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Abstract

Hexagonal ferrites can be employed in a multituidgpplications, the most common
hexaferrites are the M ferrites such as Babg (barium hexaferrite, BaM). It is known
that if F€* is substituted with a combination of* 7iCo®* the coercivity of BaM can be
reduced to produce soft M ferrites with easily siible magnetisation. They can be
utilised as powders, films or bulk ceramics, ana loba manufactured from a wide
variety of synthesis methods. The production ofdfertites usually requires
commercial raw materials, but if an industrial veasan be utilised, this will help to
ease waste disposal and storage costs, valorissta waterial and encourage circular
economy. In this study, bauxite residue (red muainfthe production of alumina was
used to synthesise M-type hexaferrites, using plsiweramic process. BaG®@r
BaCQG;+C0;04, were added to the red mud, blended and heatHaDat°C to produce
the M-type hexaferrites. Without cobalt additiontoB1.1 wt.% M ferrite was
produced, and with Co addition up to 74.3 wt.% Nkife was formed. Without cobalt,
the M ferrite phase closely resembled Ba#¥f¢O,o, and was a hard ferrite with a
magnetisation of 12-19 A kg for the whole powder (up to 23.6 A'thkg for the M
ferrite phase) and a coercivity of ~290 kA/m. Whtebalt was added, secondary
titanate phases vanished, andGc** partially substituted very soft M ferrite was
formed with a low coercivity of ~16 kA/m but a highmagnetisation of 24.5 A%kg

for the whole powder (up to 34.9 A’rhkg for the M ferrite phase). Therefore, not only
can good quality magnetic materials be easily pteddrom this common waste
material, but its magnetic properties can be tunedarying the 2+ ions added during

the process.
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1. Introduction

Iron-rich bauxite waste, red mud, is a well-knowaste from alumina production
by the Bayer process, consisting mainly of Fe,TAINa and Si oxides. It is estimated
that up to 1.5 tonnes of red mud are generatedotupge 1 tonne of alumina [1-3], in
an extremely polluting process, resulting in a glaled mud stockpile of around 4 Gt
and it is expected that the amount of this wasteingrease by a further 146 million
tonnes every year [4]. Red mud is considered arHama material, because of the toxic
metals present, and the Bayer process uses laggeitips of sodium hydroxide,
making bauxite wastes extremely alkaline. Befoee1870’s this type of waste was
dumped directly into the sea or stored in landmases [3, 5], which is clearly
unsustainable and raises severe environmentalggnsblConsequently, there is
currently a great deal of interest in, and a needthe reuse and valorisation of this
waste stream. As a result of the failure of red manchs/reservoirs, tragic accidents
have occurred in the recent past in Hungry and &ldrawing even more attention to
the necessity to recycle such wastes [6].

In recent years a paradigm change in the way wastegiewed, from unwanted by-
products to precious raw materials, has led torskte research attempting to reuse red
mud, including applications as red mud as colouagegnt in glazes [7, 8], as fine
aggregate and as aluminosilicate source in coreceaté alkali activated materials for
structural applications [9-11], as secondary soaf@d,0; in porous alkali activated
materials for pH regulators [12, 13], and as amidésource of metals for metallurgical
industries [14, 15].

Hexaferrites are a group of iron-based magnetidexsiand one of the most
common magnetic materials used nowadays, with a800,000 tonnes per year

manufactured globally [16], usually from processgitles, carbonates and minerals.



They are used in a widespread variety applicatisnsh as permanent magnets,
memories and data storage, electric motors, el@cspmicrowave and wireless
communications devices, stealth technology andrralolsorbing materials (RAM), and
electromagnetic interference (EMI) shielding at GHjuencies in electronics and
telecommunications [17]. The hexagonal ferritesenfest discovered in the 1950’s by
workers at the Philips Laboratories [18], and tfaynd that M-type ferrites such as
BaFa.0:9 (BaM) have the hexagonal magnetopumbite structure are very hard
ferrites, with typical saturation magnetisations(Mf 72 A nf/kg and a coercivity ()

of up to 600 kA/m for BaM ceramics [19], althougltan be as little as half of this
maximum value in non-optimised ceramics. The chaoyepensated pair of TiCo"
ions can replace Eein cobalt—titanium substituted M ferrites (BaTFer2.2,010)

[17], in which coercivity reduces considerably watlbstitution, to give very soft
ferrites with increasing x [20], while maintainihggh magnetisation. The substitution
reduces the axial anisotropy until it becomes smplat x = 1.3, with reported
coercivity values in ceramics as low as 16.0 -k&6n for x = 0.5 - 1.0 [21, 22]. Often,
a non-stoichiometric ratio of Fe:Ba between 10-1&xgess barium) is required to
form the single phase BaM ferrite from oxides [Ialihough this is not always the case
[23].

A few previous studies have been performed on fleeofi wastes as a precursor for
hexaferrites. Steel pickling is a surface treatmesed to remove impurities and rust
from ferrous metals, producing toxic and hazardeastes containing acids and heavy
metals. In the 1990'’s the ferrites goethite, hetmaind magnetite were made from iron
oxides recovered from waste steel pickling ligunyDufouret al, as a cheap source of
raw material in a sulphuric acid liquor, and witte thigh F&" content required to

produce the spinel ferrites [24]. The same authtss produced BaM with good



magnetic properties from these recycled steel pigkiquors [25, 26], which were
oxidised during oxicoprecipitation at pH 11-12 watlbarium salt. They also oxidised
and mixed iron rolling scale (steel production) teasith BaCQ to form a BaM
precursor [27], and electroplating wastes (elegtioklime) have also been processed
to produce BaM [28]. However, these were all congitd processes - the highly acidic
iron waste had to be oxidised first, and subsedygninulated, mixed with BaG{and
fired to form the M phase at high temperaturesh&n1980’s, electroplating waste
slurries contain large amounts of iron hydroxidesewmixed with BaCg@and heated to
1200 °C to form BaM, but as a mixed phase with magnetic orthoferrites and spinels
[29].

Between 2012-2016 Pullat al.reported on the valorisation of a steel wire drayvi
waste to make a range of M-type ferrites, such S@he(SrM) with an addition of
SrCQ; [30-32], the cobalt-manganese doped SrM ferrit€o§sMng sFe1019 and
SrCoMnFeg¢O19with additions of SrCg) Co;0, and MnCh-4H,0 [31, 32], and BaM
with an addition of BaC®J[33]. All these M ferrites were made from drieddges by
simple solid-state reactions, with no further pssieg or treatment apart from addition
of the 2+ ions, and they formed at relatively l@mperatures of around 1000 °C. It was
found that with stoichiometric additions of Srg@anhd BaCQ@ single phase M ferrites
were not formed, but with a nonstoichiometric aidditof BaCQ at a ratio of Fe:Ba of
11:1 the optimum amount (86%) of M ferrite was fedr|33]. These M ferrites were
investigated as black pigments for colouring gleares clay bodies, and as magnetic
materials, and despite their mixed phases and ebotenany ions other than Feand
Ba’" from the wastes used, they possessed good magnepierties, suitable for use as

permanent magnets despite these impurities. Thalteotanganese SrM ferrites were



very soft magnets, with M= 50-60 A nf/kg and H = 12-20 kA/m [32], while the BaM
was a hard magnet withd¥ 48 A nf/kg and H up to 300 kA/m [33].

The only other reports of wastes-based hexagondeteare in the last years (2018-
2019), of BaM made from unspecified iron oxides t@agrom the steel industry mixed
with BaCQ; heated at 1100 °C [34], soft magnetic glass ce&smountaining a portion
of BaM from a mixture of 50% iron oxide sinterin@stes in a glass with a large
amount of added BaG(@35], and BaM made from dewatered acid mine digena
sludges with added BaG({B6], forming at 1100 °C with secondary alumineate and
calcium sulphate phases (no magnetic data given).

Here, for the first-time red mud was used as acaf Fe to form hexaferrites. The
red mud also contains other ions, such &% Ai** and St* that can substitute #e and
C&* which can substitute Bj in the hexaferrite structure. The addition ofaioho the
structure was also studied, as“Cean compensate for the excess charge wHEn Ti
substitutes F&. Clearly, the production of such widely used maignaaterials from
the valorisation of wastes could be a major adgmtiom both economic and
sustainability aspects, as well as removing a piatlectontaminant from the

environment.

2. Experimental Conditions

2.1. Materials
Iron-rich red mud (RM, 52 wt% of F@3) was supplied by an aluminium
production industry as a slurry. RM was dried ovgnh(100 °C), crushed and sieved,

and then only particles below 75 pm were usedamsdgource. Barium carbonate



(BaCQ;, Sigma-Aldrich>99.0 % pure) and cobalt (ll, 11l) oxide (g4, Sigma-Aldrich

> 99.8 % pure) were used as barium and cobalt spurespectively.

2.2.Red mud based hexaferrites preparation

Red mud based hexaferrites were produced by mRMg10 g) with various
amounts of BaC@and C@O4(see Table 1), in a planetary ball mill (Retsch PR
with alumina balls (~15 mm diameter) in 40 ml op@panol (IPA) for 24 h at 200
rpm. Subsequently, the powders were dried at 12@&ft€rwards, calcined at 1000 °C
for 2 h (5 °C/min heating and cooling rates), basegreceding work by the authors.

[23, 33].

2.3. Materials characterisation

The chemical composition of the dried RM was aredylsy X-ray fluorescence
(XRF, Philips X’Pert Pro MPD), the loss on igniti@nOl) was also assessed at 1000
°C. The presence of crystalline phases was assbgs¢day diffraction (XRD, Rigaku
Geigerflex D/max-Series, Cudkradiation, ® = 10-80 °, scan of 0.02 ° per step, scan
rate of 10 s/step).

The calcined powders were analysed by XRD anafysisscanning electron
microscopy (SEM, Hitachi S4100 equipped with enafigpersion spectroscopy, EDS).
To evaluate the magnetic properties a supercormuqgtiantum interference device
(SQUID, Quantum Design MPMS3) magnetometer was as800 K with applied

magnetic fieldsupto 4 T.

3. Results and discussion



3.1  Characterisation of the dried RM and develogrfmmulations

XRD results of RM powder is shown in Figure 1. Thajor crystalline phase
present is hematitei{Fe,O3), which is in accordance with the XRF results. étminor
crystalline phases present are aluminosilicateditarthtes, such as boehmite (
AlIO(OH), gibbsite (Al(OH})), chantalite (CaO- AD3- SiG,- 2H0), anataseBTiO,) and
rutile (a-TiO,), quartz (SiQ) and sodium aluminium silicate carbonate 4NgCSkEO;s)
which have been found in RM previously [37-39].

Table 2 presents the chemical composition of tieddRM powder determined by
XRF (expressed as oxides). The amount of iron osicdightly above 52 wt.%. Other
oxides, namely AlD3, TiO, and SiQ appear in significant quantities, being about 14.6
wt.%, 9.4 wt.% and 5.7 wt.%, respectively. Howetke oxides content should be
considered with care, as it might not always cqoes to the RM phases. As shown
above, the XRD pattern of RM shows the presensewéral Al-containing phases,
such as boehmite and gibbsite, and not onjpAl

RM composition is affected by the extraction logcatiFeOs is usually the main
component, however, it can vary from 26 to 60 witl% 40—-43]. The amount of each
of the metal ion present in the RM can be calcdl&tem the oxides content determined
by XRF. The obtained values are (mol/g): 65.43 X E6'*, 28.71 x 10 AI**, 11.78 x
10* Ti**, 9.43 x 10° Si*', 15.56 x 10 Na' and 3.36 x 10 C&". In BaM, all of these
ions, except sodium ions, can substitut&’ 51" and Tf* are well known as potential
substitutes for Fé in the hexaferrite structure [17].*Sis commonly added as a
sintering additive as S0 hexaferrites in sizeable % amounts, wheregteggates at
the grain boundaries [17], but nevertheless, steadls of St* can also substitute for
Fe*, as shown by several studies. It has been repti&&iQ is not an inert additive,

but a reactive one. Depending on the value ofcantdissolve in SrM [44], and small



amounts of S have substituted Fein M-type hexaferrites [45]. Furthermore,
calcium can substitute barium [17], and around lerfb Sf* has substituted for Ee
when charge compensated by Tep-substitution [46,47] or with Gb[48].

Accounting for the sum of Fe + Al + Ti + Si specjssent in the RM (134.27 x 10
mol/g), it should only be necessary to add 9.60%rhol/g of B&" to form a pure BaM
ferrite if all of these were to substitute forEd-urthermore, C can substitute the
barium ions, which would render the amount of barrequired even smaller (6.26x10
“* mol/g). Therefore, two compositions of BaM fernitere prepared (assuming or not
the possibility of calcium for barium substitutioRM+Ba with 9.61x10* mol of
BaCQ; (0.1897 g/g of RM); an&M+Ba(Ca) with 6.26x10"* mol of BaCQ (0.1234 g/g
of RM). We chose to assume complete substitutisnyeawanted to add the minimum
amount of added barium, to keep costs down.

However, to compensate unbalanced charge wHéraiid St* replace F&, co-
addition of 2+ species of similar size, such a§"ds often required [49-51]. The
presence of cobalt addition might induce the foramabf magnetically soft hexaferrites,
such as Cg¥, a well-known hexaferrite (B&0o,Fe 20,,) known to have lower
magnetisation (Ms) when compared with the M Fesrite

Each gram of RM introduces 21.21%1Mol of tetravalent species, so 21.21%10
mol of C&*/g was also added (0.1702 g/g of RM). A slighthgkr quantity of BaC®
then had to be added to obtain the stoichiometaid Bagain considering or not the
barium for calcium substitution in the structuramplesRM+Ba+Co and
RM+Ba(Ca)+Co.

The amounts of precursors used to formulate thedompositions are shown in

Table 1. Sodium in the RM might act as a fluxingrig being concentrated in the

10



intergranular region rather than become incorpdrati the ferrite structure. This role

was reported in the preparation of SiZ@¢0,7 ceramics [52].

3.2  Characterisation of the calcined RM

Figure 2 shows the XRD pattern of RM calcined @d.0C RM_1000). When
compared with the dried RM pattern in (Figure £yesal changes occurred: chantalite
(aluminium hydroxide) peak disappeared and wastoamed into AJOs; due to
dehydration reactions [42]. The same happenedbaéhmite and gibbsite, as reported
by Carneircet al.[7]. Crystalline phases detectedRiV_1000, such as
Nag 75Al 375514 26016 and Cae19\ a0 389-€(SpOg), result from the reaction/combination of
Ca, Al, Si and Na. Hematite is also present, algiiosome iron has reacted with titania
to form TiFeOs (pseudobrookite), as is expected when a mixtuie®f and FgOsis
heated to temperatures around or above 900 °C4pBBS mapping of th&M_1000
sample (Figure 3) shows the distribution of maenetnts through the microstructure -

Fe, Ca, Al, Na and Si.

3.3 RM based Hexagonal ferrites

3.3.1 RM-barium carbonate mixtures without cobalt

As can be seen in Figure 2, the presence of banuhe mixture promotes the
formation of a hexagonal M ferrite structure, watharacteristic peaks betweet 2 30
- 38 °. The XRD pattern of this M ferrite phase thoslosely resembled the standard
JCPDS file for BaFRgyeAl 2.96019 (pattern no. 04-019-1934), which is not surprisasg
the RM contains a ratio of ~1 Al : 3.6 Fe (calcathform the XRF), and it is known

that AP* can substitute for B&in the M ferrite structure [17]. In fact, lattiparameters

11



were calculated, and as can be seen in Table & tiesults suggest that Al is present in
the M ferrite structure, as aluminium substitutieads to a decrease in lattice
parameters [55].

In RM+Ba the detected secondary phases @€e,03, Ca s19Nap 3s-€(SpOs),
rutile and BaTi(Si@)s. The lower amount of added BaRM+Ba(Ca) seems to upset
the formation of main M ferrite once that some edisappear and hematite peaks
reappear. This suggests that the calcium has bstitited for barium in the ferrite,
along with the coexistence of the calcium contajr@® g19\Nay 3s8F-€(SpOs) and as a
result, less hexaferrite is formed for the composg with smaller barium content.
Otherwise, the two XRD patterns are very similar.

Rietveld refinement supports these results, dsoivs that th&RM+Ba sample
contained 81.1 wt. % M ferrite, while only 76.5 W&.of M ferrite was irRM+Ba(Ca).
A greater amount of GaidNay 3sFe(SpOg) present irRM+Ba(Ca) also supported
these results (Table 4).

Figures 4a) and b) show SEM images of the typieabgonally shaped platy grains
found in M ferrites, with diameters of around 288 for RM+Ba and 350 nm for

RM+Ba(Ca).

3.3.2 RM-barium carbonate mixtures with cobalt

The samples containing cobalt still appear to famM ferrite as the major
crystalline phase (Figure 2) with lattice parametdose to the samples without cobalt
(see Table 3). This also suggests that no otherafhexaferrite was formed, as they
tend to have larger unit cells and, hence, a gréattece parameter ¢ [17], although, as
it will be seen in the magnetic data in section 8¢ addition of cobalt promoted a

major change in this phase. The appearance ofe $inel ferrite peak is also

12



observed, which resembles that for Cib¢ although all the spinel patterns are very
similar. The other significant difference is thesabce of most of the secondary phases:
Ca s1Nan 389€(Sp0s), TiOzand BaTi(SiQ)s. This suggest that the addition of cobalt
has led to the formation of a spinel ferrite phagigich may accommodate all elements
present in such phases. The co-incorporation Bfafid Cé* species into the M ferrite
structure (for charge compensation), may leaddeirfig the iron to form the spinel
phase. Despite this, a tracemfe0; are still visible (Figure 2).

This is again supported by Rietveld refinemeniTéble 4 can be seen that the main
phase present for both samples is the M ferritsg@habove 70 wt. % for both samples,
as well as formation of the secondary phases repatbove.

In general, there are no major differences betvidrBa+Co and
RM+Ba(Ca)+Co samples, excepting the presence of0¢aOs in RM+Ba+Co. There
are reports of iron slags which contain cobaltgicah and silicon ions, and which can
form the spinel structure [56].

As can be seen in Figures 4c) and 4d), the grditiseese ferrites also have a less
hexagonal appearance and are smaller, with diasnet@round 180 nm for

RM+Ba+Co and 170 nm for RM+Ba(Ca)+Co.

3.4  Magnetic properties

The magnetic hysteresis loopsRi¥l_1000and RM derived hexaferrites are shown
in Figure 5, and their values given in Table 5wsild be expected from a material
with no significant magnetic phases, the RM isuatty non-magnetic even after
calcination at 1000 °C, with a very small magnéitsa(Ms) of 1 A nf/kg under an
applied field of 4 T, but a relatively large coerty (Hc) of ~200 kA/m. This hard

magnetisation means it is conceivable that a viergllsamount of M ferrite, or a hard

13



spinel phase, has formed, but its amount is todl $mbe detected by XRD, and will
have no significant effect on the properties ofrti@gor magnetic phase.

In RM+Ba, in which a stoichiometric amount of Ba was adtiethe total quantity
of (Fe+Al+Ti+Si) ions, the loop clearly has therfowhich would be expected from a
hard M ferrite sample, with the straight, paradlieles of the loop indicating that there is
no significant secondary magnetic phase preseris kigh at ~287 kA/m, but the M
value is low for an M ferrite, at 19.1 A¥kg. However, this value is for the whole
powder sample — if only the 81.1 wt.% M ferrite matic phase is considered, it has an
estimated Mof 23.6 A nf/kg. This is typical for BaM when Féis substituted by
nonmagnetic ions such as*AITi* and St*, as is the case here, with the total number
of these nonmagnetic ions (49.92 x*t0ol/g) equalling about 70% of the number of
magnetic Fe ions (65.43 x 1@nol/g). For example, Ms reported as being only 30.2 A
m?/kg for BaAbFe,O10 [57], ~22 A nf/kg for BaAb sFey 5016 [58], 45 A nf/kg in
BaCoTiFg¢O1s [59] (in which H. also decreases), and only 42 and 29%kgnfor
BaAl, sFe 5019 and BaAb sFe3 5019, respectively, with El~170 kA/m for both [60]. In a
study of Al substituted SrM, it was found that S&0,4, H. reached a maximum of
1343 kA/m as Mhad decreased to ~18 Afig, while SrALFe;015 was very poorly
magnetic, with H~500 kA/m but a very low Mof only ~4 A nf/kg [61]. Another
study of Al substituted SrM gave values of #36.5 and 9.0 A ftkg for SrAbLFe,O19
and SrALFe0,9, respectively [62]. There are, however, studiesnalAl and Ca were
introduced into a SrM ferrite structure to achievie. of ~1695 kA/m for
Sry s Ca 3F Al 4019 [55] and a massive maximum of ~2870 kA/m for
Sto.54Ca. 4665 5Al5.5019 [63].

Therefore, although we cannot definitely say whatdomposition is of this BaM

ferrite, we can estimate that it has a considerafident of nonmagnetic 3+ and 4+

14



ions, and this would consequently greatly reduseniagnetisation. Nevertheless, the
magnetisation is still enough for use as a comrakheaird magnet powder and sintered
magnet for economic and everyday functions, esfygcansidering its simple
production from a waste material which has curyeatierrific environmental impact.

RM+Ba(Ca) has an even lower magnetisation of only 12.1%kmfor the whole
powder (estimated as 15.8 Afig for the 76.5 wt.% M ferrite phase), and indésd
XRD profile indicated more non-magnetic hematitg.coercivity was slightly larger at
295 kA/m*, perhaps due to its slightly larger hexagonalrydiameter. As M ferrites
approach the single magnetic domain size of ~QuBi1their coercivity typically
increases [17]. This further indicates that calciamot incorporated into the hexaferrite
structure, and that a stoichiometric amount of'Baould be added to the combined
(FE + AP + Ti*" + Si).

When cobalt ions are added to the RM as well,atlpces a very different result. In
bothRM+Ba+Co andRM+Ba(Ca)+Co, a very soft ferrite was produced, with a low
coercivity of only ~16 kA/m in both cases (Figurartd Table 5). However, both
powders also had higher magnetisation values & &4n’/kg. The estimated M
values of the M ferrite phase alone were 34.9%kgin RM+Ba+Co, and 33.0 A
m?/kg in RM+Ba(Ca)+Co, although it should be noted that these powdears al
probably contained a second magnetic phase (se@}alo these values may be
unreliable. These samples did not contain the nagr@tic Cagsi1d\Nay 3sF-€(SpOs),

TiO, or BaTi(SiQ); phases. However, they contained an unidentifiedetphase,
which is also probably magnetic. The XRD patterthig spinel phase resembled that
of CoFeO,, which is a hard magnet with a high coercivitye®pinel phases are
extremely difficult to tell apart from XRD patterasone, and most spinels are soft

magnets, such as magnetite;®£ It is likely that this spinel is in fact a mixsginel

15



also containing G4 and St* ions from the secondary phases which existed pior
cobalt addition, and as such it would be expeatdthvve greatly reduced coercivity and
magnetisation values compared to Ca@lze The slight widening of the magnetic
hysteresis loops seen in these samples at loweapfpdilds is typical of a material
which contains more than one magnetic phase. Therfite phase has also become
magnetically soft due to the substitution of tharge compensated €6Ti*" ion pair
for Fe€™* in the hexaferrite structure, which typically risin a soft M ferrite with
coercivity as low as 5-16 kA/m for substitutionéés of x = 0.5-1.0 in BaGdixFe;,-
2019[21,22].

This signifies that the magnetic properties oflib&aferrite produced from the
valorisation of RM wastes can be tuned to be eitlaed or soft, depending on the

desired applications, by selecting the additioadditional 2+ metal cations.

4. Conclusions

When heated to 1000 °C, the red mud produced @altitnon-magnetic material

consisting mostly ofi-F&03, FeTEOs, Nag 75Al 3.75514 26016 and Cas19Na0 389-€(ShOs),
as the phases detected by XRD. However, when ehiaietric amount of BA was
added relative to the total trivalent/tetravalemtahions (F& + AI** + Ti** + Si*"), an
M-type hexaferrite resulted as the major phasedwhrobably contains Alions, with
the estimated formula being close to BafgOg), with an estimated magnetisation of
23.6 A nf/kg and a high coercivity (~290 kA/m). The;lf the whole powder was 19.1
A m?kg. If Cd is also added for charge balancing df fand possibly $i) present

in the RM, the Ti-, Ca- and Si-containing secondargses disappeared, and a
magnetically soft M hexaferrite with a low coertw(16 kA/m) but a higher

magnetisation (estimated up to 34.9 Alkg) was produced, co-existing with a

16



magnetically soft spinel phase. The 8 the whole powder was 24.5 A’fig. Such a
low coercivity is typical of CO/Ti*" substituted BaM ferrites. This demonstrates that
not only can a potentially valuable magnetic matdye easily produced from RM, but
that its magnetic properties can also be tunedhépelection of the 2+ cations added.
Simply by adding cobalt to the composition, a v&oit ferrite is obtained, while in its

absence a magnetically hard M hexaferrite withtinetdy large coercivity is observed.
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FIGURE 1 — XRD pattern from red mud before calcination.
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FIGURE 2 — XRD pattern for all powders prepared after calgoratit 1000C.
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FIGURE 3 —EDS map for Red mud calcined at 1000 °C.
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Tables

TABLE 1 — Mixture proportions of the prepared samples.

Mixture proportion (g)

Sample ID
RM BaCO3; Co0304
RM_1000C 0 0
RM+Ba 1.916 0
RM+Ba(Ca) 10 1.247 0
RM+Ba+Co 2.246 1.706
RM+Ba(Ca)+Co 1.599 1.706
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TABLE 2 - Chemical composition of the red mud, estimated ByFXexpressed as

oxides).

Oxides present Wt.%
FeOs 52.25
Al,0O3 14.63
TiO> 9.41
SiO, 5.67
Na,O 4.82

CaOo 1.88
P,Os 0.53
SG; 0.32
K20 0.08
MgO 0.08
MnO 0.06
LOI 9.44
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TABLE 3 — Experimental lattice parameters calculated.

a (@) c @)
RM+Ba 5.846 23.004
RM+Ba(Ca) 5.824 22.887
RM+Ba+Co 5.855 23.057
RM+Ba(Ca)+Co 5.846 23.040

TABLE 4 - Rietveld refinement for the samples prepared (Wt. %

RM+Ba RM+Ba(Ca) RM+Ba+Co RM+Ba(Ca)+Co

M ferrite 81.09 76.54 70.19 74.34
Fe,0s 8.76 6.92 5.19 10.85
Na;C0,06 - - 19.58 -
CoFe0y, - - 5.03 14.80
BaTi(SiO3)s 3.14 0.99 - -
Caoe1de3sdSk0s)  7.01 15.56 - -
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TABLE 5 - Remnant magnetisation (Mr), saturation magnetisgfibs) and coercivity
(Hc) for all the samples prepared. ThedflBaM is a weight-corrected value

considering only the magnetic BaM phase, to gimeoae accurate value for this ferrite

itself.
M: (Am?/kg) Ms(Am?/kg) MsofBaM H_(kA/m)
(A m?/kg)
RM_1000C 0.12 1.0 - 200
RM+Ba 9.1 19.1 23.6 287
RM+Ba(Ca) 5.7 12.1 15.8 295
RM+Ba+Co 4.3 24.5 34.9 16
RM+Ba(Ca)+Co 4.1 24.5 33.0 16
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