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Structural characteristics, cation distribution, and
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Structural, elastic and cation distribution properties have been investigated on stoichiometric and non-
stoichiometric cobalt ferrites. Crystal structure, formation of spinel type ferrite, chemical bonding, cation
distribution, and thermal properties of two series of Cr®* substituted stoichiometric and non-
stoichiometric various cobalt ferrites with general formula Co;_,Cr,Fe,O4 (S1), and Coy,4CrFe,_,O4 (S2)
were reported. Samples are synthesized by the solid-state reaction technique via planetary ball milling.
X-ray diffraction (XRD) analysis confirms the formation of a single phase cubic spinel structure with the
space group Fd3m. Rietveld refinement results show that Cr occupies both the tetrahedral (A-site) and
octahedral sites (B-site). The experimental lattice parameters show increasing trends for both the series
with increase of Cr content. The cation—anion vacancies, chemical bonding, and the displacement of
oxygen have been evaluated to understand the effect of Cr substitution and how the non-stoichiometry
affects the physical and chemical properties of the material. The crystallite size is found to be the
decreasing value with an increase of Cr concentration for both series of samples. Specific vibrational
modes from the FTIR spectra suggest a gradual change of inversion of the ferrite lattice with the
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analysis reveals that the synthesized samples for both series are ductile in nature. The non-
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1. Introduction

Ferrites are ferrimagnetic materials usually used in high
density recording media and satellite communication as well
as microwave devices in electronic industries due to their ease
of fabrication, low cost, moderate saturation magnetization,
mechanical strength, and chemical stability." In the last
decade, the synthesis of spinel ferrites emerged extensively
due to their diversified use in technological applications.>* In
particular, cobalt ferrite (COF) has got enormous importance
both in technological as well as biomedical applications.*™**
Intensive studies on COF have been carried out with varying
doping and/or substituting the divalent or trivalent cations
and synthesizing them by different methods.*>'*'* In order to
confirm the crystallinity and the phase of the synthesized
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stoichiometric structure with excess Co®* may pave a new way to realize the lowering of Curie
temperature of ferrite that is expected to improve the magnetocaloric properties.

materials, Rietveld refinement has been significantly used on
the X-ray diffraction (XRD) data of the samples."***** Amri
et al.* have calculated the theoretical lattice parameters along
with hopping lengths, oxygen positional parameters, cation-
cation and cation-anion bond lengths of Ni-Zn-Al ferrite.
Kumar et al.** have reported on the estimation of the lattice
parameters by using Nelson-Riley (N-R) function, intrinsic
strain and crystallite size by using Williamson-Hall (W-H)
method. It has also been studied that the crystallite size and
intrinsic strain can be determined from the XRD peak broad-
ening analysis by using several ways such as W-H method, size
strain plot (SSP), Scherer method, and the modified Scherer
method (MS)."*'”'® However, it is reported that SSP and MS
methods are found more significant compared to that of W-H
and Scherer methods, because both SSP and MS can be
observed at a lower angle where the accuracy is found to be
very high.”® On the other hand, the formation of ferrite and
identification of the chemical bonds can be analyzed from the
Fourier transform infrared (FTIR) spectra."**' Several tech-
niques for the measurement mechanical properties have been
used to calculate the elastic and mechanical properties. FTIR
is one of the suitable techniques found to calculate the elastic
and thermal properties. The elastic moduli, Debye

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra09090a&domain=pdf&date_stamp=2022-03-16
http://orcid.org/0000-0002-5533-1056
http://orcid.org/0000-0002-0394-167X
http://orcid.org/0000-0002-6858-0748
http://orcid.org/0000-0002-4233-9374
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra09090a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012014

Open Access Article. Published on 17 March 2022. Downloaded on 12/4/2025 12:17:55 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

temperature, and minimum thermal conductivity can be
calculated by using stiffness, lattice parameters, and X-ray
density which have been reported in various litera-
tures™'??*?*> Chandekar, et al.?* reported the corrected zero
porosity elastic moduli estimated from the calculated elastic
moduli and porosity.

The synthesis and characterization of ferrites have attracted
increasing attention in recent years. Many efforts have been
attempted to expand potential applications by improving their
properties. Research on inorganic compounds with a non-
stoichiometric ratio is a great challenge. Andersen et al.** re-
ported the local and long-range magnetic structure of non-
stoichiometric nanocrystalline spinel type iron oxide. They
have found the vacancy ordering in the structure which reveals
the shorter coherence length on the non-stoichiometric spinel
type iron oxide. In addition various literature on non-
stoichiometric compounds have been found,*?* where
remarkable effects of non-stoichiometry on structural, and
magnetic properties have been presented.

This study focuses on how Cr** affect the structure of stoi-
chiometric COF with the formula Co, _,Cr,Fe,0, (S1) and non-
stoichiometric COF having the formula Co,.,Cr,Fe, ,0, (S2),
where x = 0.125, 0.25, 0.375, and 0.50. The cation distribution
has been calculated using site occupancy data extracted from
the Rietveld refined XRD data. Besides, the theoretical and
experimental lattice parameters, oxygen positional parameter,
tolerance factor, ionic packing coefficient, vacancy parameter,
bond lengths, bond angles, density, and porosity of the above-
mentioned samples of both the series have been determined.
Crystallite size estimation by various methods such as W-H,
SSP, Scherer, MS, and Rietveld methods has also been
explained in this study. FTIR spectra have been illustrated to
confirm the ferrite formation for the samples of both the
investigated series. In addition, elastic and thermal properties
have also been explained from the FTIR and structural data. A
correlation between the elastic properties and structural
properties has been established for exploiting their advanced
applications. The main focus of this work is to find the struc-
tural defects of COF with Cr** substitution at the Co*" site. In
addition, effects of non-stoichiometry on the structure of COF
are also explored.

2. Experimental procedure
2.1 Synthesis technique

The selected two series of stoichiometric and non-
stoichiometric COF denoted as S1 and S2 have been synthe-
sized by the standard solid-state reaction method. The required
amount of C0,0; (98.0%), Cr,03 (99.9%), and Fe,0; (96.0%) are
weighed in an analytical balance and hand mixed in a mortar
pestle for 2 h. The mixed powders are milled in a planetary ball
mill (MSK-SFM-1) for 12 h. The milled powders are calcined at
800 °C for 6 h for a complete solid-state reaction through
diffusion of particles. Then the powders of each composition
are pressed into pellets by applying a hydraulic pressure of
16 000 psi. Finally, the pellets are sintered at 1200 °C for 6 h in
a furnace and rcrushed in to fine powders.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.2 Characterizations

The X-ray diffraction (XRD) data of the synthesized samples are
taken using a Rigaku Smart Lab X-ray diffractometer with Cu-Ko
radiation (A = 1.5406 A) with the scanning angle 26 within the
range of 10 to 80°. The Rietveld refinement was carried out
using the Full-Prof software integrated in Match-3 software.
Room temperature Fourier transform infrared (FTIR) spectros-
copy (Spectrometer model-IR Prestige-21) in the region 350-
4000 cm™" was used to find out the functional groups and
vibrational structure of the synthesized samples. The parame-
ters related to structural, elastic, and thermal properties are
calculated using the XRD data and FTIR spectra.

3. Results
3.1 XRD analysis

The X-ray diffraction patterns along with Rietveld refined data
have been shown in Fig. 1, 2, and 3 for the parent COF, other
samples of the series S1, and S2, respectively. XRD pattern of the
parent COF satisfy the Bragg's condition at 26 values of 30.37°,
35.76°, 43.4°, 53.84°, 57.4°, and 62.92° with corresponding
crystal planes are indexed with (220), (311), (400), (511), and
(440), respectively. These sharp peaks, corresponding to the
aforesaid (hkl) planes indicate a single phased inverse spinel
structure with space group Fd3m of parent COF that has been
confirmed by the crystallography open database (COD No.
5910063) as reported in the literature.*® No impurity phase has
been observed in the pattern for the parent COF which signifies
the phase purity of COF. The XRD patterns for the samples of
the stoichiometric series S1 and non-stoichiometric series S2
shown in Fig. 2 and 3, reveal the formation of spinel structure
(COD No. 910063). The peak positions of (311) plane for both
the series S1 and S2 have been shifted towards the lower 26
angle with an increase of Cr content as shown in Fig. 2(b) and
3(b), which imply an increase of the lattice parameters as
a result of Cr substitution.

3.1.1 Estimation of cation distribution. The cation distri-
bution of the samples at the tetrahedral and octahedral sites of
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Fig. 1 Rietveld analysis of XRD pattern of CoFe,Og,.
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Fig. 2 Rietveld analysis of XRD patterns for all samples of S1 (Co; ,CrsFe,Oy) series.

spinel structure has been determined by comparing the
observed X-ray intensities from the specific planes of (220),
(440), (400), and (422). The ratios of observed and calculated
intensities viz. Irpo/lsoo; To20/lsa0y lazo/lnao, and Iygo/lnse are
considered to evaluate the cation distribution. From the calcu-
lation of structure factor, it is reported that (220) and (440) are
sensitive to cation distribution at the tetrahedral site, while
(400) and (422) are sensitive to cation distribution at the octa-
hedral site.* The general formulae for cation distribution at the
tetrahedral site and octahedral site for samples of the series S1,
and S2, are as follows:

Possible cation distribution of S1 series is
[Co,CrsFe,]*'[Co;_, ,Cr, gFe; ,1°04

8504 | RSC Adv, 2022, 12, 8502-8519

Possible cation distribution of S2 series is
[Co,CrsFe, ] *[Coy4y_oCry gFer . ,]1°0y4

where o,3, and 7 are the cationic parameters for the tetrahedral
site and « + 8 + v = 1. For COF x = 8 = 0. The cation distribution
has been calculated by the above formulae and tabulated in
Table 1. The value of the inversion parameter as determined by
calculating the ratio between Fe*" at the tetrahedral site and
Fe" at octahedral site Feieqa/Feoca has also been tabulated in
Table 1. Using the exact cation distribution the ionic radius for
the tetrahedral site (re), and octahedral site (7o), have been
calculated by the following relations:'

Fiet = QFco t+ Brer + yrge for both the series,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Rietveld analysis of XRD patterns for all samples of S2 (Coy,,CrFe,_,Oy). series.

Foet = 0.5 x {(1 - X = a)rCo +(x - 5)rCr +(2 - 'Y)rFe} for S1,
r001:0~5 X {(1 +x—a)rCo+(x_ﬂ)rCr+(2_x_’Y)rFe} forS2,

where rco, 7cr, and rye are the ionic radii of Co**, Cr**, and Fe?*",
respectively. The calculated ionic radii for the tetrahedral site
and octahedral site are tabulated in Table 1.

Fig. 4 represents the Energy Dispersive (EDS) spectra for all
samples. The elemental analysis are performed from these
spectra. From the data of EDS spectra, it is confirmed that
chemical composition of the synthesized samples are close to
the respective nominal composition.

3.1.2 Lattice parameter estimation. To determine true
value of lattice parameter () from XRD data, Nelson-Riley
(N-R) extrapolating function (eqn (A2)) has been used.” The

© 2022 The Author(s). Published by the Royal Society of Chemistry

lattice parameter for each Bragg position has been calculated
using eqn (A3). The N-R function vs. ayi; graph has been plotted
for each sample which is shown in Fig. 5 for both the series S1
and S2, respectively. From Fig. 5 the true value of lattice
parameters for each sample have been determined by extrapo-
lating 6 = 0°. The extracted value of a,. for each sample have
been illustrated in Fig. 6. The lattice parameters calculated from
the XRD data by using Match-3 software are denoted by dexp,
and these values for the both series of samples have been
illustrated in Fig. 6. The lattice parameters calculated using the
eqn (A1) are denoted by ag, and these values also have been
illustrated in Fig. 6. It is observed that ac,, for the sample of
both series follows the similar increasing trend of the ay, and
@yrye With the Cr content which implies that ac,; is reliable. This
increase in lattice parameter for S1 series may be caused due to

RSC Adv, 2022, 12, 8502-8519 | 8505
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Table 1 Possible cation distribution for all samples of series S1 (Co;_,CrFe,O4) and S2 (Coq4CrFes_O4)

Series S1 S2

X 0.000 0.125 0.250 0.375 0.500 0.125 0.250 0.375 0.500

Tetrahedral site(:l:Z%) Co 0.132 0.100 0.090 0.070 0.050 0.179 0.121 0.042 0.012
Cr 0 0.057 0.110 0.166 0.232 0.011 0.012 0.018 0.008
Fe 0.868 0.843 0.800 0.764 0.718 0.810 0.867 0.940 0.980

Octahedral site (:tz%) Co 0.868 0.775 0.660 0.555 0.450 0.946 1.129 1.333 1.488
Cr 0 0.068 0.140 0.209 0.268 0.114 0.238 0.357 0.492
Fe 1.132 1.157 1.200 1.236 1.282 1.065 0.883 0.685 0.520

Calculated Lioo/l1a0 0.77 0.76 0.81 0.81 0.83 0.83 0.85 0.80 0.80
LyaolLaso 0.98 0.82 1.11 1.05 1.06 1.14 1.08 1.05 0.80

Observed I00/1440 0.74 0.75 0.72 0.76 0.78 0.84 0.90 0.78 0.77
LyaolLuso 1.03 1.03 1.10 1.02 1.01 1.25 1.24 1.00 1.04

Inversion parameter (y) 0.76 0.72 0.66 0.62 0.56 0.76 0.98 1.37 1.88

Tonic radius (A) Ttet 0.63 0.64 0.65 0.66 0.68 0.64 0.63 0.62 0.61
Toct 0.69 0.68 0.68 0.67 0.66 0.73 0.78 0.83 0.87

the larger ratio of Cr**/Co*" at tetrahedral site than the Cr**/
Co®" ratio at octahedral site. The increasing trends of lattice
parameter for S2 are due to the excess Co>" with an ionic radius
of 0.75 A which is larger than that of Cr** (0.63 A).** Since unit
cell volume is directly proportional to the lattice constant,
hence it follows a similar trend of the lattice constant.

3.1.3 Density and porosity estimation. The bulk density dg,
crystal density d,, and porosity (P) for both series of samples
have been calculated using eqn (A4), (A5), and (A6), respectively
and have been illustrated as a function of Cr concentration in
Fig. 7. The density extracted from the Rietveld refined data is
denoted as d,.i; is also presented in Fig. 7. These parameters
have been listed in Table 2. It is seen that the d,, and dg show
a similar decreasing trend with the increase in Cr content which
agrees with the Rietveld refined density d,.;;. The decreasing
trend of the density is due to the molecular weight loss of the
investigated samples. Furthermore, it is seen that the dy and dg
follow the increasing trend with the Cr content that is also
agrees with the d,.i for the samples of the series S2. This
increasing nature of density may have been caused by the
molecular weight gain due to the non-stoichiometry of samples
of the series S2. The porosity is found to increase with the
addition of Cr content for the samples of both series.

3.1.4 Oxygen positional parameter, interionic distance and
bond angle estimation. When tetrahedral interstices are occu-
pied by divalent ion then the expansion in tetrahedral site is
relatively larger than octahedral site due to the difference of
ionic radii of cations. This expansion can be explained by
oxygen positional parameter, u, which gives quantitative
measure of the displacement of oxygen ions. This displacement
takes place whenever there is a difference in the radii of
substituted and replaced ions. The value of « can be calculated
from the ay, using the eqn (A7).

The calculated u values for both series are listed in Table 4.
As seen in that table, u value is almost invariant with Cr content
for both series found to be almost equal to that of the parent
COF. In a cubic spinel structure the ideal value of « is equal to 3/
8 = 0.375. The calculated value of u is slightly larger than that of
ideal value, which may be due to the anion displacement from

8506 | RSC Adv, 2022, 12, 8502-8519

its ideal position. From the analysis of « and ¢ (= u — 0.375), it is
confirmed that lattice is slightly distorted for all the samples of
both series.*

The inter-ionic distance between magnetic ions is named as
hopping length in tetrahedral site (L) and octahedral site (Lg)
which gives information about the strength of spin interaction
of ions. The hopping lengths have been calculated by using
Stanley's equations (eqn (A8))." The calculated values of L, and
Ly have been tabulated in Table 3 for both the series. Hopping
lengths decrease for S1 series, and increase for S2 series with
the increasing Cr content.

The tetrahedral and octahedral bond lengths (da;) and (dgy),
tetrahedral edge length (dsg), and shared octahedral edge
lengths (dgg) and un-shared lengths (dggy) have been calculated
using eqn (A9)-(A13). The calculated day, dgr, dag, dsg, and dggy
values for both the series have been listed in Table 3. From this
Table, it is seen that the values of da;, dsg have increased while
the values of dg;, dgg, and dgry have reduced with an increase in
Cr content for both the series S1, and S2.

Magnetic interaction strength for cubic spinel and spinel-
like ferrite depends on the cation-cation (Me-Me) bond
length and cation-anion (Me-O) bond length and bond angle
that have been calculated using the eqn (A14)-(A27). All the
calculated bond lengths and bond angles have been presented
in Table 3. As seen in Table 3, there is decreasing and increasing
trend in Me-Me for the S1 and S2 series, respectively. The Me-O
distance shows an increasing trend for both the series. The
bond angles show a decreasing trend with the increasing Cr
content for both series. The decreasing trend of Me-Me and the
bond angles may be due to the smaller ionic radius of Cr*" than
that of the Co®" for the samples of the series S1. But in the case
of the samples of series S2, this decreasing in Me-Me and bond
angles is most likely due to the combined effects of smaller
ionic radius of Cr’* and excess of Co> ions therein. This
behavior of bond length and bond angles for the samples of the
series S1, and S2 imply the lattice expansion with the increase in
Cr content, which is found to be in agreement with the lattice
volume.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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0.125 22.06 2.78 47.78 27.37 |23.03 |4742 |2.82 16.73
0.25 18.98 5.58 47.96 27.47 18.59 |45.73 |52 30.49
0.375 15.87 8.40 48.14 27.58 |17.37 |49.82 |7.67 |25.13
0.5 12.74 11.24 | 48.32 27.68 | 13.15 |49.77 | 12.54 | 24.54
S2 0.125 27.45 2.69 43.36 26.49 | 18.19 |43.73 |2.12 |25.26
0.25 29.65 5.23 39.34 2576 | 18.81 3949 |4.57 |27.13
0.375 31.74 7.63 35.55 25.07 |3042 |3881 |7.55 23.23
0.5 33.72 9.91 31.95 2441 |32.06 |32.25 |9.38 |26.31

Fig. 4 EDX spectra of all samples of S1 (Co;_,CrFe,O4) and S2 (Coy,,CriFe_,O4). series with mapping of compositions.

To confirm the presence of cation or anion vacancies, esti-
mation of ionic packing coefficient is required. The ionic
packing coefficient of tetrahedral site P, and octahedral site
P, have been calculated by the eqn (A28) and (A29), respec-
tively. The values for P and P, have been presented in Table 4
for both the series. From Table 4, it is observed that the values
of P and P, are less than one, which suggests the existence of
cation and anion vacancies in the parent COF.** For series S1,
the values of P, and P, increase for increasing Cr content and
the values are close to 1, which indicates the reduction of ion
(cation and anion) vacancies. On the other hand, P, and Py,
have been found to be decrease with increasing Cr** content

© 2022 The Author(s). Published by the Royal Society of Chemistry

which indicates enhancement of ion (cation and anion)
vacancies.

The degree of ionic packing coefficient can be evaluated by
calculating the fulfillment coefficient («) of the unit cell using
eqn (A30). The vacancy parameter § is defined as normalized
values of ions at the nodal point of the spinel structure which is
calculated using eqn (A31). The values of « (tabulated in Table
4) show close to 0.58 for all the samples which confirm that our
synthesized samples exhibit inverse spinel structure as
explained in the earlier literature.** The values of § listed in
Table 4 show a low vacancy parameter which implies that the
missing ions are lesser for parent COF. For series S1 the values

RSC Adv, 2022, 12, 8502-8519 | 8507
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of @ shows the decreasing trend up to x = 0.375 that implies
reducing the missing ions due to Cr substitution. But at higher
Cr content, it shows the negative value, which are most likely
due to the excess of ions. The excess of ions dominates due to
higher Cr content in series S1. But in series S2, ¢ values increase
strongly with an increase of Cr content that dominates the
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enhancement of metallic behavior from semiconducting
behavior due to the higher values of Co®>" ions.*

The tolerance factor (7) is another property to get an idea
about the impurities of these type of materials. Hence the T
have been calculated using eqn (A32) that have been tabulated
in Table 4 for both the series. It is observed that T is slightly

Porosity (%)

00 01 02 03 04 05
Cr concentration, x

Fig. 7 Density and porosity as function of Cr content for all samples of series S1 (Co;_,CryFe,O4) and S2 (CoqCryiFes_Ou).
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Table 2 Lattice parameter, density, and porosity for all samples of series S1 (Co; _,Cr,Fe;0O4) and S2 (Co14xCryFes ,Ou)

P
Series  x oo B Voo () Grue(B) Ve B an(®) V()  dgem™)  dpgem ™) duwlgem) (%)
S1 0 8.3492 582.01 8.3539 582.45 8.3635 585 5.36 4.90 5.34 9
0.125 8.3520 582.6 8.3596 579.51 8.3642 585 5.33 4.87 5.33 9
0.250 8.3542 583.06 8.3600 578.15 8.3647 585 5.31 4.78 5.29 10
0.375 8.3644 585.2 8.3672 577.47 8.3658 586 5.27 4.69 5.27 11
0.500 8.3765 587.74 8.3746 576.55 8.3713 587 5.31 4.61 5.22 13
S2 0.125 8.3556 582.39 8.3705 586.48 8.4927 613 5.52 4.94 5.52 11
0.250 8.3581 589.32 8.3896 590.50 8.6096 638 5.67 5.00 5.68 12
0.375 8.3649 595.80 8.3958 591.81 8.7272 665 5.82 5.07 5.85 13
0.500 8.376 604.68 8.4061 593.99 8.8414 691 5.95 5.09 6.01 15

Table 3 Values of hopping lengths (La, Lg), tetrahedral bond length (da ), octahedral bond lengths (dg), tetrahedral edge length (dag), shared and
unshared octahedral edge (dge. dgeu), interatomic bond lengths and angles for all samples of series S1(Co;_,CrFe,O4) and S2 (Coy4,CriFes 4O4)

Series S1 S2
X 0.000 0.125 0.250 0.375 0.500 0.125 0.250 0.375 0.500
La (10\] 3.623 3.622 3.617 3.616 3.614 3.667 3.717 3.768 3.809
Ly (A) 2.958 2.957 2.953 2.952 2.951 2.994 3.035 3.077 3.11
dar, (A) 1.945 1.956 1.968 1.982 1.998 1.926 1.893 1.86 1.832
dg1, (A) 2.011 2.006 2.000 1.996 1.993 2.023 2.042 2.063 2.083
dag (A) 3.176 3.194 3.215 3.237 3.263 3.145 3.091 3.037 2.991
dg (A) 2.727 2.711 2.692 2.677 2.659 2.762 2.818 2.877 2.931
dgry (A) 2.956 2.958 2.959 2.964 2.969 2.957 2.956 2.958 2.961
Me-Me distances (A) b 2.9569 2.9572 2.9574 2.9577 2.9597 3.0026 3.0439 3.0855 3.1259
c 3.4673 3.4676 3.4678 3.4683 3.4705 3.5209 3.5693 3.6181 3.6654
d 3.6215 3.6218 3.6220 3.6225 3.6248 3.6774 3.7280 3.7789 3.8284
e 5.4322 5.4327 5.4330 5.4337 5.4373 5.5162 5.5921 5.6684 5.7426
f 5.1216 5.1220 5.1223 5.1230 5.1263 5.2007 5.2723 5.3442 5.4142
Me-O distances (A) P 2.0113 2.0056 1.9987 1.9923 1.9861 2.0543 2.1027 2.1523 2.1990
q 1.9484 1.9588 1.9712 1.9829 1.9973 1.9579 1.9500 1.9405 1.9337
r 3.7310 3.7508 3.7745 3.7970 3.8245 3.7491 3.7340 3.7158 3.7028
S 3.6674 3.6711 3.6754 3.6797 3.6865 3.7171 3.7567 3.7959 3.8349
Bond angles (degree] 61 122.23 122.00 121.74 121.49 121.21 122.67 123.41 124.17 124.85
0, 140.27 139.39 138.35 137.40 136.35 142.08 145.27 148.86 152.38
05 94.62 94.98 95.43 95.85 96.33 93.90 92.73 91.58 90.58
0, 126.30 126.38 126.47 126.56 126.66 126.14 125.89 125.63 125.40
05 71.54 70.98 70.31 69.68 68.99 72.70 74.68 76.80 78.75

higher than one which indicates that the synthesized sample is
slightly distorted from the inverse spinel structure. In both the
series, the values of T are found to decrease with the increase of

Cr content indicating the reduction of distortion from the
central atom resulting the improvement of inverse spinel
structure.

Table 4 Oxygen positional parameter, ionic packing coefficient, fulfillment coefficient, vacancy parameter, and tolerance factor for all samples
of series S1 (Co;_,CryFe,0O4) and S2 (Cop4,CryiFes ,Oy)

Oxygen positional

parameter, ¥ and deviation, ¢

Ionic packing coefficient

Fulfillment Vacancy Tolerance
Series x u 0 P, Py coefficient a parameter 3 factor T
S1 0 0.3845 0.0095 0.9867 0.9967 0.5819 0.5145 1.038
0.125 0.3852 0.0102 0.9877 0.9982 0.5811 0.4370 1.040
0.250 0.3860 0.0110 0.9884 0.9988 0.5804 0.3783 1.043
0.375 0.3868 0.0118 0.9919 0.9991 0.5782 0.0526 1.045
0.500 0.3877 0.0127 0.9944 1.0008 0.5758 —0.1860 1.048
S2 0.125 0.3831 0.0081 0.9426 0.9589 0.5887 4.7671 1.027
0.250 0.3807 0.0057 0.9016 0.9239 0.5972 8.5123 1.014
0.375 0.3784 0.0033 0.8621 0.8940 0.6062 11.9433 1.000
0.500 0.3763 0.0013 0.8259 0.8692 0.6150 14.9758 0.990

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Crystallite size (D) and strain (¢) estimated by different methods for all samples of series S1 (Co;_,CrFe,O4) and S2 (Coy4,CriFes ,O4)

Modified Scherrer

Rietveld refined

Williamson-Hall

Scherrer method method method Method Size Strain Method

Series x D (nm) D (nm) D (nm) e D (nm) e D (nm) €

S1 0 46 53 61 0.00092 71 0.000725 60 1.41 x 107°
0.125 46 51 57 0.00085 70 0.000746 52 5.91 x 10~°
0.250 45 49 52 0.00071 64 0.000775 51 9.35 x 10°°
0.375 39 45 51 0.00058 60 0.000909 50 133 x 107°
0.500 39 43 46 0.00046 56 0.000905 47 1.40 x 107°

S2 0.125 47 50 59 0.00075 67 0.000786 58 114 x 107°
0.250 40 43 49 0.00068 52 0.000624 45 5.94 x 107°
0.375 37 40 41 0.00051 43 0.000374 42 5.55 x 10~°
0.500 39 39 38 0.00046 43 0.000353 40 221 x 10°°

3.1.5 Crystallite size estimation. To evaluate crystallite size,
analysis of X-ray profiles is the most effective and easiest way. To
calculate crystallite size and strain of the powdered samples
various methods have been used such as: Scherrer, Modified
Scherrer, Size strain plot, and Williamson-Hall plot. In every
case, XRD data have generally been used because of X-ray line
broadening comes out mainly from three factors: (i) instru-
mental effect, (ii) crystallite size, and (iii) local lattice strain. To
exclude the instrumental broadening, a standard silicon X-ray
powder diffraction data is recorded under the same condition
and eliminated from the observed peak width. The full width at
half maximum (FWHM) of all peak positions from the XRD has
been estimated using a nonlinear combined curve fitting
function that includes Gaussian and Lorentzian functions. The
FWHM data has been calculated by using the eqn (A33). In
addition, the instrumental broadening (8;) is removed by using
the eqn (A34). The values for 8; are 0.092°, 0.099°, 0.117°, 0.186°,
0.21°, and 0.208° for the (220), (311), (400), (511), and (440)
peaks, respectively. The average crystallite size (D) have been
calculated by using observed FWHM of the most intense peak
(311) with the help of Scherrer equation (eqn (A35)). The
calculated values of D using this method are listed in Table 5.

-5.2
-5.34
-5.44
-5.54

< 5.6
5.7
5.8
594 *

0.03 0.06

*
)
*
Q
®
1 4

0.09 0.12
In (1/cos0)

Scherrer equation is used to determine D for most intense
peak, but since the constant value of cos 6 is not maintained
with the increase in 26 and resulting errors in the D values. To
avoid the above-mentioned errors, Monshi et al in 2012
employed some modifications in the use of the Scherrer equa-
tion and introduced the following formula:*®

0.92 1
In 6 =In (T) +In (m)

1
To evaluate the more accurate values of D, In 8 vs. In ( cos 0)

the graph has been plotted for all the selected peaks. Then y-
0.94
intercepts, In (T) , have been determined by the linear fitting

on this graph using the origin software for the sample of series
S1, %I;El S2, as shown in Fig. 8. The calculated D values taking
In{=3"=

e 5 for all the samples have been tabulated Table.
Scherrer and modified Scherrer methods can provide the

only information about the crystallite size but not the infor-

mation about the intrinsic strain of the lattice. As such, Wil-

liamson-Hall method has been utilized to calculate both D and

51152

-5.24
-5.34
o 541
£ 5.5
-5.61
-5.74
-5.84

003 006 009 012 015 0.18
In (1/cos6)

Fig. 8 Modified Scherer plots for all samples of series S1 (Co;_,CrFe,O4) and S2 (Cop4,CryFes Oy).
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Fig. 9 Williamson—Hall Plot for all samples of series S1 (Co;_,CryFe,O4) and S2 (Coy,CriFes_,Oy).

the strain, ¢ of the materials. According to this method, a total
physical broadening, .., have been calculated by the following
relation:**”

0.92
Biot = Bsirain + Berysial = 4e tan 0 + D cos ¢
or,
) 0.91
B €08 0 = de sin 6 + D

Here, B is the total broadening due to strain and size in
a particular peak having the (hkl) value which is written
exchange of B Fig. 9 show the @ cos 6 vs. 4 sin § graph
corresponding to each diffraction peak for the samples of series
S1, and S2, respectively. In every case for all the samples, the
slope and y-intercept have been noted from the linear fitted
curve, which gives the ¢ and D of the investigated samples. The ¢
and D for all the samples have been listed in Table 5 in
Appendix B.

Williamson-Hall method describes isotropic peak broad-
ening due to the combination of size and strain-induced effect
as a function of a 26.To better evaluation of ¢ and D another
model known as “size-strain plot (SSP)” has been used. In this

-—
o
N

(=]
A
® OO % 6

B
Y

(dB,.cos6)’x10”
hkl

) * S1
0.005 0.010 0.015 0.020 0.025 0.030
2

d'g, coso

method, higher angle reflections are less important than lower
angle reflections. In the SSP method, the following relation has
been considered:"”

82

KA
(At B cOS 9)2 =D (dhkzzﬁhk/ cos 9) + a

Here, dyy; is lattice spacing for different (2kl) planes. The (dpx-
Bris cos 6)* are plotted as a function of dj,*B cos 6 and their
linear fitted curve have been drawn using the origin software as
shown in Fig. 10. The slope and y-intercept have been extracted
for all the samples that provides the values of D and ¢ of both
series and presented in Table 5. In addition, the D and ¢ values
extracted by the Match-3 software from the Rietveld refined XRD
data have also been listed in Table 5. The D values calculated by
using all the methods is found to be decreasing trend with the
increasing Cr content for both series as shown in Fig. 11. This
decreasing trend is most likely due to the peak broadening.

3.2 FTIR analysis

Fig. 12 illustrate the FTIR spectrum in the wavenumber range of
350-3000 cm ™! for the samples of both series at room temper-
ature. From the FTIR spectra, two distinct absorption bands at

S2

0.04

0.02 0.03

dzﬁhklcose

0.01

Fig. 10 Size strain plot for all samples of series S1 (Co;_,CrFe,04) and S2 (Coy,,CryFer_Oy).
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Fig. 12 FTIR spectrum for all samples of series S1 (Co;_,CrFe,O4) and S2 (Coy,,CriFe, ,O4).

554 cm” ' (v;) and 372 cm ™' (v,) are observed for the parent COF.
The symmetrical stretching vibrations of metal-oxygen at
tetrahedral and octahedral sites have been observed at the
higher band v,, and lower band v,, respectively. For all samples,
it is seen that both », and », are increased with the increase of
Cr content as shown in the inset of Fig. 12. The values v, and v,
have been listed in Table 6. A clear absorption band has been
noticed at around 3000 cm ™" (v3). This may be attributed to the
H-O-H stretching vibrations due to the effect of moisture
during fabrication of the studied samples.

3.2.1. Calculation of force constant. The wavenumbers v,
and », of the infrared active phonon mode is directly connected
to the force constant. The force constant k; and k, at the tetra-
hedral and octahedral site of cubic spinel structure has been
calculated by the Waldron relation (eqn (A39)-(A41)). The
average force constant k,, = (k¢ + k,)/2 have shown in Fig. 13 for
the all samples of both series. From the Fig. 13, it is seen that
the average force constant k,, increases for the samples of both
series which is as usually related to the Me-Me bond distances
and bond angles.

8512 | RSC Adv, 2022, 12, 8502-8519

3.2.2 Elastic properties analysis. Ferrites demonstrate
important elastic properties and thermal behavior due to their
interatomic and interionic forces. Although the elastic proper-
ties of such materials are determined by applying external
stress, according to the analysis of various research, a technique
based on the structural and FTIR data parameter related to
elastic properties along with thermal properties has been
calculated for exploring the correlations with the other prop-
erties."?*?? According to Hook's law, the stress 7, strain e;and
stiffness C;; are correlated on the basis of the stress-strain
approach.® The stiffness C; are used to calculate the elastic
constants. For cubic symmetry, only three stiffness C;4, C1,, and
C,4 are considered to be dominant, where C,; represents the
elasticity in length and C;, and C,, represents the elasticity in
shape. The stiffness constant C;; and C;, are calculated using
eqn (A43) and (A44), and the values are tabulated in Table 6.

The bulk modulus, B, rigidity modulus, G, Young's modulus,
E, Poisson's ratio, ¢, longitudinal wave velocity, v, transverse
wave velocity, v, and the mean velocity, v,,, have also been
calculated for all samples of both series using the eqn (A46)-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Absorbtion wave number (v4, v,), force constant, stiffness constant, wave velocity, elastic constant, Pugh ratio, Poisson ratio Debye

temperature, and minimum thermal constant for all samples of series

S1 (Coq_4CrFe;04) and S2 (Co144CriFes ,O4)

Series S1 S2
X 0 0.125 0.250 0.375 0.500 0.125 0.250 0.375 0.500
vy (em™) 371 373 375 377 378 374 376 377 378
123 (Cmfl) 554 558 564 568 572 586 590 594 598
Force constant ke (N mfl) 290 294 300 305 309 324 329 333 338
ko (N mfl) 130 131 133 134 135 132 133 134 135
kap (Nm™) 210 213 217 219 222 228 231 234 236
Stiffness costant Cy, (GPa) 251 255 260 264 268 273 277 280 284
Cy, (GPa) 105 106 106 106 106 110 110 109 108
Wave velocity v (msfz) 6843 6911 6999 7080 7158 7035 6986 6940 6912
Ve (ms™?) 3950 3990 4041 4087 4133 4062 4033 4007 3991
Vi (ms™?) 4156 4197 4250 4299 4348 4272 4243 4215 4198
Elastic constant B (GPa) 153 156 157 158 160 164 165 166 167
G (Gpa) 84 84 87 88 89 91 92 93 95
E (GPa) 216 220 223 226 229 234 237 239 241
Pugh ratio (B/G) 1.84 1.83 1.82 1.80 1.79 1.81 1.79 1.78 1.76
) 0.29 0.29 0.29 0.29 0.28 0.29 0.28 0.28 0.28
Zero porosity elastic E, (GPa) 261 266 280 291 300 298 310 322 340
constant Go (Gpa) 100 102 107 111 115 114 119 124 131
B, (GPa) 226 230 238 244 250 252 259 265 275
0o 0.31 0.31 0.30 0.30 0.30 0.30 0.30 0.29 0.29
By/Gy 2.26 2.25 2.22 2.19 2.16 2.20 2.16 2.14 2.09
0p (K) 593 599 606 612 618 610 605 601 598
Kinin 1.31 1.33 1.34 1.36 1.37 1.35 1.34 1.33 1.32
E,, By, and G, show the similar trend with the values of E, B, and
240- G as a function of Cr concentration for the samples of both
1= —~—S2 series.
E Ductility and brittleness behavior of a material can be esti-
;2 30 mated by the Pugh's ratio.> The Pugh's ratios (B/G) are illus-
- trated in Fig. 15 for the samples of both series. According to
g Frabtsevich et al*® the brittleness and ductility nature can be
-l‘;; confirmed from the value of ¢. The calculated values of ¢ are also
€ 220- illustrated in Fig. 15. It is observed that both the Pugh's ratio and
8 o are higher than that of their respective critical values 1.75 and
P 0.26, respectively. This reveals the ductile nature of the synthe-
o sized samples.*”** The ductility decrease with the increase of Cr
I.E 2104 content for both the series which may be due to the substitution
' ' ! ! ' ! of brittle Cr with ductile Co and Fe for the sample of both series.
00 01 02 03 04 05 P

Cr concentration, x

Fig.13 Force constant as a function of Cr content all samples of series
S1 (Coq_,CryFe,04) and S2 (Coq4,CriFes ,Oy4).

(A51). The calculated values of all these elastic constants with Cr
content for both the series have been graphically presented in
Fig. 14. The values of E, B, and G are found to increase with
increasing Cr content. The measured elastic moduli however do
not provide enough information on the mechanical properties
of the investigated samples due to the presence of porosity.
Hence, to improve the elastic nature of the materials, the cor-
rected zero porosity elastic moduli have been calculated by
using Hasselman and Fularth's formula (eqn (A51)-(A54)). The
corrected zero porosity elastic moduli (E,, By, and G,) have been
listed in Table 6 which shows the larger value than the
measured E, B, and G. From Table 6, it is seen that the values of

© 2022 The Author(s). Published by the Royal Society of Chemistry

In addition, ¢ for all the samples are in the range of 0.27-0.30
which lies in between —1 to 0.5 which implies that the investi-
gated samples are of isotropic elastic in nature.

3.2.3 Thermodynamic properties. The Debye temperature,
f0p, is a significant parameter to know about the thermodynamic
properties of a solid that originates from the maximum lattice
vibration of the atoms. According to Anderson's formula the 6,
can be calculated using the eqn (A55). Thermal conductivity is
one of the thermodynamic properties of a material that indi-
cates the ability to conduct heat. The minimum value of thermal
conductivity, Knin, have been calculated by the eqn (A56). The
calculated 6 and K, have been presented in Fig. 16 as
a function of Cr content for all samples of both series. It is
observed that 6, and K,,;, increases with the increase of Cr
content for S1 series. However, for S2 series both f, and Kin
shows the maximum value for x = 0.125, and beyond this value
of Cr content they decrease.
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4. Discussion

The analysis of structural, mechanical, and thermal properties
of the samples of two series S1, and S2, show almost similar
behavior in most of their properties. For the stoichiometric

8514 | RSC Adv, 2022, 12, 8502-8519

series S1, the XRD pattern shows a single phase cubic structure
for all Cr contents. For a lower value of Cr’" substitution with
Co**, cation-anion vacancies dominated. However, for higher
values of Cr**, negative values of vacancy parameter have been
found. This negative vacancy parameter dominates the excess
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Cr’** replaced with the Co®>" and these excess ions are not too
high, so no impurity peaks have been observed in the XRD
patterns. A slight distortion of inverse spinel structure has been
confirmed from the tolerance factor for all samples of both
series. The dominance of Cr** with extra Co®" ions due to
lowering the packing fraction demonstrates strongly increasing
trend of vacancy parameter with increase of Cr** and leading to
transform semiconducting to metallic behavior in S2 series.
However, a single phase cubic structure is observed for the
samples of S2 series without any impurity peak in the XRD
patterns. The observed anion displacement for the samples of
two series are dominated by the deviation of oxygen positional
parameters from their standard value of 0.375. Expansion of
lattice volume for the series S1 has been observed due to the
larger ratio of Cr**/Co®" at tetrahedral site than the Cr*‘/Co®"
ratio at octahedral site. In S2 series, Fe®" has been replaced by
Cr** with a simultaneous addition of Co®, resulting an increase
in lattice volume. In series S1, both the d, and dg show
a decreasing trend, which may be attributed to the increase of
Cr*" with a lower density of 7.14 g cm™® than that of Co®"
(8.9 g ecm?).* Although pelletization pressure and sintering
temperature for all samples were the same, there is an
increasing trend of ductility with an increase of Cr content. At
higher sintering temperature (>1100 °C) the ductility of Cr/Cr-
based alloys and composite is reported to improve.*®

In series S2, Cr metal having lower density replaced the Fe
(7.87 g cm™3) with slightly higher density.*® However, addition
of same amount of Co metal with high density, resulted in the
increasing trend of dg, and dy with a increase in porosity.
However, the ductility is found to decrease possibly due to
excess Co>". In addition, an increase of excess Co with lower
shear modulus presumably plays a prominent role in lowering
the ductile nature for the sample series S2. The decreasing trend
of ductility as a function of Cr content are observed due to the
increase of the Cr**/Fe*" ratio. In series S1, the f, shows an
increasing trend due to the greater 0y, of Cr than that of Co.*” In
series S2, the fp increases at lower Cr content (=0.125) but at
a higher Cr content (>0.125), 6, decreases due to the increase of
Co/Cr ratio, and decrease of Fe/Cr ratio.

5. Conclusions

Two series of Cr’* substituted cobalt ferrite with stoichiometric
(S1 series) and non-stoichiometric (S2 series) ratios have been
synthesized by the standard solid-state reaction technique. XRD
patterns for all samples of both series indicate a single phase
cubic spinel structure with a space group of Fd3m. FTIR spectra
of the synthesized samples also confirm the spinel structure. The
cation distribution calculated from the extracted Rietveld refined
data confirms the mixed spinel structure of all samples of both
series. In both the stoichiometric and non-stoichiometric series,
an enhancement of lattice parameter have been found. From the
analysis of elastic properties, it is found that all the samples for
both series are ductile in nature. For the stoichiometric series
Cr’* together with Co** is assumed to have influenced the
properties.
stoichiometric compositions provide an opportunity to tailor

structural and mechanical In addition, non-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Co**/Cr*" and Fe**/Cr*" in the inverse spinel ferrite which causes
the defect in structure, and modification of mechanical behavior.

6 Appendix-A

Equations belonging to Section 3:
Equation for theoretical lattice parameter:*

8
an = 575 | (e Ro) V3 (rea + Ro)) (A1)
where Ro (=1.32 A) is the ionic radius of oxygen.
The N-R function is as follows:"
1 (cos*f cos? 6

FO)=|z|—+—— A2
9 {Z(SinﬁJr 0 )} (A2)

The lattice parameter for each Bragg position:*
apg = AV I+ K+ P (A3)

Here, anu, dni are the lattice constant and interplanar spacing
respectively.
Equations for bulk density dgand X-ray density d,*>

dBngeoiTcéZX[ (a4)
2

8M
| = A5
]\']Aaexp3 ( )

Equation for porosity:®
dy

P% = 1_d_ x 100 (A6)

where M is the molecular mass calculated from molecular
formulae, a., is the experimental lattice constant and N,
(=6.02 x 10*%) is Avogadro's number.

Equation for oxygen positional parameter u:*

Ttet + RO) :|
=||l—z=—]+025 A7
K V3a (47)
Stanley's equations:*
2
Ly = aT\/§7 and Ly = %_ (A8)

The equations for tetrahedral and octahedral bond lengths
(dar) and (dgy), tetrahedral edge length (d,g), and shared (dpg)
and un-shared octahedral edge lengths (dggy) are as follows:*

dar = aV/3(u —0.25) (A9)

/ 11 43

— 2 _ —
dgL = ay/3u T4 (A10)
dag = aV2(2u — 0.5) (A11)
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dpe = aV2(l —2u) (A12)
11
dpav = ay/4u* — 3u + 16 (A13)
Equations for various bond length and bond angles:*
Me-Me distances
2
b= % (A14)
11
c= “‘Sﬁ (A15)
d= %3 (Al6)
= S\fa (A17)
/= ﬁ (A18)
Me-O distances
p= a(% - u) (A19)
q= a\/§<u - %) (A20)
11
r= a\/;” (A21)
s = aﬁ(% + %) (A22)
Bond angles
2, 2 2
_ a(p g —c
6, = cos (—219(1 ) (A23)
2,2 2
(e
6, = cos (721” ) (A24)
22
4(p =)
03 = cos 1( pr ) (A25)
2,2
04 = cos™ (l%) (A26)
2.2 p
(r+q¢—d
s = cos (421];’ ) (A27)

Equations for the ionic packing coefficient P and P, at the
tetrahedral and octahedral sites:**
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Re — R
Py = 70 (A28)
Ttet
R — R
P = ‘r ° (A29)
oct

Here, R (=dar) and R (=dg;)are the average bond length at
tetrahedral and octahedral sites respectively.

Equation for the fulfillment coefficient («) of the unit cell
using the following relation:**

. 327‘:(;’m3 + 2ot + 4R03)

! e (A30)
Equation of vacancy parameter 3:**
g= Lf"g x 100% (a31)
dih
Equation for tolerance factor calculation:**
- 7 {%ﬁﬂ % {%] (432)

The FWHM data has been calculated by using the following

relation:*”
Bo = 0.5346 x W +1/0.2166 W, + W5*

Here, 8o is observed FWHM, Wi, and W is the Lorentzian and
Gaussian width respectively. The instrumental broadening (6;)
removal equation:**

(A33)

B = [(Bo — B)(Bo™ — B (A34)

The Scherrer equation:"’

0.92

D= ———
B311 cos ¢

(A35)

Here, 8311 is the FWHM at (311) plane (most intense peak), A

(=1.5406 A) represents the wavelength of incident X-rays.
Modified Scherrer equation:*

0.91 1
Ing=In (T) +In (M) (426)
Williamson-Hall relation:*2
0.91
ﬁtol = ﬁstrain + 6“}/51&1 = 4e tan + D cos 0
or,
Bz cOs 0 = de sin 0 + 0_D9/\ (437)

Here, B is the total broadening due to strain and size in
a particular peak having the (hkl) value which is written
exchange of By.

Equation for the size strain plot:**

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(dkiBiss cos 0)* = % (dia” By cos ) + é (A38)
Here, dj, is lattice spacing for different (hkl) planes.
Force constant according to Waldron relation:**
ke = 41 (A39)
ko = 4201 (A40)
kay = (k¢ + ko)/2 (A41)

Here, c is the velocity of light, u is the reduced mass which we
have calculated by the following relation:***°

u= m X my (A42)
my + ny
where m; is the weighted average of atomic weights of the
cations residing at the A-site or B-site while m, is the atomic
weight of oxygen anion.
Equation for the stiffness constant C;4, Cy5:**

Kay
= A4
Ch P (A43)
O'C11
= A44
Cip= 7L (A44)

Here, o is the Poisson's ratio as a function of pore fraction P.
The corresponding relation for ¢ is as follows:**

o =0.324(1 — 1.043P) (A45)
Some elastic properties related equations:*>**
Bulk modulus:
1
B = §(C11 + 2C12) (A46)
Longitudinal wave velocity,
Cu
= A47
Vi 4 (A47)
Here, d, is the X-ray density.
Transverse wave velocity,
Vi
yo= L A48
t \/§ ( )
Rigidity modulus,
G= dxvl2 (A49)
Young's modulus,
E=21+0)G (A50)
Mean velocity,
172 1\
m==—=+— A51
v, (3 (vﬂ + V13)) (A51)
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Hasselman and Fularth's formulae for the corrected zero
porosity elastic moduli:****

Ei(): %{1 - W} (A52)
R
"= 5.7 s
oo = (%) -1 (A55)

Anderson's formula for the Debye temperature, p:**
o = :—B (3ZZXA]ZA>%V‘“ (A56)

where 7 is Planck's constant, kg is Boltzmann's constant, N, is
Avogadro's number, dy is the density, M is the molecular mass,
and q is the number of atoms per unit formula.

Equations for thermal conductivity:*®

—2/3
I<min = kB Vm (quNA) (A57)
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