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Linking sintering stresses to nano modification in the microstructure of 
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Abstract 

High quality factor and a temperature stable resonant frequency make 

BaLa4Ti4O15 (BLT) ceramics attractive materials for microwave applications. 

Aiming to exploit the effects of external stresses on the development of 

textured and anisotropic microstructures to optimise MW properties, the 

influence of applied external pressure during sintering of BLT ceramics is 

analysed. HRTEM and geometric phase analysis (GPA) showed that stresses 

applied during sintering, trigger the nucleation and growth of faults 

hypothesised to be due to the errors in the AO3 layer (basal plane) stacking 

sequence of the hexagonal perovskite structure. The results reveal a strong 

correlation between the high concentration of structural defects and the 

development of anisotropic microstructures, which tune the properties of BLT. 

Stresses applied during sintering are therefore a promising tool to design 

material properties. 
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Introduction 

Advances during the last few decades in microwave (MW) technology 

have brought a revolution in telecommunication systems. The main criteria for 

the use of microwave materials in devices are compactness, low loss and 

reliability. The size of a MW component may be reduced by utilising high 

permittivity (r) ceramics since the resonant frequency of a MW material is 

inversely proportional to r. This is particularly important for dielectrically 

loaded Global Positioning Systems (GPS) antennas in handheld devices 

where space within the device casing is at a premium. However, for 

resonators and cavity filters in base stations the main technological driving 

force is the selectivity of the material to a narrow frequency range to maximise 

the usage of limited sections of the Electromagnetic (EM) MW spectrum and 

thus the MW quality factor (Qf) dominates innovation. Low temperature co-

fired ceramic (LTCC) technology is used to create integrated MW circuits in 

which the EM radiation propagates through a sequence of waveguiding 

channels and filters embedded in ceramic layers [1]. In this technology, low 

cost and compatibility with Ag electrodes are critical.  

Despite these diverse applications, one unifying material property is 

critical to all MW materials. The temperature coefficient of the resonant 
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frequency (f) must be close to zero. For modern cavity resonators and filters, 

the most stringent application for materials, f = +/-1 ppm/oC, Qf > 40,000 GHz 

and 20 ≥ r ≥ 50. For dielectrically loaded antenna the requirements for f and 

Qf are relaxed since loss is dominated by the ceramic/metallisation interface, 

f = +/-10 ppm/oC, 20 ≥ r ≥ 100, Qf = 10,000 GHz, and for LTCC the presence 

of metallisations within the structure limits the Qf of the device, f +/- 10 

ppm/oC Qf < 1000 GHz, and 8 ≥ r ≥ 100 [2]. 

There is considerable interest in titanate based electroceramics for 

microwave applications due to their exceptional dielectric properties [3-6]. 

Amongst titanate-based materials, compositions in BaO - Re2O3 - TiO2 family 

are widely used in a broad range of applications such as dielectric resonators, 

microwave substrates for antennas and C0G (Electronic Industries Alliance 

standard for temperature compensating class 1 capacitors) temperature 

stable capacitors. There are many materials used for dielectric resonators but 

where a combination of medium to high permittivity is required with selectivity 

to a narrow frequency range, compositions based on BaLa4Ti4O15 (BLT) are 

commercially competitive with MW properties reported as εr ~ 45, Qf ~ 41000 

and f ~ -26 ppm/oC.  

BLT has a B-site deficient layered perovskite structure with a 

hexagonal P3c1 space group [5,6] (Figure 1). AO3 mixed layers are stacked 

to form the layered perovskite structure and the distance between these 

layers influences the properties of BLT [5,6]. Common crystal imperfections in 

such structures are stacking faults, which occur due to the disparities in 

stoichiometry of the AO3 layers. The hexagonal structure of BLT essentially 

arises because at least two octahedral layers are face shared in contrast with 

cubic perovskites in which all octahedra are corner shared [7].  
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Figure. 1 Schematic representation of the layered perovskite structure of BLT 

in which A represents Ba and La ions in the structure [7,8]. The BLT structure 

exhibits some layers in which the octahedra are face rather than corner 

shared [7]. 

 

To control MW properties, it is imperative that ceramics attain an 

optimised microstructure. There have been several attempts to control the 

dielectric properties of microwave materials by using sintering variables, [3, 4]. 

Temperature, heating/cooling rates and sintering atmospheres have been 

frequently used in titanates to change the microstructure and thus the 

dielectric properties [5]. In SrTiO3, two sintering regimes exist and a slight 

variation in composition is enough to change the microstructure. The low 

temperature regime is dominated by grain boundary diffusion and at high 

temperature volume diffusion occurs [5]. In addition, depending on Sr/Ti 

stoichiometry the densification and microstructure may vary [5]. We have 

recently shown that a grain boundary (GB) anomaly can be triggered in 

SrTiO3 by varying the sintering temperature [9]. Literature reports that in 

SrTiO3 the grain growth anomaly may result from changes in grain boundary 

structure and stoichiometry with modification of the sintering temperature 

leading to changes in the grain boundary energy and/or mobility [10]. A TEM 

study on the grain boundary stoichiometry of SrTiO3 [11] reports that Ti rich 

grain boundary regions diffuse slower than others, but no clear correlation to 

the grain growth anomaly has yet been obtained.  The microstructure of 

ceramics is also controlled by the sintering atmosphere. For example, during 
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the sintering of titanates at high temperature where reduction of Ti4+ may 

occur high oxygen partial pressure is utilized to maintain O stoichiometry. 

Another way to control materials microstructure is by applying external 

stresses during the sintering. In functional thin films the role of stress is well 

known and used as an engineering tool to induce new physical phenomena. 

In SrTiO3 thin films for example, ferroelectric behaviour may be induced 

through compressive in-plane strain [12]. However, the effect of stresses in 

the microstructure development of ceramics is not so well known and rarely 

documented. Since Abouaf et al [13,14] first studied hot isostatic pressing of 

Al2O3 and observed that crystal imperfections are formed during sintering 

under stress, which relates to abnormal grain growth, no other systematic 

investigations have been conducted. Recently, however, Zhi et al [15] and 

Amaral et al. [16] reported a marked effect of the mechanical stress on the 

microstructural development arising from the substrate during the constrained 

sintering of BaNd2Ti5O14 (BNT) and BLT thick films. Zhi et al [15] and Amaral 

et al [16] hypothesized that tensile compatibility stresses induced by the 

geometrical constraint increase the mobility of grain boundaries or the driving 

force for grain boundary transport enhancing grain growth. However, a 

comprehensive understanding of the effect of stresses on the microstructure 

during sintering and its role and/or utilisation in the development/design of 

textured and anisotropic microstructures, is still missing.  

In this work we link the microstructural changes in BLT ceramics to the 

external pressure applied during sintering. To this end, systematic HRTEM 

studies were conducted on BLT ceramics sintered under pressure and without 

external stresses with the results being used to develop a mechanistic 

understanding of the role of stress in sintering. 

 

Experimental  

Single phase BaLa4Ti4O15 (BLT) powders, with 3 µm average particle 

size, were prepared through conventional solid state route by mixing the 

stoichiometric proportion of BaCO3-La2O3-TiO2 (<99% purity, Merck) powders, 

in ethanol, and ball milling, for 24 h, in a Teflon jar before and after calcination 

at 1330 °C, for 3 h. Phase purity of the BLT powders were ensured with XRD. 

Powders were thermal consolidated by hot pressing (HP) in a hot press 

furnace (homemade by UIDM, Viana do Castelo) as schematically shown in 

Figure 2. Alumina dies and punches were used and the thermal cycle 

conditions leading to near dense samples were: a constant heating rate of 8º 

C min-1 up to a maximum temperature of 1250 ºC, for 2 h, and 65 MPa of 

applied pressure. For a systematic and comparative study of the pressure 

sintering effect, pressed powder compacts were also densified by the 

conventional sintering (CS) method, without external pressure. In this case, to 

attain high dense compacts, a maximum temperature of 1530 °C, for 3 h, was 

used. Polished and thermally etched fracture surfaces (at 1480 ºC for 60 s) of 

the sintered samples were first inspected by scanning electron microscopy 
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(SEM, Hitachi S-4100) to have the general knowledge on the morphological 

details and to check phase purity with energy dispersive X-ray spectroscopy 

(EDS). SEM images were analysed using Image J software. 

For transmission electron microscopy (TEM) studies both CS and HP 

ceramics were thinned down to 20 m by polishing using tungsten grid paper 

followed by diamond pastes and made electron transparent using precision 

the ion polishing system (PIPS-Model 691; Gatan, Pleasanton, CA); TEM 

studies were done using Hitachi 9000; High resolution TEM (HRTEM) studies 

were performed with SACTEM TECNAI-F20 microscope in CEMES, 

Toulouse. 

 

 

 
 

Figure 2. Schematic of the preparation of HP BLT ceramics 

 

In this work, geometric phase analysis (GPA) was used to investigate 

structural modifications by applied external stress during sintering, following 

the difference in fringe width. The Hytch method [18-22] was used to perform 

GPA, taking information from the deformation of the lattice fringes to create 

the maps of displacement and strain fields, lattice strain analysis using GPA is 

an accurate method, which could be done in atomic resolutions [23]. These 

maps are based on the Fourier analysis of a HRTEM lattice image, selecting a 

strong Bragg reflection and performing an inverse Fourier transform. The 
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phase component of the resulting complex image gives information on the 

local displacements of the atomic planes. In short, the procedure of GPA is as 

follows, where a perfectly periodic set of fringes can be represented by a 

cosine function: 

 𝐼(𝑥) = 𝐴 𝐶𝑜𝑠 (2𝜋 𝒈0 𝑥 + Ø(𝒙))                 [1] 

 

here 𝒈0 is the frequency of the fringe and Ø(𝒙) a spatially varying phase value 

which will include the slight spatial variations in the fringe periodicities. This 

phase term can be rewritten as a function of the frequency 𝒈0  and the 

displacement of the non-regular fringes from their ideal periodic position, 𝑢(𝑥): 

 ∅(𝑥) = 2𝜋 𝒈0𝑢(𝑥)                [2] 

 

that is 

 𝑢(𝑥) = Ø(𝑥)2𝜋𝒈0   
 

and can be easily determined from the phase term and the frequency of the 

reference set of fringes. The fringe deformation (r)) can be deduced as 

follows: 

 𝜀(𝑟) = 𝛿𝑢(𝑥)𝛿𝑥 = 𝛿𝛿𝑥 [ ∅(𝑥)2𝜋𝒈0]      [3] 

 

Results and discussion 

SEM micrographs showing the microstructure of a) CS BLT and b) HP 

BLT ceramics having similar densities (96±1%) are shown in Figure 3. It can 

be observed that few and small pores are remaining after thermal 

consolidation in both samples and no 2nd phases are discernible, in 

accordance with previous studies in this system [14]. The differences in grain 

sizes of both images were quantified using image J and more than 2000 

grains were considered for the stereological characterization of each ceramic. 

The results of the grain size distribution of CS and HP are plotted in Figures 3 

c) and d), respectively. A SEM micrograph of higher magnification from HP 

ceramics is shown in Figure 3 e), highlighting the bimodal characteristics of 

the microstructures with abnormal grains in a finer grain matrix. Therefore, the 

grains were classified into two groups, according to the Hillert criterion [17], 

i.e, grains with size equal or larger than 2.5 times the average grain size are 

classified into abnormal grains which is equivalent to considering abnormal 

grains as those with grain area equal or greater than 6.25 times the average 

grain area, as in the present case.  
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a) 

 

 
b) 
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c) 

 
d) 
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e) 

Figure 3. SEM micrographs of a) CS and b) HP BLT ceramics, c) grain size 

distribution of CS and d) grain size distribution of HP and e) a high 

magnification image of HP sample showing an abnormal grain into the matrix 

of thinner grains. 

 

Table 1 reviews the values of the microstructural parameters of HP and 

CS ceramics. The average grain area of normal grains in CS is 2.0 m2 while 

that for HP is 3.5 m2. The numeric percentage of abnormal grains and their 

contribution to the total grain area for CS, are 2.2% and 13%, while those for 

HP ceramics are 2.8% and 20%, respectively. The difference in the 

microstructure is clearly visible in the case of the average area of abnormal 

grains of both ceramics. Abnormal grains in CS have an average area of 13 

m2 while that for HP is 30 m2. These data clearly show that an increase in 

the grain growth was observed in pressure assisted HP, especially in the 

abnormal grain population, despite the fact that it was sintered at 280 ºC 

lower than free sintered CS ceramics. Observation of favoured abnormal grain 

growth was also reported previously by our group in the constrained sintering 

of BLT and BNT thick films [15].   

 

Table 1. Microstructural parameters of CS and HP BLT ceramics. 

 

 Density 
(%) 

Ānormal Āabnormal % 
abnormal 

% 
abnormal 
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(µm
2
) (µm

2
) grains  

(in area) 
grains (in 
number) 

CS 97 2.0 13 13 2.2 

HP 96 3.5 30 20 2.8 

 

TEM observations of CS and HP ceramics were first taken at lower 

magnification and images are shown in Figure 4. In the case of the CS 

ceramics, Figure 4 a), grains have less imperfections compared to HP. A 

representative TEM micrograph of HP ceramics is illustrated in Figure 4 b) 

showing a higher concentration of stacking faults than is usual in layered 

structures. The density of stacking faults is clearly higher than that observed 

in CS ceramics and any previously report for BLT [7,8].  

 

 

 
a) 
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b) 

Figure 4. TEM micrographs of BLT ceramics: a) CS with less crystal 

imperfections and b) HP which shows a higher density of stacking faults 

(indicated by arrow) and other crystal imperfections when compared with CS 

ceramics. 

 

To study the effects of external stress at a nanoscale level, HRTEM 

was used in the bulk and at the GB’s. At least 10 images of the interior grain 

and GB’s have been observed for each CS and HP samples the comparison 

between CS and HP are consistent in the images which were analysed, also 

the behaviour is similar in the strain maps as well. HRTEM images of the HP 

ceramics exhibited distinct differences from CS ceramics both in bulk and 

GB’s (Figure 5). In Figure 5 a) the HRTEM image of one representative GB of 

HP ceramics is shown where the defect concentration around this region is 

clearly visible and in Figure 5 b) the interior grain part of the HP ceramics also 

shows a higher defect concentration whereas the grains and GB’s of the CS 
ceramics (Figure. 6) do not show evidence of appreciable structural defects. 
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The higher defect concentration in HP ceramics may arise from the applied 

pressure during sintering and from this observation we expect that the 

externally applied sintering pressure is not only responsible for the alterations 

of the GB characteristics but also for modifications in the interior of the grains. 

 

 
 

a) 
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                                                        b) 

Figure 5 HRTEM micrographs of HP ceramics showing defects in two regions 

a)  in a GB and b) in the bulk (shown in the marked area). 
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Figure 6: HRTEM micrographs of GB region of a CS BLT ceramics is defect 

free compared to equivalent region in HP BLT ceramics. 

 

To obtain a more quantitative analysis of the effect of the external 

applied stress during sintering of BLT on the creation of structural defects, 

local deformation maps were obtained by GPA for both ceramics. Figure 7 a) 

depicts a HRTEM micrograph of CS ceramics in GB region. Figure 7 b), c) 

and d) show the reconstructed phase image, deformation and the rotation 

maps. The spatial resolution, determined by the size of the mask used in 

Fourier space (a gaussian mask of FWHM=0.5nm-1), is 2nm. The 

background noise was estimated by calculating the standard deviation in a 

uniform area (indicated by a dashed square in Figure 7 b)). The error bar is 

+/-0.3% for the deformation and +/-0.2° for the rotation. Average lines profiles 

extracted from the maps along the rectangles are shown in Figure 7 e) and f). 

The deformation and the rotation are uniform across the analyzed region of 

the grain, except at the grain boundaries due to the associated imperfections. 

The deformation and rotation profiles show only high frequency oscillations 
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which remain within the noise limits (between +/-0.3% and +/-0.2° 

respectively). In average the oscillations remain close to zero and therefore 

no significant deformation is detected.  
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(c) (d) 

(a) (b) 

(e) 

(f) 
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Figure 7- a) HRTEM micrograph of CS BLT ceramics. b) 

Reconstructed phase image (the dotted rectangle in the phase image 

indicates the reference region for the deformation). c) Deformation and d) 

rotation maps calculated using the GPA method . e) Average line profiles of 

the deformation and f) rotation extracted from the maps according to the white 

rectangles. GPA analysis suggests no relevant changes in fringe periodicity 

and rotation of lattices for CS BLT ceramics. 

 

Figure 8 a) shows a HRTEM image of the interior part of a grain in HP 

BLT ceramics. Phase, deformation and rotation maps determined by GPA are 

also presented in Fig. 8 b), c) and d). Average line profiles extracted from the 

maps along the rectangles are shown in Fig. 8 e), f). The deformation is not 

uniform across the grain and is higher in the top-right region compared to the 

bottom-left region. In addition, the rotation map shows that there is a gradient 

of rotation from the bottom-left to the top-right region. The deformation profile 

shows some variations between -0.4% and up to +0.7% in the top-right 

corner. The rotation profile shows a linear gradient between -0.5 to +0.5°. 
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(a) (b) 

(c) (d) 

(e) 

(f) 
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Figure 8- a) HRTEM micrograph of HP BLT ceramics. b) Reconstructed 
phase image (the dotted rectangle in the phase image indicates the reference 
region for deformation), c) Deformation and d) rotation maps calculated using 

the GPA method. e) Average line profiles of the deformation and f) rotation 
extracted from the maps according to the white rectangles. The maps indicate 
that the grain contains residual deformations up to 0.7% in the top-right corner 

and rotations up to 0.5°.  
 

 

These observations clearly indicate that there are structural changes in 

BLT arising from the application of external stress during sintering and confirm 

previous TEM observations (Figure 5 b)) of highly defective structures in HP 

BLT ceramics. 

The reported results clearly show that external stresses during 

sintering affect the microstructural development at the nanoscale level, being 

responsible for the creation of higher defective bulk and grain boundary 

regions. Moreover, the enhanced grain coarsening with a higher contribution 

of abnormal grain growth in HP ceramics is related to the high structural 

defects concentration arisen from the applied external stresses during 

sintering. Observation of high density of stacking faults (which generally 

arrises due to the Ti vacancy layers [7, 8]) indicates that the applied stress is 

modifying the stacking of AO3 layers of BLT which in turn creates Ti vacancy 

layer and stacking faults. Stress assisted sintering has, therefore, the potential 

to be used as a tool to design microstructures and achieve tailored properties, 

as suggested from our previous results in BLT and BNT [14, 15].  

However, further work is needed to understand how the terms of the 

GBs velocity are affected, i.e, if, for instances, GB mobility is directly 

enhanced by the creation of more defective GBs, higher order complexions as 

in alumina [6] or the driving force is increased by the creation of higher energy 

GBs [10]. It is also necessary to relate the microstructure variation with the 

electrical response. It is expected that microstructure changes due to applied 

pressure may drive a change in Ʈf possibly adjustable by the sintering 

pressure. So HP will provide a way to design temperature compensated 

microwave materials with a compromise in the quality factor. 

 

Conclusions 

The structural changes and the modifications in BLT ceramics due to 

the external stress applied during sintering were studied using HRTEM and 

the results were analysed through GPA method. CS BLT ceramics prepared 

without external applied stress during sintering present minimal or no 

imperfections in the grain interiors and low defect GBs, while the HP BLT 

ceramics have a considerable higher density of stacking faults which arises 

due to the addition or removal of layers or variation of distance between AO3 

mixed layers both in grains interior and GBs; this variation is facilitated by the 

sintering stress, and these stacking faults drives the anisotropies in the 
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microstructure of HP BLT. The GPA shows that HP BLT ceramics have fringe 

deformations as well as rotations; this confirms that the external pressure 

applied during sintering has a role in modifying the structure and 

microstructure of BLT material.  
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Figure captions 
 
Figure. 1 Schematic representation of the layered perovskite structure of BLT 

in which A represents Ba and La ions in the structure [7,8]. The BLT structure 

exhibits some layers in which the octahedra are face rather than corner 

shared [7]. 

 
Figure 2. Schematic of the preparation of HP BLT ceramics. 

 
Figure 3. SEM micrographs of a) CS and b) HP BLT ceramics, c) grain size 

distribution of CS and d) grain size distribution of HP and e) a high 

magnification image of HP sample showing an abnormal grain into the matrix 

of thinner grains.  

 
Figure 4. TEM micrographs of BLT ceramics: a) CS with less crystal 
imperfections and b) HP which shows a higher density of stacking faults 
(indicated by arrow) and other crystal imperfections when compared with CS 
ceramics. 
Figure 5 HRTEM micrographs of HP ceramics showing defects in two regions 
a)  in a GB and b) in the bulk (shown in the marked area). 
 
Figure 6. HRTEM micrographs of GB region of a CS BLT ceramics is defect 

free compared to equivalent region in HP BLT ceramics.  

 

Figure 7- a) HRTEM micrograph of CS BLT ceramics. b) Reconstructed 
phase image (the dotted rectangle in the phase image indicates the reference 
region for the deformation). c) Deformation and d) rotation maps calculated 
using the GPA method . e) Average line profiles of the deformation and f) 
rotation extracted from the maps according to the white rectangles. GPA 
analysis suggests no big changes in fringe periodicity and rotation of lattices 
for CS BLT ceramics. 
Figure 8- a) HRTEM micrograph of HP BLT ceramics. b) Reconstructed 

phase image (the dotted rectangle in the phase image indicates the reference 

region for deformation), c) Deformation and d) rotation maps calculated using 

the GPA method. e) Average line profiles of the deformation and f) rotation 

extracted from the maps according to the white rectangles. The maps indicate 

that the grain contains residual deformations up to 0.7% in the top-right corner 

and rotations up to 0.5°. 

 

Tables 

Table 1. Microstructural parameters of CS and HP BLT ceramics. 
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Graphical Abstract 

 

 

 
 

A novel defect creation mechanism originated due to the externally applied 

sintering pressure is reported and analysed using HRTEM and geometrical 

phase analysis (GPA).  

 

  

 


