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Abstract 

This study investigates the influence of thermal history on grain boundary (GB) energy 

and the grain growth behavior of SrTiO3 at 1425°C. Two thermal profiles were explored: (1) a 

single-step sintering at 1425°C for 1hr and (2) a two-step profile with sintering completed at 

1425°C for 1hr with an additional 10hr at 1350°C. Electron backscattered diffraction and 

atomic force microscopy were utilized to measure the grain size and GB energy distributions, 

respectively, for the samples before and after grain growth at 1425°C for 10hr. The two-step 

profile exhibits fewer abnormal grains and a slower growth rate at 1425°C than the single-step 

profile. Additionally, the two-step sample comprises few high-energy GBs and a narrow GB 

energy distribution, which suggests that it had a lower driving force for subsequent grain 

growth. The thermal profile was able to sufficiently change the growth rate such that the two-

step sample results in a finer grain size than observed for the single-step sample after 10hr at 

1425°C despite being exposed to elevated temperatures for almost twice as long. These results 

suggest that GB energy engineering through thermal profile modification can be used to control 

the grain growth rate and abnormal grain growth likelihood. 

1. Introduction 

The phenomenon of abnormal grain growth (AGG), in which a small fraction of grains 

grows faster than their neighbors, is essential to predict for producing a desirable 

microstructure with optimum performance. Often, preventing AGG is desirable to create 

unimodal grain size distributions and, hence, remove any deleterious effects in bulk properties 

caused by heterogeneous microstructures (1–3). However, initiating and promoting AGG may 

be a potential energy-efficient and cost-friendly pathway to fabricating single crystals by 

engineering a single abnormal grain to consume the entire microstructure (4–8). Therefore, 

significant efforts have focused on controlling AGG in ceramics prepared by powder 

processing. 
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Methods to control grain growth rate and AGG in ceramics include controlling the 

dopant type and concentration (9–17), sintering atmosphere (18–21), heating rates (22), 

thermal profile (18,22–26), or a combination thereof. In particular, multi-step thermal profiles 

have been shown to have significant effects on the grain growth rates and AGG behavior in 

many ceramic systems, including MgO - doped Al2O3 (22), SrTiO3 (23,24), BaTiO3 (18) and 

WC-Co (25). Often, the temperature profile is optimized to achieve densification quickly to 

minimize the time at high temperatures when grain growth is fast (27,28). However, Kermani 

et al. (22) demonstrated in MgO-doped Al2O3 that the grain growth rate at elevated 

temperatures after densification could be affected by the thermal history. Specifically, they 

showed that pre-heating at lower temperatures before final sintering changed the distribution 

of MgO at the grain boundaries (GBs), which they suggested changed the GB mobility and, 

thus, the resulting grain growth rate. Their study did not observe abnormally large grains, but 

others have similarly postulated that the thermal profile can be used to engineer the GB 

structure to alter the onset of AGG (18,25,26).   

GB energy anisotropy is also shown to affect the propensity of AGG (9,16,29–32). Prior 

studies in ceramics, which include different doped Al2O3 systems (30,32) and Ca-doped Y2O3 

(9,31), have demonstrated that the GBs for abnormal grains have, on average, lower energy 

than those for small matrix grains. Additionally, in a recent study in Ca-doped Al2O3, Conry et 

al. (32) observed that AGG was prevented in the textured alumina sample compared to the 

untextured alumina sample due to its unique GB character and energy distribution. Similarly, 

Handwerker et al. (16) saw no AGG in doped alumina microstructures that showed a narrow 

distribution of dihedral angles at the triple junctions (observations from 2D micrographs), 

suggesting a narrow GB energy distribution. These studies indicate that methods to control GB 

energy distribution can be used to control AGG.  
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This study investigates whether the thermal profile can control the GB energy 

distributions to significantly alter AGG in strontium titanate (SrTiO3). SrTiO3 is chosen as a 

material for this study because of its well-studied grain growth behavior (23,24,33) and 

previous studies show that its GB energy distribution depends on temperature (29,34). 

Therefore, a two-step heat treatment was investigated to observe if the GB energy could be 

altered to change subsequent grain growth behavior. To avoid variations in densification, all 

samples were sintered under the same conditions (1425°C for 1 hr in oxidizing conditions) to 

reach 98% of theoretical density (5.12 g/cm3). One type of sample was subsequently heat 

treated at 1350°C for 10 hrs before the grain growth study at 1425°C. The step temperature of 

1350°C was chosen because previous studies at this temperature showed no AGG (23,33) and 

a significant difference in GB energy distribution compared to those heat treated at higher 

temperatures (29). This two-step sample’s subsequent grain growth at 1425°C was compared 

to samples only exposed to a single-step thermal profile at 1425°C. Grain growth was studied 

at 1425°C at which AGG is known to occur on a reasonable timescale (23,33). Samples 

exposed to the two-step heat treatment exhibited a reduced grain growth rate and a smaller 

fraction of abnormal grains at 1425°C after 10 hrs. The relationship with grain growth and the 

observed GB energy distributions were evaluated and discussed below. This study highlights 

the significance of utilizing heat treatments to engineer the microstructure’s GB energy, which 

can be a potential pathway for controlling AGG. 

2. Experimental Methods 

2.1. SrTiO3 Sample preparation 

SrTiO3 powders were synthesized using the solid-state synthesis technique as described 

in Ref (35) with high purity strontium carbonate (99.9% pure, Sigma Aldrich) and titanium 

dioxide (99.9% pure, Sigma Aldrich) as precursor materials. Briefly, the process involved 

mixing the precursor materials at the desired stoichiometric cation ratio in 2-propanol with 
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zirconia milling media for 24 hr in a rolling mill. After mixing, the solution was dried and then 

calcined at 925°C for 12 hr in a muffle furnace, in air. The Sr:Ti molar ratio of the synthesized 

powders used in this study is approximately 1.04, as determined by the x-ray diffraction (XRD) 

in Section 2.2. The synthesized powders were uniaxially pressed in a 25 mm diameter die and 

then cold isostatically pressed (50 MPa) to form the green body. 

Pellets underwent pressure-less sintering at 1425°C for 1 hr in an oxidizing 

environment. The as-sintered density was measured using the Archimedes method with a 

Mettler Toledo XSR balance and density kit. All samples for the grain growth study were cut 

from the same as-sintered monolith. 

Samples were subjected to different heating profiles to create different initial 

microstructural states. The as-sintered samples (exposed to 1425°C for 1 hr) will be referred to 

as the single-step samples throughout this document. The two-step samples refer to those that, 

after sintering at 1425°C for 1 hr, underwent an additional heat treatment at 1350°C for 10 hr. 

The single-step and two-step samples were then subjected to a heat treatment at 1425°C for 

10 hr to evaluate the effect of the heat treatments on subsequent grain growth behavior. 

Additional heat treatments that are evaluated in this study are provided in the supplemental 

information. 

Sintering and heat treatments were completed with a heating rate of 100°C/hr in a Pt 

crucible using a tube furnace under flowing oxygen at ~0.25 L/min. Between and after all 

sintering and heat treatments, samples were furnace cooled to room temperature. The heat 

treatment time reported is the isothermal dwell time and does not include the exposure during 

heating and cooling. During the sintering and heat treatment process, the samples were covered 

using a Sr-rich SrTiO3 powder to prevent the volatilization of SrO from the surface of the 

sample (36). 

2.2. Powder characterization by X-ray diffraction (XRD) 
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To determine the phases and Sr:Ti molar ratio in the as-synthesized powders, XRD was 

performed on a Panalytical X’Pert Pro diffractometer equipped with a copper x-ray tube and 

an X'Celerator RTMS detector. The sample was packed into a backfill sample holder. The 

sample scan was collected over a 2θ range of 10-80°, with a step size of 0.016° per step and 

counting time of 17 sec/step. The resulting diffractogram was phase matched using the 2021 

edition of the Jade Pro software package (37) and the 2022 PDF-4+ database (38). The software 

was used to search and phase fit to the collected data restricting matches to only the Sr, Ti and 

O elements with no additional search restrictions. Jade was allowed to calculate a profile fit 

and determine abundances of the phases determined to be present. No additional refinement 

calculations were necessary because all peaks were matched. 

2.3. Microstructure characterization 

For electron microscopy (EM) characterization, the heat-treated samples were mounted 

in epoxy and polished down to 250 nm finish using diamond and silica suspensions by standard 

metallographic techniques. The polished samples were thermally etched and then coated with 

0.5 nm Ir. The thermal etching conditions for EM characterization were 1350°C for 40 min for 

the two-step samples before growth at 1425°C, and 1425°C for 20 min for all other samples.  

Secondary electron images of the microstructures were acquired using a Tescan MIRA3 

scanning electron microscope (SEM). Electron backscattered diffraction (EBSD) maps of the 

microstructures were obtained at 30 kV accelerating voltage using the EDAX Hikari Super 

EBSD camera on the FEI Scios Dual Beam System. Matlab’s MTEX package (39) was used 

to extract the grain size and area from the EBSD maps. The grain size reported here is the 

equivalent spherical diameter. For each sample, EBSD maps were collected in 9 different areas 

such that at least 5,000 grains and 30,000 grains were collected in the samples that exhibited 

normal grain growth (NGG) and AGG, respectively. AGG was first assessed by visually 

scanning over the sample for grains significantly larger than their neighbors. Over 30,000 
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grains were sampled from the microstructures with AGG for better statistics. The field of view 

was chosen to capture both the abnormal and matrix grains simultaneously. EBSD maps were 

collected with a step size of 0.2 µm for samples exhibiting NGG and 0.3 µm or 0.4 µm for 

samples exhibiting AGG. 

2.3. Relative GB energy measurement 

Atomic Force Microscopy (AFM) was utilized to measure the dihedral angles formed 

by the GB thermal grooves and thereby determine the relative GB energy as described in 

previous studies (9,29–32,40–42). The samples for the relative GB energy determination from 

AFM measurements were thermally etched at 1425°C for 40 min in an oxidizing atmosphere. 

This thermal etching condition used for AFM measurements is different from the thermal 

etching condition used for the EM measurements stated above to optimize the groove width 

(>250 nm, as determined by (40–42)). The groove geometry was measured using a Bruker Icon 

Dimension IV AFM in contact mode with a pyramidal silicon nitride tip (Nanoworld PNP-TR) 

which had a cone angle of 35o, a nominal tip radius of less than 10 nm, and a force constant of 

0.32 N/m. AFM maps for each sample were collected with a step size of 10 nm and at random 

locations of the sample. 

To determine the dihedral angles, the geometries of the thermal grooves from the AFM 

maps were extracted by drawing boxes of variable width perpendicular to the GB using the 

step measuring tool in the Nanoscope software. Figure 1 provides an example of the GB groove 

collected from the AFM map. From the averaged line profile of each GB thermal groove, the 

depth (dL, dR) and width (WL, WR) for the left and right side of each groove were extracted. 

The relative GB energy (𝛾𝛾𝑔𝑔𝑔𝑔 𝛾𝛾𝑠𝑠� ) was calculated using the method proposed by Mullins (43) 

with 

𝜑𝜑𝑠𝑠 = 180 − 2 tan−1 �
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑑𝑑𝐿𝐿 ,𝑑𝑑𝑅𝑅)
2(𝑊𝑊𝐿𝐿 + 𝑊𝑊𝑅𝑅) ∗ 𝑚𝑚�  (1) 
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𝛾𝛾𝑔𝑔𝑔𝑔
𝛾𝛾𝑠𝑠

= 2 cos
𝜑𝜑𝑠𝑠
2

 (2) 

where 𝜑𝜑𝑠𝑠 is the dihedral angle, 𝛾𝛾𝑔𝑔𝑔𝑔 is the GB energy, 𝛾𝛾𝑠𝑠 is the surface energy, and m is the 

correction factor for the groove geometry which is taken to be 4.73, as reported by Mullins 

(43). 

 

Figure 1. (a) Example AFM map of a region of interest collected at 10 nm lateral resolution. 
(b) Average line profile of the GB thermal groove collected from the area outlined in black in 
(a). 

 It is important to note that there are a number of approximations that goes into the 

relative GB energy calculation (Eq. 2). First, it is assumed that the two surface energies are the 

same. Additionally, it is assumed that the GB is normal to the surface and that the torque terms 

are negligible. Despite these assumptions, previous studies have shown that the relative GB 

energy distributions are meaningful quantities when sufficient number of boundaries are 

measured (9,29–32,40,41). Hence, for the relative GB energy analysis, 148 and 186 GBs were 

sampled for the single-step sample and two-step sample, respectively, before growth at 1425°C 

for 10 hr. The error bar associated with the calculated relative GB energy value was calculated 

using basic propagation of error rules in Eq. (2) by considering the uncertainty in AFM tip 

position to be the smallest increment (i.e., step size) divided by 2 (44). 

3. Results 

3.1. Composition and Density 
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XRD of the as-synthesized powder in Fig. 2 shows the presence of SrTiO3 and Sr3Ti2O7 

phases, indicating the as-synthesized powder has a Sr:Ti molar ratio greater than 1 based on 

the SrO – TiO2 phase diagram (45). Profile fitting of the XRD pattern revealed the phase 

fraction to be 90 wt.% SrTiO3 and 10 wt.% Sr3Ti2O7, which is in accord with a Sr:Ti molar 

ratio of 1.04. Information about how the Sr3Ti2O7 phase was characterized by Raman 

Spectroscopy is provided in the supplemental information section S1.  

The relative density of the as-sintered samples measured using the Archimedes method 

is 98% of the theoretical density (5.12 g/cm3). 

 

Figure 2. XRD plot of the as-synthesized SrTiO3 powders. 

3.2. Grain growth behavior comparison at 1425°C 
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Figure 3. The grain size distributions and representative EBSD microstructure maps for (a) the 
single-step sample (as-sintered state), (b) two-step sample, (c) single-step sample after heat 
treatment at 1425°C for 10 hr and (d) two-step sample after heat treatment at 1425°C for 10 hr. 
The EBSD maps are colored based on inverse pole figure (IPF) key with respect to the image 
normal direction. Note that the EBSD maps for (a-b) are collected at a different scale than (c-
d). 

Table 1. Average grain size and abnormal grain area fraction for the different samples. 

Sample Average grain size (µm) Abnormal grain area fraction (%) 
Single-Step 2.3 µm - 
Two-Step 2.9 µm - 

Single-Step after heat treatment at 
1425°C for 10 hrs 4.6 µm 13% 

Two-Step after heat treatment at 
1425°C for 10 hrs 3.6 µm 4% 

The results here report the differences in the grain growth evolution of the two initial 

microstructural states (single-step and two-step sample) at 1425°C for 10 hr. Figures 3a and 3b 

show the initial grain size distributions and EBSD maps of the single-step and two-step 

samples, respectively. The average grain size increases from 2.3 µm to 2.9 µm after the heat 

treatment at 1350°C for 10 hr (Table 1). Additionally, both the initial microstructural states 

exhibit unimodal grain size distributions, suggesting NGG at 1350°C (for 10 hr) for SrTiO3 

samples sintered at 1425°C for 1 hr. 
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Figures 3c and 3d show the grain size distribution and representative EBSD maps of 

the single-step and two-step samples, respectively, after heat treatment at 1425°C for 10 hr. 

After heat treatment at 1425°C for 10 hr, both the single-step and two-step samples show large 

grains surrounded by many small grains and exhibit a long tail in the grain size distribution, 

indicating AGG for long exposures at 1425oC. The representative EBSD maps (Figs. 3c and 

3d) qualitatively show, within the same area microstructure map, a larger abnormal grain area 

fraction formed after growth for the single-step sample compared to the two-step sample. This 

qualitative observation is validated quantitatively by calculating the abnormal grain area 

fraction (Table 1). The minimum threshold for abnormal grain size is determined by plotting 

the normal probability plots for grain size distributions and identifying the grain size at which 

the grain size distribution deviates positively from log normality (46), as described in the 

supplemental information section S2. The abnormal grain area fraction after growth at 1425°C 

for 10 hr for the single-step sample (13%) was greater than that for the two-step sample (4%) 

based on a threshold of 15 µm and 14 µm threshold, respectively.  

Notably, the sample that experienced the longest time at elevated temperature (1350°C 

for 10 hr + 1425°C for 10 hr) had a smaller average grain size (3.6 µm) than the sample only 

exposed to 1425°C for 10 hr (4.6 µm). The final small grain size is due to the slower growth 

rate of the matrix grains for the two-step sample compared to the single-step sample during the 

same heat treatment exposure of 1425°C for 10 hr.  

In conclusion, the two-step sample has a larger initial average grain size, slower growth 

rate for matrix grains, and a smaller fraction of abnormal grains formed after growth at 1425°C 

for 10 hr than observed for the single-step sample.  

3.2. GB energy distribution comparison between the two initial microstructural states 

The relative GB energy cumulative distribution for the two initial microstructural states 

is compared in Fig. 4. The relative GB energy distributions for the two different initial 
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microstructural states are statistically different via a two sample Kolmogorov-Smirnov test (p 

value = 0.03). Furthermore, qualitative observations from the relative GB energy distributions 

show that the relative GB energy distribution of the two-step sample is narrower and shifted 

towards lower energy when compared to the single-step sample. This indicates that the two-

step sample has fewer high energy GBs compared to the single-step sample. Additionally, this 

result also suggests that the grain growth at 1350°C for 10 hr preferentially removes high 

energy GBs, which is expected for grain growth as shown in previous studies (32,47,48). 

 

Figure 4. Cumulative distribution of Relative GB energy for the single-step and two-step 
sample. 

4. Discussion 

The motivation of the work is to investigate the effect of thermal history on the initiation 

of AGG in SrTiO3. To that end, the grain size distributions (Fig. 3) and fraction of abnormal 

grains (Table 1) were evaluated at 1425oC for 10 hr for the samples with different initial heating 

profiles. Additionally, the relative GB energy distribution (Fig. 4) for the different initial 

microstructural states were collected to correlate to the AGG behavior. In summary this study 

found that, in comparison to the single-step sample (as sintered – 1425°C for 1hr), the two-step 

sample (as-sintered + heat treated at 1350°C for 10 hr) has 

1) a slower growth rate for matrix grains at 1425oC, 

2) a smaller fraction of abnormal grains formed after grain growth at 1425oC for 10 hr, and 
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3) fewer high-energy GBs and a narrower GB energy distribution prior to growth at 1425oC. 

Based on this summary of findings, the subsequent subsections will focus on discussing 

the potential reasons for why the thermal history modification affects the AGG behavior and 

growth rate of matrix grains. 

4.1. The influence of the GB energy and grain size on the AGG behavior 

The global driving force for grain growth is the reduction of the total free energy of the 

system, where free energy is the product of the GB energy (𝛾𝛾) and its area (𝐴𝐴). The GB energy 

is a function of its macroscopic character, atomic structure, and chemistry. In the absence of 

any stored energy, the total free energy of the system during grain growth is reduced with time 

through a combination of GB area reduction (𝛾𝛾dA) and GB energy reduction (𝐴𝐴𝐴𝐴𝐴𝐴). Notably, 

Xu et al. (47) recently showed experimental evidence in Ni that free energy dissipation during 

grain growth occurs through both GB area reduction and GB energy reduction, in which low 

energy GBs replace high energy GBs. The two-step sample, which underwent grain growth at 

1350°C for 10 hr after sintering, showed a decrease in total GB area (evident from the increase 

in grain size from 2.3 µm to 2.9 µm) and a shift in GB energy distribution to fewer high energy 

GBs, which may reflect a similar GB replacement mechanism. 

The narrow relative GB energy distribution may explain why the two-step sample (as-

sintered + heat treated at 1350°C for 10 hr) has a smaller fraction of abnormal grains formed 

after grain growth at 1425°C for 10 hr than the single-step sample (as-sintered). As discussed 

in the introduction, broader GB energy distributions have been correlated with the initiation 

and growth of abnormal grains. Furthermore, previous experiments have shown that abnormal 

grains have, on average, lower GB energy than neighboring grains (9,30–32). Mesoscale grain 

growth simulations have shown that one possible way to cause AGG is by assigning certain 

GBs lower energy than their neighbors, giving them a growth advantage (49,50). Hence, one 
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interpretation provided by Conry et al. (32) was that a narrower GB energy distribution has a 

lower incentive for AGG because of a smaller difference in energy between neighboring 

boundaries. In agreement with that hypothesis, the two-step sample, which has a narrower 

distribution in GB energy, observes a smaller abnormal grain area fraction after growth at 

1425°C for 10 hr.  

In addition to the larger distribution, the as-sintered microstructure state contains 

boundaries with a higher energy than found in the two-step sample, which may affect the AGG 

behavior. High-energy GBs have been shown to be associated as the preferential sites for 

initiating AGG in a study by Bojarski et al. (51). They hypothesized that these high-energy 

GBs are preferred nucleation sites for GB complexion transitions, in which a GB undergoes a 

2D phase-like transformation to a lower energy structure. Others have previously hypothesized 

that such GB complexion transitions can lead to AGG (9–15). Therefore, the presence of higher 

energy GBs in the single-step sample compared to the two-step microstructure may increase 

the probability of GB complexion transitions, resulting in greater AGG. 

AGG in SrTiO3 has also previously been hypothesized to result from solute/space 

charge drag associated with variations in the Sr:Ti ratio at the GBs (52) or an interface 

controlled migration mechanism resulting from SrTiO3 GBs being atomically faceted (53). 

According to both of these mechanisms, the velocity of the GB is a non-linear function of 

driving force, and the boundary must overcome a critical driving force to move. AGG would 

occur if only a small fraction of boundaries overcome the critical driving force. The local 

driving force for grain growth has been suggested to be the energy difference between 

neighboring GBs, where low energy GBs replace neighboring high-energy GBs as grain growth 

proceeds (47,48). Therefore, AGG may be suppressed or delayed in the two-step sample 

because it has a lower probability of overcoming the critical driving force due to its narrower 

GB energy distribution relative to the single-step sample.  
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In addition to differences in the GB energy distribution, the two heat treatment profiles 

result in different grain sizes that can affect the number of potential initiation sites for AGG. 

Given that the two-step sample has a larger average grain size and, thus, fewer grains per unit 

area, it may have fewer initiation events for AGG. However, the single-step sample reaches a 

similar average grain size and grain size distribution as the two-step sample during growth at 

1425°C for 2 hr, as shown in the supplemental information section S3. Additionally, no AGG 

is observed at that stage, indicating that the grain size differences between the initial 

microstructural states had a negligible effect on the differences in subsequent AGG observed 

after heat treatment at 1425°C for 10 hr.  

It is important to note that the grain size distribution in Fig. 3b may suggest that AGG 

initiated at 1350°C after 10 hr, which can influence its subsequent AGG behavior. Abnormal 

grains observed after 10 hr at 1425°C in the two-step sample may have been those that initiated 

at 1350°C. However, such growth does not explain why the two-step sample results in smaller 

and fewer abnormal grains than the single-step sample after further heating for 10 hr at 1425°C.  

In summary, the thermal profile that led to few high-energy GBs and a narrow GB 

energy distribution experiences less AGG at 1425°C. This suggests that engineering GB energy 

through heat treatments can potentially prevent AGG and should be explored in other systems.  

4.2. The influence of the GB energy and grain size on the matrix grains growth rate 

An interesting observation from this study was that the differences in growth rates for 

matrix grains allowed for the sample that experienced longer time at elevated temperatures 

(1350°C for 10 hr + 1425°C for 10 hr) to have a smaller average grain size compared to the 

sample which experienced shorter times at elevated temperatures (1425°C for 10 hr). Similar 

to the AGG behavior, the differences in growth rates could reflect their unique GB energy 

distributions. If the local driving force is the energy difference between neighboring GBs 



16 
 

(47,48), the two-step sample, which has fewer high-energy GBs, would have a smaller driving 

force for grain growth, resulting in a slower growth rate.  

Alternatively, it is generally accepted that the larger the average grain size, the smaller 

the driving force for grain growth. Therefore, the two-step sample, which has a larger average 

grain size compared to the single-step sample, could also lead to the smaller driving force. 

However, it is important to note that even though single-step sample has a smaller initial 

average grain size, it attains a similar average grain size (3 µm, Fig. S3) to the two-step sample 

(2.9 µm) after grain growth at 1425°C for 2 hr and then continues to grow at a faster rate. If 

the grain size was the sole governing driving force for growth, then a similar grain growth rate 

would be observed at 1425°C between samples, and the as-sintered sample would have a 

smaller final grain size. Therefore, the faster growth rate suggests that the difference in GB 

energy distributions may influence the driving force and, thus, the growth rate. However, GB 

mobility is another important factor in dictating the grain growth rate. Since GB mobility is 

difficult to measure experimentally, the role of GB mobility cannot be determined and is 

beyond the scope of the current study. 

Overall, the thermal profile could be modified to produce a microstructure that 

comprises fewer high-energy GBs and, thus, a potentially lower driving force for grain growth, 

resulting in a slower growth rate at 1425°C. By lowering the driving force, SrTiO3 samples had 

a finer final average grain size even when exposed to long times at elevated temperatures, 

highlighting again the potential of GB energy engineering through heat treatments to control 

grain growth rate. 

4.3. Other effects on grain growth behavior 

SrTiO3, due its cubic crystal structure, is expected to have equiaxed grains. However, 

the microstructures observed in Fig. 3 show elongated grains, which is not typically observed 

in SrTiO3 microstructures (23,33,54). The XRD in Fig. 2 shows that the synthesized SrTiO3 
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powders have both SrTiO3 and Sr3Ti2O7 phases. The Ruddlesden-Popper (Sr3Ti2O7) phases are 

tetragonal and similar to the perovskite lattice of SrTiO3 but with excess SrO layers between 

the traditional cubic unit cells (55). With excess SrO in the system, such SrO layers can be 

introduced as stacking faults into the perovskite lattice creating Ruddlesden-Popper like 

phases. Hence, the microstructures observed here are likely elongated due to the influence of 

Ruddlesden-Popper stacking faults (56). 

Figure 5 shows representative SEM micrographs of the single-step sample after heat 

treatment at 1425°C for 10 hr and shows evidence of such Ruddlesden-Popper faults, which 

are indicated by the white arrows. These faults have been previously identified in Sr-rich 

SrTiO3 microstructures by transmission electron microscopy analysis (56). These faults are 

randomly distributed and are found in both the small matrix grains (Fig. 5a) and the large 

abnormal grains (Fig. 5b). This observation suggests that the distribution of Ruddlesden-

Popper stacking faults is not correlated with the AGG behavior. Additionally, Raman 

spectroscopy analysis (as described in the supplementary information Section S1) showed that 

the Ruddlesden-Popper (Sr3Ti2O7) phase peaks were present throughout for both the initial 

microstructural state samples. All tested samples showed a similar mean relative intensity for 

the Sr3Ti2O7 peaks, supporting that the Ruddlesden-Popper phases do not cause the differences 

in the grain growth behavior for the two initial microstructural states.  
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Figure 5. SEM image of (a) matrix grains and (b) abnormal grains in the single-step-sample 
after heat treatment at 1425°C for 10 hr. The white arrows indicate the suspected Ruddlesden-
Popper faults. Note that the images have a different scale.  

In this study, the SrTiO3 (Sr:Ti ~ 1.04) microstructure does not show anti-thermal grain 

growth, in which the growth rate decreases with increase in temperature. Previously, Hoffmann 

and colleagues observed that SrTiO3 samples with a Sr:Ti ratio of 0.996 (23,33,54), which were 

sintered under the same conditions as this study, exhibited a slower grain growth rate as the 

temperature increased from 1350°C to 1425°C. Here, typical Arrhenius behavior is seen in the 

temperature range of 1350°C to 1425°C; the average grain size observed in this study after heat 

treatment of 1350°C for 10 hr is 2.9 µm, which is smaller than the average matrix grain size of 

4.6 µm for the 1425°C for 10 hr sample. Other studies in SrTiO3 have shown that the non-

Arrhenius and Arrhenius temperature regimes depend on the sintering temperature (thermal 

history), Sr:Ti molar ratios and other impurities (24,57). Specifically, it was proposed by 

Amaral et al. (58) that the Sr:Ti molar ratio can prominently affect grain growth and 

densification due to its influence on structure and species diffusivity. Therefore, the lack of 

non-Arrhenius behavior observed at the temperatures in this study may be caused by the Sr:Ti 

molar ratio and the presence of the Ruddlesden-Popper stacking faults or the thermal history. 
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5. Conclusion 

This study investigated how thermal history influences the AGG behavior in SrTiO3 by 

comparing the growth behavior at 1425°C in an as-sintered microstructure (single-step) to one 

that underwent an additional heat treatment at 1350°C for 10 hr after sintering (two-step). The 

grain size distributions and the relative GB energy distributions (measured by thermal groove 

measurements) were evaluated. The analysis revealed that the growth rate and the fraction of 

abnormal grains increases in samples with more high-energy GBs and a broader GB energy 

distribution. Additionally, the microstructure that underwent the two-step thermal profile and, 

thus, experienced a longer time at elevated temperatures has a smaller average grain size and a 

smaller fraction of abnormal grains after 1425°C for 10 hr than the single-step heat treated 

microstructure. These results suggest that the initiation and growth of abnormal grains can be 

controlled by engineering the GB energy through modifying the thermal history. This approach 

can be easily applied with existing processing setups and is a promising method for 

microstructural engineering with implications for improving the material’s performance. 

Future studies should explore whether similar thermal methods to those proposed here can 

prevent AGG and control growth rate in different material systems. 
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