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Lanthanum Magnesium Hexaaluminate (LaMgAli1019, LaMA) is a promising material for var-
ious applications, including thermal barrier coatings, catalysts, and optical materials, due to
its unique properties such as high-temperature thermodynamic and structural stability, low
thermal conductivity, and good chemical resistance. In this study, the densification of synthe-
sized LaMA powder was investigated using spark plasma sintering (SPS). The effects of SPS
on the relative density, mechanical properties, and crystallographic texture were evaluated.
The results showed that SPS achieved a high relative density of 97.56 + 0.25% and a flexural
strength of 367+ 13 MPa, which is in good agreement with the findings of other researchers.
Remarkably, X-ray diffraction analysis revealed the development of a strong crystallographic
texture in the sintered body, characterized by a significant preferential orientation of the
(006) plane (Texture Coefficient = 2.82). Scanning electron microscopy confirmed micro-
structural rearrangement and grain growth. The formation of this textured microstructure,
attributed to the preferential alignment of platelet-like grains under uniaxial pressure during
SPS, is a key finding of this work and contributes to the understanding of structure-property
relationships in SPS-processed hexaaluminates.

© 2026 The Author(s). Innovations in Materials: Current & Future, published by Semnan University Press.
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1. Introduction

Lanthanum magnesium hexaaluminate is a

rameters. Compared to other magnesium hex-
aaluminates (LnMgAl11019 with Ln = Nd, Gd),
LaMA exhibits superior characteristics for TBC

promising material for thermal barrier coatings
(TBCs) due to its exceptionally high-temperature

applications[3-6]. Notably, LaMA possesses ex-
cellent thermal stability, high resistance to sinter-

properties. Researchers have explored various
synthesis methods, including solid-state reaction
[1,2] and sol-gel methods[1,3], to produce LaMA
with different compositions and processing pa-

ing, good fracture toughness, and a long thermal
cycling lifetime[7-9]. These advantages are at-
tributed to its unique microstructure, character-

* Corresponding author. Tel.: +98 901 691 5570; fax: +98 233 153 3412
E-mail address: mm.khorramirad@semnan.ac.ir (M. M. Khorramirad)

Cite this article as:

Khorramirad, M.M., Hasanzadeh, S., Rahimipour, M.R., Hadavi, M.M. and Shirvani, K., 2026. The Effect of Spark Plasma Sintering on
Densification, Mechanical Properties, and Crystallographic Texture of LaMgAl11019. Innovations in Materials: Current & Future,
[1(1)], pp. 27-36.

https://doi.org/[Your-Assigned-DOI



Khorramirad, et al./ Innovation in Materials: Current & Futurel(1) (2026) 27-36

ized by irregular platelet-like grains that contrib-
ute to microporosity and low thermal conductiv-
ity[7,10]. Beyond TBCs, LaMA finds applications
in diverse fields due to its versatility. It serves as
a material for lasers and luminescence, catalyst
supports, high-temperature catalysts, and nu-
clear waste immobilization [6,11].

(@)

Upper electrode ———»

Thermocouple

Lower electrode ——»

(b)

10mm 10 mm

Fig. 1. Schematic of Spark Plasma Sintering (SPS) Equipment
[21].

Spark Plasma Sintering (SPS), also known as
Field-Assisted Sintering Technique (FAST) or
Pulsed Electric Current Sintering (PECS), is a
novel powder consolidation technique gaining
significant interest due to its several advantages
over conventional sintering methods [12-15].
SPS offers lower sintering temperatures, shorter
processing times, and improved material proper-
ties, making it a versatile tool for a wide range of
materials, including conductive and non-conduc-
tive powders, ceramics, metals, and composites
[16-20]. In the SPS process, a powder compact is
placed in a graphite die, and uniaxial pressure is
applied while simultaneously passing a pulsed DC
through the die and the powder compact [14,16].
The Joule heating generated by the current rap-
idly raises the temperature of the powder com-
pact, leading to densification and consolidation
[19]. The exact mechanisms involved in SPS are
still under debate, but Joule heating at particle
contacts and enhanced diffusion are believed to
play key roles. Some studies suggest thata "spark
plasma" may not be present, particularly with
non-conductive powders [14,19]. SPS has shown
particular promise in the development of new
materials and coatings. For instance, researchers

have successfully fabricated multi-layered ther-
mal barrier coatings (TBCs) using SPS in a single
step [16,18]. The rapid processing and ability to
form dense microstructures make SPS a valuable
tool for advanced material development [17,18].
In this study, lanthanum hexaaluminate pow-
der synthesized by the solid-state method was
used to prepare a high-density sample using the
SPS method. However, the specific effects of SPS
on the crystallographic texture evolution and its
direct link to the mechanical properties of LaMA
remain largely unexplored. This study aims to ad-
dress this gap by systematically investigating the
microstructure, crystallographic texture, and
mechanical properties of the SPSed sample.

2. Materials and Methods
2.1. Powder Synthesis

The LaMA powder was synthesized using a solid-
state reaction method as described in previous
studies[6,7]. The details of the synthesis proce-
dure can be found in these references.

2.2. Spark Plasma Sintering (SPS) Densifi-
cation

Table 1. Parameters of the Spark Plasma Sintering (SPS)
process used in this study.

Parameter Value / Specification
SPS Apparatus SPS-20T-10
Powder Material LaMgAl;11019

Die Material & Inner Graphite, 30 mm

Diameter

Foil 0.5 mm (Graphite)

Temperature 1400°C
Hold Time at Tmax ~5 minutes

Applied Pressure 25 MPa

~67 °C/min (up to

Heating Rate ~29 °C/1rr?i0n0Ef())00°C to

1400°C)
Atmosphere Vacuum

Temperature Control Optical pyrometer

Onset of Active

Sintering ~1142°C
Total Punch
. 8.3 mm
Displacement
Total Cycle Time ~33 minutes

The synthesized LaMA powder was densified
using spark plasma sintering (SPS). In this
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process, a graphite die with an inner diameter
of 30 mm is loaded with the powder. A graph-
ite foil is placed between the powder and the
die walls to prevent contamination. The SPS
apparatus (Fig. 1) applies a high pressure (25
MPa in this case) and pulsed direct current to
the die. This combination of pressure and
pulsed heating efficiently consolidates the
powder particles into a dense LaMA sample.
After sintering, the SPS process allows the
sample to cool down to room temperature
within the chamber. The detailed parameters
of the SPS process are summarized in Table 1.

2.3. Mechanical Testing

Three flexural strength specimens with di-
mensions of 25 x 5 x 3 mm were cut from the sin-
tered sample. Three-point bending tests (Fig. 2)
were performed on the specimens using a San-
tam-STM 20 machine at a crosshead speed of 0.5
mm/min. The flexural strength was calculated us-
ing the following equation:

_3FL
7= Jbhz

€y

where: o is the flexural strength (MPa), F is
the load at fracture (N), L is the distance between
the supports (mm), b is the width of the specimen
(mm), h is the height of the specimen (mm)

Fig. 2. Schematic of the Three-point Bend Test.

2.4. Phase Analysis

Phase analysis was performed using X-ray dif-
fraction (XRD) with a Siemens D500 diffractome-
ter using Cu(Ka) radiation with a wavelength of
1.5406 A. The scanning range was from 10° to 80°
with a step size of 0.02°.

2.5. Microstructural Analysis

The microstructure of the synthesized pow-
der and sintered samples was examined using a
VEGA-TESCAN scanning electron microscope
(SEM). The samples were coated with a thin layer
of gold before SEM analysis.
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2.6. Bulk and Relative Density Measure-
ment

The bulk and relative density of the sintered
LaMA sample were measured using Archimedes'
method. The weight of each sample was meas-
ured in air (dry weight) and then suspended in
distilled water (wet weight). The weight of the
sample submerged in water (buoyant weight)
was also measured. The theoretical density of
LaMA used for the calculations was 4.26 g/cm?>.
The density was measured for three individual
samples. The calculated bulk and relative densi-
ties will be presented as average values with
standard deviations.

3. Results and Discussions

3.1. Powder Characterization and Phase
Analysis

SEW MAT 03k
SEM HY 18006V

WO 101
Dot 5K Culasiar

Fig. 3. Scanning Electron Microscopy (SEM) Image of Synthe-
sized LaMA Powder[6,7].

Initial characterization of the starting powder
confirmed its suitability for SPS processing. The
morphology of the LaMA powder used in this
study is characterized by small plates with a high
aspect ratio and an approximate thickness of 446
nm, as shown in Fig. 3 [6,7]. This morphology is
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consistent with observations in other stud-
ies. The observed platelet-like morphology aligns
with the crystallographic growth habits of hex-
aaluminates, where the [0001] crystallographic
direction of LaMA has the lowest growth rate,
which likely contributes to the development of
these platelet-like particles [22,23].

Phase analysis using X-ray diffraction (XRD),
as shown in Fig. 4, confirms the formation of the
LaMA phase as a single phase. The diffraction pat-
tern of the white synthesized powder matches
JCPDS cards numbered 00-026-0873 and 00-078-
1845, further supporting the LaMA phase identi-
fication [6,7].

1000
800
600
400
200

0
15 35 55 75
20

Fig. 4. XRD Pattern of Spark Plasma Sintered (SPS) LaMA
Powder[6,7]
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Fig. 5. Displacement, Time, and Temperature (DTT) Diagram
for Spark Plasma Sintered (SPS) LaMA Powder.

The densification kinetics during SPS were
monitored in real-time, revealing the rapid con-
solidation characteristics of the process. Fig. 5
shows the effect of punch displacement and tem-
perature changes over time during the SPS pro-
cess. As sintering time increases, the density of
the LaMA sample also increases, reaching a final
density. This rapid densification is attributed to
the combined effects of Joule heating, which rap-
idly raises the temperature within the powder
compact, and the applied pressure, which pro-
motes particle rearrangement and consolidation.
Notably, the average heating rate in SPS is ap-
proximately 50-60 °C/min, significantly faster
compared to conventional sintering (typically 10
°C/min). This rapid heating facilitates enhanced
diffusion mechanisms while suppressing exces-
sive grain growth.
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Figs. 6 and 7 further detail the changes in dis-
placement (indicating shrinkage) as a function of
temperature and time during SPS, respectively.
The analysis of these figures reveals that the den-
sification process, characterized by a positive
shrinkage rate, commences at approximately
1000 °C and concludes at 1400 °C, where the
shrinkage rate returns to zero. The total amount
of shrinkage observed was 6.6 mm before the fi-
nal pressure increase and reached 8.1 mm after
applying the pressure (Fig. 7).

3.3. Microstructural Evolution

SPS processing induced significant micro-
structural reorganization, as evidenced by de-
tailed microscopic examination. Fig. 8 shows the
surface morphology of the Spark Plasma Sintered
(SPS) sample. As can be observed, the LaMA
plate-shaped particles are arranged in groups,
oriented along the thickness and at an angle to
the sample surface, exhibiting a specific type of
organization. This oriented structure might influ-
ence the mechanical properties of the LaMA sam-
ple. These observations are further supported by
the changes in the X-ray diffraction (XRD) pat-
terns of the powder particles and the SPS sample,
presented in Figs. 4 and 9. The most significant
changes in the XRD patterns are observed in the
(107), (114), (006), and (205) planes, with the
most prominent differences appearing in the
(006) and (107) planes. The preferential orienta-
tion of the platelet-like particles during SPS may
contribute to the observed variations in the XRD
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Fig. 6. Displacement Rate vs. Sintering Temperature Dia-
gram for Spark Plasma Sintered (SPS) LaMA Powder.
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Fig. 7. Displacement Rate vs. Sintering Time Diagram for
Spark Plasma Sintered (SPS) LaMA Powder.

3.4. Mechanical Properties
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The microstructural development during SPS
directly translated to enhanced mechanical per-
formance. Load-displacement curves obtained
from three-point bend tests are used to deter-
mine various mechanical properties of materials,
including flexural strength, Young's modulus, and
fracture toughness.
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Fig. 9. Comparison of XRD patterns of powder synthesized at
1600 °C and the SPS sample.

Fig. 10 illustrates the load-displacement
curves for three lanthanum hexaaluminate ce-
ramic samples. The curves show the relationship
between the applied load and the displacement of
the center of the sample. All three curves exhibit
similar overall shapes, suggesting a comparable
mechanical response of the samples. However,
slight variations in the maximum load and frac-
ture point between the curves indicate some mi-
crostructural or property variations among the
samples. The samples exhibit brittle behavior,
characterized by a sharp drop in load after the
fracture point. Using Eq. (1) and considering the
gauge length, the flexural strength of the samples
was calculated. The average flexural strength ob-
tained from three tests for the lanthanum hex-
aaluminate ceramics was 367 = 13 MPa.

600
500
400
300

Load (N)

200
100
0

0 0.2 0.4 0.6 0.8
EXTENSION (mm)

Fig. 10. The load-displacement curve of the three-point bend
test for three lanthanum hexaaluminate ceramic samples.

The achieved mechanical properties demon-
strate significant improvement over conven-
tional processing routes. Jiang et al. achieved a
relative density of 95.9% using cold isostatic
pressing (CIP) at 250 MPa and sintering at 1700
°C for 6 hours [24]. In contrast, this study em-
ployed Spark Plasma Sintering (SPS) to achieve a
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higher relative density of 97.56% with signifi-
cantly lower pressure (25 MPa), temperature
(1400 °C), and shorter processing time (35
minutes) compared to CIP, as shown in Table 2.

WO 9862 mm
Det SE Detector 20pm

SEM MAG 1.00 kx

SEMHV. 1500 kv

SEM MAG 5.00 kx

WO 9873 mm VEGAATESCAN
SEMHV 1500 kv 4

Det SE Detector Spm -

Fig. 8. SEM image of the surface morphology of an SPS sam-
ple.

Table 2. Properties of Spark Plasma Sintered (SPS) LaMA

Composition
Sample LaMA
Relative Density (%) 97.56 + 0.25
Theoretical
Density(g/cm?) 4.26
Water Absorption (%) 0.031 + 0.005
Porosity (%) 244 +0.23
Archimedes'
Density(g/cm?) 4.156 + 0.011
Buoyant Weight (g) 6.8487
Wet Weight (g) 9.0179
Dry Weight (g) 9.0151
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3.5. Crystallographic Texture Analysis

Crystallographic texture analysis through X-
ray diffraction provides critical insights into ori-
entation development in LaMA hexaaluminate
during processing. The texture coefficient (TC),
calculated according to Eq. 2, serves as a funda-
mental quantitative parameter for characterizing
crystallographic orientation in polycrystalline
materials[25,26].

I(hkl)
To (RKD)

. I(hkl) )

N %T,(hkl)

TC(hkl) =

Where I(hkl) is the measured intensity,
[0(hkl) is the reference intensity, and N is the
number of diffraction peaks [25,26]. This param-
eter provides critical insights into material ani-
sotropy, with TC > 1 indicating preferred orienta-
tion, TC < 1 showing suppressed growth, and TC
= 1 representing random crystallite distribution.
The analysis proves particularly valuable for un-
derstanding anisotropic growth phenomena in
complex crystal systems, enabling precise corre-
lation between processing conditions and result-
ing microstructural characteristics. For hexaalu-
minate compounds like LaMA, TC quantification
reveals essential platelet growth mechanisms
and orientation development during synthesis,
offering a powerful tool for optimizing material
performance in applications where crystallo-
graphic texture governs functional properties.
The method's quantitative nature enables sys-
tematic comparison of texture evolution under
varying processing parameters, thereby estab-
lishing reliable structure-property relationships
in advanced crystalline materials.

The initial powder synthesized by the solid-
state method exhibits nearly random crystallo-
graphic orientation, as evidenced by TC values
approximating unity across most crystallo-
graphic planes (Table 3, Fig. 11).

In contrast, Spark Plasma Sintering induces a
dramatic microstructural transformation, devel-
oping a strong preferential orientation character-
ized by an exceptionally high TC value for the
(006) plane (TC = 2.82) alongside significant sup-
pression of other orientations such as (114) and
(220) (TC < 0.3) (Table 4, Fig. 12).

The XRD pattern of the SPS-processed sample
(Fig. 9) clearly deviates from random orientation,
showing pronounced enhancement of the (107) peak
intensity and, to a lesser extent, the (006) and (205)
reflections. Structural interpretation reveals that the
observed maximum intensity for the (107) plane de-
finitively indicates this plane's preferential align-
ment parallel to the sample surface, resulting in a
"Tilted Basal Texture" where basal (0001) planes tilt
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approximately 34° relative to the surface (Fig.
13c¢). This texturing phenomenon is a direct conse-
quence of the unique Spark Plasma Sintering (SPS)
conditions, where the applied uniaxial pressure pro-
motes preferential rotation and alignment of platelet-
shaped LaMA grains.

Table3. Texture coefficients (TC) of LaMA powder synthe-
sized by the solid-state method.

Texture coefficient (TC)

Crystallographic Plane (hkl) Solid-state
(101) 0.764
(102) 1.078
(110) 0.967
(107) 0.964
(114) 0.901
(203) 0.794
(205) 1.005
(206) 1.096
(217) 1.023
(2011) 1.35
(220) 1.062
Solid-State
(101)
3
(220) 25 (102)
2
(2011) 1.5 (110)
(217) (107)
(206) (114)
(205) (203)

Fig. 11. Radar chart of texture coefficients (TC) for LaM-
gAl11019 powder synthesized by the solid-state method.

The resulting distinct crystallographic align-
ment is quantitatively substantiated by the angu-
lar relationships in Table 5, which reveals a clear
correlation: planes with smaller angles to the
(0001) basal plane (e.g., (107) with 6 = 33.793°)
maintain higher TC values, while those perpen-
dicular to it (e.g, (110) with 6 = 90°) exhibit
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strongly suppressed growth. This mechanism
demonstrates excellent consistency with micro-
structural observations (Fig. 8), the XRD pattern
(Fig. 9), and the proposed grain arrangement
schematic (Fig. 13). Furthermore, the significant
intensity enhancement of the (205) peak indi-
cates the development of a secondary texture
component alongside the primary (107) orienta-
tion. Collectively, this comprehensive texture
analysis establishes robust structure-property
relationships that are indispensable for optimiz-
ing material performance in applications gov-
erned by crystallographic anisotropy.

Table 4. Texture coefficients (TC) of the LaMA SPSed sam-
ple.

Texture coefficient (TC)

Crystallographic Plane SPS
(hkD)
(006) 2.822108
(110) 0.756649
(107) 0.96535
(114) 0.266949
(2011) 0.894668
(220) 0.294275
SPS
(006)
3
2.5
2
(220) 1.5 (110)
1
0.5
(2011) (107)
(114)

Fig. 12. Radar chart of texture coefficients (TC) for the LaMA
pellet densified by Spark Plasma Sintering (SPS).

1. Conclusions
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This study successfully demonstrated the effi-
cacy of Spark Plasma Sintering (SPS) in densify-
ing lanthanum magnesium hexaaluminate and
tailoring its microstructure. The SPS process
achieved a high relative density of 97.56 + 0.25
% and a remarkable flexural strength of 367+13
MPa under significantly lower temperature, pres-
sure, and shorter time compared to conventional
methods. Most notably, a strong crystallographic
texture was quantitatively characterized for the
first time in SPSed LaMA, with the (006) plane ex-
hibiting a predominant orientation (Texture Co-
efficient = 2.82). This texturing, induced by the
uniaxial pressure and rapid heating of SPS, re-
sulted in the preferential alignment of the plate-
let-like grains, as confirmed by both XRD and SEM
analyses. The formation of this textured micro-
structure is a key factor contributing to the en-
hanced mechanical properties, establishing a di-
rect structure-property relationship. These find-
ings underscore the potential of SPS not only as a
densification tool but also as a means to micro-
structurally engineer hexaaluminate ceramics for
superior performance. For future work, it is rec-
ommended to investigate the anisotropies of
thermal and mechanical properties induced by
this texture, as well as the thermal cycling perfor-
mance of the textured LaMA, to assess its poten-
tial for next-generation thermal barrier coating
applications fully.

Table 5. Crystallographic orientation analysis showing angu-
lar relationships and thickness contributions of different
planes relative to the (0001) basal plane.

Crystallographic  Angle cos(0) Thickness
Plane (hkl) with Contribution
(0001) (%)
8(°)
(101) 77951 0.209 20.875
(102) 66.882 0.393 39.263
(006) 0 1 100
(110) 90 0 0
(107) 33.793 0.831 83.106
(114) 63.759  0.442 44215
(203) 72.246  0.305 30.494
(205) 61914 0471 47.080
(206) 57.366  0.539 53.928
(217) 60.544 0.492 49.175
(2011) 40424 0.761 76.127
(220) 90 0 0
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(a) Schematic Surface View
surface

(b) Schematic Cross-Sectional View
(107)

(c) Schematic Cross-Sectional View of a
Platelet-like Particle

Fig. 13. Schematic diagrams of the developed texture. (a) Sur-
face view of aligned platelets. (b) Cross-section showing the
tilt of the grains relative to the pressing surface. (c) Orienta-
tion of a single grain, illustrating how the (107) plane being
parallel to the surface results in a ~34° tilt of the basal (0001)
plane.

Nomenclature
Symbol  Definition (Unit)
B Width of the specimen (mm)
F Load at fracture (N)
H Height of the specimen (mm)
I Measured diffraction intensity (a.u.)
Io Reference diffraction intensity (a.u.)
L Distance between supports (mm)
N Number of diffraction peaks
TC Texture coefficient

> Flexural strength (MPa)
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(hk1) Miller indices
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