Journal Pre-proof

Comparative study on the effect of adding two transition-metal-substituted
polyoxometalates on the mechanical properties of the (Bi,Pb)-2223 superconducting
phase

Nour El Ghouch, Rami Al-Oweini, Khulud Habanjar, R. Awad

PII: S0022-3697(20)31443-8
DOI: https://doi.org/10.1016/j.jpcs.2020.109807
Reference: PCS 109807

To appearin:  Journal of Physics and Chemistry of Solids

Received Date: 28 May 2020
Revised Date: 12 October 2020
Accepted Date: 13 October 2020

Please cite this article as: N. El Ghouch, R. Al-Oweini, K. Habanjar, R. Awad, Comparative study on the
effect of adding two transition-metal-substituted polyoxometalates on the mechanical properties of the
(Bi,Pb)-2223 superconducting phase, Journal of Physics and Chemistry of Solids (2021), doi: https://
doi.org/10.1016/j.jpcs.2020.109807.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier Ltd.


https://doi.org/10.1016/j.jpcs.2020.109807
https://doi.org/10.1016/j.jpcs.2020.109807
https://doi.org/10.1016/j.jpcs.2020.109807

CRedi T author statement

Nour El Ghouch: Software, Validation, Formal analysis, Investigation, Data Curation, Writing -
Origina Draft, Visualization

Rami Al-Oweini: Conceptualization, Writing - Review & Editing, Project administration
Khulud Habanjar: Supervision

R Awad: Conceptualization, Methodology, Project administration



Comparative study on the effect of adding two titessmetal-substituted polyoxometalates

on the mechanical properties of the (Bi,Pb)-223%stonducting phase
Nour El Ghoucf Rami Al-Oweinf"’, KhuludHabanjaf, R Awad”

®Department of Chemistry, Faculty of Science, Befub University, P.O. Box 11-5020
Riad El Solh, Beirut, Lebanon
PDepartment of Physics, Faculty of Science, BeimatbAUniversity, P.O. Box 11-5020 Riad
El Solh, Beirut, Lebanon
"Present address: Kamal A. Shair Central Reseaieh@cLaboratory, Faculty of Arts and
Sciences, American University of Beirut, P.O. B©%:0236, Riad EI-Solh 1107 2020,
Beirut, Lebanon

Rami Al-Oweini

Department of Chemistry

Faculty of Science; Beirut Arab University

P.O. Box 11-5020 Riad El Solh, Beirut, Lebanon
Phone: +961 7 985881 Ext 3316

Email: roweini@gmail.com

R Awad

Department of Physics

Faculty of Science; Beirut Arab University

P.O. Box 11-5020 Riad El Solh, Beirut, Lebanon
Phone: +961 7 985881 Ext 3300

Email: ramadan.awad@bau.edu.lb

Abstract

This comparative study sheds light on the optimumdditon x of
Ks[SiFe(OH)W1103g]- 14H,0 ({FeSiWii}) and Ke[(H20)MnSiW;103g]- 21H,0 ({MnSiW11})

(x = 0.02, 0.04, 0.08, 0.12, 0.16 and 0.20 wt.%) parnles to produce the desired
mechanical characteristics of the (Bi,Pb)-2223 mtgreducting phase using a Vickers



microhardnessHy) testerHy, measurement was performed at room temperatuidifferent
applied loads (0.245-9.8 N) and times (10-60 sdmFthe Hy, measurements, all the
prepared samples had a normal ‘indentation sizecefbehaviour. It was found that 0.04
wt.% {FeSiWi1} nanoparticles and 0.08 wt.% {MnSi¥ nanoparticles were the optimal
addition to increase the microhardness of the Bi2223 phase. Accordingly, other
mechanical parameters for potential applicationshsas the elastic modulus, yield strength
and fracture toughness of the samples studied, esmacted fromHy, as a function of
nanoparticle addition. The measukégd data were theoretically analysed with use of dé#ffié
models. The modified proportional sample resistantedel was identified as the best
theoretical model to describe the tide values for both phases. Indentation creep analysis
was also performed using time-dependent microhasdteindicate the enhancement of new

cavity formation in the measured samples.

Keywords. Polyoxometalates; (Bi,Pb)-2223 superconductork¥®iis microhardness; Creep

indentation

1. Introduction

Among high-temperature superconductors, the §B 4)CaSHLCuO10+s (Bi,Pb)-2223 phase
appears to be an interesting candidate for techreziband industrial applications [1]. It is
characterized by a high transition temperatiirg &nd critical current densityd [2], as well

as a needle-like or flake-like structure. Unfortighyg however, the structure of the (Bi,Pb)-
2223 phase has several serious drawbacks thathieniise of this material for the fabrication
of wires and tapes [3]. For example, the porousactire, brittleness, low ductility and
toughness [4, 5] decreadgeand the upper critical field when a mechanicassris applied.
Generally, the internal structure of any mater@afies its mechanical properties, such as
Vickers microhardness, Young's modulus and yielérgith. To improve these properties,
structural modifications should be made. Consedyeint recent decades, one of the most
effective and practical approaches is the use ofpbetween the grains in the structure by

the addition/substitution of nanoparticles in sepeductor composites [1, 2, 4, 6-13].

There are many techniques to estimate the micrakasd and mechanical properties of
ceramic materials; however, the most familiar aneéfgrable method is the Vickers
microhardnessHy) technique [1, 14]. Among the various scales, thisthod is quick,

efficient, simple, accurate and mainly non-destwec{15, 16]. Additionally, it supplies



structural parameters, such as strength and defiemgaroperties [15]. Thus, hardness tests
are useful in characterizing materials for pradtiegplications [8]. The mechanical
characteristics of high-temperature supercondudtave been investigated for several years
[17-22], including microparticle substitution, naoxides, nanometals and nanomagnetic
materials. For instance, the effect of holmium rmmticles on the (Bi,Pb)-2223
superconducting phase was studied by Abdeen R]alvhere a low amount of holmiunx (

= 0.025 wt.%) improved the mechanical propertiestr& (Bi,Pb)-2223 superconducting
phase. On the other hand, Ozkurt [23] demonstthieeffect of addition of W40 nm) on
the Bi sSKLW,Ca 1Cwp 10y superconductor, revealing that a high added cdratéan of WQ

(x = 0.25 wt.%) increased the microhardness of thes@hAdditionally, Cevizcet al. [4]
reported that the substitution of 0.12 wt.% Ag @ased the microhardness of the (Bi,Pb)-
2223 phase, and a normal indentation size eff&f)(behaviour was obtained. Habanjar et
al. [11] found that the addition of up to 0.75 wt#sagnetic nanosized Baf©:9 to the
(Bi,Pb)-2223superconductor had a significant effect as dematesir by the increased
microhardness of this phase.

On the other hand, polyoxometalates (POMs), whiehcansidered a family of molecular
and nanosized metal-oxygen assemblies, are arstiteg class of inorganic nanomaterials
with a wide structural variety and special propeti[24—-26]. They have potential

applications in diverse areas such as catalysmtaehnology and materials science [27-31].

In our previous work we found that the POMg[$iFe(OH)W1103¢]- 14H,0 ({FeSiWi4})
and Ke[(H20)MnSiW11034]- 21H,0 ({MnSiW.4}) are very useful for enhancing the electrical
and the dielectric properties, respectively, of BePb)-2223 superconductor [32, 33]. X-ray
diffraction analysis showed that the addition ofairamounts of {FeSi\W} or {MnSiW 11}
nanoparticles improves the (Bi,Pb)-2223 phase ftanasignificantly. Besides, the
superconducting transition temperatui@) (was enhanced with increase of the amount of
{MnSiW 3} and {FeSiWi} up to 0.12 and 0.16 wt.%, respectively. The tpars critical
current density ) was increased with up to 0.12 wt.% {MnSi\)Wor {FeSiW,,}, after
which T, and J. were reduced with further increase i Furthermore, dielectric
measurements showed that the {Mn$jyVaddition resulted in a greater increase than
{FeSiW;1} addition, specifically forx = 0.12 wt.% [34].

To the best of our knowledge, no study has prelyoosen reported ohly testing and the
mechanical properties of iron- and manganese-auntaiPOM nanoparticles ({FeSiAF
and {MnSiW,4}, respectively) added to the (Bi,Pb)-2223 supedtamting phase. In this



work, a comparative study between the two POMs w@sducted to identify the more
desirable material for enhancing the mechanical pgmees of the (Bi,Pb)-2223
superconducting phase. Additionally, the load-dépah and load-independent
microhardness of the {FeSiM¥«(Bi,Pb)-2223 and {MnSiW}«(Bi,Pb)-2223
superconducting sample8.q0 wt.% < x < 0.20 wt. %) were assessed with &by tester.
The prepared samples were characterized by BruAaoanett—Teller (BET) measurements.
Moreover, the true microhardness parameters irséitigration limit regions of the samples
without and with addition of either type of nandpdes were characterized by various
empirical and theoretical models. Furthermore, itheeentation creep mechanism for the

prepared samples was determifredn the time-dependent microhardness results.

2. Experimental procedure

The POMs {FeSiWi} and {MnSiWy;} and the superconducting samples were synthesized

by the solid-state reaction method as reportediirpeevious work [32, 33, 35].

2.1. Characterization of superconducting samples

The surface area, pore size and pore volume, dsawéhe distribution of the POMs on the

(Bi,Pb)-2223 superconducting phase, were determividtd a NOVA 2200 automated BET

surface area analyser. To study the mechanicabimeaihce of the prepared superconducting
samples, thély values were measuresith a digital microhardness tester (MHVD-10001S)
at room temperature. Throughout the measuremdmsafplied static loads were 0.245-9.8
N with different loading times from 10 to 60 s. Byge of a calibrated microscope, the
diagonals of the indentation were determined; tlhius,loaddependent microhardness was

calculated with the relationship

2F sin(%)

Hy = = 1854.4 X ;—2 (GPa), (1)

2z
whereF is the applied static load in newtomsis the face angle of 136° for the indenter and
d is the diagonal length of the indentation in mioeires. The indentation process was
performed five times at different sites on the acef of the examined specimens to calculate
the mean value dfly for each load. Additionally, the mechanical prdigsr dependent on the
microhardness were calculated, such as the elasiiltlus E), the yield strengthY) and the

fracture toughnes«{, according to the following equations:



E =81.9635 Hy, )

— v
Y_ 31 (3)

K = V2Ea. (4)

They are defined as followE is the tendency of the material to be deformedtieially
under an applied forcé&;is denoted as the transition point from elastimaeation to plastic
deformation;K is one of the most important features in selectimgterials for industrial
applications because it describes the capabilitthefmaterial to resist cracks, propagation
and fracture. Because the, measurements were performed at various timesniatien
creep tests were performed to illustrate the behmvof the indentation creep at a fixed
applied load for {FeSiW} and {MnSiW,} nanoparticles added to the (Bi,Pb)-2223 phase.

3. Resultsand discussion
3.1. Sample characterization

Figs. 1 and 2 show the typical, Mdsorption—desorption isotherm and Brunauer—-Jeyner
Halenda pore size distribution plots for {FeSiW(Bi,Pb)-2223 and {MnSiW}«(Bi,Pb)-
2223 superconducting samples witl 0.00, 0.04, 0.08 and 0.12 wt.%. Type Il adsorpti
isotherms are seen in Fig. 1, with negligible hyestis loops [36]. The open loops of such
adsorption isotherms are reported to manifest #igte;nce of non-rigid aggregates in the
presence of a network of macropores [36]. In alamfashion, in different research into
other hybrid aggregate materials, similar resutiswang an open loop were obtained [37].
By the BET method, the specific surface area (S&Athe superconducting samples was
calculated according to Eqg. (5) and the valuesinbthare presented in Table 1 [38]:

aPyVy N
SBeT = ;7—3mRAu (5)

where thata is the N molecule’s areaPy is the adsorbate’s saturation pressure at the
adsorption temperatur®y, is the adsorbed gas volume &ds the gas constant. Moreover,
the Brunauer—Joyner—Halenda method was used talatdcthe pore size distribution

according to the following formula, as shown in.R2gand presented in Table 1 [39]:

2 n—
Ton rpn

Vop = ——= AV, — , 6
S o+ A2 e A2 Apjr (6)




whererp, is the pore size, is the inner capillary radiudyt, is the layer thickness change

and AV, is the volume desorbed in each desorption steypeatively, andi, = ZZ—". It is
p

clear from Table 1 that the SSA of the pure san{ple= 0.00 wt.%) was 0.56 rfg.
However, by our introducing the POM {FeSjWup to 0.04 wt.%on the superconducting
material surface, a significant increase in the S&#n 0.56 to 14.48 flg was observed,
indicating the successful dispersion of the nanoges on the superconducting phase. On
the other hand, high additions of {FeSiM (x = 0.08 wt.%) and {MnSiW1} (x =
0.12 wt. %) resulted in a decrease in the SSA to 9.69 an#l Bf4g, respectively. This is
attributed to the increased accumulation of the oparticles at the (Bi,Pb)-2223
superconducting phase grain boundary [40].

3.2. Vickers microhardness measurements

To examine the effect of the addition of {FeSiyV and {MnSiWj}
nanoparticleg0.00 wt.% < x < 0.20 wt.%) on the mechanical properties of (Bi,Pb)-
2223 superconducting samples, several microhardneasurements were performed on the
surface of the prepared samples at room temperafheeH, values were determined with
Eq. (1). The measurddy, values versus the applied static test |baat a dwell time of 30 s
for {FeSiWi1}(Bi,Pb)-2223 and {MnSiWi}«(Bi,Pb)-2223 withx = 0.00, 0.04, 0.08, 0.12
and 0.20 wt.% are shown graphically in Fig. 3sitiearly shown that the experimenith]
curves exhibit a non-linear decrease in the orlgmiarohardness for an applied load up to
2.94 N. After this critical load, thidy values reach a saturation limit (plateau regiom the
applied load has no significant effect on the mhamlness values. This behaviour is well
known as a normal ISE, and it is related to thekngrain boundaries of ceramic materials. It
was explained by Foerster et al. [41] and Sahoal.g42] with respect to the penetration
depth of the indenter. The surface layers are &by the application of small loads only,
whereas for higher loads, the penetration is irsgéaand the effect of the inner layers

becomes more integral.

On the other hand, they values for {FeSiW} «(Bi,Pb)-2223 phase samples were observed
to be within 1.125-2.125 GPa for a static load @46 N and within 0.75-0.9 GPa for a
static load of 9.8 N. However, for the {MnSi\¥«(Bi,Pb)-2223 phase, thél, values
obtained were 0.7-1.125 GPa for a static load 4®N and 0.5-0.75 GPa for a static load

of 9.8 N. It is obvious that {FeSiW} nanoparticles have a greater microhardness pdeame



enhancement effect on the (Bi,Pb)-2223 phase thnS{W;i} nanoparticles. In other
words, Hy increased as the addition of {FeSi}V and {MnSiW,i} increased up to
0.04 wt. % for {FeSiWi1}(Bi,Pb)-2223 and up t0.08 wt. % for {MnSiW11}«(Bi,Pb)-2223.

Hy decreased for both phasesxascreased up t6.20 wt. %. Therefore, {FeSiW} and
{MnSiW i} both have a significant effect in increasing ttmécrohardness of the (Bi,Pb)-
2223 phase. The enhancement is attributed to arouement in the grain connectivity [22]
resulting from the lower values of porosity as show Fig. 12, and resistance to crack
propagation between the grains [2, 22]. In addjttbis fact can be explained by the increase
in the SSA obtained from the BET analysis, indiogitthe successful distribution of the
POMs at a low concentration on the material surf@econtrast, the reduction &fy for
both {FeSiW}«(Bi,Pb)-2223 withx > 0.04 wt.% and {MnSiW,1}(Bi,Pb)-2223 withx

> 0.08 wt. % was attributed to the increase in the porositgpiers and grain boundary
weak links, in addition to the formation of impyriphases with an irregular grain orientation
distribution that led to a change in the bond lar{gt 18], as well as the decrease in the SSA
identified from the BET measurements. Therefordhgld@ shows that the addition of 0.04
wt.% {FeSiW i} enhanced the load-independéti by 173.88%, whereas addition of 0.08
wt.% {MnSiWi;} enhancedHy by 103.35%. Moreover, when comparing tHe values
obtained in our work with prior literature resu[® 4, 23], one can see that the increase
obtained is greater than that reported previousiywas also found that the addition of Ho,
WO;3 and Ag to the (Bi,Pb)-2223 superconductor incré&se by 4.74%, 54.6% and 9.75%,
respectively. On the other hand, the addition ofjmetic nanosized Balk©:9 by Habanjar et

al. [11] resulted in a greater increaseHip compared with the present study, with an increase
of 250.2%. This indicates that the {FeSIWPOM is better for enhancing the mechanical
properties of the (Bi,Pb)-2223 superconductor slinteresting to note that the {FeSi\W
POM was also found to better at increasigalthough the volume fraction was increased
more by the {MnSiW,} POM.

Furthermore, the fitting equations describing thaiation of Hy with the applied load
according to the quadratic formulas for all samplespresented in Table 2. The variation of
thex? coefficients increased regularly from 0.0073 to38® as the added concentration of
{FeSiWi3} increased td.04 wt.% and increased from 0.0073 to 0.0269 for {Mn%iW
addition. This finding is attributed to the decreas the number of cracks and dislocations
throughout the Cu—stacked layers, which is related to the increaksdavdness [1].

Additionally, the variation ok? decreased with further increasesinp to 0.20 wt.%, likely



due to the rapid increase of the omnipresent flamtbe crystal structure and the number of
dislocations in the superconducting layers, aloritdp Whe enhancement of impurity phases

resulting from relative volume fractions [1, 14].

To assess the changehbf with the applied static lodé in the plateau limit regions, namely
the true microhardness or load-independent mictotess, several theoretical models were
applied. This allowed us to achieve the mechanicdaracterization of the
{FeSiW11} «(Bi,Pb)-2223 and {MnSiW}«(Bi,Pb)-2223 superconducting samples. In this
study, Meyer’'s law, the Hays—Kendall (HK) modele thlastic—plastic deformation (EPD)
model, the proportional sample resistance (PSR)afaat the modified PSR (MPSR) model

were used to investigate our measured results.

3.2.1. Meyer’s law

Meyer’'s law is a popular theoretical law to defitme normal ISE or reverse ISE (RISE)
behaviour of materials. It relates the static agplioad and diagonal length of the
indentation:

F =Ad", @)
whereA is the typical microhardness constant and Meyer’'s number, which is a measure
of ISE or RISE. Fon < 2, Hy decreases with an increase in the applied loadl aatypical
normal ISE behaviour will be observed. For> 2, RISE behaviour is observed (in contrast
to an ISE behaviour). However, if = 2, the microhardness is independent of the applied
static load (Kick's law) [16]. Hence, to determirtbe behaviour of the prepared
superconducting samples, Hn versus Ind for {FeSiWi}«(Bi,Pb)-2223 and
{MNSiW 11} x(Bi,Pb)-2223 withx = 0.00, 0.04, 0.08, 0.12 and 0.20 wt.% was plotted is
presented in Fig. 4. Meyer’'s number is obtainednfithe slope of the linear plot aidis
obtained from the intercept; their values are sunmed in Table 3. Accordingly, tha
values are less thad in both phases for all the superconducting sampiesfying normal
ISE behaviour. Similar behaviour was obtained byige et al. [4] in the (Bi,Pb)-2223
superconducting phase. Furthermarean be used to classify the hardness of the misteria
if nis between 1 and 1.6, the material is hardh; i§ greater than 1.6, the material is soft [7,
9]. As seen from Table 3, all the prepared samples classified as hard materials,
confirming the ceramic behaviour of high-temperatsmperconductors.



3.2.2. Hays—Kendall model

This model suggests that under a minimum applied W only the character of the plastic

deformation predominates [14, 43]. This means thatindenter can more easily spike the
superconducting samples for a higher indentatia@d.lcAccordingly, the variation of the

effective load with the indentation impression lénig given by the following formula:

F= Ad*+w, (8)
whereA; is the load-independent microhardness constanMarglthe practical indentation
test load. Fig. 5 shows the linear fitting Bfversusd® for the {FeSiW1}(Bi,Pb)-2223 and
{MnSIW 11} «(Bi,Pb)-2223 samples, from which, and W were obtained and are listed in
Table 3. TheW values are positive in both phases (demonstrdfipgal ISE behaviour),
indicating that the applied static load is adequetdecreate both elastic and plastic
deformation[2]. However, the decrease M, especially at high added concentrations of
{FeSiW,3} and {MnSiWs3} nanoparticles, may be explained as due to theease in the
microstructure disorders and boundary weak linkgveen the superconducting grains of the
(Bi,Pb)-2223 phase [14]. The load-independent nhiardnessHuk) was determined in the
plateau region with use of the following equatitre(values are presented in Table 2):

HHK = 18544 X Al' (9)

According to theHy theoretical data summarized in Table 2, much lovedwues ofHyx were
found than the experimental microhardness valudisarplateau region. Accordingly, the HK
model is inappropriate to examine the behaviourud microhardness in both phases.

3.2.3. Elastic—plastic deformation model

The EPD model states that the indentation imprasgigolves a small elastic deformation
that tends to recover on the removal of an aptatic load [44, 45]. Consequently, a new
extra term for elastic deformatiomof was added to the indentation diagonal lengith

corresponding to plastic deformation, as giverhafollowing equation:
F = Ay(d + d,)?, (10)
whereA; is the real microhardness constant, from whichctireesponding load-independent

elastic—plastic microhardneddgpp) was calculated according to the following equatthe

values are listed in Table 2):

HEPD = 1854‘4‘ X Az. (11)



The linear plot ofF%® versusd for the {FeSiW1}(Bi,Pb)-2223 and {MnSiW4}«(Bi,Pb)-
2223 superconducting samples is presented in Figy @nddy were determined and are
summarized in Table 3. Accordingly, tbgvalues were positive in both phases for all of the
samples. This means that elastic deformation abatigplastic deformation was observed in
the presence of elastic relaxation for all the pred samples [18], explaining their ISE
behaviour. The reduction iA; for x > 0.04 wt. % is attributed to the increase in the local
structural disorders and boundary weak links betmtbe superconducting grains, leading to
a decrease in the measured microhardness and prapkgation [14]. It is evident from
Table 2 that théHepp values are far from the original microhardnessi@salin the plateau

region; thus, this model is unsuitable to discussexperimental data.

3.2.4. Proportional sample resistance model
This model can be used to define the ISE behaaocwrding to the following equation [46]:
F = ad+ Bd?, (12)

wherea denotes the surface energy ghi the true microhardness coefficient, which was
used to calculate the true PSR microhardndssg with use of Eq. (13) [18]:

Li and Bradt [46] suggested thatandf are related to both the elastic properties and the
plastic properties of materials. Moreover, theyposed thatr comprises two components:

the elastic resistance of the test specimen aaiibfni resistance assessed by the indenter.

Fig. 7 shows plots oF/d againstd for {FeSiWi1}«(Bi,Pb)-2223 and {MnSiW4}«(Bi,Pb)-
2223 superconducting samples; thmsindS were calculated, and are shown in Table 3. The
curves clearly represent an excellent linear mfathip. It is obvious from Table 3 that the
positive values ofe confirm the existence of elastic deformation asll ves plastic
deformation, showing ISE behaviour in the specimgnsgied [19] These findings are also
consistent with the HK approach. Furthermore dh&lues in both phases were increased by
our increasing the content of {FeSj\y/ and {MnSiW,;} nanoparticles for samples with

x = 0.04wt.%. This is attributed to the dissipation of the &sa@t the interface [20].
Moreover, the decrease fphwith high added concentrations could be due tonarease in
the weak links at the grain boundary and localcstmal distortions among superconducting

grains [14]. By comparison of the experimenithl values in the plateau region with the



theoreticaHpsrcalculations, it is apparent that this model is sudficient to describe the real

microhardness values of the prepared samples.

3.2.5 Modified proportional sample resistance model

When the effect of the machining-induced plasticdiéformed surface on the microhardness
measurements was considered, the PSR model wadfiedodind is described by the

following relation:
F = 0(2 + a3d+ 0(4d2. (14)

The constani, represents the minimum applied load for the imgiaeslength. The physical
meanings ofr; anda, are equivalent to those in the PSR model [16]. 8idisplays a plot
of the applied load versus the indentation lengthn {FeSiW;i}«(Bi,Pb)-2223 and
{MnSIiW 11} «(Bi,Pb)-2223 superconducting samples; the valudaiméd for the parameters
(ay, a3 anda,) of the MPSR model are shown in Table 3. The MHA&&I-dependent
microhardnessHupsr) Wwas estimated according to the following equatffte computed

values are listed in Table 2):

(a2+a3d+a4d2)

HMPSR == 18544 X PE:

(15)

As seen from Table ZHvpsg decreases with an increase of {Fe$iWand {MnSiW,1}
nanoparticle concentrations in the (Bi,Pb)-2223escpnducting phase. Additionally, the
experimentalHy values were very similar to the true microhardneafues obtained
(deviation less than 4%). Hence, the MPSR mod#iasmost reliable model to discuss the
Hy results and mechanical properties in the plategion of all the prepared samples in the
{FeSiW11} «(Bi,Pb)-2223 and {MnSiWi} «(Bi,Pb)-2223 superconducting phases.

3.2.6. Indentation creep

Indentation creep experiments were performed anrtemperature to study the indentation
creep behaviour of {FeSiw} and {MnSiW,;} nanoparticle addition to the (Bi,Pb)-2223
phase. The variation dfly with the dwell time t) (10-60 s) at applied static loads of 2.94,
4.9 and 9.8 N fok = 0.00 wt.%, {FeSiWi}«(Bi,Pb)-2223 withx = 0.04, 0.12 and 0.20 wt.%
and (MnSiW1)x(Bi,Pb)-2223 withx = 0.08, 0.12 and 0.20 wt.% is shown in Fig. 9.s&en
from Fig. 9,Hy decreases rapidly with the increase,dbllowed by a linear decrease in the

microhardness values obtained for all the sampleties! fort > 40 s. Such behaviour could



be considered an indication of bearing creep dedtion [47]. The Sargent—Ashby model
[48] was used to investigate the power-law indeoatreep behaviour, where the time-
dependent microhardness is described by the faligwelation:

Hy(t) = —2—, (16)

(mcagt)n

whereHy(t) is the time-dependent Vickers microhardnesss the strain rate at reference
stressro andc is a constant. Fig. 10 shows plots ofHp versus Irt for x = 0.00 wt.%,
{FeSiW,}«(Bi,Pb)-2223 withx = 0.04, 0.12 and 0.20 wt.% and {MnSj\W(Bi,Pb)-2223
with x = 0.08, 0.12 and 0.20 wt.% at applied static loaid2.94, 4.9 and 9.8 N. The slope
obtained from the curves is #A/from which the values of were calculated and plotted as a

function of the applied load in Fig. 11.

Furthermoren values are helpful to establish the mechanismsraiting the deformation.
As reported in the literature, if the valuesnadre around 1, then the sample suffers from a
diffusion creep [49]. Fon values which are close to 2, grain boundary shdvill occur
within the sample [50], and for values between 3 and 10, a dislocation creep prages
[51]. Additionally, the creation and the enhancemeh new cavities depend on two
important factors: the indentation caused by thglieg load and the concentration of the
additions. Figs. 11 and 12(a) both show that atlisibads and additions there is a slight
change in the values and a decrease in the porosity values,esken Figs. 11 and 12(b), at
high loads and with increasing concentration of §i¥;;} and {MnSiWsi}, the n and
porosity values increased from 6 to 10 and from 33%1%, respectively. This indicates the
enhancement of new cavity formation. Therefore,cae conclude that the contribution of
the cavities is expected to increase as the dtiesmases. Thus, the contribution to the creep
rate as well as the stress exponent will also asxg¢52].

Furthermore, a correlation exists betwékrnand other mechanical parameters—for example,
E, Y andK. These parameters refer to the material's eldsticrmation tendency under an
applied force, the transition point between elastmd plastic deformation and, most
importantly, from an industrial application persireg, the material's ability to resist cracks,
propagation and fracture, respectively. Their wvaluevere determined for the
{FeSiW11} «(Bi,Pb)-2223 and {MnSiW4} «(Bi,Pb)-2223 superconducting samples with use of
Egs. (2), (3) and (4), respectively [4, 14, 53]eMalues obtained are listed in Table 4. It is
known that the change in these parameters (increlasecrease) is related to the average
surface energy of the sample. Thus, {FeGM(BIi,Pb)-2223(x > 0.04 wt. %) exhibits



higher ductility and increased ability to resisaaks from indentation in comparison with
{MnSIW 11} «(Bi,Pb)-2223. Meanwhile, to achieve maximum enharar in the mechanical
properties of the (Bi,Pb)-2223 superconducting phake corresponding optimum added
concentrations of {FeSiyy} and {MnSiW,,} nanopatrticles in both phases should not exceed
0.04 and 0.08 wt.%, respectively. According to €abJE, Y andK increase systematically as

X increases up to 0.04 wt.% for {FeSiW(Bi,Pb)-2223 and up to 0.08 wt.%or
{MnSIiW 11} «(Bi,Pb)-2223 before showing a significant decreagid further increases in.

The main reason for these increases is the namdpartilling the inter-grains of the (Bi,Pb)-
2223 phase [16].

4. Conclusions

The mechanical properties of the (Bi,Pb)-2223 sugasfucting phase with the addition of
{FeSiW,j} and {MnSiW;i} nanoparticles were studied in detail by, measurements.
Samples for both phases were synthesized by thel-date reaction technique
(0.00 wt. % < x < 0.20 wt.%). The Hy values increased with the increase of {Fe§jw
content up tac = 0.04 wt. % and {MnSiW;} content up tx = 0.08 wt. % in the (Bi,Pb)-
2223 system, confirming the increase of the stiendithe bonds between the grains. Thus,
{FeSiW,4} addition proved its superiority over {MnSi\A} addition in increasingdy, with

an increase of 173.88%. Additionally, it was deteed that the addition of either {FeSiWy

or {MnSiW33} has a more significant effect than the additiémp@viously studied nanosized
materials or nanometals. Normal ISE behaviour wlaseo/ed in the measured samples
becauséHy decreased with increase in the applied load. Femhanical modelling of thigy
values obtained, some theoretical models (Meyeg, IHK approach, EPD model, PSR
model and MPSR model) were used to understandéaviour. The best model to describe
the true microhardness values in both phases was the MPS&ImBurthermore, the
mechanical parameteks Y andK estimated fronHy values for both phases were calculated

and seemed to exhibit the same trend asithealues as a function of nanoparticle addition.
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Fig. 1. Typical nitrogen adsorption—desorption isotheror&)x = 0.00 wt.%, (bx = 0.04
wt.% {FeSiWi 1}, (c) x = 0.08 wt.% {FeSiW;} and (d)x= 0.12 wt.% {MnSiW}
superconducting samples.

Fig. 2. Pore size distribution for (&)= 0.00 wt%, (b)x= 0.04 wt% {FeSiW4}, (c) x= 0.08
wt.% {FeSiWi1} and (d)x= 0.12 wt.% {MnSiW} superconducting samples.



Fig. 3. Hy as a function of the applied static Idadior the {FeSiW} x(Bi,Pb)-2223 and
{MnSIiW 11} «(Bi,Pb)-2223 phases at a dwell time of 30 s. Tlsetishows the indentationfkat
=0.245 N forx = 0.12 wt.%.

Fig. 4. In F versus Ind for the {FeSiW 1} «(Bi,Pb)-2223 and {MnSiW} «(Bi,Pb)-2223 phases
at a dwell time of 30 s.

Fig. 5. Effective loadF as a function off” for the {FeSiW1} (Bi,Pb)-2223 and
{MnSIW 11} «(Bi,Pb)-2223 phases at a dwell time of 30 s.

Fig. 6. Linear plot ofF%° versugd for the {FeSiW1}«(Bi,Pb)-2223 and {MnSiW} «(Bi,Pb)-
2223 phases at a dwell time of 30 s.

Fig. 7. F/d versudd for {FeSiW 1} «(Bi,Pb)-2223 and {MnSiWi} «(Bi,Pb)-2223 at a dwell

time of 30 s.

Fig. 8. F versud for {FeSiWi1}x(Bi,Pb)-2223 and {MnSiW}«(Bi,Pb)-2223 at a dwell time
of 30 s.

Fig. 9. Variation ofHy with time at applied static loads of (a) 2.94 b),4.9 N and (c) 9.8 N
for the {FeSiW} x(Bi,Pb)-2223 and {MnSiWi} «(Bi,Pb)-2223 phases.

Fig. 10. Variation of InHy with Int at applied static loads of (a) 2.94 N, (b) 4.9d &) 9.8
N for the {FeSiW 1} x(Bi,Pb)-2223 and {MnSiWi} «(Bi,Pb)-2223 phases.

Fig. 11. Stress exponent versus applied static lo&dfor {FeSiW 1} «(Bi,Pb)-2223 and
{MnSIiW 11} «(Bi,Pb)-2223 superconducting samples at (a) lower(a) higher
concentrations.

Fig. 12. Relationship between the porosity and the strgssreent anc (wt.%) for (a)
{FeSiW;1} «(Bi,Pb)-2223 and (b) {MnSi\Af} «(Bi,Pb)-2223 superconducting samples.

Table 1. Brunauer—Emmett—Teller surface analysis data ®{BeSiW 1} «(Bi,Pb)-2223 and
{MnSIiW 11} «(Bi,Pb)-2223 phases.

X (Wt.%) Specific surface areaffy)  Total pore volume (crfy)
0.00 0.56 0.030
{FeSiW,}

0.04 14.48 0.043

0.08 9.69 0.037




{MNSiW 11}

0.12

0.001

Table 2. Fitting parameters obtained from the theoreticatlet® for the {FeSiWA} «(Bi,Pb)-
2223 and {MnSiW3}«(Bi,Pb)-2223 phases with00 wt.% < x < 0.20 wt. %.

X (wt.%) Fitting relations Hy Hukind Hepbind  Hpsrind  Hwmpsr
(GPa) (GPa) (GPa) (GPa) (GPa)

0.00 y = 0.007% — 0.1086 + 0.6053 0.268 0.222 0.198 0.186 0.258
{FeSiWi}

0.02 y = 0.023%* — 0.333% + 1.6534 0.699 0.619 0.544 0.510 0.684
0.04 y=0.0332° - 0.461% + 2.0517 0.734 0.613 0.526 0.475 0.703
0.08 y=0.0143° - 0.212% + 1.3394 0.670 0.595 0.534 0.512 0.657
0.12 y = 0.0155¢ — 0.2228 + 1.2962 0.625 0.558 0.496 0.473 0.610
0.16 y= 0.0135%% — 0.1994 + 1.2043 0.584 0.509 0456 0.435 0.574
0.20 y= 0.0136% — 0.188% + 1.1417 0.561 0.500 0.446 0.426 0.551
{MnSiW 4}

0.02 y = 0.0233% — 0.331& + 1.5032 0.534 0.446 0.386 0.349 0.521
0.04 y= 0.0269%% — 0.374& + 1.5284 0.462 0.391 0.330 0.288 0.454
0.08 y= 0.0153% - 0.218% + 1.1910 0.545 0.478 0425 0.402 0.531
0.12 y= 0.0142% — 0.202% + 1.1243 0.523 0.469 0416 0.395 0.515
0.16 y= 0.0072% — 0.103% + 0.7901 0477 0441 0406 0.397 0.469
0.20 y= 0.008%* —0.117% + 0.7361 0.376 0.335 0.301 0.289 0.368

Table 3. Fitting relationship foH, values with regard to the applied test load; expental

and theoretical

{MNSiW 11} (Bi,Pb)-2223 phases with00 wt.% < x < 0.20 wt. %.

microhardness analysis results tfee {FeSiW}«(Bi,Pb)-2223 and

Meyer HK EPD

PSR

MPSR




n Ax w A X Ay X do a x Bx a> as X ay X
1073 10 10°° 10°° 10 1072 10
(Wt.%) (N/jum? (N)  (N/pm®  (N/jum? (um)  (Njum) (N/jum?> (N) (N/um)  (N/pm?
) ) ) ) )

0.00 1.570 1.427 059 120 010 30.30 853 101 -0.36 178  0.65
{FeSiW,,}
T0.02 1556 3212 048 334  0.29 16.69 129 275 -0.14 191 235
0.04 1.487 4666 0.60 331 028 2079 16,6 256 -0.17 249 201
0.08 1.633 2.175 046 321 028 1535 11.1 276 -0.22 2.04 218
0.12 1.613 2253 044 301 026 1598 108 256 -0.13 1.66  2.20
0.16 1.616 2.105 049 275 024 1742 109 235 -0.25 2.07 1.79
0.20 1.624 1967 045 270 024 16.87 10.2 230 -0.17 170 192
{MnSIW 11
} 1.489 3693 063 241 020 2455 1434 189 -024 242 134
0.02 1.436 4.377 0.65 211 0.17 28.65 15.03 156 -0.14 2.12 1.22
0.04 1.590 2.255 0.48 2.58 0.22 18.30 10.85 2.17 -0.18 1.79 1.77
0.08 1.602 2.065 0.44 2.53 0.22 17.84 1027 213 -0.12 1.53 1.85
0.12 1.720 1.050 030 2.38 021 1255 648 214 -010 1.00 1.96
0.16 1.640 1.302 043 181 016 1948 791 156 -019 139  1.29
0.20

EPD, elastic—plastic deformation; HK, Hays—KendslPSR, modified proportional sample

resistance; PSR, proportional sample resistance.

Table 4. Mechanical parameter&, Y and K for the {FeSiWi}«(Bi,Pb)-2223 and
{MnSIW 11} «(Bi,Pb)-2223 phases.

X (wt.%)

E (GPa)

Y (GPa)

K (GPapm*?)

0.00
{FeSinl}

21.96

0.089

0.612




0.04
0.12
0.20

60.23
51.24
45.99

0.244
0.208
0.187

1.414
1.056
0.972

{MNSiW 13}

0.08
0.12
0.20

44.68
42.90
30.83

0.181
0.174
0.125

0.984
0.938
0.698
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Fig. 4. In F versus In d for the { FeSIW11} «(Bi,Pb)-2223 and { MNnSIW11} «(Bi,Pb)-2223 phases
at adwell timeof 30 s.

Fig. 5. Effective load F as afunction of d? for the { FeSiWa1} «(Bi,Pb)-2223 and

{MnSiW11} «(Bi,Pb)-2223 phases at adwell time of 30 s.

Fig. 6. Linear plot of F%° versus d for the { FeSiW11} x(Bi,Pb)-2223 and { MnSiWa1} «(Bi,Pb)-
2223 phases at adwell time of 30 s.

Fig. 7. F/d versus d for { FeSiW11} «(Bi,Pb)-2223 and { MnSiW11} «(Bi,Pb)-2223 at a dwell

timeof 30 s.

Fig. 8. F versus d for { FeSiW11} x(Bi,Pb)-2223 and { MnSiW 11} x(Bi,Pb)-2223 at adwell time
of 30s.

Fig. 12. Relationship between the porosity and the stress exponent and x (wt.%) for (a)
{FeSIW11} x(Bi,Pb)-2223 and (b) { MnSiW11} x(Bi,Pb)-2223 superconducting samples.



Comparative study on the effect of adding two titemsmetal-substituted polyoxometalates

on the mechanical properties of the (Bi,Pb)-2238estonducting phase

Highlights
» The Vickers microhardness of new polyoxometalateP{B-2223 composites was
studied.
* The Vickers microhardness was increased by additidroth polyoxometalates.
* All measured samples exhibit normal indentatioe gtfect behaviour.

» The experimental data are well fitted by the medifproportional sample resistance
model.

* Enhancement of new cavity formation was impliedrfnimdentation creep analysis.
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