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Study of crystallite size and lattice strain by Williamson-Hall 
analysis in sintered Al2O3 - Fe2O3 ceramics 

ABSTRACT 

This study investigates the influence of hematite (Fe₂O₃) as a sintering aid in alumina-based 

(Al₂O₃) ceramics. Samples with Fe₂O₃ concentrations ranging from 0.5 to 8 wt.% were produced 
and sintered at 1400 °C. The structural characterization of the samples was carried out using X-
ray diffraction (XRD).  Crystallite size and lattice strain were calculated by the Debye-Scherrer and 
Williamson-Hall equations. The results showed that Fe₂O₃ addition fostered crystallite size 

increase in almost all compositions, leading to a distortion in the Al₂O₃ lattice. Furthermore, the 
increase in crystallite size resulted in a reduction in dislocation density within the ceramics. This 
work contributes to a better understanding of the Al₂O₃ – Fe₂O₃ system and its applications in 
advanced ceramic materials, highlighting the importance of proper composition in ceramics of this 
compound for optimizing the properties of these materials. 
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1. INTRODUCTION 

Alumina ceramics (Al₂O₃) are widely studied for 
their exceptional properties, such as dimensional 
stability, high-temperature resistance, and high 
hardness, making them suitable for various 
structural and technological applications [1]. 
However, alumina's brittle behavior is a significant 
limitation compared to metals and alloys. As an 
ionic- covalent solid, alumina lacks plastic 
deformation under load, causing cracks to 
propagate without energy dissipation, leading to 
abrupt failure. This brittleness is exacerbated by 
defects, notches, or thermal shock. Alumina's 
strong chemical bonds contribute to its low 
electrical and thermal conductivity, high melting 
point, and hardness [2]. 

Advances in materials science have led to new 
synthesis and processing methods to enhance 
alumina's properties and mitigate its limitations. 
One approach is adding low-melting-point sintering 
additives to create a liquid phase during sintering, 
bonding ceramic particles at lower temperatures. 
This is crucial for alumina, as its pure sintering 
requires temperatures above 1600 °C, increasing 
production costs and complexity [3,4]. 
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Metallic oxides, such as CaO, MgO, Nb₂O₅, 

and ZrO₂, are commonly used as sintering 
additives for alumina. These additives create a 
liquid phase that "wets" ceramic particles, 
facilitating rearrangement and densification by 
removing pores [5-13]. In some cases, ternary 
eutectic compositions generate low-melting-point 
phases tailored for specific ceramic properties [6]. 

The Al₂O₃-Fe₂O₃ composite, formed by 

combining alumina and hematite, has garnered 

attention due to its applications in sorbents and 

catalysts [14,15] Alumina is known for its surface 

acidity, high surface area, mechanical strength, 

and sintering stability, while hematite offers redox 

behavior and semiconducting properties [18,19] 

Combining these oxides enhances mechanical, 

thermal, and catalytic performance, with high-

temperature treatment forming new crystalline 

phases like FeAlO₃. This orthorhombic phase, 

produced under specific conditions, exhibits 

properties distinct from its parent oxides [20] 

Studies on the Al₂O₃–Fe₂O₃ system have 
explored phase formation and properties. Muan 

and Gee[21,22] investigated FeAlO₃ formation 
under varying temperatures and oxygen pressures 

(PO₂), noting its instability below 1318 °C. FeAlO₃ 

stability increases with higher PO₂, with 
stabilization temperatures ranging from 1318 to 
1495 °C. Further studies characterized its 
orthorhombic structure[23], coexisting phases[24], 
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and phase diagrams [25]. Thermodynamic 
properties indicate FeAlO₃ is unstable under high-
temperature and pressure conditions.26 

Few studies have explored alumina's physical 
and mechanical properties with hematite as a 
sintering additive. Cai et al.27 added hematite at 1–
5 molar fractions to alumina, pressing discs at 100 
MPa and sintering at 1550 °C. Densification 
reached 89–91%, with flexural strength increasing 
from 47 MPa at 1 molar fraction to 67 MPa at 5. 

Silveira et al.28 combined Fe₂O₃ and Nb₂O₅ in 
alumina-based ceramics, observing densification, 
phase formation, and mechanical strength. 
Sintering at 1400 °C improved properties, with 
flexural strength rising from 90 MPa to 252 MPa 
and compressive strength from 529 MPa to 705 
MPa at 1–2 wt.% Fe₂O₃. However, higher hematite 
concentrations reduced densification and strength 
due to porosity. 

In a previous study29, Fe₂O₃ concentrations of 
0.5–8 wt.% were added to alumina, sintered at 
1400 °C. Results showed that 4–6 wt.% Fe₂O₃ 
decreased densification and strength due to 
porosity, while 0.5–2 wt.% enhanced sintering, 
increasing densification and mechanical 
performance. These findings highlight the 
significant influence of Fe₂O₃ concentration on 
alumina's final properties. 

Characterization of ceramics in the Al₂O₃–

Fe₂O₃ system is crucial to understanding additive 
effects. X-ray diffraction (XRD) identifies and 
quantifies phases while providing crystallite size 
and microstrain data. Williamson-Hall analysis, 
derived from XRD, separates crystallite size and 
microstrain contributions to peak broadening.30 
This method correlates microstructure with 
mechanical properties, aiding the understanding of 

Fe₂O₃'s impact on sintering and material 
performance.31-33 

This study investigates Fe₂O₃ as a sintering 

additive in Al₂O₃, focusing on phase formation, 

crystallite growth, and microstructural changes 

during sintering. Scherrer calculations and 

Williamson-Hall analysis elucidate the relationships 

between sintering and material structure. 

2. EXPERIMENTAL PROCEDURE 

2.1. Materials 

The materials used in the fabrication of ceramic 

bodies are: α-Al2O3 (ρ = 3.96 g/cm³; Alcoa P-913, 

Brazil), with a particle size of 1μm, glycine (Sigma 

Aldrich), and iron nitrate (Neon Química, Brazil), 

employed for the preparation of hematite (Fe2O3) 

powders (ρ = 5.26 g/cm³). Polyethylene glycol 

(PEG) (Isofar, Brazil) was added to provide 

mechanical strength to the green bodies.  

2.2. Fe2O3 Powder Synthesis 

The Fe2O3 powders were obtained through the 

spontaneous combustion synthesis method. In this 

process, ferric nitrate [Fe(NO3)3·9H2O] was used as 

the oxidizer, and glycine [NH2CH2COOH] as the 

fuel. This method was similar to the one performed 

in the study by Cao et al.34 To prepare the 

powders, Fe(NO3)3·9H2O and NH2CH2COOH were 

dissolved in 150 mL of distilled water and the 

solution was stirred to achieve a homogeneous 

mixture. Subsequently, the mixture was poured into 

a 500 mL beaker and heated to 100 °C. During the 

heating process, the water in the solution 

evaporated, transforming the mixture into a 

gelatinous mass. After a few minutes of heating, 

the mixture expanded, releasing a significant 

amount of gases. This was followed by a non-

explosive exothermic reaction, resulting in 

spontaneous combustion. After the burn, a foam 

composed of iron oxide was obtained, which was 

crushed to produce the Fe2O3 powders used as 

sintering additives. 

2.3. Ceramic Processing 

The theoretical density of the samples was 

determined using the Rule of Mixtures, excluding 

PEG which is eliminated during sintering. Table 1 

presents the theoretical density (TD) values and 

nomenclature of each sample. 

Table 1. Composition, nomenclature and 
theoretical density of sample groups of this 
paper 

Sample Composition 
Density 
(g/cm³) 

AL 100 wt.% Al2O3 3.960 

ALFE05 99.5 wt.% Al2O3 – 0.5wt.%Fe2O3 3.966 

ALFE10 99 wt.% Al2O3 – 1 wt.% Fe2O3 3.973 

ALFE20 98 wt.% Al2O3 – 2 wt.% Fe2O3 3.986 

ALFE40 96 wt.% Al2O3 – 4 wt.% Fe2O3 4.012 

ALFE60 94 wt.% Al2O3 – 6 wt.% Fe2O3 4.038 

ALFE80 92 wt.% Al2O3 – 8 wt.% Fe2O3 4.064 

 

Al2O3, Fe2O3, and PEG were homogenized in a 
ball mill for 8h, using distilled water in a 1:1 ratio to 
facilitate the mixture. After this process, the 
powders were dried for 48h at a temperature of 120 
°C, manually deagglomerated, and sieved through 
a 60-mesh screen. Using these materials, discs 
with a diameter of 15 mm and a mass of 0.5 g were 
produced through cold uniaxial pressing with a load 
of 50 MPa. Sintering was conducted in a JUNG 
furnace, without the application of pressure, with a 
maximum temperature of 1400 °C, followed by 
inertial cooling. The heating ramp utilized is 
illustrated in Figure 1. 
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Figure 1. Sintering ramp used for sintering of Al2O3 – Fe2O3 ceramics. The samples displayed 
in the graph are the groups of sintered samples 

 

The X-Ray diffraction analysis of the sintered 
samples was conducted using the X’Pert Pro 
MRDdiffractometer from Panalytical (São Paulo, 
Brazil). The scanning range extended from 20° to 
90°, with an increment of 0.02° and an acquisition 
time of 2s. Employing a Co-Kα tube (λ = 1,79 Å), 
the analysis was carried out with a voltage of 40 Kv 
and a current of 40 Ma. The qualitative 
identification of the formed phases was performed 
using the Panalytical`sHighScore Plus software. 

3. RESULTS AND DISCUSSION 

3.1. XRD Analysis of Al2O3 – Fe2O3 Ceramics 

Figure 2(a) shows the diffraction patterns of the 
sintered ceramics with the peaks indexing. The 
primary identified phase corresponds to α-Al2O3 
(corundum), a highly stable phase with a 
rhombohedral crystal structure and space group R-
3c, as confirmed by the JCPDS 00-073-1512 
reference card.  

 

Figure 2. XRD patterns of sintered Al2O3 – Fe2O3 ceramics: (a) Complete diffractogram; 
(b) Amplified XRD pattern in the (104) diffraction peaks 
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The presence of only α-Al2O3 at 1400 °C, even 
with Fe2O3 additions ranging from 0.5 to 8 wt.%, 
aligns with the thermodynamic predictions based 
on the Al2O3–Fe2O3 binary phase diagram (Figure 
3). This stability of the corundum phase suggests 
limited solubility of Fe2O3 in Al2O3 under the 
experimental conditions. 

According to Kawasaki et al. [35], the 
corundum structure persists due to the very high 
thermal stability of α-Al2O3 and the strong ionic 

bonding within its lattice, which prevents the 
formation of additional phases such as FeAlO3 
unless the Fe2O3 concentration exceeds 18 wt.%. 
At this threshold, significant Fe3+ diffusion and 
substitution occur, leading to the formation of the 
FeAlO3 phase with an orthorhombic structure 
(space group Pna21) characterized by a complex 
combination of hexagonal and cubic oxygen 
packing [36,37]. 

 

Figure 3. Phase diagram of Fe2O3 – Al2O3 compound indicating the phase of the sintered 
samples with yellow dots 

 

Figure 4. Diagram showing the effect of lattice strain on peak broadening and position shifts: 
(a) No strain at the original lattice spacing, (b) Peak shifts to lower angles when the lattice spacing is 

larger (d0< d1), (c) Peak shifts to larger angles when the lattice spacing is smaller (d2< d0), and 
(d) Peak is broadened because the peak gradually shifts from lower angles (top of the crystal: d3) to 

larger angles (bottom of the crystal: d4) (d4< d0< d3). 
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The process of FeAlO3 phase formation 
involves Al3+ substitution by Fe3+ ions, which leads 
to lattice distortions and significant atomic 
rearrangement during sintering. This substitution 
process is kinetically limited at lower 
concentrations and temperatures due to the slow 
diffusion of Fe ions within the alumina matrix. 
Additionally, the narrow stability range of the 
FeAlO3 phase makes its synthesis inherently 
challenging. The formation of a single-phase 
multiferroic ceramic, which could have practical 
applications in advanced technologies, requires 
precise control over the Fe2O3 content, 
temperature, and sintering conditions [37]. 

A closer analysis of the (104) diffraction peak, 
detailed in Fig.2(b), reveals significant changes in 
peak position, broadening, and intensity with 
increasing Fe2O3 content. These changes are 
attributed to microstructural effects such as lattice 
strain, crystallite size reduction, and local 
distortions caused by the Fe3+ substitution into the 
Al2O3 lattice. As illustrated in Figure 4, tensile and 
compressive lattice strains influence the d-spacing 
of the crystal planes, shifting the peak positions to 
smaller or larger 2θ values. Uniform tensile strain 
increases the interplanar spacing, while non-
uniform strain causes asymmetry in peak 
broadening. The relative contributions of strain and 
crystallite size can be quantified by analyzing the 
peak width variation as a function of 1/cosθ, which 
highlights the significance of microstructural 
defects [38,39]. 

3.2. Crystallite size and dislocation density by 
scherrer analysis 

The broadening of X-ray diffraction peaks 
typically arises from instrumental broadening, 
crystallite size effects, and lattice strain caused by 
dislocations. To separate these contributions, the 
instrumental broadening βhkl must first be 
determined using a standard material like silicon. 
The corrected instrumental broadening is 
calculated using Equation 1: 

𝛽𝐷
2 = [(𝛽𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

2 ) − (𝛽𝑖𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡𝑎𝑙
2 )] (1) 

The crystallite size (CS) can then be estimated 
using the Scherrer equation: 

𝐶𝑆 =  
𝑘𝜆

𝛽𝐷𝑐𝑜𝑠𝜃
 (2) 

Where 

CS is the crystallite size (nm), k is the shape factor 
(k = 0.9), λ is the X-Ray wavelength (λ = 1.789 Å), 
θ is the Bragg angle, and β is the corrected peak 
width at half maximum (FWHM). The dislocation 
density (δ), defined as the length of dislocation 
lines per unit crystal volume, is calculated using 
Equation 3: 

𝛿 =  
1

𝐷2 (3) 

The crystallite size (CS) and dislocation density 
(δ) results from Table 2 reveal a nuanced 
relationship between Fe2O3 content and 
microstructural properties. For the base sample 
(AL), the crystallite size is 35.15 nm, with a 
dislocation density of 11.48 nm−2. With the addition 
of 0.5 wt.% Fe2O3 (ALFE05), there is a slight 
increase in crystallite size to 35.36 nm and a 
corresponding decrease in dislocation density to 
10.89 nm−2, suggesting improved grain growth and 
reduced lattice imperfections. 
 

Table 2. Crystallite size and dislocation density 
values obtained by Scherrer equation 

GROUPS CS (nm) 𝛅 (nm-2) 

AL 35.15 11.48 

ALFE05 35.36 10.89 

ALFE10 39.79 9.29 

ALFE20 38.89 10.17 

ALFE40 37.20 11.12 

ALFE60 25.82 24.48 

ALFE80 43.34 9.61 

 

At 1 wt.% Fe2O3 (ALFE10), the crystallite size 

peaks at 39.79 nm, with a significant drop in 

dislocation density to 9.29 nm−2, reflecting 

improved microstructural integrity due to a minor 

fluxing effect. At 2 wt.% Fe2O3 (ALFE20), the 

crystallite size slightly decreases to 38.89 nm, and 

dislocation density rises to 10.17 nm−2, suggesting 

initial lattice distortions. Higher Fe2O3 

concentrations exacerbate these effects: at 4 wt.% 

(ALFE40), the crystallite size drops to 37.20 nm, 

and dislocation density increases to 11.12 nm−2; at 

6 wt.% (ALFE60), crystallite size sharply declines 

to 25.82 nm, with dislocation density reaching 

24.48 nm−2, indicating severe lattice imperfections. 

At 8 wt.% Fe2O3 (ALFE80), crystallite size 

rebounds to 43.34 nm, and dislocation density 

drops to 9.61 nm−2, suggesting grain coalescence 

and reduced distortions. Low Fe2O3 levels enhance 

structural integrity, intermediate levels introduce 

strain, and high levels foster recovery. 

3.3. Williamson-Hall Method (W-H) 

According to Williamson and Hall, for the 

coherent scattering region, the line broadening due 

to finite size and internal stress in the prepared 

samples can be estimated. Through mathematical 

manipulations, Equation 4 represents the used 

formula. 

𝛽ℎ𝑘𝑙 𝑐𝑜𝑠(𝜃) =  
𝑘𝜆

𝐷
+ 4𝜀 ∙ 𝑠𝑖𝑛 (𝜃) (4) 
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Using Equation 4, based on the manipulation of 

the equation, it is possible to obtain the crystallite 

size by the W-H method. Figure 5 is a plot of 

βhklcos(θ) vs4sin(θ) for the samples. From the 

slope and intercept, both lattice strain (ε) and 

crystallite size were obtained. The equation above 

represents a model of uniform deformation in all 

crystallographic directions, given the high value of 

R in the plots. The value of ε represented by the 

slope in Fig.5 shows that additions of 0.5 and 1% 

wt.% Fe2O3 caused low distortions in the lattice of 

Al2O3. Additions above 2 wt.% caused a greater 

distortion in the crystal lattice, which may have 

contributed to the low mechanical performance as 

stated in [34]. 

 

Figure 5. Williamson – Hall (W – H) plot of 4·sinθvs β·cosθ of Al2O3 – Fe2O3 ceramics 
 

The crystallite size (CS) and lattice strain (ε) 

values obtained using the Williamson-Hall (W-H) 

method, as shown in Table 3, provide a detailed 

view of the microstructural behavior of alumina-

based ceramics with varying Fe₂O₃ concentrations. 

The W-H method incorporates peak broadening 

effects, including internal stresses and crystal 

distortions, offering more reliable insights 

compared to simpler models. 

Table 3. Crystallite size and lattice strain values 
obtained by Williamson-Hall method 

GROUPS CS (nm) (W-H Method) ε 

AL 58.80 0.62 

ALFE05 54.25 0.45 

ALFE10 71.86 0.64 

ALFE20 77.85 0.83 

ALFE40 76.44 0.90 

ALFE60 60.06 1.54 

ALFE80 144.97 1.20 
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The addition of Fe₂O₃ significantly influences 

crystallite size and lattice strain in Al₂O₃-Fe₂O₃ 

ceramics. For pure alumina (AL), the crystallite size 

is 58.80 nm. At 0.5 wt.% Fe₂O₃ (ALFE05), it 

decreases slightly to 54.25 nm (-7.8% compared to 

AL), likely due to minor structural changes. As 

Fe₂O₃ increases to 1 wt.% (ALFE10), crystallite 

size grows to 71.86 nm (+22.2%), reaching 77.85 

nm (+32.4%) at 2 wt.% (ALFE20). At 4 wt.% 

(ALFE40), it slightly reduces to 76.44 nm (-1.8%), 

then drops to 60.06 nm (-21.4%) at 6 wt.% 

(ALFE60), suggesting structural disruptions. At 8 

wt.% Fe₂O₃ (ALFE80), crystallite size surges to 

144.97 nm (+146.5%), indicating relaxation and 

coalescence at high Fe₂O₃ levels. 

Lattice strain (ε) shows an inverse trend. It 
decreases from 0.62 (AL) to 0.45 (-27.4%) at 0.5 

wt.% Fe₂O₃, then rises progressively: 0.64 
(+42.2%) at 1 wt.%, 0.83 (+29.7%) at 2 wt.%, and 

0.90 (+8.4%) at 4 wt.%. At 6 wt.% Fe₂O₃, strain 
spikes to 1.54 (+71.1%), indicating significant 
distortions, before decreasing to 1.20 (-22.1%) at 8 
wt.%, aligning with the large crystallite size and 
suggesting structural relaxation. 

The Fig.6 illustrates the comparison between 
crystallite size values obtained using the Scherrer 
equation and the Williamson-Hall method for Al₂O₃ 

- Fe₂O₃ samples. A clear disparity in the values 
can be observed, with the W-H method consistently 
yielding larger crystallite sizes across all 
compositions. 

 

Figure 6. Comparison of Crystallite Size of Al₂O₃ - Fe₂O₃ Samples Using the Scherrer Equation and 
Williamson-Hall Analysis 

 

This consistent difference arises from the 

distinct principles underlying the two methods. The 

Scherrer equation primarily considers the 

broadening of diffraction peaks caused by the 

crystallite size and assumes that broadening is 

solely due to this factor. It does not account for 

contributions from microstrain, dislocations, or 

other defects in the material. In contrast, the W-H 

method incorporates both size-induced and strain-

induced broadening, offering a more 

comprehensive analysis of diffraction peak 

broadening. This additional consideration of lattice 

distortions and microstrain leads to the generally 

higher crystallite size values calculated using the 

W-H method. 

 

 

4. CONCLUSION 

In this paper, the variation of crystallite size, 

lattice strain, and dislocation density as a function 

of Fe2O3 content in Al2O3 was investigated. Fe2O3 

addition promoted an increase in crystallite size, 

identified by both the Scherrer equation and W-H 

method, except for the addition of 6 wt.% of Fe2O3, 

which caused a reduction in crystallite size and an 

increase in dislocation density. Peak identification 

only showed the Al2O3 phase, without the presence 

of Fe2O3 or another phase, corroborating with the 

Fe2O3-Al2O3 phase diagram. Both techniques for 
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determination showed the same trend of crystallite 

size growth, although the values obtained by the 

W-H method were higher. 
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IZVOD 

PROUČAVANJE VELIČINE KRISTALITA I DEFORMACIJE REŠETKE 
VILLIAMSON-HALL ANALIZOM U SINTEROVANOJ Al2O3 - Fe2O3 KERAMICI 

Ova studija istražuje uticaj hematita (Fe₂O₃) kao pomoćnog sredstva za sinterovanje u keramici na 
bazi aluminijuma (Al₂O₃). Uzorci sa koncentracijama Fe2O3 u rasponu od 0,5 do 8 tež.% su 

proizvedeni I sinterovani na 1400°C. Strukturna karakterizacija uzoraka je izvršena pomoću 
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rendgenske difrakcije (XRD). Veličina kristalita I deformacija rešetke su izračunati pomoću Debie-
Scherrer I Villiamson-Hall jednačina. Rezultati su pokazali da dodavanje Fe₂O₃ podstiče povećanje 
veličine kristalita u skoro svim kompozicijama, što dovodi do izobličenja u Al₂O₃ rešetki. Štaviše, 

povećanje veličine kristalita je dovelo do smanjenja gustine dislokacija unutar keramike. Ovaj rad 
doprinosi boljem razumevanju sistema Al₂O₃ – Fe₂O₃ I njegove primene u naprednim keramičkim 

materijalima, naglašavajući važnost pravilnog sastava u keramici ovog jedinjenja za optimizaciju 
svojstava ovih materijala. 
Ključne reči: Al2O3, Fe2O3, veličina kristala, XRD, Villiamson – Hall. 
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