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Studies of a BiFe@synthesis were performed to identify reasons for the appearance of secondary
phases, the BiFeGqy and BipFeOo-type phases, in the reaction product. X-ray diffraction and
microstructural analyses, performed on samples with different concentrations of impurities, showed that
the impurities in the starting material crucially influence the phase composition of the reaction product.
A fraction of the generated secondary phases strongly depends on the nature and concentration of the
impurities. The experimental results can be explained by the theoretical consideration of ternary phase
relations between BD;, FeOs; and an impurity oxide. Single-phase polycrystalline Bigafas
synthesized from ultrapure starting oxides. To avoid using the expensive ultrapure oxides, techniques for
reducing the fraction of the secondary phases in the reaction products were developed.

1. Introduction the phase fraction of the secondary phases remained constant

BiFe(Q; is one of the most investigated multiferroic ceramic despite repeated grinding and hundreds of hours of firing at

; . : 800 °C.
materials. The paradox, however, is that we still do not . : '
. " . . Parallel to the described efforts, some authors tried to find
understand the basic conditions for a solid-state synthesis

. some indirect methods for the synthesis of pure BikeO
of the single phase. Authors repeatedly report problemsWan et af. reported the synthesis of pure BiFeky a so-
related to the synthesis of this material, and no direct 9 -Tep y P

explanation has been given yet for the persistent appearancé:alled rapid liquid-phase sintering method. They fired a
mixture of BLO; and FeOs; at 880°C for a short time of
of secondary phases.

Problems with the solid-state synthesis of Bize@ramics 450 s with a high heating rate of 100/s. The method was

. . . . later often used by other authors for the sintering of
were first mentioned by Filipev et alin 1960. Later, . .
Achenbach reported the same problems. They failed to presumably single-phase BiFgtHowever, the authors have

) . . . . mainly relied on XRD analyses; there are no reports
synthesize single-phase BiFg&ven by an extensive varia- . . . .
. o ) presenting a comprehensive microstructural analysis to
tion of sintering temperature, time, and atmosphere. Second-~ " . X .
. . . . o confirm the successful synthesis of single-phase BiFA©
ary phases in their reaction product were identified to be . : .
. . . a part of the present study, we revised this method to gain
Bi»O; and BpFe,0q. To prepare pure BiFeQDthey synthe- A : .
. L : insight on processes and phase formations related to the rapid
sized it with an excess of BDs, which was afterward liquid-phase sintering method and to perform a detailed
removed by leaching in concentrated HNQater, other quic-p 9 P

authors, who have studied the synthesis of Bike@ore microstructural analysis.

precisely defined the chemistry of the secondary ph#ges Researchers have suggested different reasons for the
A more detailed analysis of the ) secondary phase appearance of the secondary phases. They describe BiFeO

showed that, in fact, it is sillenite BFeQsg that is isostruc- as .be"'?g metastabfe_,off—st0|ch|ometr|c,5, haymg a k.)W
tural to y-Bi»Os. A recent report on the same problem was peritectic decomposition temperatdfar that its formation

! ! P :
published by Lufas et &The authors, whose major expertise :r:ffa?;t)e?n?gr Bé?gtsgaiﬁotrr?go&isfiﬂ th;.sfFaséumEgzzs
is in the field of phase diagrams and solid-state processing, P 9286 F&s P

: YR e
described the problem in the same terms and stressed th |agrarns‘% which makes the amblgume§, related to the
ormation of and phase relations around Bie€ven more
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occupiedt? 15 No evidence of a significant cation deficiency
has been reported, whereas only a very levt %) oxygen
deficiency has been assumed from conductivity measure-
mentst®1?

In the present work, we studied the solid-state formation
of BiFeG; and the resulting microstructures to provide the
proper reasons for the observed problems. We present
technigues for minimizing the concentration of the secondary
phases and conditions for the synthesis of pure single-phase
BiFeG:. We also carefully analyzed the rapid liquid-phase
sintering method and explain the results in terms of phase
relations.
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Figure 1. XRD pattern of B}Os—FeO3 mixture reacted at 800C for
. 5 h in air and a backscattered electron image of the sample sintered at
2. Experimental Procedures 880°C for 5 h. The gray, white, and dark phases are Bi€&F), Bizs-

) ) ) FeQs (S), and BiFesOg (F). The arrow shows the position of the most
The syntheses of BiFeOwvere conducted using a solid-state intensive BiFeOy diffraction line (121).

reaction technique starting from s (Aldrich, 99.9% and Alfa
Aesar, 99.9995%) and K@; (BDH, +99% and Alfa Aesar,
99.9995%) powders with a sub-micrometer particle size and
different purity. For some experiments, small amounts (0.1 and 0.5
wt %) of impurity oxides, such as SiQAldrich, fumed, 99.8%),
TiO, (Pi-Kem Ltd., 99.9%), and AD; (Mandoval Ltd., 99.9%),
were deliberately added at this stage. These oxides were added i
the form of fine powders <200 nm). Stoichiometric mixtures of
oxides were homogenized in agate mortar and reacted at@00
for 5 h. The mixture was weighed before and after heat treatment
to determine possible BD; loss due to evaporation. In all cases,
the weight difference was negligible<Q.01%). For sintering, the
reacted powders were milled in an YSZ planetary mill with YSZ
milling balls in acetone medium for 30 min at 250 rpm. The
powders were then uniaxially pressed in steel dies into pellets at
approximately 150 MPa and sintered at 8&for 2—5 h.

The reaction products were analyzed by powder X-ray diffraction

(Philips X’pert Pro) using Cu K radiation, an X'Celerator detector ) ) )
Figure 2. Backscattered electron image of thermally etched BigeO

(Philips Ar)alytlcal) qulpped with a diffracted beam monochro- ceramics sintered at 88 for 5 h. The image shows the grain-boundary
mator. Polished ceramic samples were thermally etched for micro- gjjenite phase in contact with the matrix BiFgphase and the small Bi

structural analysis at 75€C for 15 min and were gold-coated.  FeOy grains.

Microstructural and energy dispersive X-ray (EDX) analyses of the ) ) ] ) )
ceramics were conducted using a JEOL 840A scanning electrondue to the considerable difference in the atomic scattering

microscope and INCA 4.07 (Oxford Instruments) software. factors. The very heavy Bi ion with its 80 electrons scatters
X-rays much more efficiently than the much lighter?Fe
3. Results and Discussion and G with 24 and 10 electrons, respectively. The

. L concentration of the heavy Bi ions is much lower in
Initial BiFeO; samples, analyzed within this study, were Bi,Fe,0s then in BisFeOs: therefore, it is reasonable to

prepared by a regular solid-state method, which has beenexpect that the detection limit for Bie,0s will be much
typically used by other authors. A detailed XRD analysis |, or.

confirmed the previous observations and showed the presence | ihis work. we assumed that analyzed samples were in

of a small fraction of a sillenite phase (Figure 1). Even a yheir equilibrium state. Several experimental observations
detailed, high-resolution XRD scan did not show the Presencegnnort such an assumption. A repeated firing and grinding

of any other secondary phase. However, microstructural andgiq ot change the initially observed phase composition and
EDX analyses of the sintered samples showed the presenc%hase fractions. The same has been reported by many other
of two secondary phases. They were identified to be sillenite authors2® In addition, a detailed inspection of the micro-
BizsFeQp and BbFe,Oo. The reason why the XRD detection  gyy,ctyres showed that it is a common feature thaf 8Os

limit for Bi-FeQo is so low in such phase assemblages is 5,4 BiFe,0, grains share an interface-(e., are in a

physical contact (Figure 2)). According to all versions of
published binary phase diagraMisd! these phases are not

(12) Moreau, J. M.; Michel, C.; Gerson, R.; James, WJ.Phys. Chem.
Solids1971, 32, 1315.

(13) Tutov, A. G.Solid State Phys1969 11, 2681. thermodynamically compatible and should, at an elevated
(14) L(éjbeeéé?:.; Schmid, HActa Crystallogr., Sect. B: Struct. Sdi99Q temperature, react to form BiFgO
(15) Sosnowska, I.; S¢fer, W.; Kockelmann, W.; Andersen, K. H.; If our assumption is correct, then we can explain the
16) I{royan%hulc, I.O OAgpI\.NPhW- A N\I(at%r. SLC_i. Pzrocgsaﬁoz 34. ’\}804}%- equilibrium existence of the three phases only by the fact
uan, G. L.; Or, S. W,; Wang, Y. P,; Liu, Z. G; Liu, J. Nboli . . . .
State Commur2006 138, 76. that the system did, during the processing, cease from being

(17) Li, M.; MacManus-Driscoll, J. LAppl. Phys. Lett2005 87, 252510. binary. To satisfy the Gibbs’ phase rule, at least one another
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Figure 3. XRD pattern of ByOs;—Fe&03; mixture reacted at 800C for Figure 4. Relevant phase relations in a ternary phase diagram ¥;Bi
5 h in an oxygen and nitrogen atmosphere. FeOs, and an impurity oxide. The diagram shows the case when the
impurity oxide forms a sillenite with a partial or complete solid-solubility

component (besides &); and FeOs) should be introduced range with BjsFeQso. The gray arrows in the enlarged portions show the
to explain this three-phase system. The additional compo- shift of a nominal composition due to the presence of an impurity oxide.
nents are reduced Fe species or impurities. BF

We performed a very straightforward test to determine the
possible influence of the reduced Fe species on the phase
composition of the reaction product. Two batches of a same
1:1 mixture of BO; and FgO; were synthesized under the
same conditions in the same furnace. One batch was F
synthesized in oxygen while another batch was synthesized
in a nitrogen atmosphere. If the presence éf Fethe reason
for the appearance of the secondary phases, then in the
nitrogen atmosphere, where a much higher concentration of
Fe** is expected, the fraction of the secondary phases must  |9-0% SiO.
significantly increase as compared to the oxygen atmosphere. v T T T T T v
An XRD analysis of these prepared powders showed 25 26 27 28 29 30 31 32 33
negligible differences in phase composition with no signifi- _2 Theta [ol' _ 3
cant change in the fraction of the secondary phases (Flguregfg%es?q ézi’tgggfgnogéﬁg?% h':%g?rr?gf“gf ﬁgfgfj'té?}go%}laﬁﬂd
3). Hence, we excluded this possibility from further study. gf: iFeqy).

3.1. Influence of Impurities. An impurity ion can interact
with the system in four different ways. It can incorporate in a nominal composition are expected to give large changes
into a crystal structure of (i) BiFeQ (ii) sillenite, (iii) in an equilibrium phase composition. A fraction of the phases
BioFe,Oq, or (iv) does not interact with these phases. Two can be calculated from given stoichiometric relationships as
of these scenarios would not generate a significant fractiona function of a solid solubility limit, the concentration of
of secondary phases. It is straightforward that if an impurity the impurities, and the valence state of the impurity ion. For
ion incorporates into the BiFeOmatrix phase, a small any combination of the parameters, the calculations showed
amount of Bi or Fe is in excess and forms a small amount that only a small amount of impurities generates a high
of either sillenite or BiFeO, A simple stoichiometric  fraction of the secondary phases. For example, 0.1 mol %
calculation shows that for a reasonable purity of starting impurities with a 4~ charge (i.e., A" ion) and a full sillenite
Bi»Os; and FgO3; powders (e.g., 99.9%), the fraction of the solubility range would generate a 3.1 vol % sillenite phase
secondary phases would not exceed 0.5 vol %, which is muchwith the formula Bi,AO2, and 7.3 vol % BiFe,Oy. These
lower than the XRD detection limit. In the case when are concentrations that are easily detected by XRD analysis.
impurity ions do not interact with the present phases, they In the case that the sillenite solubility range is narrower, the
remain on the grain boundaries and do not cause detectabldraction of the secondary phases would progressively
changes in the phase composition. increase. The calculation for 0.5 mol % impurities shows

When an impurity ion incorporates into the sillenite crystal even further degradation of BiFgOOnly the 57.8 vol %
structure, a partial or a complete sillenite solid solubility BiFeO; phase remains in such a sample together with the
range can be expected in the corresponding ternary phasd?2.6 vol % sillenite Bi,AO» and 29.5 vol % BiFe,0,.
diagram (Figure 4). Regardless of the extension of the To confirm the calculations experimentally, we deliberately
sillenite solid solubility limit, every departure from the binary added small amounts of impurities into a mixture of@
conditions will necessarily result in the formation of three and FegOs. In Figure 5, it can be seen that the addition of
phases: BiFeg) BiFe,0o, and the sillenite phase. Because 0.1 and 0.5 wt % Si@ dramatically changed the phase
of the special position of these phases in the phase diagramcomposition after firing. The observed changes followed the
the phase fields are extremely elongated, and small changegalculated predictions qualitatively as well as quantitatively.

BF

0.5% Si0, F

0.1% Si0,




5434 Chem. Mater., Vol. 19, No. 22, 2007 Valant et al.

n “ 100
BFBF
— 80 1
)
'E' 60 s BiFeOS
2 ——  BiFe,Og sy
2 Bi,sFeO
0.5% Al,0, £ ih. 25F@Usg
0.1% Al,0; & )
0.0% Al,O;
0 T T T ) * >
T T T T T T T 0 0.1 0.2 0.3 0.4 0.5 0.6
25 26 27 28 30 31 32 33 X in Biy(Fes,A)0q

29
2 Theta [o] Figure 8. Stoichiometric calculations of the phase composition vs
Figure 6. XRD pattern of B;O3—Fe,0O3 mixture with addition of 0.1 and homogeneity range of Bfes—AOg for the presence of 0.1 mol% impurity
0.5 wt % ALO3 reacted at 80C°C for 5 h in air (S: BjsFeQy; F: oxide (according to the phase relations in Figure 7).
BisFes—xAlOg; and BF: BiFeQ).

BiFeO;

\ Fe:0, Figure 9. Backscattered electron image of BiRg@eramics with the
AO, Fe,0, addition of 0.5% TiQ sintered at 880C for 5 h in air(dark phase: Bt
Fe/Oy9 and matrix phase: BiFef The inset schematically shows the
relevant phase relations in the,Bs—Fe,0s—TiO, phase diagram.

Figure 7. Relevant phase relations in a ternary phase diagram J;Bi

Fe0s;, and an impurity oxide. The diagram shows the case when the
impurity oxide can partially or a completely substitute*Fa BizsFeOs. ) . . ) .
The gray arrows in the enlarged portion show the shift of a nominal Will again cause an extensive change in the phase composi-

composition due to the presence of an impurity oxide. tion of the reaction product (see Figure 7). Stoichiometric
calculations show that for Bfe—AxO9 with xim= 4
Increasingly higher fractions of sillenite and,B&Os were (complete solid solubility), the presence of 0.1 and
determined with the increase in the concentration of the 0.5 mol % impurities generates0.5 and 2.3 vol %
impurity ion from 0.1 to 0.5 wt %. In addition, the positions secondary phases, respectively. Wkgn = 0.3, as in the

of the sillenite diffraction lines corresponded to; O, case of A}Os, the fraction of the secondary phases increases

and not to BisFeQsq, Which confirmed the phase relations to 6 vol %. An increase in the impurity concentration to 0.5

from Figure 4. mol % at such conditions causes the formation of 26 vol %
Impurity ions can also incorporate into theB&Og phase. secondary phases.

An example of such an impurity is ADs;. As can be seen Another impurity, tested within our study, is TiOIn

from Figure 6, the addition of 0.1 and 0.5 wt % 8% contrast to Sit and AP*, the ionic radius of T is similar
resulted in the formation of a large amount of secondary to Feé* (0.605 and 0.55 A for CN= 6)8 and partial
phases. XRD and microstructural analyses showed thesupstitution on the perovskite B-site can be expected.
presence of BiFeQy, BiFe(;, and Al-containing BiFe,Oq. Because an aliovalent substitution requires charge compensa-
The concentration of Al in BFe,Os was determined by  tion, the solid solubility range is usually small. Nevertheless,
elemental EDX microanalysis to be &te;Alo5)Os. The  for the BiLbO;—Fe,05 system, the existence of even a small
stoichiometric calculations showed that a fraction of the solid solubility range has a profound influence on the phase
secondary phase is to a great extent influenced by the positiorrelations. Our experimental results showed that the ceramics
of the BhsFeQo—BiFeiOs (ss) tie line (Figures 7 and 8).  with TiO, as an impurity exhibit only two phases: BiFgO
When the solid solubility range is large, the phase field and BiFe,O, both containing small amounts of Ti (Figure
between BiFe@) BixsFeQs, and BbFeOg(s)is vast, and the  9). The microanalysis showed that approximately 0.5 and 1
impurities have no detectable influence on the phase mol % Ti was incorporated in BiFeQand BiFeOs,
composition. However, when the solid solubility is low, the

phase field in the corresponding phase diagram becc_Jmes _V_er)('18) Shannon, R. DActa Crystallogr., Sect. A: Found. Crystallodr976
stretched out, and the presence of small amounts of impurities 32, 751.
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Figure 10. XRD pattern of single-phase BiFg@repared from ultrapure
Bi>03; and FgOs3 (99.9995%). The mixture was reacted at 8@for 5 h
in air.
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Figure 12. XRD patterns of BiOs—Fe0Os; mixture with deficiency of
Bi»03, reacted at 800C for 5 h in air (S: BpsFeQsg; F: BisFesOgssj and

BF: BiFe(;). The inset shows detail from a quasi-ternary phase diagram
of Bi»0s3, F&0s, and an impurity oxide. The gray arrows show a shift of a
nominal composition due to the presence of inherent impurities af;Bi
deficiency, respectively.

3.3. Rapid Liquid-Phase Sintering.Some authors have
reported that by using a so-called rapid liquid-phase sintering
method, single-phase BiFgCan be synthesized® As they
have not reported on formation mechanisms and performed
any detailed phase analysis (apart from XRD analyses), we

; revised this method in light of the described phase relations.
Figure 11. SEM image of BiFe@ceramics prepared from ultrapure,84 We exactly repeated the experimental procedure reported
and FeOj3 (99.9995%). The ceramics was sintered at 880or 5 h inair. by Yuan et at® The mixture of powders (99.9% grade) with
respectively. No sillenite phase was detected in these@ <1um average particle size was rapidly heated to 855
samples. The observed phase composition corresponds to thédy insertion into a preheated furnace), dwelled for 5 min,
situation in the corresponding phase diagram. The inset inand rapidly cooled to room temperature. XRD analysis
Figure 9 shows the shift in the nominal composition, which confirmed the results described by the authétse diffrac-
results from the presence of Ti@mpurities. The nominal  tion lines of the secondary phases were not present. During

composition moves into a two-phase region between two this experiment, the mass loss was monitored by weighing
solid solutions, both identified in our study. the mass of the dried powder before and after heat treatment.

3.2. Synthesis of Single-Phase BiFeQCeramics. The A mass loss of 0.7% was detected, which can be ascribed to
key experiment to confirm that impurities are the reason for the volatilization of BjOs. The melting points of BO; and
the observed problems with the synthesis of Bif&the  BizsFeQs (825 and 785°C, respectively) are lower than
synthesis of single-phase polycrystalline Bika@ing ul-  the firing temperature. During this rapid firing process®i
trapure starting oxides. We undertake this experiment using@nd BbsFeQ; melt before they manage to react completely
99.9995% pure BD; and FeOs. Special care was taken to  With F&:0Os to form BiFeQ; hence, the method is called rapid
prevent contamination of the powders during the processing. liquid-phase sintering. The melting increases th&Bpartial
Only steel, YSZ, and Pt laboratory equipment were used. pressure and BO; volatilization. Microstructural analysis
During the heat treatment, the green pellets were buried indid not show the presence of the sillenite phase, whereas
a sacrificial powder. The XRD pattern of the synthesized the BkFe:Os phase was still present.
powder is shown in Figure 10. Only diffraction lines of We simulated this process by preparing mixtures with a
BiFeG; are present in the XRD pattern, while even a high- controlled deficiency of BiO; and fired them at regular
resolution scan did not reveal any presence of secondaryconditions, described in the Experimental Procedures, for
phases. The powder was also pressed into a disc and sinteredhich no BxOs loss occurred. The results in Figure 12 show
at 880°C for 5 h. Microstructural analysis confirmed the exactly the same trend as was seen for the rapid liquid-phase
single-phase composition of the ceramics (Figure 11). In sintering. With the increased s deficiency, a fraction of
contrast to the samples containing the sillenite phase, thethe sillenite phase decreased. A reason for the decrease can
grains remained small (sub-micrometer size). The sillenite be deduced from the phase diagram (see the inset in Figure
phase melts at the sintering temperature and causes thd2). With the decrease in the Bl; content, the nominal
extensive grain growth. In the case of ultrapure BiFeO composition moves from a ternary ZreO—BiFeO;—
ceramics, no liquid phase was present during the sintering; Bi.Fe;Oqss)phase field into the binary BiFe© BiFeiOg(ss)
hence, the grains remained small. phase field. As the scattering factors foplBOgss)are rather
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low as compared to BiFeQthe diffraction lines do not to move into a phase field with a sillenite phase, such as
appear in the XRD pattern, and the synthesis appears to giveBi,sFeOso. As a result of the formation of the sillenite phase
a single-phase product. With a furthen®j deficiency, the with a high concentration of Bf ions, the fraction of the
fraction of BbFeOgssjincreases more, and the phase appearsother secondary phase, ;.B&O,, increases. As a final
in the XRD pattern. consequence, a small concentration of impurities generates
a large fraction of secondary phases. Single-phase polycrys-
Conclusion talline BiFeQ was synthesized from ultrapure starting oxides.

. : . . To avoid using expensive ultrapure oxides, the amount of
h h f le-ph I Il .
Our studies on the synthesis of single-phase polycrystal methe secondary phases can be reduced by a smalsBi

BiFeQ; showed that the successful synthesis of single-phase’; . d . : PR
powder essentially depends on the purity of the starting dgﬁugncy. This effectively occurs in the rapid liquid-phase
sintering method.

materials. The impurities force the B;—Fe&,0; system to
shift to a quasi-ternary system and the nominal composition CM071730+



