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ABSTRACT

This study devotes the structural and dynamic nanohardness properties of

yttrium (Y) substituted within La1.4Ca1.6Mn2O7 manganites. XRD, SEM, EDS

and dynamic nanohardness measurements are carried out to determine the

structural properties such as grain sizes, impurity phases, crystallite sizes,

average strain, and surface morphologies. The obtained results were compared

with other rare-earth (RE) substituted double-layered lanthanum manganites

published in the literature that have the same A-site radius. The lattice

parameters are not affected substantially by the Y addition while the average

grain size is significantly different from the other RE-substituted samples. The

mechanical properties obtained from the dynamic micro-hardness tests such as

the contact depth, area of the indent imprint, stiffness, creep, apparent hardness,

reduced elastic modulus and the elastic recovery ratio (ERR) are calculated for

the Y-substituted sample and compared with previously published studies.

Different models are applied to determine the measured and true micro-hard-

ness values. The microstructural and mechanical properties of Y-substituted

double-layered manganites are discussed in detail.

1 Introduction

Since improvements in composite properties have

been observed when the atomic size of reinforced

material shrinks to the nanometer scale, researchers

and industrial practitioners have become increasingly

interested in nanoscience and nanotechnology [1, 2].

In the industrial sector, there is a growing need for

sophisticated composite materials with improved

functional qualities and performance traits. In order

to define the mechanical qualities in relation to its

microstructure, microhardness is a crucial metric.

Perovskite manganites have received a lot of

attention lately because of their possible technological

uses and unusual physical characteristics. For

instance, solid oxide fuel cells, refrigerators, highly
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sensitive magnetic-field sensors, magnetic recording

and readout equipment, and other technical gadgets

have all been constructed with magnetic manganite

materials as a crucial component. These manganites

are utilized in magnetic data storage, high-sensitivity

magnetic-field sensors, refrigerators, photocatalytic

and thermochemical energy storage applications due

to their good and unique chemical, physical, mag-

netic, and electrical properties [3–6].

Many types of research have been done recently on

the mixed valance perovskite crystal structured

manganites of RE3?
xAE2?

1-xMnO3 [RE refers to a

trivalent rare-earth element (La, Sm, Gd, etc.) and AE

denotes a divalent alkaline earth element (Ca, Ba, Sr,

etc.)]. Many in-depth studies have also been carried

out for Ruddlesden–Popper (RP), another variation of

the perovskite manganite family of the An?1-

MnnO3n?1. The double-layer (DL) RP phase, with

n = 2 members along the c-axis of an iterative layered

as a double-layer of (MnO2), inserted between two

single layers of a non-magnetic mixture of (AO) (A

alone could be La, Sr, Ca or a mixture of them). The

layered perovskite manganites can be regarded as a

natural ‘‘ferromagnetic metal layer–insulator layer–

ferromagnetic metal layer’’. RP phase displays a two-

dimensional Mn–O–Mn network and anisotropic

magnetotransport properties [7].

Unlike simple perovskites, layered perovskite

materials have high-sensitivity to very small changes

in structure and composition due to their anisotropic

structure by nature. For that reason, DL manganites

are extremely sensitive to magnetic-field changes;

internal–external pressure changes. These replaceable

features of these materials allow the technology to be

applied in some systems.

The mechanical properties of such manganites are

important in designing and producing the applica-

tions mentioned above [8–11]. These materials should

show their ability to withstand mechanical forces

during production and operation procedures.

Mechanical properties such as nanohardness, elastic

modules, elastic recovery ratio and stiffness can be

useful for this purpose and can be measured with

various indentation methods like Berkovich, Vickers,

etc. [12–17]. Dynamic nanohardness measurements

can also be performed due to see the effects of the

elastic deformation. The goal of this method is to gain

information on the phase transformations, cracking

and delamination as well as to determine the hard-

ness and elastic modules [14].

The double-layered (DL) manganites have gained

much more attraction since Ref. [18] discovered

colossal magneto resistivity (CMR) in these materials

due to anisotropic exchange interaction. The large

value of low-field magnetoresistance reduced

dimensionality, and structural anisotropy and the

Jahn–Teller effect enabled these materials for many

technological applications. The aim is to investigate

and improve the structural, electronic, magnetic,

electrical and mechanical properties of DL mangan-

ites. In [19] the structural and electronic properties of

LaCa2Mn2O7 manganites were analyzed and pre-

sented. It was reported that the perovskite impurity

limited the magneto resistivity (MR) effect. In another

study, the spin and the orbital ordering in the DL

perovskite manganites were theoretically investi-

gated [20]. Reference [21] presented the electrical and

magnetic properties of DL manganites with fixed

doping concentrations of rare-earth (RE) elements.

The ionic radius of the A-site (hrAi) was changed by

substituting the A-site with different RE ions. The

electrical and magnetic properties in the DL man-

ganites were found severely dependent on the hrAi.
The A-site dependence was also found with Eu

doping in [22]. The structural and magneto-electrical

properties of Cu [23] and RE (La, Pr, Eu, Y and Gd)

doping [24] in DL manganites were also reported in

the literature. The cell parameters and volume of all

samples showed an increment to increase dope con-

tent. Wang et al. investigated the magnetocaloric and

electronic properties of the DL La1.34Sr1.66Mn2O7

manganite [25]. Reference [26] carried out sets of

magnetization and magnetoresistance measurements

in different temperatures, magnetic-fields and times

in the Ru-doped layered manganite system. The full

bulk spin polarization and intrinsic tunnel barriers at

the surface of layered manganites were investigated

at [27] and as a result, it was proven that they can be

used as an ideal magnetic tunnel junction naturally

with the creation of a surface insulator above a fully

spin-polarized bulk. The preparation and low-field

MR behavior of La1.4Ca1.6Mn2O7 was investigated

and compared with an infinite layered manganite

La0.7Ca0.3MnO3 [28]. The magnetic phase diagram

[29], the presence of nano-ferromagnetic domains

[30] and the effect of high-temperature sintering [31]

on the lanthanum manganites were also reported.

Reference [32] used a model to calculate the magne-

tocaloric properties of DL manganites from M–T cal-

culations under different magnetic-fields. Reddy
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studied the effect of the size of lanthanide ion on

bilayered R1.2Sr1.8Mn2O7 manganites magnetotrans-

port properties. It was observed that the decreasing

lanthanide ion size resulted in an anisotropic lattice

contraction [33]. Reference [34] established a relation

between local Mn charge and Mn–O distances as a

function of doping and the reason for unstable struc-

tures at some doping levels of DL compounds. The

cation size mismatch effect in a series of RE-substi-

tuted DL manganites was analyzed [35]. It was

reported that the metal–insulator transition

decreased with the decrease in the cation size and

higher size variance led to lower Curie temperature.

Few studies examine the mechanical properties of

DL manganites. Reference [36] reported the results of

elastic constants and Debye temperature of the R1.2-

Sr1.8Mn2O7 (R = La, Pr, Nd, Sm) compound and the

elastic properties were found to decrease with

increasing RE ion size. A recent study [37] investi-

gated the structural and micro-hardness properties of

Gd and Nd substituted DL manganites with the same

A-site radius. Both samples’ lattice parameters did

not change significantly, on the contrary, different

average grain sizes were observed. It was reported

that the hardness values increased with increasing

applied load and the percentage ERR (%) of the Gd

substituted sample was higher than the Nd substi-

tuted sample. The samples showed reverse indenta-

tion size effect (RISE). Finally Reference [38]

presented a similar study and investigated the sub-

stitution of Pr and Sm on the A-site doping of

LaCaMnO7 DL manganites. The substitution affected

the microstructure strongly. The hardness value of

the Sm (Pr) substituted sample increased (decreased)

with the load increasement and a RISE (indentation

size effect ISE) was observed and the elastic recovery

ratio (ERR) of the samples had opposite dependences

on the load.

In this study, a Y-substituted DL manganite

(La0.67Y0.33)1.4Ca1.6Mn2O7 with a Y-substituted DL

manganite with a similar A-site radius to [37] and

[38] is synthesized in this study in order to demon-

strate and compare the structural and mechanical

properties. Nd, Gd, Pr, and Sm are all RE elements,

but Y is not a lanthanide like the others, which is why

it was chosen for substitution and contrasted with

those elements. Y (transition metal) is a chemical

element that is composed of atoms having unpaired d

electrons, while lanthanides have valence electrons in

their 4f orbital. XRD, SEM data and the dynamic

indentation measurements of the sample is carried

out. To the best of our knowledge, there is no detailed

study that examines the effect of Y substitution with

A-site and comparison with other RE substitution on

the structural and mechanical properties of DL lan-

thanum manganites in the literature.

2 Experimental procedures

A bulk DL manganite with Y substitution to La site in

the form of (La1 - yYy)1.4Ca1.6Mn2O7 and with an

average A-site radius of approximately 1.32 Å is

produced similarly as in [37] and [38]. The A-site

radius was achieved by the calculation according to

Shannon’s ionic radii table with a 12-coordination

number [39]. According to this calculation, our

chemical formulation is (La0.67Y0.33)1.4Ca1.6Mn2O7.

(The ionic radius of Y3? is 1.18 Å, the density value

for the Y element is 4.47 g/cm3 while the lattice

parameters a and c are a = 3.65 Å, c = 5.73 Å [22].)

The Y-substituted DL manganite is named LYCMO.

The Gd, Nd, Pr and Sm substituted samples pre-

sented in the literature before, will be named

LGCMO [37], LNCMO [37], LPCMO [38] and

LSCMO [38], respectively for comparison. The solid-

state reaction process was used in the preparation of

the sample. The calculated quantities of Y2O3, CaCO3

and MnO2 (all 99.99%) were mixed and preheated.

Then the powder was ground and calcined at 900 and

1000 �C for 12 and 20 h, respectively. The mixture

was re-grinded and turned into a pellet under 2.7216

metric tons. Then the pellet was sintered twice (1150

�C for 24 h and 1250 �C for 24 h). Finally, an

annealing process was done with a small cooldown

rate to room temperature (RT) at 800 �C for 10 h.

XRD data were collected to obtain the crystallo-

graphic structure of the sample at RT with the usage

of a Rigaku diffractometer with Cu Ka radiation

(k = 1.5418 Å). The diffraction angle values were

between 20� and 80� with a speed of 3 Æ per minute.

The sensitivity of the scan was 0.02�. The Le Bail

refinement was used in calculating the impurity

phase structure using the Jana 2006 software [40] and

also the crystallite size, lattice parameters were

obtained through the recorded XRD data utilizing

Debye–Scherrer’s formula as [41], D = (Kk/bcosh)
where D is the size of the crystal, K is known as the

Scherrer’s constant (K = 0.94), depends on the crys-

tallite shape and the size distribution. k is the X-ray
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wavelength (1.54178 Å), b is full width at half maxi-

mum (FWHM) of the diffraction peak or integral

breadth [42] and h is the angle of diffraction [43].

K can have values anywhere from 0.62 to 2.08. In this

paper, K = 0.94 was used. The microstrain in the

crystallite or nanocrystal also affects the width b,
which needs to be considered in an accurate analysis.

Spatial fluctuations in the alloy composition can also

affect the width. In this work, the calculated values of

D represent estimates. The average strain (e),
numerical expression of broadening in XRD peaks

due to crystal imperfections or distortions, was also

calculated by exploiting the Williamson–Hall equa-

tion (W–H), e = b/4tanh [44, 45].

The particle size and surface morphology of the

Y-substituted DL manganite were determined with

the usage of the JSM 6390 LV-JEOL model (SEM) at

an acceleration voltage of 20 kV. Average particle

sizes were calculated by pattern analysis. The semi-

quantitative analysis of the sample was obtained with

an Oxford Model 550i energy dispersive X-ray (EDX)

spectroscopy.

A UMT-Bruker SYS2 mechanical tester was used

for the determination of mechanical parameters.

A Vickers-type indenter was used and the measure-

ments were done at different applied forces between

0 and 2000 mN for 10 s at room temperature [16]. A

force is applied to the samples and simultaneously

the trace left in the sample is measured. At the

maximum load value, the load is kept constant to see

the sample behavior. The contact depth–load curves

were obtained from these measurements. Mechanical

parameters were determined from these measure-

ment results and explained in Sect. 3.2 in detail.

3 Results and discussion

3.1 XRD, SEM and EDX results

XRD data and the parameters such as lattice param-

eters, the goodness of fit (GOF) and crystallite size,

and average strain of the (La0.67Y0.33)1.4Ca1.6Mn2O7

sample are presented in Fig. 1 and Table 1, respec-

tively. The refinement result has been obtained using

crystallizes in the tetragonal structure with the I4/

mmm space group parameters similar to other same

A-site RE-substituted DL manganite in [37] and [38].

The patterns of reflections at 27�, 33�, 43� and 23.6�
were observed and are unique to the n = 2 phase

[46, 47]. Small quantities of secondary additional

phase ((La, Ca)MnO3) (space group Pnma) were

found in the LYCMO sample (the purple-coloured

indices). The superposition of the experimental and

the calculated pattern of LYCMO is shown in Fig. 2.

And also, there is a peak (112) of the Mn3O4 impurity

phase at 2H = 29.25� [48]. The calculated cell

parameters are similar to the parameters reported by

many other studies for DL lanthanum manganites

[24, 28, 30, 31, 49]. From the values given in Table 2,

it can be seen that there is no significant difference

between the volumes of the unit cells of the Y- and

Gd, Nd, Pr, and Sm substituted samples. Finding

similar unit cell volume is due to the constant A-site

ionic radius. The GOF value of the LYCMO sample is

0.87 and smaller compared to all other RE-substituted

DL manganites with the same hrAi which indicates

that LYCMO has fewer impurities. The LYCMO

sample has a smaller crystallite size, (Tables 1, 2)

compared to the LGCMO/LNCMO/LPCMO/
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Fig. 1 XRD patterns of the LYCMO sample

Table 1 The structural

parameters of LYCMO Tetragonal structure

Space group I4/mmm

hrAi=1.32 Å

LYCMO

a (Å) 3.831

c (Å) 18.972

V (Å3) 278.5

GOF 0.87

Rp 12.62

Rwp 18.47

hDi (nm) 24

e 2.77 9 10-3
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LSCMO samples. Also, the crystallite size of LYCMO

(24 nm) has a smaller crystallite size than the LCMO

(C 35 nm) manganite [50] and the La1.4Ca1.6Mn2O7

DL manganite [31].

The crystallite size and the grain size values are

completely different parameters in which the grain

size is bigger than the crystallite size [51]. Also, the

calculations of these parameters are different. The

crystallite size is obtained using the XRD data while

the grain size is found from SEM images. The average

particle size of the DL LYCMO sample is calculated

by the usage of the ImageJ software and based on the

Gaussian fitting method the average particle size is

calculated to be 1.71 lm. From the micrographs,

uniform granularity was observed, grains were

bright and visible, and the particle boundaries are

irregular but almost clear. The average grain size for

the LYCMO sample obtained from Fig. 3 is about

3.10 lm. The LYCMO sample has a larger average

grain size than the LGCMO/LNCMO/LPCMO/

LSCMO samples reported in [37] and [38]. Moreover,

the number and the size of voids at the surface of the

LYCMO sample are more in comparison with

LGCMO/LNCMO/LPCMO/LSCMO samples.

It is noteworthy to say that substitution with rare-

earth elements of similar ionic radii affects the

microstructure in different ways. Based on the

structural results, it is expected that the larger grain

size and lower impurities would make the hardness

value lower compared to other RE-substituted DL

manganites reported in the literature.

The results obtained from the EDX measurements

show that all the elements used in the preparation

process are detected as shown in Fig. 3. Also, the

weight percentages of the elements in LYCMO are

listed in Table 3.

Fig. 2 The Le Bail refinement and experimental data fitting of the

LYCMO sample. The lines just below the patterns correspond to

the difference. The bottom vertical bars are Bragg positions for

(La0.67Y0.33)1.4Ca1.6Mn2O7, the top is for (La, Ca)MnO3 and the

secondary phase

Table 2 The comparison of

structural parameters Sample Structure Unit cells GOF Crystallite size (nm) hDi Grain size (lm)

a (Å) c (Å)

LYCMO Tetragonal 3.831 18.972 0.87 24 1.71

LGCMO [37] Tetragonal 3.844 19.220 1.05 40 1.40

LNCMO [37] Tetragonal 3.849 19.305 1.96 37 0.84

LPCMO [38] Tetragonal 3.870 19.388 1.44 61 1.61

LSCMO [38] Tetragonal 3.858 19.295 1.14 53 1.43
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3.2 Hardness measurements

The conventional hardness tests cannot examine the

elastic deformation effects while Vickers micro-in-

dentation tests enable the determination of elastic

modulus (E) and micro-hardness (H) by considering

plastic and elastic deformations. The loading/un-

loading–penetration depth curves determined from

the dynamic indentation tests are used and the

sample is exposed to elastic and plastic deformation

during these measurements. The final contact depth

(hf) and the maximum contact depth (hmax) are

determined after the load removal and during the

load, respectively. Before the calculation of E and H,

the maximum load applied to the sample (Pmax), the

indent imprint area (Ac) and the stiffness (S) must be

determined. Hereafter P is the applied load, h is the

indentation diagonal length and hf is the final depth.

The penetration depth–load/unload dependency

for LYCMO at different applied loads is presented in

Fig. 4. The scatters seen in the figure may have been

caused by the nonuniform structural properties of

LYCMO.
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Fig. 3 a SEM image, b particle size distribution image, and c EDX map of LYCMO

Table 3 The elemental

composition (wt%) of

LYCMO

Concentration (%) LYCMO

Element %

O 27.443

Ca 11.521

Mn 13.756

La 14.558

Y 32.722

100.000
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The indent imprint (Ac) is calculated with Ac-

= phc2tan2a where a = 70.3� for a Vickers and Ber-

kovich indenter and hc is the contact depth calculated

from fitting the initial part of the unloading curve.

For the Vickers micro-indentation test, the area can be

calculated as,

Ac ¼ 24:5hc
2: ð1Þ

The method found in [12] is used to determine the

contact depth by fitting the unloading curve to an

empirical power-law relation (P ¼ aðh� hfÞm). The

derivation of this relation is used to calculate the

stiffness [13],

S ¼ dP

dh

�
�
�
�

�
�
�
�
¼ 2

ffiffiffi
p

p Er

ffiffiffiffiffiffi

Ac

p

; ð2Þ

where Er is the reduced elastic modules.

The indentation contact depth (hc) and the contact

area (Ac) of the sample under different loads were

calculated and are displayed in Table 4. Similar to

[37] and [38], hc and Ac values of LYCMO increase

with increasing applied load. The variation of LYC-

MO’s hc is similar to LNCMO and lower than

LGCMO, LPCMO and LSCMO. This provides infor-

mation that LYCMO will have more elastic recovery

than the other samples. Intercalary, the values of hmax

of LYCMO were found to be 17.90 and 22.21 lm at

400 mN and 2000 mN. Compared to LGCMO,

LNCMO, LPCMO and LSCMO, the hmax of LYCMO

at 2.0 N is only lower than that of LPCMO while the

hmax at 0.4 N is higher than all other samples.

Stiffness (S) is the rigidity of structural material.

The stiffness values calculated using Eq. 2 for

LYCMO are shown in Table 4. The values of S for

LYCMO are load-dependent and have a directly

proportional behavior with the applied load. More-

over, the S value of LYCMO is in the same range as

LSCMO at 2000 mN and smaller than those of L(G, N,

P)CMO. This result also indicates that the ERR of

LYCMO and LSCMO is higher than that of LGCMO,

LNCMO and LPCMO at 2000 mN.

Creep is the propensity of a material to pursue

deforming under a constant force and is an important

mechanical property [50]. In our study, the applied

load was kept constant for 10 s when it was at its

maximum value. In all load values, the creep

behavior was observed despite the constant applied

load, the indenter continued increasing the indented

area. The creep values are presented in Table 4. The

creep values of LYCMO do not have a systematical

behavior. The creep behavior might be caused by the

material type because other parameters such as

applied load, time that the load was kept constant,

and loading rate and temperature [16, 17] are the

same.

Pop-in (pop-out) is a notion that is sometimes

observed at nanoindentation tests where an abrupt

displacement appears in the loading (unloading)

curve and can be affected by many parameters such

as grain boundaries, surface roughness, etc. [52].

LYCMO did not show any pop-in or pop-out

behavior.

The micro-indentation hardness is calculated by

[12],

H ¼ Pmax

Ac

¼ Pmax

24:5hc
2
: ð3Þ

The calculated micro-hardness and reduced elastic

modulus values are presented in Table 4. The load

dependency of these values for LYCMO and com-

parison to other RE-substituted manganites are pre-

sented in Figs. 5 and 6, respectively. The results

indicate that both parameters are load-dependent.

The H and Er values for the LYCMO increased with

increasing applied load. Moreover, the values of

H(Er) for the LYCMO sample are 0.064 GPa (2.345

GPa), 0.121 GPa (3.678 GPa), 0.14 GPa (3.783 GPa),

0.19 GPa (5.148 GPa) and 0.219 GPa (6.385 GPa) at

0.4 N, 0.8 N, 1.2 N, 1.6 and 2.0 N, respectively. The

LYCMO has the lowest hardness values at low

0 5 10 15 20 25
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 0.4 N
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Fig. 4 The loading/unloading–depth curve of the substituted

LYCMO
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applied loads. This can be because Y has a lower

density, cell parameters and ionic radius than Gd,

Nd, Pr and Sm [47, 53].

Figure 5, indicates that the apparent hardness

increased with the increase in applied loads for all

samples named the reverse indentation size effect

(RISE) [54, 55], excluding LPCMO. RISE behavior has

been explained by multiple factors in previous

studies [55–58]. The LPCMO’s hardness dependency

showed contrary behavior [38] called the indentation

size effect (ISE).

The experimental data of apparent hardness is

used to obtain the true hardness values for the sam-

ple. In the literature, it is well known that the best

model for calculating the true hardness of samples

that shows the RISE behavior is the indentation-in-

duced cracking (IIC) model [58]. The Hays Kendall

model was used in [38] for the LPCMO sample

because it showed ISE behavior. To obtain the true

hardness with the IIC model the experimental data

are fitted by Eq. 4:

HIIC ¼ KðP5=3=hc
3Þm; ð4Þ

where m is a parameter that gives information about

the hardness behavior and is calculated from the

slope of the ln(H)–ln(P5/3/hc
3) curve. The true hard-

ness (HIIC) values are calculated from the same graph

vertical intercept. The m value of the model is eval-

uated in Fig. 7. The m parameter for LYCMO is 0.582

(m\ 0.6) which confirms that the sample show RISE

behavior [59], and is in agreement with the results

found in Fig. 5. The calculated HIIC hardness value is

2.978 GPa for the LYCMO sample. It is obvious from

the HIIC value and Fig. 5 that the load values applied

in this study are not enough to reach the plateau

region.

To examine and compare the elastic behavior of the

LYCMO sample with the samples in [37] and [38], a

quantitative parameter (ERR) was used. The ERR can

be calculated as [60],

ERR ¼ hmax � hmin

hmax

:100; ð5Þ

where hmax is the maximum and hmin is the final

depth value during the indentation tests.

Figure 8 presents the calculated ERR’s for LYCMO

and other RE-substituted DL samples. The calculated

Table 4 hc, Ac, creep, S,

H and Er values for LYCMO Pmax (N) hc (lm) hmax (lm) Ac (m
2) Creep (lm) S (N/lm) H (GPa) Er (GPa)

0.4 15.99 17.90 6.265 9 10-9 2.03 0.210 0.064 2.345

0.8 16.00 18.20 6.633 9 10-9 2.55 0.338 0.121 3.678

1.2 18.70 21.74 8.571 9 10-9 2.95 0.395 0.140 3.783

1.6 18.53 21.53 8.409 9 10-9 2.28 0.533 0.190 5.148

2.0 19.31 22.21 9.136 9 10-9 2.25 0.689 0.219 6.385
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Fig. 5 Hardness–applied load curves of LYCMO and reported in

[37, 38]
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Fig. 6 Elastic modulus–applied load curves of LYCMO and

reported in [37, 38]
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ERR value for LYCMO is in the range of 50–67%.

Compared to other RE-substituted samples, LYCMO

recovers better at all applied loads. The response each

sample gives to occurring plastic deformation is dif-

ferent in all samples despite having the same A-site

radii due to structural differences and particle sizes.

It is well seen that samples with the same A-site

radius have roughly similar chemical and physical

structures while their hardness and ERR values show

quite differences. The reason for this might be

deduced from the SEM measurements of the samples

and the atomic properties of the substituted RE ele-

ments. These observations might all contribute to the

difference in hardness in reaction to the applied load.

4 Conclusion

The application of strong magnetic-fields during

magnetoresistance (MR) measurements have been

shown to place large stresses on solid magnetoresis-

tance materials. Recent studies are very important for

the determination of the elastic modulus of poly-

crystalline materials, bonding forces and thermody-

namic properties of solid materials [61, 62]. It is also

important to investigate the elastic properties of

manganite materials, where mostly magnetic and

electrical properties are investigated, in order to find

the appropriate material in polycrystalline material

applications in technology. This study is important in

terms of microhardness properties, which are rarely

investigated in manganite materials.

In this study, the effect of Y substitution on the

microstructural and mechanical properties of DL

manganites was examined and compared with other

RE substitutions published in the literature with a

fixed hrAi. The microstructural investigations con-

sisted of XRD, EDX and SEM while the mechanical

investigations were done with the dynamic Vickers

hardness measurements and modeling. The main

findings of the study can be summarized as follows:

• The results obtained from the XRD and EDX

measurements showed that the LYCMO sample

crystallizes in the tetragonal structure similar to

the RE-substituted DL manganites with the same

hrAi published in [37] and [38], and all the ele-

ments used in the preparation process are detec-

ted. In this respect, the crystallite size is 24 nm,

the grain size is 1.71 lm, the strain value is

2.78 9 10-3, the cell parameters are a (3.831 Å)

and c (18.972 Å) and the GOF parameter value is

0.87 of LYCMO sample, and all these values are

compatible with other shared values in the liter-

ature before.

• The microhardness values of the LYCMO sample

increased with increasing applied load and we

have found that the HIIC value is 2.978 GPa which

indicates that the maximum test load of 2 N used

in this experiment is not enough for reaching the

plateau region of the sample.

• The hc (from 15.99 to 19.3 lm), Ac (from

6.265 9 109 to 9.136 109 m2), Er (from 2.345 to

6.385 GPa) and S (from 0.21 to 0.689 N/lm)

values of LYCMO increased with the increasing

applied load.
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3) curve
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Fig. 8 ERR for the LYCMO and other samples reported in the

literature at different loads
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• The ERR (in the range of 50–67%) of LYCMO was

determined higher than 50% at all applied loads.

In Fig. 8 comparison with solids of the same

properties in terms of their ability to recover to

their original shape) we can deduce that LYCMO

has a high ability about the return to its initial

shape.

• The LYCMO sample’s microhardness values grow

as more stress was applied, the true hardness

(HIIC) value is 2.978 GPa.

• In previous studies, which we also compared in

detail here, since the sample LYCMO has a similar

chemical and physical structure as compared with

[37, 38]. One could ask for the correlation between

the structural properties and hardness values. A

possible answer to this question might be

deduced from the SEM and density measure-

ments. As mentioned in Sect. 3, SEM micrographs

of the LYCMO sample display a less dense

surface, larger grain size, higher void density,

better grain connectivity and lower impurities

compared to the samples in [37, 38]. These obser-

vations might all contribute to the difference in

hardness in reaction to the applied load.
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