted by classical theory. 

In this thesis a new grain growth mechanism, i.e. ordered coalescence of 

nanocrystals, is discovered and proved to occur in both solid-state-sintered 

and liquid-phase-sintered ceramics by using SPS and nanopowders. By or-

dered coalescence the microstructural evolution can be manipulated to 

achieve unique microstructures. 
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1. Introduction 

Sintering is a process widely used to manufacture solid polycrystalline mate-

rials in powder metallurgy and ceramic industries. The process is based on 

the mass transport activated at elevated temperatures. Effectiveness is 

needed to consolidate powder compacts within reasonable short times. The 

sintering undergoes various stages depending upon the precursor powder and 

heating parameters. Small amounts of sintering additives will speed up the 

process, but they might enrich at grain boundaries with negative effects on 

high-temperature properties. Understanding of the sintering mechanisms and 

grain growth are essential for controlling microstructure evolution and 

achieving preferred material performance.  

The sintering process is generally divided into solid-state and liquid-

phase sintering.1-3 In solid-state sintering the solidification is accomplished 

in absence of any liquid phase. In liquid-phase sintering the densification 

process involves the presence of a liquid phase at high temperature. The 

latter process occurs when small amounts of sintering additives are used, 

which form a thin surface or intergranular liquid. 

 

 
1.1 Mass transport mechanisms in classical sintering theory   
 

Densification of a powder compact is a result of atomic diffusion at elevated 

temperatures. Mass transports by atomic diffusion comprise surface diffu-

sion, grain boundary/liquid-phase diffusion or the much slower volume dif-

fusion, see Fig 1.1.
1-3

 Other processes might interact, such as thermodynam-

ic stability, evaporation/condensation and even plastic flow in solid-state 

sintering. The important solution/precipitation process aided by liquid phase 

is schematically illustrated in Fig. 1.1a. The evolution of grain growth and 

densification at sintering of a powder compact is demonstrated in Fig. 1.1b.  
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a 

 

b 

Fig. 1.1 a) Mass transport paths during sintering of a powder compact and b) 

plotting of grain growth versus densification processing (image b from 

Messing et al4) (1) Initial random close particle packing. (2) At an interme-

diate stage of sintering, continuous pore channels limit grain growth. (3) At 

92% density, pore channels pinch off to form isolated pores. (4) Grain 

growth increases rapidly in the fully dense areas, while sintering continues to 

eliminate the final pores. (5) Blue colorized scanning electron micrograph of 

a dense ceramic. 

 

 

      The driving force for mass transport in monophasic powders results from 

the difference of surface energy potential between grains. This is mainly due 
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to the different grain size and shape. The energy potential of a single-crystal 

surface might vary on different crystallographic planes and result in morpho-

logical changes during sintering. However, in most cases the dominating 

process depends on that smaller grains having higher surface curvature than 

larger grains. The small grains have greater surface energy potential accord-

ing to the Gibbs-Thomson effect. Mass transport goes from smaller grains to 

larger grains to lower the system’s overall potential. Grain growth will occur 

at the expense of smaller grains by atomic diffusion. 

 

 
1.1.1 Densification 
  

The stages of sintering are roughly divided to initial, intermediate and final 

stage as shown in Fig.1.1b. Initially, at grain contact point’s necks are grown 

and the free surface area reduces up to 50%. At this stage densification is 

mainly proceeded by surface diffusion, grain rearrangement and viscous 

flow. The intermediate stage is characterized by enclosed pores and pore 

channels. The relative density reaches 72-92% of theoretic densities (TD). 

The final stage of sintering eliminates pores and close channels with relative 

density reaching >92% TD. Boundary diffusion and lattice diffusion are the 

main mass transport mechanisms dominating the densification process of 

intermediate and final stages. 

 

 
1.1.2 Grain growth 
 

Grain growth is commonly described by the equation: 

                                  ktrr nn

t  0
                                                    (1.1) 

Where tr , 0r , n and k are the mean grain size at time t , initial average grain 

size, growth exponent and rate constant, respectively. The rate constant is 

given by: 

                                  RT

G

ekk


 0
                                                       (1.2) 

Where 0k , G , R and T  are material dependent factors as molar activation 

energy, ideal gas constant and temperature, respectively. Equation 1.1 is 

often used to assess the mechanism governing grain growth in the presence 

of a liquid phase, namely n=2 for an interfacial reaction control and n=3 for 

diffusion control according to LSW theory.5,6  

      The grain growth is generally divided into two types; normal grain 

growth and abnormal grain growth. Normal grain growth is characterized by 

a fairly narrow distribution of grain sizes and grain shapes. The average 

grain size increases with heating time following Equation 1.1. In abnormal 
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grain growth, a few grains grow much faster than the others, resulting in a 

bimodal grain size distribution. The occurrence of abnormal grain growth is 

commonly attributed to high atom mobility at grain boundaries due to high 

boundary energy. This can be caused by anisotropic interface energy, impur-

ities or other defects at the interface. There still remains a good phenomeno-

logical description, although the phenomenon has be studied for several dec-

ades.7 This type of grain growth does not fit any mathematic representation 

through established equations.3  

 

 

1.2 Premelting 
 

Premelting (also named surface melting) is a common phenomenon that has 

been widely observed on numerous crystal materials such as ice, metals and 

ceramics.8,9 It is extensively used to interpret common nature phenomena 

such as frost heave and growth of snowflakes. Recently premelting was ad-

dressed to play an important role on the sintering of ceramics at elevated 

temperature. It was proposed to help activating sintering and influence the 

grain growth.10,11 This phenomenon is described as the existence of a stabi-

lized quasi-liquid film on crystalline surfaces below the crystal melting point 

(Tm), as shown in the Fig. 1.2.  

 

 

 

Fig. 1.2 A schematic illustration of the phenomenon ―premelting‖, where a 

quasi-liquid thin film forms on the outer crystalline surfaces. 
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The thickness of quasi-liquid films is temperature and crystal face depen-

dent.12,13 For nano-crystalline materials premelting also depend on the grain 

size due to the size effect. The relative thickness of the quasi-liquid film will 

be thicker as grain size is smaller, as shown in the Fig. 1.3.    

 

 

Fig. 1.3 A schematic diagram illustrating premelting as a function of grain 

size and temperature. 

 

 

1.3 Grain growth during Spark Plasma Sintering (SPS)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
 

 
1.3.1 SPS 
 

SPS is mainly characterized by the pulsed electric current passing through 

the conductive graphite die. In the case of conductive samples some current 

passes the powder compact. SPS is also named Field Assisted Sintering 

Technology (FAST) or Pulsed Electric Current Sintering (PECS).14 The heat 

in SPS rapidly generates internally, which is very different to pressureless or 

hot-press sintering. The heat of these conventional methods comes from 

external heating elements. The schematic representation of an SPS unit is 

shown in Fig. 1.4. The SPS setup consists of a pressure device with upper 
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and lower water-cooled hydraulic rams, a DC generator that generates pulses 

and a computer-based process controller. The shrinkage, pressure, average 

voltage and current are recorded during the process. The powder is filled 

inside the conductive graphite die for sintering with optical pyrometer or 

thermocouple as temperature detector. 
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Fig. 1.4  a) (Top) Schematic drawing of an SPS chamber containing an as-

sembled graphite die and punches. (Bottom) Electrical diagram of the SPS 

furnace with associated temperature control electronics. (image a from Brien 

et al 15), b) Schematic illustration of the current paths passing through the 

conductive graphite die during sintering and in this case the powder compact 

is non-conducting. 

 

   

In SPS process, the advantages compared to the conventional pressureless 

sintering or hot pressing can be summarized as:  

(i)    High heating rate and cooling rate; the heating rate can reach as high 

as 1000°C/min and 350°C/min is achieved for cooling.  

 

(ii)    Short sintering time; needs a minutes to achieve densification rather 

than hours in conventional sintering. 

 

(iii) Lower sintering temperature; the temperature for the densification 

in SPS is lower than that of a conventional sintering. 
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1.3.2 Grain growth behaviors during SPS 
 

The potential of SPS as a technique for microstructural prototyping of ce-

ramics has been explored.16,17 The SPS process has gained attention for prep-

aration of dense ceramics with controlled grain growth, especially nano-

structured ceramics. The underlying grain growth mechanism still remains 

unclear due to the complex nature of various phenomena involved in the 

process. The behavior of grain growth is known to be affected by parameters 

like applied pressure, atmosphere, additives and heating rate during sinter-

ing.1-3  In SPS simultaneous use of these parameters occur as well as low 

electric field and high current (pulsed DC). This gives many factors which 

may influence both the grain growth and densification.  

 

 
1.3.2.1 The effects of the electric SPS parameters on grain growth 
 

The electric SPS parameters comprise factors like the pulsed DC pattern, the 

electric current and the electric field. Investigations of non-conducting ce-

ramics revealed that the SPS pulse pattern and frequency had no measurable 

effect on the densification or microstructure evolution.18,19 For conductors, 

the electric current was shown to enhance defect mobility in the Ni3Ti inter-

metallic 20 accelerate mass transport through electro-migration in an Al-Au 

system 21 and affect the reactivity through decreasing the activation energy 

in a Mo-C diffusion couple.22 In all these cases, current threshold values 

exist for the effect and applied current densities are high, usually several 

hundred A/cm2. The threshold value for the Mo-C diffusion couple is ap-

proximately 500A/cm
2
, which is about five times the SPS current density 

(84A/cm2) used in this study.22 During SPS of non-conductive or poorly 

conductive ceramics, the current will flow through the conductive graphite 

die, cf. Fig. 1.4b. Therefore the current that goes through ceramics body is 

negligible. The existence of high threshold values suggests that the current 

will not affect the ceramics used in this study. 

Many investigations have been done to see if the presence of an electric 

field affected the grain growth behavior during sintering, but conflicting 

results are found in the literature.23-27 The presence of an electric field could 

enhance the grain growth in  yttria-stabilized cubic zirconia and barium tita-

nate by increasing the grain boundary mobility.24,25 Others reported that the 

electric field retarded grain growth of tetragonal zirconia by reducing grain 

boundary mobility.26 The underlying mechanism of any electric field effect 

upon grain growth during high-temperature sintering is still indefinite. It 

must be noted that the referred experiments were carried out by conventional 

sintering with external electric fields at very long holding times (several 

hundred minutes or more) at elevated temperatures and with high electric 

fields (several tens of voltage per centimeter or more). These experimental 
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parameters are far from those used by SPS. Even ionic conducting or elec-

tronic conducting ceramics have limited holding times of minutes and low 

voltages per centimeter. Finally, no effects of electric field strength could be 

observed in non-conductive ceramics like undoped alumina 28 and strontium 

titanate.29 Thus, the effect of electric field strength on grain growth can be 

ignored for the non-conducting ceramics like SrTiO3 and Si3N4 ceramic in 

this thesis. The effects of temperature and heating rate will be looked upon 

below. 

 

 
1.3.2.2 The effect of heating rate on grain growth 
 

The grain growth is known to be affected by the heating rate and temperature 

during conventional sintering.1 In comparison SPS reduces both sintering 

temperature and duration.30,31 The capability of applying high heating rate up 

to 1000°C/min is a prominent advantage of the SPS process. Therefore, stu-

dies have been done in the past to investigate the effects of SPS heating rate 

(≥50°C/min) on grain growth, but diverging interpretations are found.32 

Some addressed that high heating rates can efficiently suppress grain growth 

by bypassing of the particle coarsening mechanism dominated by surface 

diffusion.33-35 Others reported that high heating rates promoted grain growth 

by increasing the defect concentration.36,37 The referred studies focused on 

the effect of heating rate on the densification process and the atom diffusion 

mechanisms during sintering, but a definitive conclusion still lacks on the 

mechanism of observed grain growth.  

       The effect of rapid heating rate on grain growth is essential also for oth-

er sintering techniques characterized by their rapid heating, e.g. microwave 

and laser sintering. Therefore it is important to understand extreme heating 

better and its potential in manipulating the microstructure evolution.  

       In conclusion, we will focus on the grain growth mechanisms of ceram-

ics with rapid SPS heating rates. The effects of pulsed DC, electric current 

and electric field on non-conducting ceramics are negligible, as discussed 

above. 

 

 
1.4 Case studies on grain growth mechanisms 
 

1.4.1 Strontium titanate ceramics 
 

Perovskite materials are frequently used in electronic industry for ceramic 

capacitors, piezoelectric transducers or thermistors. In all these applications, 

the grain size and grain boundaries affects strongly the electric 

properties.38,39 The microstructure evolution and the grain growth during 

processing play a crucial role. The perovskite SrTiO3 can be used as an ex-
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cellent model material of this structure group. Despite numerous publica-

tions on SrTiO3, the underlying grain growth mechanisms during sintering 

remain ambiguous. Odd grain growth behavior was observed at rapid sinter-

ing of SrTiO3 nanopowder by SPS.17 In this work a more detailed study of 

the grain growth of SrTiO3 nanopowder will be done. It was expected that 

the SPS heating rate would change the growth mechanism. The grain 

growths at low and high heating rate were carefully investigated by electron 

microscopy and the corresponding grain size-temperature relationships were 

established. A new grain growth mechanism was observed at rapid sintering 

by SPS of SrTiO3 nanopowder. 

 

 
1.4.2 SrTiO3-BaTiO3 solid solution ceramics 
 

Perovskite materials have outstanding chemical and physical properties. 

BaTiO3, SrTiO3 and the Sr1-xBaxTiO3 solid solution are probably the most 

studied perovskite ceramics since early 1950s. In particular, there are several 

publications on Sr1-xBaxTiO3 solid solution due to tunable electric properties 

by varying the x value.40-42 The Sr1-xBaxTiO3 solid solution ceramics can be 

obtained by heating a solid solution powder or by a reaction sintering of 

blended BaTiO3 and SrTiO3 powders. A new path of fabricating Sr1-xBaxTiO3 

solid solution bodies with a mosaic-like structure of different chemical com-

position is presented below using ordered coalescence of nanocrystals. 

 

 
1.4.3 Silicon nitride ceramics 
 

The Si3N4 family of ceramics has been extensively studied during the past 

decades. The self-reinforced microstructure consisting of either entire inter-

locked rod-like grains or rod-like grains embedded in a matrix of fine grains 

is essential for achieving the characteristic high strength and toughness. Sili-

con nitride is used in many applications as engineering material.43-45 So far, it 

has been well accepted that the anisotropic grain growth yielding the forma-

tion of rod-like β-Si3N4 grains is promoted by the α to β phase transformation 
44 or by seeding with β-Si3N4 grains 46. Both α to β transformation in Si3N4 

and the grain growth of β-Si3N4 are believed to be controlled by a mechan-

ism known as solution-diffusion-reprecipitation.47,48 A debate has been ongo-

ing about the anisotropic growth behavior of rod-like β-Si3N4 grains and 

growth by atom diffusion 47,49 or by interfacial reaction.50,51  

      Controversial results originated from the analysis of growth exponent n 

based on the empirical equation 1.1. This exponent is used to determine the 

grain growth mechanism in a melt phase. Namely, n=2 for interfacial reac-

tion control and n=3 for diffusion control according to the LSW theory.5,6 

The growth exponent n of β-Si3N4 was experimentally observed to vary from 
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2-9 52 and being anisotropic in length and width directions.50,53 The experi-

mentally observed growth exponents n far from the theoretical expectations 

indicates the complexity of grain growth of β-Si3N4 during sintering.  

      The LSW theory was later extended to explain the puzzling results of 

rod-like β-Si3N4 grains with various growth exponents, namely n=3 or high-

er.54 This model of anisotropic Ostwald ripening predicted that the β-Si3N4 

grain growth with exponent n=3 or higher was essentially controlled by in-

terfacial reaction. During rapid and efficient SPS condition it has been re-

ported that the formation of rod-like β-Si3N4 grains can be achieved within 

few minutes by dynamic ripening.43,55 This was a significant progress. The 

grain growth rate along the [001] direction of β-Si3N4 during SPS was 1~2 

orders of magnitude higher than conventional sintering. The exact origin of 

such a rapid growth of rod-like β-Si3N4 during SPS remains to be explored. 

In this work, we report the detailed microstructure of enlarged β-Si3N4 grains 

characterized by high resolution electron microscopy. A new mechanism is 

responsible for the dynamic ripening of β-Si3N4 grains during SPS. 

 

 

1.5 Aim of thesis 
 

This thesis is focused on the fundamental grain growth mechanisms and 

densification processes in rapidly consolidated ceramics by spark plasma 

sintering (SPS). SPS is a fast densification process at comparatively low 

sintering temperature and gives no or low grain growth up to high density. It 

has proven unique for the fabrication of highly dense nanoceramics. Howev-

er, the consolidation and mass transport mechanisms during SPS seem com-

plicated, as at some circumstances rapid grain growth resulting in sizes rang-

ing from nano- to micron-scale takes place. This phenomenon was observed 

in SPS of SrTiO3, BaTiO3 and Si3N4 nanopowders aimed to produce nanoce-

ramics when the SPS conditions exceeded critical values. In order to under-

stand this behavior and enable full control of the ceramic microstructure; the 

grain growth and densification processes are carefully investigated by using 

high resolution electron microscopy.  
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2.  Experiments 
 

2.1 Starting powders 
 

2.1.1 Titanate nanopowders  
       

 
I) Strontium titanate nanopowder 
 

A high-purity SrTiO3 nano-sized powder was used as received in this study 

and it is commercially available with the trade name NanoxideTM HPS 1000 

by TPL, Inc., USA. The typical single-crystalline particle size of the SrTiO3 

nanopowder is about 32 nm as determined by electron microscopy, cf. Fig-

ure2.1.  

 

 

Fig. 2.1 A TEM micrograph is showing to show the morphology of SrTiO3 

nanoparticles. 

 

 

II) Barium titanate nanopowder 
 

The BaTiO3 nanopowder is commercially available and named NanoxideTM 

HPB 1000 by TPL, Inc. The typical single-crystalline particle size of BaTiO3 

nanopowder is about 50 nm determined by electron microscopy, see Fig. 2.2. 

The high purity barium titanate powder is used as received.  
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Fig. 2.2 A TEM micrograph is showing the morphology of BaTiO3 nanopar-

ticles. 

 

 
2.1.2 Silicon nitride nanopowders 
 

Two different silicon nitride powders were used, named A and B. The pow-

der A is a conventional nano sized α-Si3N4 powder with crystalline size of 

45±5 nm and α+β-Si3N4 ratio of 2.1% (SN-E10, UBE, Japan). Powder B 

was produced in an equipment using a radio frequency inductively coupled 

N2-plasma to react with fine high-purity Si-powder in the presence of 6 wt% 

Y2O3 (grade fine; H.C. Stark, Goslar, Germany) and 6 wt% Al2O3 (AKP50; 

Sumitomo, Tokyo, Japan), giving a partly amorphous silicon nitride powder 

as determined by X-ray diffraction. The powder had an observed particle 

size of 61±5 nm by EM and a recorded β/(α+β)-Si3N4 crystalline ratio of 

86 %.56 All powders were milled in a planetary ball mill, where powder A 

was added 6 wt% Y2O3 and 6 wt% Al2O3 to achieve the same overall chemi-

cal composition as powder B after milling. The two powders A and B were 

used for the preparation of two sets of samples at the same sintering condi-

tions. 

 

 
2.1.3 Zirconia nanopowder 
 

Commercial 3 mol% yttria-doped zirconia powder (TZ-3Y-E, Tosoh Co., 

Ltd., Tokyo, Japan) was used as starting material without any treatments. 
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The powders is in form of spherical granules ranging 60~120 μm by thermal 

spraying. The powder consists of initial particles of average size of 60 nm 

measured using scanning electron microscopy (SEM) image analysis, see 

Fig. 2.3. 

Fig. 2.3 Morphology of ZrO2 nanoparticles 

 

 

2.2 Spark Plasma Sintering  
 

The consolidation processes of all samples in this study were carried out in a 

SPS apparatus (Dr. Sinter 2050; Sumitomo Coal Mining Co. Ltd., Japan). 

The powder precursors were filled in cylindrical graphite dies and sintered 

under a constant uniaxial mechanical pressure. The used DC pulse sequence 

heating the specimen and die is held constant at 12:2. The temperature is 

measured and regulated by a pyrometer focused on the outside wall of the 

graphite die and automatically regulated above 600°C.34 

     The shrinkage value (ΔL) and the shrinkage rate (ΔL/dt) of each sample 

were recorded directly during the SPS sintering. These data can be used to 

calculate the relative shrinkage (ΔL/L0) and shrinkage rate, defined as 

d(ΔL/L0)/dt, for the continuous assessment of the densification process. In 

the latter expressions L0 denote the thickness of green powder compact with 

applied pressure before heating. 

      SrTiO3 powder precursors were loaded in graphite dies with 12 mm inner 

diameter and 3 mm specimen thickness and heated under a constant me-

chanical pressure of 75 MPa. Two heating rates were set to 50 and 

100°C/min in this study. Systematic sintering experiments were carried out 
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to monitor the grain growth by varying the time and maximum holding tem-

perature in the interval 900 to 1100°C. All specimens were subsequently 

annealed in air at 700°C for 16 hours to remove any carbon contaminations 

present from the graphite dies and to ensure full oxidation. This is a safe 

enough low temperature for avoiding any further grain growth during ther-

mal annealing. 

      Si3N4 powder precursors were filled in graphite dies with a diameter of 

20 mm and sintered under a constant uniaxial mechanical pressure of 50 

MPa. The heating rate was constant, being 100°C/min, starting from 600°C. 

Systematic sintering experiments were carried out by varying the time and 

maximum holding temperature between 1400 to 1650°C to monitor the grain 

growth occurring. 

      Zirconia nanopowder (3Y-TZP) was used for sintering experiments by a 

combinational two-step approach. A first step SPS was just used to achieve 

closed porosity. It was followed by a second step of conventional pressure-

less sintering to complete the final sintering. The first SPS sintering was in a 

vacuum atmosphere less than 6 Pa. The 0.5g powder was loaded into a 

graphite die of 8 mm inner diameter equipped with SiC punches for pressure 

load. A uniaxial pressure of 100 MPa was used and the temperature was 

raised automatically to 600°C in 3 min. The pressure was raised to 300 MPa 

and a heating rate of 50°C/min was used up to 1000°C. The temperature was 

monitored and regulated by an optical pyrometer focused on the surface of 

the graphite die. The SPS samples were hold at 1000°C for 5 min and then 

cooled. The second-step pressureless sintering was carried out in an air fur-

nace with MoSi2 heating elements at a constant heating rate of 10°C/min. 

The partly densified samples by first-step SPS were placed in an alumina 

crucible and sintered in air at 1000
o
C with a maximum soaking time of 30 h.   

         

 
2.3 Characterization 
 

The X-ray diffraction patterns were collected by CuKα-radiation. A subse-

quent Rietveld refinement of the peaks using the Autoquan program (GE 

Inspection Technologies, Ahrensburg, Germany) are used to determine the 

mean crystallite size and the relative content of -Si3N4 in densified samples. 

      The fracture surface, plasma etched surface or Argon ion polished sur-

faces of the sintered ceramic specimens were all examined using a field 

emission SEM (SEM, JSM-7000F, JEOL, Japan). Based on these SEM im-

ages the grain size was analyzed by an image analysis program (DigitalMi-

crograph, Gatan Inc, USA) using the linear intercept method. Polished sur-

faces were prepared using an argon ion milling system (JEOL SM-09010 

cross-section polisher) operated at 5 kV. After ion milling, SEM observation 

is performed without any conductive coating.  
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      The TEM specimens were prepared by using a JEOL Ion Slicer (EM-

09100IS). The microstructure of samples were investigated with a JEOL 

JEM-2100F microscope (200 kV, Cs = 0.5 mm, point resolution 0.19 nm) 

equipped with a Gatan Ultrascan 1000 CCD camera and a JEOL JEM-

2100Lab6 microscope (200 kV, Cs = 1.4 mm, point resolution 0.25 nm) 

equipped with a Gatan SC1000 ORIUS CCD camera. The analysis of TEM 

micrographs was carried out in DigitalMicrograph program (Gatan Inc, 

USA). 
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3. Results and Discussion 
 

 

3.1 Grain growth mechanisms in solid-state-sintered SrTiO3 ceramics 
by SPS  
 

 

3.1.1 Grain growth of SrTiO3 ceramics at high heating rates 
 

A commercial SrTiO3 nanopowder was consolidated by rapid SPS to inves-

tigate the grain growth kinetics. The average particle size was 32nm, as 

seen in Fig. 3.1a. Using a heating rate of 100°C/min, a narrow ―kinetic win-

dow‖ of ~25°C (900-925°C) was determined for sintered microstructures 

without exaggerated grain growth.17 Three types of SrTiO3 ceramics were 

prepared by similar SPS conditions in the temperature interval 900-1000oC. 

The three microstructural morphologies are illustrated by electron microsco-

py in Fig. 3.1; (b) mono-sized grains of ~69 nm consolidated at 900°C; (c) 

highly heterogeneous microstructure with nano-sized grains of ~113 nm and 

micron-sized grains of ~2.9 μm at 950°C; and (d) micron-sized grains of 

~2.7 m consolidated at 1000°C.  

 

Fig. 3.1 SEM and TEM micrographs of the precursor SrTiO3 nano-powder in 

(a) and the three types of SPS consolidated SrTiO3 ceramics in (b-d). (a) ~32 

±8 nm sized crystals with cubic shape; (b) a fracture surface with homoge-

neous nano-sized grains about 69 ±27 nm; (c) a fracture surface with bimod-
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al size distribution of smaller nano-grains (about 113 ±47nm) and larger 

micro-grains (about 2.9 ±1.4μm); (d) a fractured surface with micron-sized 

grains about 2.7 ±1.1μm. See text for further details.  

 

 

      The microstructure of the highly heterogeneous SrTiO3 sample was care-

fully investigated. SEM micrographs reveal an unusual bimodal grain struc-

ture with two groups of well-formed cuboid crystals ~113 nm vs. ~2.9 m, 

as seen in Fig.3.1c. The formation of such a highly heterogeneous micro-

structure indicates very vigorous kinetics occurring within minutes. It may 

be stressed that to form one crystalline grain of 2.9 m size needs more than 

744 thousands of 32 nm sized initial grains.  

      The TEM images show the assembly of nanocrystals in the larger grains, 

see Fig. 3.2a-d. The grain of ~130 nm appears as an aggregation of the initial 

nanocrystals of ~32 nm in Fig. 3.2a). They all have an identical crystallo-

graphic orientation; stacking height corresponds to the size of the initial na-

nocrystals, see the electron diffraction (ED) pattern inserted. This proves that 

the initial nanocrystals acted directly as building blocks and assembled 

themselves along a unifying crystal structure direction. The substantial mass 

transport by crystals movement compared to atom diffusion enabled the rap-

id grain growth. The TEM images reveal other possible ways of aggregation 

of initial nanocrystals by merging into secondary nanocrystals, see Fig. 3.2b. 

Further enlargement can be done in several ways, e.g. by attaching an initial 

nano-crystal and a secondary nano-crystal onto still another secondary nano-

crystal, in Fig. 3.2c. The assembly of nanocrystals even took place on the 

large micron-sized grains. As shown in Fig. 3.2d, the feature of the staircase-

like ―stacking steps‖ and unique ―interfaces‖ (dashed line) reveals the nature 

of coalescence of nanocrystals onto micron-sized grain. Here, the stacking 

height corresponds to the size of the initial nanocrystals and the ―interface‖ 

exists in the interior of micron-sized single-crystal grain. Therefore, coales-

cence or self-assembly of the nanocrystals take place simultaneously on mul-

tiple scales during rapid consolidation of nanocrystals to larger crystals. Here, 

the ―interfaces‖ deriving from surfaces of initial crystallites are termed qua-

si-interfaces in Fig. 3.2. The identical crystallographic orientation of ―initial 

crystallites‖ inside a coarsened grain forms a novel type of ―interface‖ re-

sembling a stacking defect, i.e the quasi-interface. This distinguishes it from 

the well-defined interface which exists between two crystals with distinct 

crystallographic orientations or chemical compositions.  
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Fig. 3.2 TEM images showing the microstructure of a SrTiO3 ceramic sam-

ple sintered at 950°C by SPS. (a) The micrograph discloses the ordered coa-

lescences of initial SrTiO3 cubic nanocrystals into a larger grain. The ED 

pattern shows a perfect single-crystal signature from the large grain, see the 

inserted image. The ―slightly melted‖ morphology within the high-lighted 

inter-grown block indicates that slight surface melting occurred on the initial 

cubic nanocrystals. (b) The micrograph shows two secondary nano-grains 

(135nm×62nm and 135nm×60nm) coalesced with an intracrystal interface 

seen at the joint (down-right inset is the Fast-Fourier-Transform diffraction 

pattern). The interface involves a high number of lattice defects. (c) One 

initial SrTiO3 crystal (29 nm) is attached to a secondary SrTiO3 grain (134 

nm). (d) The staircase-like growth steps on the surface of larger micron-

sized grain. The heights of steps (30-40 nm) correspond to the size of initial 

SrTiO3 crystals. A high resolution TEM image is inserted with the intracrys-

tal interface (dash line) indicated at the step. 

 

 

The assembling and coalescence of nanocrystals were also seen by SEM 

micrographs, as shown in Fig. 3a-b. The coalescences occurring among na-

nocrystals and the assembling of nanocrystals onto micron-sized crystals are 

visible in Fig. 3.3a and Fig. 3.3b, respectively.  
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Fig. 3.3 SEM micrographs expose multiple ordered coalescences of nano-

crystals in a solid-state situation. (a) The initial-stage morphology of nano-

crystals is shown with blue lines.  (b) A coarsened grain with nano-scale 

stacking steps. 

 

 

3.1.1.1 Grain growth  by ordered coalescence of nanocrystals 
 

The microstructural observations above revealed a novel grain growth me-

chanism occurring during the rapid SPS consolidation of nanopowders. It 

will be called ordered coalescence of nanocrystals. The well faceted and 

cuboidal grain morphologies tell that ordered coalescence takes place in a 

coherent and coordinated manner to decrease the total surface energy. The 

ordered coalescence of several nanocrystals with random orientation allows 

them to form a larger, still cuboidal grain with single crystal signature, see 

Fig. 3.2a. Nanocrystals can even migrate and coalesce onto much larger 

grains as seen by the formation of the staircase-like steps, see Fig. 3.2d and 

Fig, 3.3b. With the new grain growth mechanism, nano-sized crystallites act 

as building blocks besides atoms and ions. It involves intensive particle rear-

rangement and ordered coalescences of numerous nanocrystals on multiple 

scales. This behavior appears comparable to the self-assembly of nanocrys-

tals occurring in solution or colloid systems.57 However, the multiple ordered 

coalescences of nanocrystals observed here took place in solid-state sintering, 
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i.e. under very constrained conditions. Crystalline grains in powder com-

pacts with almost closed packed particles have very limited free space and 

contact each other with random orientations, see Fig.1.1. It is normally ac-

cepted that the grains are commonly considered to be stationary in such con-

ditions and the grain growth and densification process are achieved by atom-

ic mass transfer, i.e. atom or ion diffusion.  

      In classical sintering theory, the grain coalescence is proposed to occur 

only between grains with low-angle contacts and where a liquid phase is 

present.2 It has been addressed that such process, though with a small proba-

bility, has to be accomplished by boundary migration or surface diffusion.3 

Grain rotation and coalescence of single grain was experimentally observed 

in thin metal films during annealing.58,59 Theoretical model based on these 

observations was developed for understanding the process of grain rotation 

and coalescence.60-62 It assumes that the grain rotation is driven by the ag-

gregate energy gradient of grain boundaries surrounding individual grains 

and is controlled by atomic boundary diffusion. It was shown that the rota-

tion rate decreased with the decrease of misorientation.63 The probability of 

rotation decreased sharply with the formation of a low-angle grain boundary 

of low energy.62 A common experimental observation is that the initial 

boundaries seldom disappeared completely.2 It means that the grain rotation 

controlled by atomic diffusion is the consequence of the change of high-

energy boundaries to low-energy low-angle boundaries. This suggests that 

the grain rotation is the natural concomitant of atomic boundary or lattice 

diffusions. Since grain rotation and coalescence is based on atom diffusions, 

the grain shape would be changed from faceted to round shape to facilitate 

the rotation. In this work, we observed that SrTiO3 nanocrystals kept the 

initial cuboidal morphology during the ordered coalescence process to form 

micro-sized crystals. Grain growth by ordered coalescence differs signifi-

cantly from the classic grain growth mechanism and this high-light the dis-

covery of an important new process. Ordered coalescence has to be consi-

dered in developing sintering theories and to be used cleverly in SPS mod-

ulation of new structures. 

      A sketch illustrating the principle of grain growth by multiple ordered 

coalescence is shown in Fig. 3.4. The process uses the primary nanocrystals, 

secondary nanocrystals or simultaneously primary and secondary nanocrys-

tals as building blocks for grain growth cf. Fig. 3.2a/2d, Fig. 3.2b and Fig. 

3.2c, respectively. During the ordered coalescence process intensive re-

arrangement and re-orientation of nanocrystals takes place. The cuboidal 

morphology of the coarsened grains and staircase-like contour of micron-

sized grains reveal the assembly nature of nanocrystals onto the surfaces of 

larger grains; see Fig. 3.1c and Fig. 3.2d.  
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Fig. 3.4 The novel grain growth mechanism based on multiple ordered coa-

lescence is schematically illustrated. This grain growth process involves 

ordered coalescences of numerous nanocrystals in multiple scales during 

rapid solid-state sintering of polycrystalline materials. Building block for 

coalescence can be both initial grains and secondary grains. Two circles 

represent the powder compact (upper left) and sintered polycrystalline ma-

terial (upper right). The arrows indicate the crystal orientation and black 

lines in right circle represent the grain boundaries 

 

 

       With the ordered coalescence mechanism any imperfect coalescence of 

initial nanocrystals would give rise to various defects and quasi-interfaces 

inside larger grains of single crystal nature.  Indeed, such lattice defects as 

dislocations or arrays of vacancies are observed in high resolution HRTEM 

image, see Fig. 3.5. The presence of oxygen vacancies at the grain bounda-

ries of SrTiO3 ceramics has been observed previously.57 This is different 

from what we observed in the present case. The numerous vacancy arrays 

appearing as quasi-interface inside coarsened grains may result from the 

non-stoichiometric ratio of atoms at the surface of nanocrystals, cf. Fig. 3.5c. 

By the ordered coalescence mechanism ―functional hetero-structures‖ can be 

generated deep within crystalline grains. The formation of quasi-interfaces 

provides a tool for implementing a novel interface-engineering concept in 

polycrystalline materials.  

 

 



 25 

3.1.1.2 Activation of grain motions  
 

Vigorous driving forces are needed to facilitate the rapid ordered coales-

cence of nanocrystals. The energy barriers for unifying the crystallography 

orientations have to be overcome by intensive re-arrangement and coherent 

orientation of nanocrystals. It indicates that the nano-sized crystalline grains 

are very mobile at elevated temperature and it is also necessary to suppress 

any neck growth between connecting nanocrystals in the early stages of sin-

tering.  Usually, necks are formed at the contacting points of the adjacent 

grains during sintering according to the classical sintering theory.59  

      In present work, the SPS densification of SrTiO3 nanopowder was con-

ducted using high heating rate of 50°C/min. The nanopowder compact was 

brought up to high sintering temperature within a very short time (a few 

minutes). Therefore, necks did not form by atom diffusion before the nano-

crystals attained their high mobility. At elevated temperature this rapid grain 

motion, analogous to Brownian motion, would create the necessary driving 

force for ordered coalescence. Another factor is the high local temperature 

gradient generating rapid bounce and movement. This is analogous to ther-

mophoretic force experienced by an aerosol particle at the presence of a 

temperature gradient.64 To describe the intensity of grain motions, the equi-

partition theorem (or equilibrium of energy) is introduced to estimate the 

average velocity at holding stage of sintering, assuming this stage is in ther-

mal equilibrium.65 Thus, the velocity of grain motion can be calculated by 

using the following equation (3.1): 

3 B
rms

k T
v

m
                     (3.1) 

 Here, rmsv ,T , m and Bk are root mean square speed, temperature, mass of 

grain and Boltzmann constant, respectively. At the sintering condition the 

velocity is equal to 55 cm/s for a 32 nm grain and 950°C. This explains the 

intensive thermal motion of nanocrystals. The movement of nanocrystals in 

aggregated oxide nanoparticles was observed earlier by using in situ TEM at 

elevated temperature.66 Such rapid motion would enable nanocrystals to 

contact each other at high frequency inside the limited space of compacted 

powders and accommodate the correct crystallographic orientation to facili-

tate ordered coalescence. Applied pressure may increase contacting frequen-

cy of nanocrystals by confining the local space. The applied external electric 

field will have no influence on ordered coalescence due to the isotropic 

SrTiO3 crystallites with high-symmetry cubic shape. 

 

 
3.1.1.3 Effects of premelting 
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Premelting of nanocrystals is supposed to play an important role in the or-

dered coalescence process. The formed quasi-liquid layer on nanocrystals 

acts as a ―lubricant‖ for enabling the mobility leading to rapid densification. 

It yields a stable quasi-liquid film on the surface of crystalline solids just 

below the solids melting temperature, which is an energy-favorable state for 

all solids under thermodynamic equilibrium condition, see Fig.1.2.67 The 

phenomenon has been systematically studied on ice.12 During SPS it has 

been reported that the pulsed electric current may contribute to surface melt-

ing.8 The quasi-liquid layers on adjacent nanocrystals form quasi-liquid in-

terfaces that would re-crystallize to decrease the total energy after ordered 

coalescence and yield quasi-interfaces. The occurrence of such a premelting 

can be seen in STEM images. A slight surface melting morphology can be 

seen with slight rounded edges of initial nanocrystals inside the coarsened 

grains as shown in Fig. 3.2a-b. By HRTEM the recrystallized quasi-liquid 

interface was seen as a ~4 nm width quasi-interface inside an enlarged grain, 

see Fig. 3.5b. This process of recrystallization may yield a torque helping to 

match crystalline lattices for ordered coalescence besides reducing overall 

energy. 
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Fig. 3.5 HRTEM images illustrating the microstructures of intracrystal inter-

faces found at the seams of coalesced crystals. (a) HRTEM micrograph of a 

quadric-junction reveals the edge dislocation due to imperfect ordered coa-
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lescence of nanocrystals, see arrowheads marks shown in the IFFT images i, 

ii and iii. (IFFT refers to Inverse Fast-Fourier-Transform). (b) An intracrys-

tal interface with a ~4nm width crystallized zone in the grain structure. The 

use of an IFFT image on the (200) plane (right) discloses two opposite edge 

dislocations inside the interface. (c) An intracrystal interface reveals two 

arrays of vacancies at the shared interface. The sharp intensity contrast at the 

interface in the IFFT image (inserted image) show the vacancy rows (arrow-

heads mark). See text for more details. 

     

 

      A high concentration of vacancy arrays is observed inside a coarsened 

grain of single-crystal nature, as shown in Fig. 3.6a-b. These vacancy arrays 

appear as quasi-interfaces. The lattice image of a vacancy array is revealed 

by the HRTEM image shown in Fig. 3.6b. The missing atoms at the ―inter-

face‖ should be O (oxygen) and Ti (titanium) columns or O (oxygen) and Sr 

(strontium) columns according to HRTEM image contrast (Fig. 3.6b) and the 

crystal structure (inset in the up right corner in Fig. 3.6b). These quasi-

interfaces are originated from the ordered coalescence of SrTiO3 nanocrys-

tals with non-stoichiometric rate of terminal atoms at the surface. They can 

be distinguished from the stacking faults or dislocations which form during 

crystal growth by atomic diffusion mechanisms. 
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Fig. 3.6 Vacancy arrays appearing as quasi-interfaces. a) TEM micrograph 

of a coarsened grain with high concentration of vacancy arrays. b) HRTEM 

image shows an array of vacancies. 

 

 

      Premelting of crystal surface is also supposed to facilitate the mobility of 

surface atoms and this process is strongly crystal-face dependent.68 This 

suggests that the morphology and surface activity of the initial nanocrystals 

also affect atom diffusion. In the present case, the cubic morphology of ini-

tial SrTiO3 nanocrystals (Fig. 3.1a) was close to its equilibrium crystallo-

graphic shape (ECS) at high temperature.13 It means that the surfaces of ini-

tial cubic shaped nanocrystals were the {100} crystal planes that carries low-

er surface energy than any other shaped particles with an identical volume. 

The lower atomic mobility on (100) planes retards the neck growth connect-

ing and anchoring crystals and this favors the free mobility of nano-grains at 

elevated temperatures. This clearly suggests that the crystal morphology and 

its surface activity of the initial nanocrystals influence on the occurrence of 

an ordered coalescence process. 
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3.1.1.4 Grain growth behavior by ordered coalescence of nanocrystals 
 

The temperature - grain size dependence curves of SrTiO3 nanopowder sin-

tered at high heating rates of 50°C/min 69 and of 100°C/min do not obey the 

classical temperature-dependent Arrhenius law, Fig. 3.7. The curves have 

two platforms of stagnant growth. The grain size retains in nano-scale at the 

first platform ≤950°C and then rapidly increases to micron-scale at second 

platform. The grain sizes stagnate at the sintering temperature from 950°C 

up to 1100°C.  

 

 

Fig. 3.7 The grain size plotted versus temperatures for a SrTiO3 ceramic 

sintered at 100°C/min. It reveals two platforms of stagnant growth which 

distinguishes the growth behavior by ordered coalescence from that of clas-

sical atomic epitaxial growth. 

 

 

      To understand grain growth behavior observed using the SPS at high 

heating rate the role of thermal motion of nanocrystals and their premelting 

is further discussed. For a compacted SrTiO3 body the particles are confined 

in a limited space to contact each other randomly. This makes the mechan-

ism of ordered coalescence during sintering different from the established 

mechanism of oriented attachment seen for the crystals growth in solutions. 

In the latter case the building species are much freer to move.70 Activation of 

grain motion in solid-state circumstance is a crucial condition to achieve 

ordered coalescence. During SPS of compacted nanopowders to high tem-

perature both atomic diffusion and thermal motion of the crystallites can be 

activated simultaneously. In classical sintering theory, the thermal motion of 
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individual crystalline grains is seldom considered, namely grains are com-

monly considered to be stationary at powder compact, mainly because of the 

confined space and neck growth between the adjacent grains, especially at 

high dense stage like the final stage of sintering.  

 

 

Fig. 3.8 Calculated velocity of thermal motion of different nanoparticles 

plotted versus the particle size at three temperatures, 900, 1000 and 1100°C.  

Note that the effect of reduced particle size on the speed is much more pro-

nounces than that of temperature. The intensive nanoparticles thermal mo-

tions may initiate ordered coalescence and account for the rapid densifica-

tion often observed using SPS. 

 

 

The influences of grain-size and temperature on the particles thermal motion 

are calculated by using equation 3.1. The temperature is raised by furnace 

heating and the results at 900-1100°C are presented in Fig. 3.8. The influ-

ence of temperature on the velocity of particles thermal motion is revealed to 

be much weaker than that of particle size. The velocity of particles thermal 

motion reduces by orders of magnitude when the particle size increases from 

<50 nm to micron-sized grains. It indicates that the particle size plays a do-

minant role in thermal motion and in influencing ordered coalescence. It 

should be noted the velocity of a particle thermal motion ought to be slower 

due to the friction generated by the contacting points and/or any viscous drag 

of formed necks during sintering.  
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      The high densification discontinuity of SrTiO3 nanopowder achieved 

above ~900°C reveals that the particle motion may not be sufficient at lower 

temperatures for ordered coalescence, as shown in Fig. 3.1b. Drastic SrTiO3 

grain growth by ordered coalescence occurs only above 950°C. Similar grain 

growth behavior was also reported in other materials.17 This seems to indi-

cate that there are two critical temperatures responding for the process of 

densification by grain motion and for the process of drastic grain growth by 

ordered coalescence. These critical temperatures may to a large extent be 

influenced by the phenomena of premelting. 71  

      The thickness of such a quasi-liquid layer on individual grains depends 

on the temperature and the melting point of the material.72 The quasi-liquid 

layer on individual grains may stimulate neck growth by the atom diffusion 

using low heating rates. By high heating rate the neck growth is suppressed 

by shortening the possible time for atom diffusion. When reaching high tem-

peratures rapidly (by SPS), the premelting might act as a lubricant to reduce 

the friction of the contacting points. The results are improvement of the mo-

bility of individual grains and closer packing.  The quasi-liquid layer pro-

motes also the alignment of crystallographic directions of crystallites during 

their coalescence process.69 

      The thickness of the quasi-liquid layer reduces with the increase of grain 

size because of the size-dependant melting point (Tm) and this affects sec-

ondary grains with increasing size. Consequently, the fast decline of grain 

motion by increased size and the reduction of the quasi-liquid layer might 

result in the observed stagnant growth of micron-sized grains.  A second 

platform of stagnant growth for micron grains is observed between 950 and 

1100°C, as illustrated in Fig. 3.7.  

       Abnormal grain growth based on ordered coalescence mechanism at 

950°C is related to the grain size distribution. The group of smaller grains 

having higher velocity of thermal motion and earlier premelting than that of 

larger grains would obtain preferential grain growth by ordered coalescence, 

as shown in Fig. 1.3. This trend is contrary to that of Oswald ripening me-

chanism in which larger grains are preferential to grow during sintering.73  

       In summary, we have presented a novel grain growth phenomenon. It is 

ordered coalescence of nanocrystals. The grain growth by this mechanism 

does not follow a simple temperature-dependent law and platforms of stag-

nant growth can appear. This mechanism involves nano- and submicron-

sized grains when suitable SPS conditions as temperature, heating rate and 

crystalline shapes are satisfied. In contrast to the atomic diffusions based 

classic grain growth theory the observed novel mechanism relies on multiple 

ordered coalescence. It is promoted strongly by grain motions. The equili-

brium crystal shape and surface premelting are also addressed to influence 

on such ordered coalescence mechanism. The ordered coalescence makes it 

feasible to implement interfacial engineering in bulk polycrystalline mate-

rials at a deeper microstructure level. 
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3.1.2 Grain growth of SrTiO3 ceramics at low heating rate 
 

 

3.1.2.1 Grain growth behaviors by classical 2D-nucleation 
 

The grain growth behavior of SrTiO3 nanopowder sintered at low heating 

rates reveals the obvious temperature-dependent curve of grain growth, as 

shown in Fig. 3.9. It indicates abnormal grain growth occurring with bimod-

al grain size distribution at ~1000°C and mono-modal grain structure at 

higher temperature. 

       

 

Fig. 3.9 Grain size plotted versus temperatures for a SrTiO3 ceramic sintered 

at 10°C/min.  

 

 

      The fracture of the samples sintered with a low heating rate (10°C/min) 

gave transgranular fracture surfaces.  An SEM micrograph exposed at high 

magnification is shown in Fig. 3.10. Nanoscale terraces and steps are inter-

preted as the growth steps of atomic epitaxial growth. Crystalline cuboid 

grains are observed on the fracture surface.  
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Fig. 3.10 High resolution SEM images from the fracture surface of a sample 

sintered with a heating rate of 10°C/min and kept for 3 min at 1000°C. 

Growth terraces and steps by atom epitaxial growth are visible besides the 

entrapped micro-pores and crystalline inclusions inside the coarsened grains. 

 

 

     In the same micrograph some very small pores and particle inclusions are 

observable. The pore-boundary separation might occur when the boundary 

migration rate is accelerated during the applied sintering condition. The well 

faceted cuboid morphology inclusions and the nanoscale terraces and steps 

suggest that a two dimensional (2D) nucleation process may rule the grain 
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growth at low heating rate. This experimental observation is analyzed by 

using 2D nucleation model as follows. 

      For a 2D nucleation of a square disk on a flat surface of cuboid grain, the 

free energy change is written as 74 

 
24 dG l l h G                                                                       (3.2) 

 

where,  , l  and h  are the step energy, the length of square disk and the 

atom-scale step height of square disk, respectively. dG  is the chemical 

potential (energy per volume) of the square disk nucleation on the surface, 

which is the dynamic driving force for grain growth. If n and nr are defined 

as the surface energy of n  facet and the distance of the center of equilibrium 

shape to n  facet, /n nr  is constant, according to the Wulff Theorem.75 For 

the cuboid grains with equilibrium shape, /n nr can be written as / R  

(here, and R  as surface energy and grain size). Then the surface chemical 

potential difference dG  between adjacent grains can be expressed as fol-

lows: 
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 iR , jR and ijR   are the size of i  grain, the size of j  grain and the size dif-

ference between adjacent grains of i grain and j  grain, respectively.  is the 

surface energy of a cuboid grain with equilibrium shape. Then, the critical 

growth barrier of cuboid grains can be given as 
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                                                                (3.4). 

R and R are grain size and size difference between adjacent grains, respec-

tively.  

      The classical nucleation rate expression     

 

is used to estimate the grain growth rate of cuboid nanocrystals.  

   
2 22 ( )

exp( )
dR R R R

h I hA
dt kT h R





 
   


                                                      (3.5). 

where, A  is the pre-factor which has a value estimated as 1.0×1031 (m2.s)-1 76. 

This equation indicates that the growth rate determined by 2D-nucleation 

depends on the step energy , grain size R , and temperature and size distri-

bution of the adjacent grains R . The driving force of grain growth 

dG originates from the local chemical potential differences between the 

neighboring grains, as shown in Eq. 3.3.  
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Fig. 3.11 Grain size distribution plotted versus the sintering temperature 

when a heating rate of 10°C/min is applied in (a). The calculated grain 

growth rates based on the model of 2D nucleation with experimental data are 

plotted versus the size difference (R) of the adjacent grains in (b). 

 

 

      At a low heating rate the SrTiO3 grains grow slowly and keep their na-

noscale size up to 950°C, as shown in Fig. 3.11a. By low sintering tempera-

tures the grain size distribution remains as a monomodal type, though broa-

dening slightly with temperature. Abnormal grain growth occurs in a matrix 

of nano-sized grains at ~1000°C, which leads to the formation of a bimodal 

type of grain size distribution.  

      To understand the origin of such an abnormal grain growth, the grain 

growth rates are calculated by using Eq. 3.5 and applying the characteristic 

values, A =1.0×1031 (m2.s)-1, h =1×10-10 m,  =0.1 J/m2, k = 1.38×10-23 J/K. 

The step energy  is proportional to h  with a coefficient C (where 

0≤C≤1).77 Based on the experimental data of grain sizes; the grain growth 

rates are calculated and plotted versus R  in Fig. 3.11b. Here, the maxi-

mum R is less than 16 nm according to the starting powder. The results 

reveal an exponential increase of the growth rate by 2D nucleation. For the 
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samples sintered below 1000°C, low grain growth rates in whole R  range 

are expected despite a relative rapid increase in growth rate when R is 

above 13 nm. This accounts for the slow grain growth behavior of SrTiO3 

nanopowder to retain the grain sizes in the samples sintered at 900°C and 

950°C. The relative rapid growth of the minor grains, when R is above 13 

nm, results in the broadening of grain size distribution.  

      For the sample sintered at 1000°C, drastic increase in grain growth rate is 

seen when R is above 11 nm, yielding the abnormal grain growth, cf. 

Fig.3.11b. Those adjacent grains with R less than 11 nm are resistant to 

growth and remain in a nanoscale matrix at 1000°C. Such a general view of 

the growth rate accounts well for the experimental observation shown in Fig. 

3.11a, i.e. almost stagnant growth for the majority of grains whereas rapid 

growth for a small group of grains. 

      The step energy  of 2D nucleation is another important parameter that 

influences the grain growth behaviors. The simulation analyses indicated 

that the change of step energy may result in distinct grain growth behaviors. 
78,79 The calculation based on experimental data (results plotted in Fig.3.11b) 

also reveals that a slight decrease in step energy   from 950°C to 1000°C 

leads to the reduction in critical R  required for grain growth. It also induc-

es the sharp rise in grain growth rate which results in the abnormal growth of 

a minority of grains at 1000°C. The further reduction in step energy leads to 

the disappearance of the bimodal distribution of grain size, such as in the 

sample sintered at 1050°C, cf. Fig. 3.9. This trend is consistent with the si-

mulation analyses.78,79   

      In summary, the grain growth in samples sintered with a low heating rate 

of 10°C/min is proven to be dominated by atom epitaxial growth with 2D 

nucleation as a rate determining step. The calculated relations presented in 

Fig.3.11b reveal that the grain growth rate depends strongly on the value 

of R , i.e. the size difference between the adjacent grains and step energy . 

It means that a narrow grain size distribution, corresponding to a small value 

of R , suppress the grain growth determined by 2D nucleation. It also sug-

gests that the step energy appears a nonlinear and temperature-dependent 

parameter. 

 

 
3.1.3 Competitive grain growth mechanisms determined by heating 
rates 
 

The grain growth has a temperature-dependent behavior for the samples 

sintered with a heating rate of 10°C/min, i.e. it is accelerated by elevated 

temperature. In contrast, the grain growth shows a temperature-independent 

behavior for the SPS samples sintered with a very high heating rate of 

100°C/min. SPS appears to have a stagnant growth between 950 and 1100°C. 

This striking difference of temperature-dependence suggests that two differ-
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ent grain growth mechanisms rule at different heating rates. The observed 

grain sizes and sample densities at two different heating rates, 10°C/min or 

100°C/min, are plotted versus the sintering temperature in Fig. 3.12. No 

obvious difference in density can be observed in two groups of samples sin-

tered at the same sintering temperature with two different heating rates. A 

distinct difference of the microstructural development exists between two set 

of samples, whereas the density remain ~97-8 %TD, cf. Fig. 3.12.  

      For the samples sintered with the lower heating rate (10°C/min), the 

grain size retains in nano-scale with almost no grain growth up to 1000°C, 

where abnormal grain growth start to occur resulting in a bimodal grain size 

distribution. A small number of ―abnormally‖ coarsened ~6.7 μm grains 

coexist within a matrix of nanocrystals. This and other microstructural 

changes are described in more detail in the text-section below describing the 

series of SEM micrographs in Fig. 3.13. With the low heating rate SPS a 

further raised sintering temperature by only 50°C to 1050°C promotes a gen-

eral rapid grain growth yielding a monomodal-like ~15μm grain distribution. 

For the other series of SPS samples, sintered at the very high heating rate 

(100°C/min), the ―abnormal‖ grain growth of grains in a matrix of nanocrys-

tals is initiated already at 950°C. This behavior results in a bimodal grain 

distribution with ~4 μm grains coexisting with residual nano-grains. Still 

raising the sintering temperature to 1000°C or higher consumes remaining 

nano-grains, but does not promote further grain growth of the large grains, 

see Fig. 3.13g-i.  

 

  Fig. 3.12 A diagram comparing the observed SrTiO3 grain sizes and the 

growth behaviors induced by using different heating rates at the sintering, cf. 

the text and Fig. 3.13. 
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      The SEM micrographs of the sintered samples are summarized in Fig. 

3.13a-i. At 900°C, a nano-sized grain structure of average size ~62nm is 

preserved in samples sintered with both slow and rapid sintering rate, see Fig, 

3.13a and 3.13e. Such a homogeneous microstructure of nano-gains remains 

with a low hearting rate (10°C/min) to 950°C, as illustrated in Fig. 3.13b. 

When the much higher heating rate (100°C/min) is applied to this tempera-

ture, a rapid grain growth is initiated, see the SEM micrograph in Fig. 3.13f. 

A heterogeneous microstructure is seen consisting of coarse ~4 μm grains 

distributed in a matrix of ~74 nm grains. At the 50°C higher temperature 

1000°C a clear difference between the two heating rates is found, cf. the 

SEM micrographs in Fig. 3.13c and 3.13g for 10 and 100°C/min, respective-

ly. At low rate, the majority of grains slowly grow to an average size of  ~98 

nm except for a small number of grains that rapidly grow up to ~6.7 μm. The 

large grains develop a well-faceted morphology, see Fig. 3.13c. In contrast, a 

homogeneous microstructure is restored in the sample sintered with a high 

heating rate consisting of grains of average size ~4μm and a monomodal size 

distribution, see Fig. 3.13g. At 1050°C, a homogeneous microstructure with 

monomodal grain size distribution is observed in both series sintered with 

different heating rate see Fig. 3.13d and 3.13h. A noteworthy difference is 

that the average grain size of high heating rate and low heating rate is ~4 μm 

and ~15 μm, respectively. The grain size of the high-rate sintering will not 

change further at 1100°C, as shown in Fig. 3.13i. 
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Fig. 3.13 SEM micrographs exposed on the polished surfaces of dense 

SrTiO3 ceramics sintered at 50°C steps in the interval 900°C to 1100°C for 3 



 41 

min under 75MPa. The heating rate is either slow at 10°C/min (a)-(d) or 

rapid at 100°C/min (e)-(i). See the text for a detailed description. 

 

 

       SEM micrographs were exposed upon all fractured surfaces of sintered 

samples. Two typical microstructures are shown in Fig. 3.14. Besides a dis-

tinctive formation of well-faceted grains, it seems obvious that the fracture 

surface of the sample sintered with a slow heating rate of 10°C/min is much 

flatter than that of the sample sintered with a high heating rate of 100°C/min, 

see Fig. 3.14a and 3.14b. This observation indicates that the transgranular 

type of fracture dominates in the former case whereas the intergranular type 

of fracture contributes to the later case.  
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Fig. 3.14 SEM fractograpy of two dense SrTiO3 ceramics sintered for 3 min. 

(a) at 1000°C with a heating rate of 10°C/min. (b) at 950°C with a heating 

rate of 100°C/min. The fracture surfaces reveal that the the crack path 

proceeds mainly transgranular or intergranular in the former and later case, 

respectively. 

 

 

  As discussed above, the grain growth kinetics may be determined either 

by 2D nucleation or by ordered coalescence. The intrinsic reason for this can 

be ascribed to the competition between the firm particle neck growth by 

atomic diffusion and the thermally activated grain motion during sintering. 

The neck growth sharply increase the viscous drag among adjacent grains 

and suppresses the grains thermal motion, as observed in the samples sin-

tered with a low heating rate of 10°C /min. In contrast, the rapid activation of 

high grain motion with a heating rate of 100°C /min bypasses the neck 

growth by forming only temporary contact points. This is confirmed by the 

observed fractography behavior, which is dominated by transgranular frac-

ture or by intergranular fracture in the samples sintered with a low respec-

tively high heating rate. It confirms the formation of strong necks in the for-

mer case and of weak necks in the latter case, as shown in Fig. 3.14a-b. Such 

a competition criterion suggests that the grain growth by ordered coales-

cence must take place prior to the pronounced neck growth or the grain 

growth by atomic diffusions. 
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       Samples were sintered at 950°C for 3 min with two different heating 

schedules, No. 1 and No. 2 described in Fig. 3.15a. The heating schedule No. 

1 had a short holding step at 900°C for 3 min before reaching the final sinter-

ing temperature, whereas the other samples directly reached sintering tem-

perature at 950°C. It is intriguing to observe by SEM studies that the grains 

in the sample sintered with the heating schedule 1 keep their sizes in nano-

scale, as seen in the SEM micrograph Fig. 3.15b. The ordered coalescence 

mechanism does not act in this sample. The holding at 900°C for 3 minutes 

(schedule 1) leads to increase of the packing density up to 96.6 %TD and 

also to the growth of necks among adjacent grains. The generated firm neck 

growth will hinder the grain motion and the grain growth by ordered coales-

cence at 950°C. The ordered coalescence mechanism acts for the sample 

sintered with the heating schedule 2 direct to 950°C. This observation veri-

fies the importance of the activation of grain motion in achieving ordered 

coalescence. 
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Fig. 3.15 (a) Two SPS heating charts for the SrTiO3 nanopowders are illu-

strated and discussed in the text. Heating schedule No. 1 contains a short (3 

min) hold at 50°C below the finial soaking temperature (950°C), whereas 

schedule No. 2 is a direct heating to final soaking temperature. (b) The SEM 

images show that a nano-grained structure is obtained in the sample sintered 

according schema No. 1. The sample following scheme No. 2 has a micron-

grained structure that is shown elsewhere, cf. Fig. 3.13. 

 

 

      In summary, the results tell that the heating rate determines the grain 

growth mechanisms of SrTiO3 nanocrystals. Applying a low heating rate 

(10°C/min) results in grain growth dominated by atomic epitaxial growth via 

two dimensional (2D) nucleation, whereas high heating rates (≥50°C/min) 

yields grain growth by ordered coalescence. The origin is the competition 

between the rapid activation of grain motion and the possibility of forming a 

firm anchoring necks between grains. High heating rate by SPS passing the 

temperature zone with activated atom diffusion is detrimental and a simple 

experiment proved that even a short hold in this zone changed grain growth 

behavior. 

        

 

3.2 SrTiO3-BaTiO3 solid solution with mosaic-like structure 
 

Perovskite materials have been extensively investigated for several decades 

due to outstanding chemical and physical properties. BaTiO3, SrTiO3 and 

Sr1-xBaxTiO3 solid solution are probably the most studied perovskite ceram-
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ics since early 1950s. In particular, there have been a number of publications 

on the Sr1-xBaxTiO3 solid solution due to its tunable electric properties by 

varying the x value.40-42 Ceramics based on Sr1-xBaxTiO3 solid solution are 

usually prepared by consolidating either the solid solution powder or a reac-

tion sintering of BaTiO3 and SrTiO3 blended powders. We report below a 

new path of fabricating Sr1-xBaxTiO3 solid solution via ordered coalescence.  

       A solid Sr1-xBaxTiO3 nano-composite with varying x-value can be pre-

pared directly from blended BaTiO3 and SrTiO3 nano-powders mixtures 

consolidated via rapid SPS to high temperature, but careful electron micro-

scopy showed that only a small temperature zone existed. Samples heated by 

SPS to 900°C gave evidence of poor reaction as the SEM-BEI micrographs 

of sintered materials contain unreacted BaTiO3 and SrTiO3 nano-grains, see 

Fig. 3.16. The BEI image contrast differences reflects the distribution of the 

elements Ba and Sr. The Sr1-xBaxTiO3 solid solution does not form due to the 

existence of stagnant growth platform of the original BaTiO3 and SrTiO3 

nano-sized grains, named ―kinetics window‖.17  

  

Fig. 3.16 SEM-BEI micrograph of BaTiO3 and SrTiO3 composite without 

any formed Sr1-xBaxTiO3 solid solution by SPS at 900°C. The gray, dark 

gray and black areas represent BaTiO3 grains, SrTiO3 grains and pores (ar-

row), respectively. 

         

 

      The Sr1-xBaxTiO3 formation occurs by SPS when the sintering tempera-

ture reaches 950°C. The SEM-BEI micrograph of samples reveals that the 

grain size increased from nano-scale to micro-scale by SPS and holding for a 

few minutes at 950°C, as shown in Fig. 3.17. The two elements Sr and Ba 
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appear distributed fairly even. The grains show a wide size distribution and 

the material is dense with mostly smaller pores present. The lack of image 

contrast of the larger micron-sized grains indicates either the formation of a 

Sr1-xBaxTiO3 solid solution or a close intermixes of nano-crystallite building 

blocks.  

 

Fig. 3.17 SEM-BEI micrograph of a SPS sample at 950°C for 3 min shows a 

wide grain size distribution. Larger micron grains with homogeneous con-

trast indicate uniform chemical composition, which may result from the for-

mation of a Sr1-xBaxTiO3 solid solution, cf. text. 

 

 

The feature of grain growth at 950°C suggest a non-classical formation me-

chanism in contrast to the regular ion diffusion/reaction80 or solu-

tion/precipitation process.81 Careful studies of the SEM-BEI images indicate 

that the large grains are formed by ordered coalescence, as demonstrated in 

Fig. 3.18 (by the high-lighted square box). Thus, individual crystallites of 

BaTiO3 and SrTiO3 are the building blocks. Although the large ―solid solu-

tion‖ grains appears to have the overall composition Sr1-xBaxTiO3 by its lack 

of BEI contrast, an examination on nano-scale level reveal element ordering. 

STEM observations at the growth front of these large grains confirm that 

nano-sized crystallites build these larger grains.  
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Fig. 3.18 SEM-BEI micrograph reveals the proceeding ordered coalescence 

of a large Sr1-xBaxTiO3 ―solid solution‖ grain. The arrow points towards the 

crystal plane of ongoing growth. The square box marks a crystallite adding 

to the growth front resulting in a larger mosaic-like crystal, cf. text. 

              

 

A further high resolution STEM microstructural characterization of the ―sol-

id solution‖ grains reveals a mosaic-like structure of composition within the 

grain rather than a solid solution, as clearly illustrated in Fig. 3.19a-b.  
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Fig. 3.19 STEM micrographs showing the new mosaic-like nano-structure of 

different chemical composition found inside two solid solution grains of 

different size. a) Illustrates the mosaic BaTiO3 and SrTiO3 crystallite micro-

structure within a nano-sized single-crystal grain and b) is the microstructure 

of submicron-sized single-crystal ―solid solution‖ grain, where BT and ST 

denote BaTiO3 and SrTiO3.  

 

 

The STEM micrographs proved that nano-sized ―solid solution‖ grains com-

prise several smaller BaTiO3 and SrTiO3 crystallites, see Fig. 3.19a. This 

new ―solid solution‖ grains with a mosaic-like structure of different chemi-

cal composition are numerously found in the sample sintered at 950°C. 

Therefore, all large Sr1-xBaxTiO3 grains have similar mosaic-like structure of 

chemical composition. Several SrTiO3 grains (the region within red dotted 

line) are inter-grown inside BaTiO3 grains, as shown in Fig. 3.19b. 

     The microstructural observations show that solid solution grains with 

mosaic-like structure form by ordered coalescence analogous to the grain 

growth mechanism of single phase of SrTiO3. Formation of a mosaic-like 

structure of chemical composition within these grains excludes grain growth 
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by classical diffusion reactions or solution-precipitation mechanisms. This is 

different from other observations of homogeneous chemical composition42 or 

core-shell structure of chemical composition within a solid solution.80,81  

 

 

3.3 Grain growth mechanisms in liquid-phase-sintered Si3N4 ceramics 
by SPS  
 

 

3.3.1 Rapidly anisotropic grain growth by ordered coalescence of 
crystallites 
 

The experimental results of two series of SPS sintered Si3N4 samples using 

A- and B-powder precursors are listed in the Table 1.  It shows that α to β 

Si3N4 phase transformation of powder A samples is activated at 1400°C and 

exaggerated grain growth occurs with increasing fracture toughness at 

1650°C for both sets of Si3N4 samples. 

 

Table 1 Experimental SPS conditions and achieved results of Si3N4 samples 

from powder A and B, cf. the text. 

 

 

Studies of SEM micrographs of SPS sintered samples to higher tempera-

tures >1500°C reveal distinct grain growth and shape changes using A- and 

B- powders, see Fig. 3.20a-d. However, both Si3N4 powders resulted in grain 

sizes still kept in the nanoscale regime after SPS densification at ≤1500°C, 

see Table 1. The typical nanoceramic microstructure is illustrated by a TEM 

micrograph of a ceramic derived from A-powder at 1400°C, see Fig. 3.21. 

The TEM micrographs disclose an amorphous (glassy) grain boundary phase 

and the widespread presence of curving boundaries. The agglomerations of 

crystallites in the original α-Si3N4 powder are preserved in the consolidated 

bulk, which are better viewed by the dark-filed image shown in Fig. 3.21b. 

The TEM-EDS spectra verify that the glassy phase formed in grain boundary 

pockets is very oxygen-rich. Because of rapid heating and the applied low 

processing temperature the glassy/liquid phase has not reacted with Si3N4 to 
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achieve its equilibrium state at 1400-1450°C. At 1650°C a liquid phase has 

formed that take active part in the distinct growth behaviours occurring that 

divided the microstructure appearances between the two A- and B- Si3N4 

nanopowders, see below. 
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Fig. 3.20 SEM micrographs exposed on plasma-etched surfaces of Si3N4 

samples sintered at 1450°C and 1650°C for 3 min by SPS. The images show 

the size and morphology changes of the grains that formed in the microstruc-

ture. Image a) and c) represent A-powder and b) and d) the B-powder. The 

inset at the upper left corner is an image with high magnification. 
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Fig. 3.21 TEM micrographs of a sample derived from powder A sintered at 

1400°C. a) A bright field image and b) a dark field image are shown of the 

same area. 

 

 

At 1650°C a bimodal grain distribution formed in the sample derived from 

A-powder, where large rod-like grains of micrometer size are grown in a 

matrix of finer grains with an average size ~400 nm, see Fig. 3.20c. The 

grains in the sample derived from B-powder, however, still retain a mono-

sized grain structure ~145 nm and with less pronounced rod-like morphology, 

see Fig. 3.22d. The XRD analysis results showed that the Si3N4 phase of the 

samples derived from both powders are the same, being pure β-Si3N4 at 

1650°C.82 This result confirms the previous observation that the formation of 

rod-like β-Si3N4 is promoted by the α- to β-Si3N4 phase transformation that 

take place.  
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Fig. 3.22 TEM micrographs revealing ordered coalescence in the length di-

rection of the rod-like β-Si3N4 grains found in the A-powder sample sintered 

at 1650°C for 3 min by SPS. a) The morphology of a rod-like β-Si3N4 grain 

demonstrating imperfect ordered coalescence with crystallites of small tilted 

angles. b) HRTEM images showing the aggregated dislocations inside quasi-

interfaces between coalesced crystallites. 

 

 

      Careful investigations by TEM and HRTEM are done on the microstruc-

ture of powder A sample at 1650°C for 3 min by SPS, see Fig. 3.22a-b. The 

microstructure in Fig. 3.22a reveals a rod-like β-Si3N4 grain with ordered 

coalescence of several small grains creating sharp ―quasi-interface‖ between 

them along the elongated [001] direction. The HRTEM images show an 

identical crystallographic orientation between the coalesced grains, namely a 

single-crystal diffraction signature. Numerous aggregated dislocations re-

sults in sharp ―quasi-interfaces‖ between crystallites, as shown in Fig. 3.22b. 

The ―quasi-interfaces‖ can be regarded as planar defects within one grain 

rather than a grain boundary. This microstural characteristic, coalesced crys-

tallites within a rod-like β-Si3N4 grain, is distinctly different from strain-

induced sub-grain formation in single-crystals. The formations of sub-grains 

are commonly occurring in strained metallic materials and result in grain 

refinement.83 This is a reverse process compared to the rod-like β-Si3N4 grain 

growth in this work. Impingement of adjacent elongated β-Si3N4 grains has 

been reported to give exaggerated dislocation activity at the point of contact  

and generate stress fields within the grains due to bending.84 Strain in super-

plastically deformed Si3N4 ceramics was reported to result in numerous strain 

whorls on the single crystal boundaries instead of inducing sub-grain boun-

daries.85 In this study no exaggerated dislocation areas or strain whorls are 

observed on the surface of the rod-like β-Si3N4 grain, see Fig. 22a. The sharp 



 54 

―quasi-interfaces‖ within the covalent Si3N4 grains are not derived from an 

exogenous stress field, but appears analogous to those observed in single 

crystals of SrTiO3 formed by ordered coalescence in solid-state sintering.69 

       According to classical sintering theory, grain coalescence occur when 

two grains contact with low-angle tilted boundaries and growth is controlled 

by boundary diffusion or surface diffusion.2,3 The coalescence of two β-

Si3N4 grains with core-shell structures by conventional sintering have been 

reported.86,87 The observed core-shell structure resulted from the diffusion-

dominated solution-precipitation process.88 Therefore, the reported coales-

cence of two β-Si3N4 grains by a diffusion-dominated process can be ex-

plained within the classical theory. In the present study, the observed elon-

gated single crystal assembled by crystallites in a crystallographic ordered 

manner is different, see Fig. 3.22. It suggests that a non-classical mechanism 

is responsible for the rapid growth of rod-like β-Si3N4 grains. 

      The growth of β-Si3N4 grains by ordered coalescence is broadly analog-

ous to the growth of colloidal mesocrystals by nanoparticle attachment.89 

The particles in these two different systems have different restraints, as col-

loidal mesocrystals in solution have higher freedom to move. The movement 

of particles during the sintering of ceramics is commonly constrained by 

surrounding particles due to a limited space or a high viscous drag, as de-

scribed in classical theory. The observation of ordered coalescence taking 

place suggests the occurrence of intensive crystallite movements, e.g. rota-

tion and sliding. The crystallites are affected by a vigorous driving force. 

Besides high temperature, this is the intensive α- to β-Si3N4 phase transfor-

mation enabled by rapid SPS sintering of powder A in the present case.69  

 

Fig. 3.23 A schematic drawing illustrating the rod-like grain growth in sam-

ples derived from α-Si3N4. The rod-like grain coarsens by means of ordered 

coalescence.  

 

 

       A schematic drawing illustrates the grain growths mechanisms of rod-

like grains in Fig. 3.23. The growth of β-Si3N4 grains by the ordered coales-
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cence mechanism at 1650°C can be ascribed to the high supersaturation of 

dissolved Si3N4 in the oxynitride melt caused by the rapid α to β phase trans-

formation. This supersaturation provides the driving force for the fast nu-

cleation and growth of β-Si3N4 crystallites. The ordered coalescence of pre-

cipitated β-Si3N4 crystallites accelerates the growth of larger β-Si3N4 grains 

instead of the slower atomic diffusion and epitaxial growth. The ordered 

coalescence consumption of β-Si3N4 crystallites from liquid phase is ener-

getically favourable as it indirectly reduces the supersaturation of dissolved 

Si3N4. The decrease of dissolved Si3N4 in turn accelerates the progress of 

more α-Si3N4 decomposition via the melt, maintaining the on-going rapid α 

to β transformation. These sequential mechanisms may explain why α- to β-

Si3N4 phase transformation can be accomplished in a few minutes during 

SPS of powder A. The ordered coalescence of many small β-Si3N4 crystal-

lites along the length [0001] direction are observed on two large β-Si3N4 

grains, as shown by arrows in Fig. 3.24. Thus, classical atom epitaxial 

growth by atom diffusion or interface reaction is a minor part contributing to 

the anisotropic growth of β-Si3N4 grains. 

      In conclusion, the high supersaturation of dissolved Si3N4 achieved by 

rapid SPS of samples derived from the powder A (α-Si3N4) is attributed to 

the combination of α phase, high heating rate and nano-sized grains. The 

metastable α-Si3N4 at elevated temperature (≥1400°C in this work) strives to 

transform into stable β-Si3N4 via the kinetic available solution-precipitation 

process. The high heating rate (100°C/min) applied during SPS can bring the 

α-Si3N4 grains up to be ―superheated‖ at 1650°C. This enhances thermody-

namic instability of α-Si3N4 and hence increases the force to dissolve in the 

formed oxynitride melt. Thus, the SPS process, high thermodynamic insta-

bility plus nano-sized grains result in high phase transformation and ordered 

coalescence growth of β-Si3N4.  

     The saturation of dissolved Si3N4 from the powder B is mostly achieved 

by the dissolution of smaller β-Si3N4 grains in oxynitride melt due to the 

Gibbs-Thomson effect. The chemical potential of β-Si3N4 grains dissolution 

is much weaker than that of α-Si3N4 grains dissolution due to the stability of 

the former crystallographic structure at 1650°C. The powder B (β-Si3N4) 

behaves differently, as no similar high supersaturation of dissolved Si3N4 in 

the melt will occur. Lower speed of dissolved Si3N4 is expected due to the 

lower chemical potential of β-Si3N4 for the dissolution-reprecipitation 

process. Consequently, the grains of β phase grow up mainly via classical 

atomic epitaxial growth mechanism, which is relatively much slower than 

ordered coalescence. 
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Fig. 3.24 TEM micrograph shows the ongoing coalescence of nanocrystals, 

indicated by arrows, on two large β-Si3N4 grains along the elongated [0001] 

direction. The sample was derived from powder B and heated at 1650°C for 

3 min by SPS. 

 

 

       In summary, rod-like β-Si3N4 grains are observed to form by ordered 

coalescence of small β-crystallites during SPS processing of samples derived 

from α-Si3N4 powder. The intensive α- to β-Si3N4 phase transformation 

seems to favour the establishment of a high supersaturation of dissolved 

Si3N4 in the melt at elevated temperatures, which promotes the ordered coa-

lescence. The SPS high heating rate is another parameter that is essential for 

achieving such supersaturation of dissolved Si3N4 during sintering. The α- to 

β-Si3N4 phase transformation in turn appears to be accelerated by the ongo-

ing ordered coalescence process. 

 

 

3.4 Densification enhanced by grain motions 
 

In classical theory, grain rearrangement takes place during the initial stage 

where their packing density is low. 1,2 By three-dimensional simulation, the 

densification rate was reported to be greatly enhanced by grain rearrange-

ment, especially for a density below 64%TD.90 Grain movements are ex-

pected to be restricted by space restriction and neck formation at higher den-

sity. In previous sintering of nano-crystalline oxide powders, a novel sinter-

ing mechanism based on grain repacking parallel with grain coarsening was 

proposed to result in a higher packing factor.91 The effects of this grain re-

packing were found active until 84 %TD by conventional pressureless sinter-
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ing. In this thesis, the active grain repacking was observed at much higher 

density in zirconia and SrTiO3 ceramics as described below. 

      A commercial 3 mol% yttria doped zirconia (3Y-TZP) nanopowder was 

consolidated by a two-step sintering procedure to investigate the microstruc-

ture evolution.92,93 The progress of density, grain growth and maximum pore 

size during the second-step pressureless sintering at 1100°C are plotted in 

Fig. 3.25. The grain size increased from 60 nm to 90 nm during the first hour, 

i.e. with a grain growth factor of 1.5. It then increased with a reduced speed 

during prolonged holding. Thus, after 30 h holding time the grain size in-

creased only to 130 nm. On the contrary, the pore size experienced rather 

rapid coarsening and the pore size increased from an initial size of ~50 nm to 

~500 nm after 5h soaking. The density increased from 89 to 93 %TD during 

the first 5h. Extended holding did not yield substantial higher densities, i.e. 

only 96 %TD was achieved after 30 h soaking. However, the pore sizes grew 

from nanoscale to submicron-scale after heating for 5 hours at 1100°C, as 

shown in Fig. 3.26. In literatures it has been suggested that larger pores may 

be formed by a particle rearrangement mechanism94 and/or by a grain growth 

mechanism.95 The former acts normally in early and intermediate stage of 

sintering, where the formation of anchoring particle-necks will not hinder.96 

The later works at high sintering temperature, where smaller grains are rap-

idly consumed by the growth of large ones. 

      When sintering is performed at a comparatively low temperature 

(1100°C in the present case), grain growth is rather moderate, as seen by 

Fig.3.25. Neither of the two established mechanisms can explain the obser-

vation of a dramatic pore coarsening, with a pore growth factor as large as 

10. The pore coarsening can hardly be explained without involving the coa-

lescence mechanism. The voids created from dynamic pore coalescence 

were accommodated via particle rearrangement.  Rapid pore coarsening was 

observed until the density of 93 %TD, as shown in Fig. 3.25. At this density 

the ceramic had closed porosity and the final sintering occur by classic the-

ory.2 Since grain-boundary migration was rather moderate in present case, it 

could be inferred that the neck formation had more pronounced influences in 

grain rearrangement than the space restriction. The behaviour of particle 

rearrangement and the influences on the densification process deserves a 

careful re-evaluation in nanoceramic sintering, especially when fast heating 

is used.  
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3.25 A partly densified ZrO2 ceramic (87 %TD) was obtained in a first sin-

tering step. This material was used for a second-step pressureless sintering at 

1100°C in air. The density, grain size, and maximum pore size evolutions 

were followed.  
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Fig. 3.26 SEM images illustrating pore evolution during the second-step 

pressureless sintering of ZrO2 ceramic at 1100°C in air for 1min and 5h. 

 

 

      The effect of grain re-arrangement on the densification process is inves-

tigated by SPS consolidation of SrTiO3 nanopowders (≥50°C/min). The or-

dered coalescence occurs at 950°C with 3 min holding, as discussed in chap-

ter 3.1.1 and 3.1.3. The grain growth by ordered coalescence took place ac-

companied by pores coarsening from nanoscale to submicron-scale while the 

density increases from 94 to 97 %TD, see Fig. 3.27. The pore coarsening is 

caused by grain motions (grain rearrangement in classical sintering theory). 

The shrinkage rates (d(ΔL/L0) /dt) as the function of real time are plotted to 

explore the densification process by SPS at 100°C/min, see Fig. 3.28. The 

plotted shrinkage rates indicate that the densification at the final stage (from 

94 to 97 %TD) is a temperature-independent process, namely the same 
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shrinkage rate with different holding temperatures. This result discloses that 

the distinct densification process depicted in classical sintering theory, i.e. 

densification rate dominated by atom diffusion depends to the temperature. 

The intensity of grain motions is nearly independent with applied tempera-

tures in these cases, see Fig. 3.8. This confirms that the grain motions domi-

nate densification process up to 97 %TD.  

Fig. 3.27  SEM micrographs illustrate the grain and pore coarsening at 

950°C, cf. the text.  

Fig. 3.28 The shrinkage rates at different temperatures. Heating rates are 

plotted versus the real time. This discloses the temperature-independent 

shrinkage rate at the final stage of sintering.  

 

 

      In summary, the results showed that the grain motions (grain rearrange-

ment) contributed to the densification process in highly dense 3Y-ZrO2 ce-



 61 

ramics (>87 %TD) during pressureless heat-treatment. This is also the case 

at final stage of sintering (>92 %TD) in SrTiO3 ceramics sintered by rapid 

SPS. This observation extends the range of active grain arrangement to 

higher densities than the description in the classical sintering theory. It im-

plies that it is possible to obtain highly dense ceramics by means of grain 

rearrangement, but pores can be thermodynamically stable if their sizes ex-

ceed a critical value.97 The large pore caused by grain rearrangement should 

be paid attention due the strong negative effect on transparent ceramics.92  
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Summary 
  

The main conclusions in this thesis are: 

 

1. A novel grain growth mechanism is discovered in solid-state-

sintered SrTiO3 and liquid-phase-sintered Si3N4 ceramics, named or-

dered coalescence of nanocrystals. In this mechanism, the small ini-

tial and secondary or precipitated single-crystalline grains, i.e. nano-

crystals/crystallites, are acting as building blocks that assemble to 

form the coarsened single-crystalline grains during sintering of 

powder compacts. The occurrence of ordered coalescence strongly 

depends on the activation of grain motions for the re-arrangement 

and re-orientation of nanocrystals/crystallites. This grain growth 

mechanism is distinctly different from the classical sintering theory 

where the grain growth mechanisms are based on atomic diffusion 

and epitaxial growth.    

 

2. During high-temperature sintering of SrTiO3 nano-powder the grain 

growth mechanisms can be controlled by choosing heating rates. Us-

ing a low heating rate (10°C/min) the grain growth of SrTiO3 nano-

powder is controlled by 2D nucleation and atomic epitaxial growth. 

Very high heating rates by SPS (50~100°C/min) changed the grain 

growth mechanism to ordered coalescence of nanocrystals at high 

temperatures.  

 

3. The grain growth of SrTiO3 nanocrystals at high heating rate does 

not follow a simple temperature-dependent law and platforms of 

stagnant growth can appear. The second platform of stagnant growth 

occurs from 950°C up to 1100°C. This growth behavior is distinctly 

different from the grain growth behaviors at low heating rate, which 

ruled by classical 2D nucleation and atomic epitaxial growth (AEG). 

The SrTiO3 grain growth by AEG undergoes three successive 

growth stages at elevated temperatures. At temperatures up to 

~1000°C an almost stagnant nano-scale growth is followed by rapid 

abnormal grain growth (with bimodal grain size distribution) and 

above ~1050°C a successive grain growth restoring a monomodal 

grain size distribution at micro-scale. 

 

4. Single crystalline ―solid solution‖ of Sr1-xBaxTiO3 is formed by or-

dered coalescence of BaTiO3 and SrTiO3 nanocrystals using SPS. 

Ordered coalescence of crystallites of different composition into 

larger crystal arrangements results in ―mosaic-like‖ nanostructures 

within each coarsened grain. This opens a new path for preparation 
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of solid solution grains and controlling the developed microstructure 

and its properties.  

 

5. Using α-Si3N4 nanopowder and rapid SPS, a very fast transformation 

of α- to β-Si3N4 crystallites via liquid phase takes place at 1650°C, 

which results in the formation of the rod-like β-Si3N4 grains up to 

micron-scale. This rapid and anisotropic growth is achieved by or-

dered coalescence of the numerous precipitated β-Si3N4 crystallites 

from the supersaturated oxynitride melt. A similar SPS process of β-

Si3N4 nanopowder at 1650°C exhibits small equiaxial β-Si3N4 grains 

at submicron scale. In contrast with the rapid grain growth by or-

dered coalescence of crystallites, the slow grain growth is ruled by 

classical grain growth mechanisms in sintering theory. 

 

6. Grain motions and grain re-arrangements are observed to enhance 

the densification of highly dense 3Y-ZrO2 (~87 %TD) nano-

ceramics during pressureless heat-treatment. Further it even contrib-

ute to the final-stage densification of SrTiO3 (~92 %TD) ceramics 

during rapid SPS. In addition, the grain re-arrangements activate 

nano-pore coalescences resulting in more stable micron-sized pores 

which hamper total densification.    
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Outlook 
 

The use of nanopowder and the new ordered coalescence mechanism by SPS 

will enable rapid fabrication of small high-performance ceramic components 

in industry. Components that are not sensitive for higher costs, but where 

short manufacturing times and superb performances are priorities.  

 

The novel grain growth mechanism of ordered coalescence can be applied to 

fabricate new composites with innovative compositions or microstructures 

by SPS and the choice of nanopowder. An example is the mosaic-like nano-

structure found in the Sr(1-x)BaxTiO3 solid solution. Sure unique microstruc-

tures, which cannot be achieved in other ways, will be expected to have ex-

ceptional and unexpected physical properties. 

 

The ordered coalescence of crystallites will be used for interface engineering 

in larger crystals. The functional quasi-interface will be fabricated by com-

bining ordered coalescence of crystallites and atomic diffusion.  

 

Grain motion is observed to enhance densification at the final stage of sinter-

ing. The novel concept will be employed to fabricate highly dense nanoce-

ramics and high melting-point materials at lower temperature by activating 

grain motion. Examples are borides, carbides or nitrides those today requires 

very high temperature and/or high pressure sintering. 
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