3. Impact of annealing temperature on structural and
microstructural properties of LaZr0;pyrochlore

3.1 Introduction

Structural defects and microstructure of the constituting phase are major driving forces
in all engineering materials to alter their chemical and physical properties. Therefore, the
engineering of structural defects and microstructure is of inevitable interest in research entities
and industries for developing materials for multifarious applications. Crystalline ceramics are
considered a suitable entrant for high-temperature technological applications [1]. The
microstructure and structural defects of crystalline ceramics vary as a function of processing
temperature and as well as synthetic techniques, i.e. structural defects, grain size, and grain
boundaries diverges. [2]. The alteration of structural defects, grain size, and grain boundaries
nourish the pyrochlore oxides (A2B.07) properties such as thermal, mechanical, optical,
piezoelectric, dielectric, electrical conductivity, etc. [2—4]. Therefore, being curious from the
witness of the literature about the engineering of the structural and microstructural specificities
of pyrochlore oxides upon processing temperature. The parameters, i.e., annealing time and
temperature-induced structural and microstructural mutations are delineated in present chapter.
The synthesis processing and characterizations techniques utilized here have been explained in

detail in chapter 2.

3.2 Results and Discussion

3.2.1 Structural analysis: XRD

Fig. 3.1 (a) shows the XRD patterns of LaZr,07 (LZO) samples annealed at different
temperatures, i.e., 1200 to 1500°C with varying the annealing time. All reflection patterns
demonstrate the cubic structure pyrochlore phase, which belongs to the Fd3m space group [5].
Using the standard ICCD data (#170450), the reflection patterns were examined and found that
the reflection peaks matched well with the reference data file. The prudent evaluation of the
reflection patterns of LZO [Fig. 3.1] exhibits that the intensities of the reflection pattern
increase with the enhancement of annealing temperature and time. The enhancement in the
intensities of reflection pattern as a function of annealing time and temperature may be
attributed to the increase of structural ordering of LZO samples, i.e., the crystallinity of the

LZO samples enhances with annealing temperature and time [6,7].
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Here, it is to be noted that the LZO sample annealed at 1200°C for 24 h exhibits the presence
of the (111) diffraction plane [Fig. 3.1 (b)], the presence of the (111) diffraction plane at
1200°C evidently confirms the formation of the pyrochlore phase structure. Further, the
intensity of the (111) diffraction plane enhances with extension of annealing duration and

annealing temperature.
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Figure 3.1 Representation of the XRD patterns of LZO (a) and (b) illustrates the magnified

view of (111) diffraction plane as a function of annealing temperature and time.

The monotonical enhancement in the intensity of the (111) diffraction plane specifies
the augmentation in the degree of ordering of pyrochlore phase with the extension of annealing
temperature and time [3][8]. These results suggest that both the parameters, i.e., annealing
temperature and time duration play an influential role in engineering the structural ordering of
LZO samples. The calculated crystallite size of LZO samples annealed at 1200, 1300, and
1500°C for 96 h are found to be 46£1.8 nm, 69+1.3 nm, and 110+2.0 nm which shown in Fig.
3.2. The crystallite sizes of LZO samples were determined employing the Scherrer equation
and it has been explained in section 2.4 of chapter 2.

Fig. 3.2 (a, b) illustrates the variation of crystallite size and lattice strain as function
annealing temperature. The crystallite size of LZO samples enhances with the increase of
annealing temperature. However, the lattice strain decreases with augmentation of annealing
temperature [Fig. 3.2 (b)]. It is reported that the augmentation in grain size and diminution of
oxygen defects in the system upon annealing temperature mitigates the grain boundaries stress
field and results in, the lattice strain of the system decreasing monotonically as a function of
both parameters, i.e., annealing temperature and time [9,10]. Sooraj et al. observed the
augmentation of the crystallite sizes with the enhancement of annealing temperature [9].

Similarly, Das et al. reported that the crystallite sizes of Lao.77S10.23MnO3 NPs monotonically
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enhance from 19.0 nm to 243.8 nm with the enhancement of annealing temperature (600 to

1400°C) [10].
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Figure 3.2 Depiction of (a) crystallite size and (b) lattice strain at various annealing

temperatures for 96 h.

Chaudhary et al. stated that the lattice strain of CeO> oxide NPs decreases
monotonically with the augmentation of annealing temperature (200, 600, and 1000°C), i.e.,
enhancing the crystallite size [11]. Several previous studies accounted for the reduction in the

lattice strain with the increase of crystallite size/grain size [11-13].

3.2.1.1 Rietveld Refinement Analysis

Further, to acquire qualitative information about the crystal structure and phase of LZO
samples, the Rietveld refinement of the LZO samples has been performed using the Fullprof
program [3]. Fig. 3.3 (a-c) exhibits the Rietveld refinement of the LZO samples annealed at
three different temperatures, i.e., 1200°C, 1300°C, and 1500°C for 96 h.

During the refinement process, the lattice parameters, occupancies, scale factor,
variable atomic coordinate (xss), and shape parameters were refined. The Pseudo Voigt
function was employed to refine the reflection patterns of the LZO samples. The open black
circle depicts the observed data, the red line indicates the refined data, the bottom blue color
line represents the subtraction of observed and calculated data, and the vertical magenta line
illustrates the Bragg’s peak positions. We wish to stress that the quality of refining, i.e., “figure
of fitting” relies on several factors such as goodness of fit (y?), Bragg factor (Rg), weighted

profile factor (Rwp), and crystallographic factor (Rr), etc.
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Figure 3.3 Rietveld refinement of the LZO samples annealed at three different temperatures,

i.e., 1200°C, 1300°C, and 1500°C for 96 h.

The Rietveld refinement of LZO samples exhibits the presence of superstructure
pyrochlore phase [Fig. 3.3 (a-c)] and disregard the existence of the fluorite phase. Table 3.1
exhibits the parameters quantified from the Rietveld analysis of LZO samples and specifies the

well refining of LZO samples.

Table 3.1 Depicts the Rietveld refined “figure of merit” parameters (Rs, Rup, Rex, and y°).

Sample code Ry R, R, 1
1200°C 96h 11.45 17.229 6.901 2.496
1300°C 96h 12.79 19.021 5.845 3.254
1500°C 96h 13.02 18.129 6112 2.937

Fig. 3.4 (a) illustrates the lattice parameters of LZO samples (evaluated from the
Rietveld refinement of corresponding XRD data) and quantified lattice parameters is
corroborated with earlier studies[14][15]. It is found that the lattice parameters of the LZO
samples decrease with the enhancement of annealing temperature and time duration. The
decrement in the lattice parameters is found to be relatively higher for LZO samples annealed
at higher temperatures and longer duration. However, the decrement in the lattice parameters
is nominal upon annealing at 1200°C for different annealing duration (24, 48, and 96 h). As
expected, the X-ray density of LZO samples calculated employing the relation, px=8M/N.a’,
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enhances monotonically with the augmentation of annealing temperature and time due to
diminution in the lattice parameters of LZO samples [Fig. 3.4 (a-b)].

Qin et al. stated that the lattice constant and lattice strain are explicitly correlated to
each other [16]. Therefore, we assume that the decrement in the lattice parameters may be
associated with reduction of the stress field due to enrichment of crystallite size and decrement

of lattice strain [16].
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Figure 3.4 Dependence of lattice parameters (a) and (b) X-ray density of LZO samples on

annealing temp. and time.

It is noteworthy that the order-disorder structural transition, phase decomposition, and
crystalline to amorphous transition in pyrochlore compounds; easily can be achieved via ion
irradiation, pressure, and annealing temperature [17]. The pyrochlore compounds are
distinctive where order/disordering occur independently in cation and anion sub-lattice via
altering the chemical composition and thermal treatment [17]. As we have discussed in the
zirconate pyrochlore section in chapter 1, the single variable oxygen parameter, x.s; quantified
the structure of pyrochlore systems. As per previous studies [17—19], the values of “x4s/ for
defect fluorite and ordered pyrochlore structure are ~0.375 and ~0.3125, respectively.
Moreover, the cationic ordering/disordering of compounds can be quantified performing the
Rietveld refinement of the XRD patterns of LZO samples because both cations, i.e., La*" and
Zr*" possess large variance in the X-ray scattering phenomenon [19].

Fig. 3.5 (a-c) shows the variation of the variable oxygen parameter ‘x4s¢ and cationic
order as a function of annealing temperature and time. It is found that the ‘xssf decreases
monotonically with the enhancement of annealing temperature and time which suggests the
enrichment of pyrochlore structure ordering in LZO samples, i.e., the disordering phenomenon
in anionic sub-lattice decreased in respect of elevated temperature and time. Further, the

order/disordering in the cationic sub-lattice is illustrated in Fig. 3.5 (b-c). Fig. 3.5 (b-c)
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confirms that the degree of cation ordering depends on the annealing temperature and time, and
enhances with the increase of both the parameters. These results corroborated with the
monotonical enhancement in the cationic ordering of Gd2Zr,O7 as a function of annealing
temperature as reported by Zhang et al. [3]. Therefore, it is inferred that with the augmentation

of annealing temperature and time, the structural ordering enhances, thereby increasing the

ordering of the pyrochlore structure phase.
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Figure 3.5 Dependence of degree of x4sr and cation ordering on annealing temperature and

time.

3.2.2 FESEM Analysis

To evaluate the impact of annealing temperature and time on the microstructural
properties, we recorded the FE-SEM micrographs of LZO samples. Fig. 3.6 (a-i1) exhibits the
FE-SEM micrographs of LZO samples annealed at three different temperatures (1200, 1300,
and 1500°C) and time (24, 48, and 96 h). The average grain size of LZO samples was

determined employing the rectangular intercept process in which the grain size can be defined

as.

4A

Gt = m (3.1)

Where, Gt, 4, Vi, and Ny express the grain size, area, quantity of grains inside and at the

boundaries of a particular area of the rectangle.
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It is found that the LZO samples annealed at 1200°C for 24, 48, and 98 h have a grain size of
370 £50, 400 £30, 510 £40 nm, which suggest a sluggish grain growth. Similarly, Chaim et al.
found a sluggish rate in the evolution of grain growth at low temperatures [20]. Moreover, Fig.
3.6 (a-c) demonstrates that the grain boundaries are not well ascertained which may be
associated with the existence of higher porosity. Fig. 3.6 (d-e) exhibits that the evolution of
grain size is nominal at 1300°C moving from 24 to 48 h, whereas the grain size is found to be
1150+35 nm for 96 h, which specifies that the evolution of grain is significantly higher for a
longer duration. These results suggest that the annealing duration plays a crucial role in the
evolution of grain size. Here, it should be noted that the grain sizes and boundaries are well
ascertained in the LZO sample (1300°C, 96 h) which may be associated with diminution of the

porosity and relatively higher grain growth [Fig. 3.6 (f)].
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Figure 3.6 FE-SEM micrographs of LZO samples annealed at three different temperatures and

times.

Further, analysis of FE-SEM micrographs reveals that the average gain size of LZO
samples annealed at 1500°C (24, 48, and 96 h) is relatively higher as compared to
corresponding LZO samples annealed at 1200°C and 1300°C (24, 48, and 96 h). Moreover,
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Fig. 3.6 (g-1) shows that the grain size enhances monotonically with annealing duration and it
is found to be 2.08+0.30 um for 96 h.

The monotonical enhancement in the grain size of LZO samples with the function of annealing
temperature and time [Fig. 3.7 (a)]. Fig. 3.7 (a) suggests that the evolution of grains size is
relatively higher at elevated temperature than lower temperature [20]. Earlier, Cobe et al. and
Luo et al. investigated the influence of annealing temperature and time on the microstructure.
They stated that the evolution of grain size at the elevated annealing temperature for a longer
duration is significantly more pronounced than lower annealing temperature for a short
duration due to migration of grain boundary and coalition of nano-grains [20—22]. Therefore,
in the present study, the migration/diffusion of grain boundaries and coalescence of diminutive
grains may be a possible reason for the evolution of grain size and diminution of porosity with

the augmentation of annealing temperature and time [20,22].
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Figure 3.7 Dependence of grain size on annealing temperature and time (a), representation

of (b) In (G2-Go?) vs In (t) and (c) Arrhenius plot.

To understand the role of the annealing time period and temperature on grain growth,

the eminent grain growth equation can be described as [20]:
Gl — Gy =k.t (3.2)
Where, n represents the grain evolution exponent, and & can be delineated as k =ko exp (-E2/RT).
Further, by simplifying the Eq. (3.2) and including the time exponent ‘g’, the Eq. (3.2) can be

expressed as.

In( G — G§) = In(ky) — 2% + qin(t) (3.3)
The terms, Go and G; represent the initial grain size and grain size upon annealing at t time; Ea,
represents the activation energy. The grain growth kinetics exponent in the LZO samples was
quantified by plotting the In (G2 — GZ) vs In (t) as shown in Fig. 3.7 (b). It should be noted that
the kinetic model of grain growth can be determined using the growth exponent ‘n’ and

activation energy provides the necessary energy to start the process of crystallization [23]. The
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microstructure and growth mechanism are driving forces on which the value of time exponent
‘n’ relies. The different values of ‘n’ represents the different process of controlling the grain
growth. On account of time component ‘#’=2, the grain growth phenomenon is influenced by
the curvature-driven migration/diffusion of grain boundaries. The grain growth is driven by
the volume diffusion if ‘n’ is equal to 3. As shown in Fig. 3.7 (b), the grain growth kinetics
equation was fitted considering the n=2, which specifies that the grain growth kinetics are
influenced by the curvature-driven migration/diffusion of grain boundaries. The value of ‘g’
was determined from the slope of the in (G2 — G§) vs In (t) and found to be 0.53+0.02 nm
which specifies the parabolic dependence on time which is well corroborated with the previous
studies [20,24]. Activation energy drives the grain growth and ordering-disordering in the
materials [23] and it can be quantified from the slope of the plots of In (G2 — G&) vs 1000/T
[Fig. 3.7 (¢)].
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Figure 3.8 Evolution of grain growth of LZO samples as a function of annealing temp. and

time.

The activation energy is found to be 590+21kJ/mol of LZO samples, which
corroborated with the activation energy of the yttria-stabilized zirconia [24]. In addition,
Chaim et al. found the relatively lower activation energy (546+22kJ/mol) of the yttria-

stabilized zirconia [20]. The curvature-driven migration/diffusion of grain boundaries leads to
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the evolution of microstructure [20]. Fig. 3.8 exhibits the evolution of grain growth of LZO
samples with the augmentation of the annealing time period and temperature. At the initial
phase (1200°C), the migration/diffusion of the grain boundaries in not appear energetic [24],
and enrichment in the grain size may be attributed to the coarsening of small grains. The larger
size of grain grows due to shrinkage of small grains and grain boundaries moves to reduce the
effective area upon annealing of 1300°C for the different duration [25]. The evolution of grain
growth are significantly pronounced at higher temperature (1500°C) which specifies that the
elevated temperature plays a crucial role in governing the curvature-driven grain growth
phenomenon [25]. The curvature-driven grain growth is predominantly governed by the
coarsening of remaining small grains and curvature-driven migration/diffusion of grain

boundaries [22,24,25].

3.3 Conclusion

In the present study, the structural and microstructural properties of LZO samples were
examined with the augmentation of the annealing time period and temperature. The XRD
analysis exposed that the crystallinity of the LZO samples enhanced with enrichment of
annealing time duration and temperature. The Rietveld refinement of the LZO samples
confirmed the formation of cubic structure pyrochlore phase. The qualitative evaluation of
variable oxygen parameter ‘x4gf and cation order/disordering revealed the enrichment of the
pyrochlore phase structure. FE-SEM results strengthen the XRD studies and established grain
growth evolution of LZO samples. The grain growth component revealed that the curvature-
driven migration/diffusion of grain boundaries occurred at elevated temperatures for a
prolonged duration. An outcome of the investigation divulges that the preselected and destined
parameters were found to be capable of tailoring the microstructure and structural ordering that

enchant the research community because having tremendous applications in diverse fields.
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