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This work confers to the preparation of Lanthanum Hexa Aluminate (LHA) nanoparticles
by chemical precipitation and filtration technique followed by characterization studies
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conducted through X-ray peak profile analysis (XPPA) and Field Emission Scanning
Electron Microscopy (FESEM) supported by Energy Dispersive Spectroscopy (EDS).
From the X-ray diffraction (XRD) analysis, it has been observed that the prepared powder
has hexagonal crystal structure. Further, Scherrer Method (S-M), modified Williamson—
Hall (W-H), and Size-Strain Plot (SSP) methods have been implemented to all LHA
reflection peaks for the comprehensive crystalline analysis. The influence of crystallite
size, stress, strain, and energy density values on the peak broadening of LHA
nanoparticles has been critically examined and discussed in the current work. In addition
to regular mathematical models this paper also provides an insight into the calculation of
Youngs modulus without tedious experimental procedure. The predicted crystallite size
estimated from Scherrer’s formula, and W-H models are correlated to scanning electron
microscopy results and observed that the average grain size of LHA nano particles
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estimated from SEM analysis, and models have less deviation in the present study.

1. INTRODUCTION

Hexa aluminates have strange layered structures consisting
of alternately stacked spinel blocks and mirror planes. Because
of the superior sintering and thermal shock resistance
capabilities, these materials have made attention in high-
temperature applications [1]. Lanthanum Hexa Aluminate
(LHA) is a composite oxide derived from Lanthanum as one
of the matrix materials. Within less time, this material has
shown greater competence to the existing Yttria based
materials and emerged as a novel material for thermal barrier
coating in gas turbine applications [2, 3]. These materials are
a new kind of heat-resistant ceramic materials that attracted
considerable attention with exceptional high-temperature
stability, electrical insulating properties, and optical
consistency in the fields of aviation, electrical, marine, and
thermal barriers coatings industry [4-7]. But, the economical
production of LHA nano particles is a major challenge.

A lot of research has been underway in recent years on the
preparation nano powders by Ball milling, Shockwave
consolidation technique, Sol-gel method, Electroless plating,
and Chemical precipitation and filtration methods [8-10].
However, Chemical precipitation and filtration method is
adopted here with due considerations of low cost and easy
implementation. After preparation, the characterization of
these powder samples is essential because these materials are
produced in the order of <100 nm as these can influence the
properties. XRD, Photo Luminescence Spectroscopy, Fourier
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transform infrared spectroscopy (FTIR), FESEM with EDX,
Transmission Electron Microscopy (TEM) are the popular
methods used by many researchers and scientists for the
analysis on composition, morphology, structure and particle
size. The simplest approach for the determination of crystal
size is X-ray peak profile diffraction analysis when compared
to any other technique [11].

A. Guinier reported that nano crystal’s X-ray diffraction
analysis can also confirm the sample’s crystallinity by showing
different peaks connected to different planes of reflection [12].
Apart from, the basic crystal size determination from
diffraction peaks, empirical models have also been developed
to predict the crystallite size based on peak broadening [13,
14]. Gonaalves et al. [15] used strain plot method for
measuring the particle size strain and associated effects on
NiO particles. Zak et al. [16] implemented Williamson—Hall
(W-H), for the characterization of ZnO nanoparticles and
reported that W-H method can also include micro strain effects
in determining the crystallite size. Bindu and Thomas [17],
Nath et al. [18] also reported that nanocrystals exhibit a built-
in strain due to size captivity and should be considered in
estimating the crystal size as it alters the optical and other
properties. Modified forms of W-H, namely Method I
(uniform deformation model UDM), Method Il (Uniform
stress deformation model-USDM), Method-IIl (uniform
deformation energy-density model UDEDM) and the size-
strain plot method (SSP) have also been considered to furnish
stress-strain interactions and in estimating the elastic modulus.
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Holder and Schaak [19] reported that the information obtained
from powder XRD is sometimes misapprehended, therefore
microscopical correlation with XRD data sets is always
preferable for the interpretation of results.

Since most of the literature on LHA was focused on
preparation methods and its applications in thermal sciences
[20, 21], this paper going to step forward on the critical
examination of LHA nano crystallite size determination with
multiple approaches in correlation with microstructural
examination. Section 2 deals with preparation of LHA nano
particle and related procedures along with XRD, FESEM
experimental details whereas Section 3 interprets the XRD
results with mathematical models. Finally, conclusions are
drawn based on elaborated discussion.

2. EXPERIMENTATION
2.1 Principle

LHA powders were made ready by chemical precipitation
and filtration technique. Chemical precipitation is one of the
most popular techniques used to extract dissolved metals from
solutions by promoting chemical reaction between the soluble
metal compounds and the precipitating reagent which turn
ionic metals into particles. However, a careful selection of
elements is needed as such the efficiency of this process relies
on many factors, including the concentration of ionic metals
found in solution, the precipitant used, the solution's pH, and
the presence of supporting elements [22]. The basic principle
of chemical precipitation and filtration technique is shown in
Figure 1.
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Figure 1. Mechanism of chemical precipitation and filtration
technique [23]

2.2 Materials

The current study is carried out with Alumina powder,
Lanthanum oxide, Aluminium Nitrate, Ammonium carbonate,
Citric acid. Lanthanum oxide was procured from Mincometsal
Pvt. Limited, Bengaluru while high purity Alumina was
supplied from Krish Met Tech Pvt. Limited, Chennai. Both,
Lanthanum oxide and Alumina with an average particle size
50pum are considered in the present investigation. The
supporting chemicals like Aluminium nitrate, Ammonium
carbonate, Citric acid were purchased from National scientific
products, Guntur.
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2.3 Procedure

LHA nano particles are prepared according to the
stoichiometric reactions mentioned by Sai et al. [24] in the
previous work. 7.926 gms of Alumina powder was considered
in a beaker along with distilled water. 0.05 wt % of citric acid
is slowly added to form a stable solution. Citric acid was
observed to be a good dispersant for alumina solutions [25].
This solution was ultrasonicated for 15 minutes to avoid the
formulation of agglomerations. In another beaker, 0.467 gms
lanthanum oxide powder and 0.54 gms of Nitric Acid is mixed
in de-ionized water and stirred for 15 minutes and heated to
form Lanthanum Nitrate solution. A weighed aluminum
nitrate of 11.81 grams is put into beaker 2 and mixed with
distilled water. Both solutions were mixed and the solution
was reheated for 15 minutes followed by another 15minutes of
ultra-sonication. 0.2 M Ammonium Carbonate Solution was
applied drop by drop to the precipitation solution and filtering
was then performed using Wattman 41 filter paper. The filter
paper was allowed to dry overnight and powder of Al,Os3-x
LaAl1104s is collected. The powder prepared with the meager
facilities available is shown in Figure 2.

Figure 2. Prepared LHA nano particles

2.4 Characterization studies

Prepared LHA nano-powders are subjected to phase
analysis using X-Ray Diffraction using MINIFLEX 300/600
(Rigaku, Japan Company) machine with a scan range of 3 to
90 degrees with a speed of 3 degrees per minute. The XRD
analysis was done at Vignan University, Guntur. The profile
peaks are analyzed using MATCH-3.10.0.167 Software.
Particle size and composition analysis was carried out through
FESEM attached with EDS (TESCAN-MIRA 3 LMH, 2014
coupled with QUANTAX 200 with XFlash BRUKER, 2014).
The FESEM analysis was done at Centre for Nano and Soft
Matter Sciences (CeNS), Bengaluru.

3. RESULTS AND DISCUSSIONS
3.1 XRD analysis

The XRD pattern of prepared LHA particles is shown in
Figure 3. In XRD analysis, the peaks corresponding to
Lanthanum Aluminate (AlLaOs), Lanthanum Hexa-aluminate
(Al11.95L.a0.9018.9) matched with JCPDS cards 31-0022 and 33-
0699 and it was observed that hexagonal structure with
magneto plumbite phase is formed which is confirmed with
the literature [24]. The peak broadening of XRD pattern
evidently shows the occurrence of small sized crystals in the
samples. The sharp diffraction peaks are an indicative of good
crystallinity of the prepared LHA particles.
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Figure 3. XRD pattern of prepared powder
3.2 Crystallite size

Crystallite size and lattice strain are the two key
components that can be derived from XRD peak profile
analysis. Lattice strain of particles is generally occurred due to
crystal imperfections such as dislocations of the lattice. For the
estimation of crystallite size researchers implemented several
methods such as Scherrer method (S-M Method),
Williamson's Hall method (W-H Method) etc. [17, 18, 26].
However, the later technique considers the effect of intrinsic
strains associated with the particle size obtained due to
increment in XRD peak width. The characterization of these
powders with Scherrer method, Modified Williamson's Hall
methods, Size Strain Plot method are as follows.

3.2.1 S-M method

S-M method is an easy, effective, and popular technique to
estimate the crystallite size from the peak broadening of XRD
analysis [27]. The crystallite size is calculated from Full Width
at Half Maximum (FWHM) of LHA peaks (002) (100) (11
1) and (2 2 0) corresponding to prepared powder. Debye
Scherrer in 1918 reported that the widths of the diffraction
lines are proportional to the size of the inverse crystallite.
Therefore, an average crystallite size of the LHA particle is
calculated using Eq. (1):

L COSO

where, 1 is the wave length of the incident X-ray (1=0.1540
nm), K is a constant equal to 0.90, S is the integral half width,
D is the crystallite size in nm, and @ is the Bragg angle. From
Figure 3, the LHA (1 0 0) diffraction peak seems to be much
stronger than the LHA (2 2 0) peak. This indicates that the
produced LHA nano crystals have a preferential
crystallographic (1 0 0) orientation. At last, using S-M method
the average crystallite size of LHA calculated as 90.07 nm.

3.2.2 W-H methods

Using XRD peak broadening Scherrer method gives
preliminary information of crystallite size measurement. But
it is lagging to give the information related to intrinsic lattice
strains that get developed due to the crystal defects such as
grain boundary, point defect, and stacking faults particularly
in nano crystals [28, 29]. The strain may be occurred due to
the lattice contraction that was associated in the measuring the
lattice parameters. To accommodate this, many methods such

as Warren-Averbach method, Williamson's Hall method, etc.,
may be implemented for the estimation of the core strain along
with the particle size from the strain-induced peak broadening.
Among these procedures, the W—H method is popular and can
be applied to isotropic materials [30-32], while three modified
W-H equations namely Method I, Method Il and Method Il1
was developed to measure average particle size and micro-
strain of anisotropic materials.

(1) Method 1

Method | consider uniform strain in the crystallographic
path which is caused by crystal imperfections in the nano
crystals. This model is proposed with an assumption that the
crystal is isotropic and the properties to be measured are
independent of the direction. Williamson and Hall mentioned
that crystallite size and stress can affect the broadness of
diffraction lines. However, UDM model of W-H method
clearly differentiate size and strain parameters in the
assessment of peak broadening with due importance to peak
width as a function of 26 [33]. The strain ‘¢’ in LHA nano
powders due to crystal dislocation was calculated using the
mathematical expression given below:

_ ﬂhk|
~ 4tand @
ﬂhm = ﬂD + ﬂe 3)

From Eqg. (3) it can be observed that both crystallite size (o)
and strain contributions (5.)of the material will be reflected in
the estimation of total peak broadening (fna).Therefore, the
line breadth can be represented as the sum of Eq. (1) and (2):
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Multiplying the above equation with on both sides of
equation:

KA .
B COS6,, = F +4esin g, ©)

Eg. (5) is modified form of Williamson—Hall equation
representing the uniform deformation model (UDM). The
UDM plot for LHA particles is shown in Figure 4.
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Figure 4. Plot of Shicos6 versus 4sinbh



Figure 4 is plotted with the values of BniC0SOha on y-axis
against the values 4sinfng on x-axis in the form of linear
regression model. 0.921 R? value represents the best fitted
model. From the Y-intercept crystallite size D is measured
whereas the micro - strain (¢) is acquired from the slope of the
linear fit. Finally, the average crystallite size estimated for
LHA powders using Method | was 97.6 nm.

(2) Method-I11

In practical combination of both homogeneity and isotropy
not be complied together. Therefore, an anisotropic approach
is to adopted for incorporating more realistic situations.
Therefore, anisotropic strain is also assimilated in W-H
modified equations. In the Method-1I, the stress is expected to
remain constant in all the lattice directions and the particulate
matter has a low micro-strain. The Hooke’s law is also valid
in Method-11 (USDM model) with a linear correlation between

the stress and strain and is given by Stress, o=¢ Y Or €=(0/Yni).

o indicates the stress of the crystal while € is anisotropic micro-
strain, Yna is the modulus of elasticity. Thus, micro-strain
relies on the crystallographic directions and Young’s modulus.
The modified Williamson—Hall equation [27] model by
substituting the value of ¢ in Eq. (5):

KA 4osing,,

P COSG,y = D + Y (6)

For a hexagonal crystal, lattice parameters based Young’s
modulus is given by the following relation [13, 14]:

g ]
Yo = o — (O
511[h2+(h+32k) ] +s33(%lj +(2513+s44)(h2+(h+32k) ](i‘}

c

where, ‘@’ and ‘C’ are lattice parameters; S11, S13, S33 and Sas are
the elastic compliances of LHA with values 0.215e!!, —
0.097e!!, 0.345e! and 0.88e'> m? N respectively [34]. By
plotting a graph between Bncosha and 4siné/Yna, from the Y-
intercept crystallite size D is measured whereas the uniform
deformation stress o is obtained from the slope of the linear fit.
(Figure 5). The strain € can be calculated based on Young’s
modulus, Ynq, of hexagonal LHA nanoparticles. The USDM
model for LHA nanoparticles is shown in Figure 5.
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Figure 5. Plot of Shacosd versus 4sinf/Yn

R? value of 0.891 gives a good correlation between the
datasets and mathematical equation developed. The average
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crystallite size estimated for LHA powders using USDM was
100.46 nm. The Young’s modulus of LHA nano particles
calculated from Eq. (7) is 298 GPa. The measured value is
nearer to the LHA Young’s modulus as reported by Bogdanov
et al. [33].

(3) Method-111

As mentioned in earlier sections 3.2.2.1 and 3.2.2.2
Method- | is more suitable for isotropic crystal while Method-
Il and Method-11l can also handle the materials that are
anisotropic in character. Similar to the earlier method,
UDEDM also calculate the strain associated with the LHA
hexagonal crystal structure due to inter-planar spacing with
ample importance to energy density. When the strain energy
density (Ued) is involved the constants corresponding to stress—
strain relation is no longer independent. Therefore, Method-111
is a category of strain measurement technique from XRD peak
profile analysis. The Strain energy density (Ueg) is a function
of strain is Ues=(£?Ynw)/2 in elastic systems that obeys Hooke’s
law, Then, Eq. (6) can be restructured according to the energy
and strain relation as [29]:
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Figure 6. S cos@ versus 4sinGhna(2/Ynia)Y?

A graph between S CoSOha Vs 4sinbhi (2/Yni)? was shown
in Figure 6. From the Y-intercept crystallite size D is measured
whereas energy density Ueq was calculated from slope of linear
regression fit. The linear model has R? value of 0. 961. The
relation between stress, strain and Energy density can be
represented as o=(g)(Yna) and Ueq=0.5(¢?Yn«). Therefore, stress
o was calculated using Eq. (9):

Uy =0 12Y,, 9)

One can measure the lattice strain by knowing the Ynq value.
The average LHA crystallite size calculated from this model
was100 nm.

3.2.3 Size-strain plot (SSP)

For both isotropic and anisotropic materials William hall
plots describes the peak broadening due to microstrain
contributions. However, using SSP method strain is estimated
by considering associated parameters [29]. This approach has
the advantage of paying less consideration to high-angle



reflection data where accuracy is normally reduced. This
method uses a Gaussian function to describe the "strain
profile" and a Lorentzian function for “crystallite size" [30].
The crystallite size and strain can be calculated using Eq. (10):
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A graph between (dr B COSOhi)? versus (dh? Sk COSEhk)
was shown in Figure 7. The linear model has R? value of 0.938
and the average crystallite size calculated for the prepared
LHA powders was 100.46 nm.

3.3 Morphological studies

From Figure 8, it can be observed that the methodology
adopted here is successful in producing the nano sized
particles that are nearly the same in size and in shape. From
FESEM analysis, spherical shaped LHA nanoparticles
particles varied between 62 to 117 nm, with a mean particle
size of 93.79 nm. The EDS analysis of the prepared powder
was shown in Figure 9 and it was found from the sample
mostly consists of aluminum and lanthanum indicating the
main constituent elements of the process.

.Lx;
*
L2 =79.55 nm
-

»',}_1 = 106.21 nm

oy " 4= 117.3§{1m

13=112.14.0m

Naw

L4 = 108.43 nm
L6 = 62.70 nm [ =

-

L5 =70.18 nm

SEM HV: 10.0 KV WD: 5.04 mm | T

SEM MAG: 100 kx Det: InBeam SE 200 nm
View field: 1.38 ym | Date(m/dly): 10/01/19

MIRA3 TESCAN

CeNS Bengaluru

Figure 8. FESEM image of LHA particles
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Figure 9. EDS analysis of prepared LHA nano particles

3.4 Comparison of Scherrer, W-H and SSP method and
FESEM studies

The crystal size of LHA nano particles was measured using
Scherrer’s equation, SSP and modified types of W-H models
viz. Method-I, Method-Il, Method-IIl while the lattice strain
was determined through SSP and W-H models. The SSP
approach is considered to be the most appropriate for
estimating lattice strain compared to methods W-H while
methods W-H has many variants and preferable for estimating
crystalline size [35]. Among W-H methods, UDM considers
the homogeneous isotropic nature of the crystal while USDM
and UDEDM models are preferable for the crystallites with
anisotropic nature. It was observed that the average crystallite
size obtained from the above three methods are nearly similar
and produced good accordance with the FESEM analysis
findings (Table 1).

Table 1. Summary of crystallite size (D) and lattice strain (&)
calculated using different methods

Scherrer method D (nm) 99.76
D (nm) 97.6
UDM strain & 0.00249
D (nm) 100.46
strain & 0.00215
W-H USDM 6 (N/m?) 9.95E+07
method Young’s Modulus (GPa) 298
D (nm) 100
strain € 0.00215
UDEDM Stress 6 (N/m?) 9.95E+07
Energy density Ued (KIm™3) 1070
Size-Strain plot D (nm) 100.46
method strain € 0.00215
FESEM D (nm) 93.79

4. CONCLUSIONS

LHA nanoparticles with hexagonal crystal structure were
prepared using chemical precipitation and filtration technique
and these powders were characterized using powder XRD and
FESEM with EDX. The peak broadening was analyzed by the
S-M equation and modified forms of W— H models viz. UDM



(Method-1), UDSM (Method-I1) and UDEDM (Method-II1).
The lattice strains measured using W-H and SSP methods have
been identified to be equivalent and accurate, and the
crystallite size obtained through SSP method is in good
accordance with the results estimated by W-H models and
FESEM images. Incorporation of strain in different W-H
models has a very less impact on average crystallite sizes of
LHA nanoparticles. Furthermore, the difference in averaging
particle distribution was due to a small deviation of the
average crystallite size from Scherrer 's formula and W-H
analysis. The FESEM pictures show that LHA nanoparticles
had the same morphology with an average particle size of
93.79 nm. The results of both the techniques XRD and FESEM,
given a less and acceptable deviation in measuring the
crystallite size in the present case. Since LHA is an upcoming
material and has plenty of scope in High-temperature
applications and also in thermal barrier coatings, the
preparation of LHA at the nano level with complete
characterization studies can provide an exceptional
significance at the industrial level.
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NOMENCLATURE

Symbols

Crystallite size in nm

Stress in N/m?

Strain

Wave length of the incident X-ray in nm
Bragg angle in Degrees

crystallite size contribution

crystallite strain contribution

Total peak broadening

Young’s Modulus in Gpa

Energy density in KJ/m®
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