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To improve the sinterability of powders fabricated by the conventional mixed-oxides
method, ultrafine Mn-Zn ferrite powders were hydrothermally synthesized from metal
nitrates solution using ammonia as a precipitant. The R value (alkalinity) was introduced to
adjust the amount of added OH™ in the reaction suspension. The characteristics of the
powders synthesized at different hydrothermal conditions and the properties of the
sintered bodies were investigated. The results show that the R value and hydrothermal
time have a great effect on the compositions and phases of hydrothermally synthesized
Mn-Zn ferrite powders. Powders synthesized from a starting suspension with a higher
content of Zn ions (or lower content of Mn%2+) may approach to a stable spinel structure
with a lower Mn/Zn ratio as the hydrothermal time is longer. Factors affecting the position
of the diffraction angle (20) of the spinel Mn-Zn ferrite (311) of powders may include both
the compositions of spinel ferrite structure and crystallite sizes (or particle sizes) of
powders. Some possible reasons were suggested to explain the dependence of
composition and phase of hydrothermally synthesized Mn-Zn ferrite powders on the R
value and hydrothermal time. The temperature that the green compact begins to shrink at
increases with increasing R value, and ranges from 510°C (R=2) to 650°C (R=6). After
being sintered at 950°C for 2 h in N, atmosphere, the relative sintered density of each
specimen reaches a value of 94.5-99.8%. © 2002 Kluwer Academic Publishers

1. Introduction
Mn-Zn ferrites are extensive applied in power trans-
former, choke coil, noise filter and other electronic
components due to their high initial permeability (u1),
high saturation magnetization (Bs) and low magnetic
loss at high frequency [1-3]. In general, the powders
are fabricated by mixed-oxides method. This method
for the preparation of ferrites with a typical porosity
of 7-25% [4-6] involving high temperature (1250°C—
1350°C) under controlled oxygen atmospheres can re-
sult in the loss of their fine particle nature. The main ad-
vantage of this method is low production cost. However,
it also has the problem of inevitable chemical inhomo-
geneity and contaminations during processing and the
need of high temperature (1250°C-1350°C) sintering.
Recently, ferrites have been developed to meet a de-
mand for the miniaturization of electronic components.
During the manufacture of multilayer chip and LC filter,
ferrite powder needs to be sintered <950°C in order
to co-heat with silver internal electrodes (7}, = 962°C)
[7, 8]. In the fabrication of read/write heads for high-
speed magnetic recording, it requires sintered body
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with high-density, low-porosity (<0.3%) and high per-
meability [9, 10]. Therefore, powders prepared by con-
ventional mixed-oxides method is not capable of apply-
ing in the above applications due to its higher sintering
temperature and higher porosity after sintering. To cir-
cumvent those discrepancies of powders fabricated by
mixed-oxides method, several wet chemical methods
[11-19] have been developing for the preparation of
fine ferrite powder, including hydrothermal synthesis
[14-19].

Using hydrothermal method to prepare ferrite pow-
ders, literature [14—17] have focused on studying the
influence of processing parameters (i.e., the pH value
of the suspension, the temperature, and the time of
synthesis) on the yield, composition, homogeneity and
morphology of ferrite powder. The authors of this ar-
ticle have qualitatively studied the effects of alkalin-
ity of starting suspensions and hydrothermal time on
phases, spinel ratio and crystallite size of hydrother-
mally synthesized Mn-Zn ferrite powders [18]. How-
ever, the characteristics variation (phases, compositions
and position of diffraction angle of spinel ferrite) of
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powder synthesized at different contents of Zn and Mn
ions of starting suspension under different hydrother-
mal time were seldom investigated. The purpose of this
work was to study the above phenomena. Addition-
ally, the sinterability of powders synthesized at different
R values (alkalinity) and properties of sintered bodies
(phases and spinel ratio) were also investigated.

2. Experimental procedure

2.1. Sample preparation

Two series of powders aimed to have the com-
positions of 52.9 Fe;03-34.3 MnO-12.8 ZnO and
52.7 Fe;03-26.7 MnO-20.6 ZnO (in mole%), de-
noted as Al, A2, respectively, were synthesized un-
der mild hydrothermal conditions (150°C for 0—16 h)
by coprecipitation from metal nitrates with aqueous
ammonia. Fe(NOj3); - 9H,0, Mn(NOs), - 4H,O, and
Zn(NOj3), - 6H,O were dissolved in de-ioned water
individually to have a concentration of 1 mole/L,
0.5 mole/L and 0.5 mole/L, respectively. Stoichiometric
amounts of the appropriate nitrate solutions were added
slowly into a teflon cup and stirred for 5 minutes. The
resulted solution was then mixed with diluted aque-
ous ammonia under stirring. The suspension volumes
were in a range of 750—850 ml. In this study, R value
(alkalinity) = (moles of added OH™) / [(moles of added
Zn**t) x 2 + (moles of added Mn**) x 2 + (moles of
added Fe?*) x 3] was introduced to adjust the amount
of added OH™ in the reaction suspension, and the R
value was between 2 and 6. The details of this proce-
dure are published elsewhere [18].

Hydrothermally synthesized powders in this study
were classified into two series. Powders synthesized
under different R values but with the same hydrother-
mal time (=2 h) were denoted as AX-RY, and pow-
ders synthesized under different hydrothermal time but
with the same R value (=3) were denoted as AX-Th,
where X =1, 2 corresponding to Al and A2, respec-
tively, ¥ =2-6 standing for R values (alkalinity) and
T being the time of hydrothermal synthesis (i.e., hy-
drothermal time), in which 7 =0 means the powder
product was obtained by directly centrifugation with-
out further hydrothermal treatment.

Powders were isostatically pressed into toroidal com-
pacts (20 mm outer and 12 mm inner diameters) at
98 MPa. Sintering was performed at 950°C for 2 h in
a stream of Nj; heating and cooling rates were 6 and
~4°C/min, respectively.

2.2. Characterization

The content of Fe’*of hydrothermally synthesized
powders was determined by titration method. The metal
elements in solids were analyzed using Induction Cou-
ple Plasma (ICP, ARL 3580B). The phases of syn-
thesized powders were identified from X-ray (XRD,
SIEMENS D50) diffraction patterns. In addition, for
precisely identifying the variation of diffraction an-
gle (26) of spinel ferrite (311) of synthesized pow-
ders, XRD analysis was performed in a low scanning
speed of 0.12°/min on powders synthesized at different
hydrothermal conditions.
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The crystallite sizes (or particle sizes) of manganese
zinc ferrites and «-Fe,O3 were estimated from the
breadth at the half maximum of the diffraction line
(311) and (110), respectively, by means of Scherrer’s
equation [20]. Quartz particles (>4 um) and o-Fe,;03
powder (0.9 um) calcined at 1000°C for 1 h served
as external references to correct the peak position and
instrumental broadening. The spinel ratio (spinel%) is
defined by following equation [21]

T
Spinel% = (spinel)

Iispinel) + I(Fe,05)

where [ is the intensity of the strongest peak (spinel
(311) and «-Fe, 03 (104)) for each compound.

Densities of sintered cores were measured by the
Archimedes principle. The theoretical density of spinel
ferrite was used to calculate relative green density
and relative sintered density. Ferrite powders obtained
from different R value have different compositions.
Therefore, the theoretical densities ranging from 5.08—
5.10 g/cm? for Mn-Zn ferrites hydrothermally synthe-
sized at different R value are determined from their
molecular weights and the lattice parameters. Powders
were isostatically pressed into compacts at 98 MPa,
and dilatometric curve of green compact was then ob-
tained by performing at 950°C for 2 h using dilatometer
(SETARAM, FRANCE, DHT-2050 KN) in a stream of
Nj; heating rates was 6°C/min.

3. Results
3.1. Characterization of ferrite powders
3.1.1. Phases of powders
Fig. 1 shows the XRD patterns of A1-RY and A2-RY
powders synthesized at different R values and
150°C/2 h. Based on the XRD patterns, only spinel phase
was identified for the powders synthesized at R =2
and 3, while show spinel phase and «-Fe,O3 peaks
for the powders synthesized at R =4-6. Moerover,
it is noted that the peak intensity of «-Fe,O3 phase
increases with increasing R value, which indicates that
the content of w-Fe, O3 increases with R value.
Because XRD patterns of powders synthesized at
R =2, 3 only show spinel phase, the other series of
powders were then synthesized at different lengths of
hydrothermal time (0.5-16 h) under R value of 3 to
further investigate the dependence of the phases of
synthesized powders on hydrothermal time. The phases
of A1-Th and A2-Th powders synthesized at differ-
ent lengths of hydrothermal time were shown in Table 1.

TABLE I Relation between phases, identified from X-ray diffraction
patterns, and the time of hydrothermal synthesis for A1-Th and A2-Th
synthesized powders

Hydrothermal

time (h) 0 0.5 1 2 4 8 16
Al-Th idf S S S S4+a S+a S+«
A2-Th idf S+a S+o S S+a S+a S+«

i.d.f: ill-definable spinel ferrite.
S: spinel ferrite.
o Ol—FCzO}.
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Figure 1 XRD patterns of (A) AI1-RY, and (B) A2-RY manganese zinc
ferrite powders hydrothermally synthesized at 150°C x 2 h and different
R values (alkalinity) of reaction suspension.

The results in Table I indicate that for A1-Th powders,
only spinel phase peak can be found in the XRD pat-
terns of powders synthesized at hydrothermal time <2 h,
while both the spinel phase and «-Fe,;O3 peaks can be
found in the XRD patterns of powders synthesized at
hydrothermal time =4 h. However, for A2-Th series,
only spinel phase is shown in the XRD pattern for Al-
2h powder, while spinel phase peak and «-Fe,; O3 peak
are shown for other powders.

As above, it is noted that there are no more than two
phases, spinel phase and «-Fe, O3, existing in powders
synthesized at different hydrothermal conditions.

3.1.2. Compositions of powders

The compositions of synthesized powders described
with the mole percentage of metal oxides (Fe, O3, MnO
and ZnO) based on analytical data are shown in Table II.
The [Fe, 03] and [MnO], molar fraction of Fe,O3 and
MnO, respectively, in synthesized powders are larger
than that in starting suspension, while the [ZnO], mo-
lar fraction of ZnO, in synthesized powders are smaller
than that in starting suspension. These results indi-
cate that Zn ions should loss during hydrothermal
processing.

In order to investigate the composition difference
between synthesized powders and starting suspensions,
the compositions of synthesized powders were further
calculated. Since the K, value (solubility product)

TABLE II Mole fractions of Fe; O3, MnO, ZnO, mole fraction loss of MnO and ZnO (AMnO, AZnO), crystallite sizes and spinel ratios of A1-RY,
A2-RY powders hydrothermally synthesized at 150°C x 2 h and different R values (alkalinity), and A1-Th and A2-Th powders hydrothermally
synthesized at 150°C for 0-16 h in R value (alkalinity) of 3. Al and A2 represent the composition of starting suspensions

Crystallite size

Sample Fe, O3 MnO ZnO AMnO AZnO (nm) Spinel ratio
name (mole%) (mole%) (mole%) (mole%) (mole%) a-Fey 03 Spinel (%)
A1-RY and A2-RY powders (synthesized at 150°C x 2 h and different R values (alkalinity))
Al 52.9 34.3 12.8
Al1-R2 54.6 33.6 11.8 1.7 14 10.7 100.0
Al-R3 54.4 34.7 10.9 0.5 2.2 16.5 100.0
Al-R4 56.3 36.4 7.3 0.1 5.9 49.7 18.4 89.4
Al1-R5 58.1 35.5 6.4 2.0 7.0 67.2 19.5 83.7
Al1-R6 59.9 36.8 33 1.9 9.9 72.1 20.0 73.1
A2 52.7 26.7 20.6
A2-R2 54.3 27.4 18.3 0.1 2.8 9.7 100.0
A2-R3 54.8 28.4 16.8 -0.6 4.4 15.7 100.0
A2-R4 58.3 29.5 12.3 0.0 9.5 57.2 20.8 88.8
A2-R5 59.0 30.4 10.6 -0.5 11.1 106.3 21.4 86.5
A2-R6 61.7 32.8 5.5 —-1.3 15.9 107.7 23.0 70.0
A1-Th and A2-Th powders (synthesized at 150°C for 0—16 h in R value (alkalinity) of 3)
A1-0Oh 57.6 36.0 6.4 1.2 6.9 - - -
A1-0.5h 53.9 34.8 11.3 0.2 1.7 - 12.5 100
Al-1h 54.2 34.7 11.1 0.4 2.0 - 14.6 100
Al-2h 54.4 34.7 10.9 0.5 2.2 - 16.5 100
Al-4h 54.5 35.4 10.1 0.0 3.0 41.5 18.2 90.2
Al1-8h 55.0 35.2 9.8 0.5 34 62.9 18.8 87.8
Al-16h 54.9 35.2 9.9 0.4 33 92.8 19.5 79.3
A2-0h 60.8 31.0 8.2 -0.2 13.5 - -
A2-0.5h 59.6 29.7 10.7 0.4 11.1 54.1 13.3 74.8
A2-1h 59.5 29.7 10.8 04 11.0 63.3 144 75.2
A2-2h 54.8 28.4 16.8 -0.6 44 - 15.3 100
A2-4h 55.8 28.2 16.1 0.1 54 65.2 20.0 84.1
A2-8h 59.6 29.9 10.5 0.3 11.3 224.0 23.0 69.9
A2-16h 59.5 29.8 10.8 0.3 11.0 224.0 23.0 67.7
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of Fe3* is very small [22], the Fe** will completely
precipitate in the weakly alkaline solution. The molar
fractions of MnO and ZnO in synthesized powders
were then normalized by the content of Fe;O3. The
normalization is based on the assumption that the
[Fe,O3] (in mole%) of synthesized powders are
the same as that of starting suspension. Therefore,
the [AMnO] (= [MnO] starting suspension — [MNO]cp) and
[AZnO] (= [Zno]slarting suspension — [ZnOJicp) means
the loss of Mn ions loss and Zn ions loss during the
hydrothermal process, respectively. The [AMnO] and
[AZnO] of AX-RY and AX-Th synthesized powders
are listed in Table II. It is noted that the [AZnO]
values of synthesized powders are much larger than
the [AMnQ] values, indicating that the metal ions loss
during hydrothermal processing is mainly attributed to
Zn ions.

As hydrothermal time is kept at 2 h, the [AZnO]
values of A1-RY and A2-RY synthesized powders in-
crease with increasing R value. However, when R value
of reaction suspension is kept at 3, the dependence of
[AZnO] values on hydrothermal time for A1-Th and
A2-Thsynthesized powders are quite different. For A1-
Th series, the A1-0h as precipitated powder has a much
larger [AZnO)] value (6.9 mole%) than other A1-Th
powders (1.7-3.4 mole%). Nevertheless, the [AZnO]
decreases a lot to 1.7 mole%, as the hydrothermal time
is 0.5 h, then increases gradually to 3.3 mole% with hy-
drothermal time up to 8 h. When the hydrothermal time
is 28 h, the [AZnO] values keep almost unchanged.
This result may hint that the chemical reaction comes
to balance at this moment.

For A2-Th powders, the [AZnO] values are very
large ( 13.5-11.0 mole%) for powders synthesized at
hydrothermal time =1 h. As the hydrothermal time in-
creases from 1 h to 2 h, the [AZnO] value decreases
dramatically from 11.0 to 4.4 mole%. Afterwards,the
[AZnO] vaiue increases to 16 mole% with increasing
hydrothermal time up to 16 h.

It should be noted that starting suspension of Al
contains a much lower content of Zn ions (or higher
content of Mn ions) than starting suspension of A2.
As the hydrothermal time is 0.5 h, the [AZnQO] value
(1.7 mole%) of A1-0.5h synthesized powder is much
smaller than that (11.1 mole%) of A2-0.5h synthesized
powder. This fact indicates that a starting suspension
with a higher content of Zn ions will have more amount
of Zn ions loss (larger [AZnO] value) during the initial
hydrothermal stage.

As mentioned above, there are no more than two
phases, spinel phases and «-Fe,O3, existing in pow-
ders synthesized at different hydrothermal conditions
(Table T and Fig. 1). The Mn and Zn elements in
the powders should therefore exist in spinel ferrite.
To further clarify the compositions of spinel phase in
synthesized powders, the powders were analyzed to
determine the content of Fe?t, and the result shows
that no Fe’* was reduced to Fe’* during powder
preparation. The result hints that the spinel struc-
ture of these synthesized powders can be represented
as (Mn,Zn; _,)O-Fe 03, which means the ratio of
([IMnO] + [ZnO]) : [Fe;O3] is 1 : 1 in spinel structure.
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Then if [Fe, O3], the concentration of Fe;O3 in synthe-
sized powder, is more than the summation of [MnO and
[ZnO] (in mole%) in synthesized powder, it would have
free Fe; O3 (= ([Fe, 03] — ([MnO] + [ZnO])) existing
in synthesized powders. The reaction scheme therefore
can be written as [18]:

xMn*T + (1 — x)Zn** + (24 2y)Fe*t + (8 4+ 6y)OH~

— Mn,Zn; _,Fe;04 + yFe,03 + (4 4+ 3y)H,0
()

The x and 1 — x values in Equation 1 mean the mo-
lar fraction of [MnO]/([MnO]+ [ZnO]) and [ZnO]/
([IMnO] + [ZnO]) in spinel structure of synthesized
powders, respectively; y value means the amount of free
Fe, 03 existing in powder after hydrothermal process.
However, it should be mentioned that the definition of
x value here may be not suitable for the as precipi-
ated powders of A1-Oh and A2-Oh. The composition
of synthesized powders by ICP analysis were then rep-
resented as (Mn, Zn; _,)O - Fe; O3 + yFe,O3 by which
the x and y values of each synthesized powder can be
calculated.

Dependence of x and y values on R value and
hydrothermal time are shown in Fig. 2A and B,
respectively. The x values (Fig. 2A) of synthesized
powders increase with increasing R value for both
Al and or A2 series. This result reveals that powder
synthesized at a higher R value owns a spinel structure
with a larger value of Mn/Zn ratio as compared to that
synthesized at a lower R value. In addition, Fig. 2A
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Figure 2 Dependence of x and y value on (A) R value and (B) hy-
drothermal time according to the powder composition definition of
(Mn,Znj — )O - Fe;03 + yFe>O3. The powder compositions were cal-
culated from ICP analysis data.



also shows that the y value (i.e., [Fe;O3] in synthesized
powder) increases with R value, which is consistent
with the result obtained from XRD analysis (Fig. 1).
Therefore, with the increase of R value, there would be
more amount of Zn>*ion not capable of occupying the
lattice of spinel structure, and thus makes more excess
amount of Fe**, not matching the stoichiometric
composition of sponel ferrite, to from «-Fe,O3 during
hydrothermal processing.

Fig. 2B shows that all the x and y values of Al-
Th and A2-Th first decrease and then increase with
increasing hydrothermal time. However, the amplitude
of variation of x and y values for A1-Th and A2-Th
powders are quite different.

For A1-Th powders, with the increase of hydrother-
mal time, the x and y values of synthesized powders
first decrease at hydrothermal time =1 h, and then in-
crease a little at hydrothermal time 22 h. While for
A2-Th powders, as the hydrothermal time increases,
the x and y values of synthesized powders first de-
crease at hydrothermal time =2 h, and then increase a
lot at hydrothermal time 22 h. The trends of the de-
pendence of x and y values on hydrothermal time for
Al-Th and A2-Th powders are similar. However the
variation of the x and y value with the increase of hy-
drothermal time for A2-Th powders are much larger
than that of A1-Th powders. These facts indicate that
hydrothermal time plays a more significant effect on
the compositions of A2-Th powders. However, there
exists a similar trend of x and y value variation at hy-
drothermal time of 8—16 h, where the x and y values of
synthesized powders keep almost unchanged for both
A1-Th and A2-Th powders.

Besides, it can be found that the variation of y
values of synthesized powders is consistent with the
result of spinel ratio of synthesized powders listed in
Table II. That is the larger the y value the lower the
spinel ratio of synthesized powders, indicating that the
results obtained from ICP analysis match the results
from XRD analysis.

3.1.3. Crystallite size of synthesized
powders

The dependence of crystallite sizes of «-Fe,O3 and
spinel ferrite in synthesized powders on the R value and
hydrothermal time is shown in Table II. It is found that
both the crystallite sizes of a-Fe,O3 and spinel ferrite
increase with increasing R values. As the hydrothermal
time increases, the particle sizes of «-Fe; O3 and spinel
ferrite for both series also become larger at hydrother-
mal time =8 h, then keep almost the same. However, the
particle sizes of «-Fe,O3 and spinel ferrite in A2-Th
are larger than in A1-Th powders.

3.1.4. Variation of X-ray diffraction angle
(20) of diffraction line (311) of spinel
ferrite

XRD patterns of powders synthesized at different hy-

drothermal time and R value (alkalinity), in a low scan-

ning speed of 0.12°/min are shown in Figs 3 and 4,

respectively. With the increase of R value, the diffrac-
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Figure 3 XRD patterns of (A) A1-RY and (B) A2-RY powders hy-
drothermally synthesized at 150°C x 2 h, at series R values (alkalinity)
of 2, 3 and 6, in a low scanning speed (0.12°/min) of X-ray diffraction
analysis.
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Figure 4 XRD patterns of (A) Al-Th and (B) A2-Th powders hy-
drothermally synthesized at 150°C with a R value (alkalinity) of 3 and
at hydrothermal time of (a) 2 h, (b) 4 h, (c) 8 h, and (d) 16 h, in a low
scanning speed (0.12°/min) of X-ray diffraction analysis.

tion angle (26) of spinel ferrite (311) of A1-RY and
A2-RY powders (i.e., only shows XRD patterns of R
values of 2, 3 and 6) shifts to a low diffraction angle
position (Fig. 3). Besides, the diffraction angle (26) of
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TABLE III Relative green densities of A1-RY green bodies, and rel-
ative sintered densities and spinel ratios of A1-RY specimens sintered
at 950°C for 2 h in N, atmosphere

Sample Spinel Relative green Relative sintered
name ratio (%) density (%) density (%)
Al-R2 91.1 41.6 94.5

Al1-R3 81.1 432 99.8

Al-R4 71.9 433 96.6

A1-R5 66.8 44.8 98.4

A1-R6 54.7 48.4 99.4

spinel ferrite (311) of A1-Th and A2-Th powders also
shifts to a lower angle position with the increase of hy-
drothermal time from 2 to 8 h, and keeps unchanged at
hydrothermal time of 8-16 h (Fig. 4).

3.2. Properties of sintered bodies

Fig. 5 shows the dilatometric curves of green compacts
of A1-RY specimens, performed at 950°C x 2 hin N,
atmosphere. It is found that the temperatures that the
green compacts begin to shrink at increase with increas-
ing R values for A1-RY specimens, and range from
510°C (R =2) to 650°C (R = 6). After being sintered
at 950°C for 2 h, the shrinkage (24-20%) of each spec-
imen decreases as the R value increases and the rela-
tive sintered density of each specimen reaches a value
of 94.5-99.8%. In addition, a retardation on shrinking
for the green compact of A1-R2 specimen is found at
around 700°C. (i.e. possible reason will be introduced
in the discussion.)

XRD patterns of A1-RY specimens, sintered at
950°C x 2 h in N, atmosphere are shown in Fig. 6.
XRD patterns of all the A1RY-2h sintered show the
existence of spinel phase and «-Fe, O3 peaks. Besides,
the intensity of «-Fe,O3 peak increases with increas-
ing R value indicating that the spinel ratios of A1-RY
sintered specimens would decrease with increasing R
value (Table III). Such a trend is similar to that of Al-
RY synthesized powders (Table II).

4, Discussion
4.1. Powder characteristics
4.1.1. Composition and phase

of synthesized powders
Based on the experimental results, it is concluded that
both R value and hydrothermal time have a great ef-
fect on the composition and phase of hydrothermally
synthesized manganese zinc ferrite powders. The pos-
sible reasons for the dependence of composition and
phase on R value and hydrothermal time are suggested
as follows.

4.1.1.1. Effect of R value. In the initial stage of hy-
drothermal process, the hydrothermal environment
force more amount of Zn>* to form Zn(OH)y(), which
can further react with Mn(OH),, and Fe(OH)3) to
form spinel ferrites. However, Zn(OH),() is ampho-
teric and can dissolve in an excess of the base to form
Zn(OH)i_. The related reactions, and K, (solubility
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Figure 5 Dilatometric curve of A1-RY specimens, heated to 950°C and
hold for 2 h, in N, atmosphere.
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Figure 6 XRD patterns of A1-RY specimens, sintered at 950°C x 2 h
in Ny atmosphere.

product) or K¢ (formation constant) for these reactions
are shown as follows.

Zn’* 4+ 20H™ — Zn(OH)y ()
Ky =[Zn**]-[OH P =2x 107"
Zn(OH)ys) + 20H™ — Zn(OH);~ (3)
K¢ = [Zn(OH); | /[OH* = 0.13

Zn*" 4+ 40H™ — Zn(OH);~ 4)



K¢ = [Zn(OH);"]/[Zn**] - [OHT*
= 0.13/2 x 107* = 6.5 x 10'?
xMn(OH)ys) 4 (1 — x)Zn(OH)y() + Fe(OH)3(
— Mn,Zn;_,Fe;O4 + H,O ®))

where the [Zn?*] and [Zn(OH); ] mean the equilib-
rium concentration of Zn>* and Zn(OH) 4 in the reac-
tion suspension.

When the R value of starting suspension (Al or A2)
increases (i.e., a larger pH value), there would be more
amounts of OH™ existing in reaction suspension during
hydrothermal processing. From the equilibrium forma-
tion constant of Equation 4, it is noted that when there is
more amounts of OH™ existing in reaction suspension,
there would also form more amounts of Zn(OH)if in
reaction suspension during hydrothermal processing,
which means more loss of Zn ions, and indicates why
powders synthesized at a higher R value have a larger
value of [AZnO] (Table II). And thus, more iron ox-
ide present in powder synthesized at a higher R value
could have originated from Fe(OH);(s) that did not form
ferrite because of the shortage of Zn(OH)().

When the R value for starting suspensions of Al
and A2 is the same, the [OH™] in each reaction sus-
pension is almost the same (i.e., the pH value for Al
and A2 reaction suspension under the same R value is
nearly the same). Therefore, the ratio of [Zn(OH)i_]/
[ Zn*t] should be the same for Al and A2 reaction
suspension under the same R value (Equation 4), and
hence indicates that there will be fixed ratio of [Zn>*]
in starting suspension forming Zn(OH)if without con-
solidation during hydrothermal processing. This phe-
nomenon means that when a starting suspension having
a higher [Zn?*] would have a larger amount of Zn ions
loss during hydrothermal synthesis.

4.1.1.2. Effect of hydrothermal time. In general, the
mechanism for the formation of spinel ferrite dur-
ing hydrothermal synthesis is suggested as follows:
metal ions in the reaction suspension form M(OH),
first, then further react with each other to yield spinel
ferrites according to stoichiometric composition of
(Mn,Zn; _,)O-Fe,0O3. As mentioned above, a start-
ing suspension with a higher [Zn>*] will form more
amount of Zn(OH)Z‘ during reaction. The latter will
lose in filtration process. Finally, the reaction system
with a higher [Zn*1], i.e., A2-Th series, will loss more
amount of Zn ions.

In a previous study [23], the formation of Mn-ferrite
is found to be easier than that of Zn ferrite. There-
fore, the Mn?* ion may enter the lattice of spinel
ferrite prior to Zn>* ion during hydrothermal pro-
cessing. With the increase of hydrothermal time, the
Zn** ion will slowly enter into the lattice of spinel
ferrite, and thus makes the [AZnO] value of synthe-
sized powders to decrease with increasing hydrother-
mal time. However, the formed spinel ferrite maybe fur-
ther reacts with OH™ [16] according to the following
reaction:

Mn,Zn; _ ,Fe;O4 + (1 — x/a)OH™
+ (1 —x/a)H,0 2 (1 — x/a)Zn(OH);~
+ (1 — x/a)Fe;03 + x/aMn,Zn,_,Fe;04  (6)

where the a value is larger than x value.

The above reaction will cause more loss of Zn ions
loss and produce more amount of a-Fe,Os3 as the
hydrothermal time is longer (Table II). Hence, the
a-Fe, O3 peak found in the XRD patterns of powders
synthesized at hydrothermal time of =4 h can be due
to more amount of w-Fe,O3 existing in these powders
(Table II).

The reason why the formed spinel ferrite will further
react with OH™ to form Zn(OH)Z‘ and produce more
amount of «-Fe, O3 for longer hydrothermal time can
also be explained by Equation 6 as follows:

With the increase of hydrothermal time, the spinel
ferrite may approach to a more stable structure (i.e., a
suitable Mn/Zn ratio in spinel structure). In Equation 6,
the reaction toward left means to form a spinel struc-
ture with a lower Mn/Zn ratio. On the other hand, the
reaction toward right due to the formation of Zn(OH); ™
means to form a spinel structure with a higher Mn/Zn
ratio.

As mentioned above, with the increase of hydrother-
mal time, the Mn?* prior to Zn>* enter into the spinel
structure to form manganese zinc ferrite. It is noted
that A2 reaction suspension contain more amount of
Zn(OH)i_ as compared to Al reaction suspension
(Equation 4). According to the Equation 6, it can be
understood that a reaction suspension with a higher
[Zn(OH)if] is easier to make the reaction shift toward
left according to the Le Chatelier’s principle, leading
to that the spinel ferrite from A2 suspension is easier
to react toward to the left than A1 reaction suspension.
Therefore, powders synthesized from A2 suspension is
tend to have lower Mn/Zn ratio than that of the spinel
ferrite from A1 suspension.

Here, it can be further concluded that A2 starting sus-
pension contains a lower amount of [Mn>*] (or higher
amount of [Zn%*]), so that only much lower fraction of
Zn* ion in the starting suspension can enter into the
lattice of spinel ferrite (i.e., as compared to A1 starting
suspension) according to the final stable spinel struc-
ture. Then, more amounts of Zn%t ions will loss dur-
ing hydrothermal synthesis for a longer hydrothermal
time (2-8 h). When the hydrothermal time increases
up to 28 h, the compositions of both the A1-Th and
A2-Th powders keep nearly unchanged, meaning that
the each series of hydrothermally synthesized powders
(A1-Th or A2-Th) have individually reached its final
stable spinel ferrite structure at this moment.

It is noted that both the amount and particle size
of a-Fe;03 in AX-RY synthesized powders increase
with the increase of R value. The powders synthe-
sized at lower R values (i.e., R =2 and 3) have lower
amount of «-Fe;O3 and the particle size of o-Fe,03
in AX-RY synthesized powders is smaller than that of
powders synthesized at higher R values (i.e., R=4, 5
and 6). Thus, no a-Fe, O3 peak in the XRD patterns of
AX-RY powders (Fig. 1) synthesized at R =2-3 and
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150°C x 2 h, may be due to a lower degree of powder
crystallinity and a lower amount of «-Fe, O3 existing in
these powders.

Because the crystallite sizes of a-Fe,O3 and spinel
ferrite of AX-Th powders increase with the increase of
hydrothermal time, powders synthesized at hydrother-
mal time of =2 h own smaller particle sizes . How-
ever, it can be found that the y values (i.e., the con-
tent of «-Fe,O3 obtained from ICP analysis) of the
A2-0.5h and A2-1h are obviously much larger that
those of A1-0.5h and Al-1h powders. These results
indicate that «-Fe, O3 peak appearing in the XRD pat-
terns of A2-0.5h and A2-1h powders is mainly due to
more amount of a-Fe,03 existing in powders, while
no a-Fe, 03 peak in the XRD patterns of A1-0.5h and
Al-1h powders may be mainly due to a lower degree
of powder crystallinity and a lower amount of «-Fe,; O3
existing in these powders.

It should be noted that the y values of A1-Th pow-
ders synthesized at hydrothermal time =4 h are only
a little larger that of A1-2h powder (i.e., the same as
A1-R3 powder), while the y values of A2-Th powders
synthesized at hydrothermal time = 4 h are much larger
than that of A2-2h powder (Fig. 2B). As indicated in
Fig. 1, there is no a-Fe,O3 peak appearing in the XRD
patterns of Al-2h (or A1-R3) and A2-2h (or A2-R3)
powders. Therefore, the o-Fe, O3 peak appearing in the
XRD patterns of A1-4h—A1-16h may be mainly due to
their higher crystallinity of «-Fe,O3 powder as com-
pared to that of A1-2h powder, while the a-Fe, O3 peak
appearing in the XRD patterns of A2-4h—A2-16h are at-
tributed to not only the higher crystallinity of a-Fe,O3
phase but indeed also more amount of «-Fe, O3 existing
in these powders as compared to that of A2-2h powder.

4.1.2. Relation between crystallite size and

the variation of X-ray diffraction

angle (20) of diffraction line (311)

of spinel ferrite
As the R value or hydrothermal time increases, the
X-ray diffraction angles (260) of diffraction line (311)
of spinel ferrite of synthesized powders have a trend
to shift to a lower angle (Figs 3 and 4), then locates
at the same position when hydrothermal time is =28 h.
The authors of this article have proposed the shift of
X-ray diffraction angles of spinel ferrite (311) for pow-
ders synthesized at different R values (alkalinity) may
be due to different compositions of spinel structure
(i.e., the composition for the spinel ferrite has changed)
(Fig. 2) according to the Bragg’s law. However, the shift
of diffraction angles of spinel ferrite (311) may also
caused by the variation of particle size of spinel ferrite.
Because, when considering the relation between the
particle size and diffraction angles (26) of line (311) of
spinel ferrite of synthesized powders, it is noted that the
trend of the variation for the crystallite sizes of pow-
ders is similar to that for X-ray diffraction angles (20) of
diffraction line (311) of spinel ferrite. That is, the larger
the particle size of spinel ferrite (i.e., for powders syn-
thesized at a higher R value or a longer hydrothermal
time) the lower the diffraction angle will be.
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Therefore, it may conclude that both the composition
of spinel ferrite structure and particle size of powder
may cause the shift of the X-ray diffraction angle.

4.2. Properties of sintered body

The fact that the temperature for the green compact of
A1-Ry beginning to shrink at increases with increasing
R value could be attributed to the characteristic varia-
tion of the powders. It is known that the particle size of
synthesized powders increases with R value (Table II).
In general, the larger the particle sizes, the higher the
sintering temperature needed for the green compact.
Besides, there is more amount of «-Fe, O3 in the form
of large grain (Table II) existing in powders synthe-
sized at a higher R value. The a-Fe,O3 with of large
grain may acts as a second phase and inhibits the initial
sintering of ferrite powder within the green compact.

The result that the shrinkage of green compact of
A1-RY powders decreases with increasing R value can
be attributed to difference on green density and particle
size of the powder. It is found that the green densities of
A1-RY specimens increases with R value (Table III).
Generally, the larger the green density, the smaller the
shrinkage after sinterung. In addition, the powders syn-
thesized at a higher R value has larger particle size
as compared to the powders synthesized at a lower R
value (Table II). A particle with larger size will be less
active, and hence lower in sinterability. However, par-
ticles wuth smaller sizes will be easier to agglomerate,
resultimg in lower density in green compact.

As shown in Fig. 5, there is retardation on shrinkage
for A1-R2 specimen at around 700°C. The reason for
this phenomenon is still uncertain. However, it is found
that there are more amount of amine complexes and
hydroxide complexes existing in A1-R2 powder than
in the other powders (A1-R3-A1-R6) [19]. These im-
purities (amine complexes and hydroxide complexes)
may decompose and inhibit the shrinkage of green com-
pact during heating to an elevated temperature around
700°C.

The evaporation of ZnO (which decomposes to Zn
and O;) of hydrothermally synthesized powders gen-
erally occurs at temperature above 1050°C [17]. This
indicates that the compositions of A1-RY specimens
after sintering at 950°C for 2 h would not change as
compared to the corresponding synthesized powders.
Therefore, The result that the spinel ratios of sintered
specimen decrease with increasing R value (Table I1I)
may be attributed to no composition variation after
sintering.

It can be noted that XRD patterns of A1-R2 and
A1-R3 powders do not show the existence of a-Fe, 03
peak (Fig. 1), while those of A1-R2 and A1-R3 sin-
tered specimens show the existence of «-Fe,O3 peak
(Fig. 6). As mentioned above, the compositions of sin-
tered specimens should be nearly the same as that of
the corresponding synthesized powders under the same
R value due to no evaporation of ZnO during sintering.
The existence of «-Fe,O3 peak in the XRD patterns
of A1-R2 and A1-R3 sintered specimens confirms that
no «-Fe;O3; peak appearing on the XRD patterns of
A1-R2 and A1-R3 powders may be due to less powder



crystallinity, which is beyond the limitation of X-ray
diffraction analysis.

5. Conclusions

(1) The R value and hydrothermal time have a great ef-
fect on the compositions and phases of hydrothermally
synthesized manganese zinc ferrite powders, especially
on powders synthesized from a starting suspension with
a higher content of Zn ions.

(2) Powders synthesized from a starting suspension
with a higher content of Zn ions (or lower content of
Mn?*) may approach to a stable spinel structure with
a lower Mn/Zn ratio as hydrothermal time is longer.
When the hydrothermal time increases up to 28 h,
manganese zinc ferrite powders hydrothermally syn-
thesized from suspension containing different amount
Mn** and Zn?* ions have individually reached its final
stable spinel structure.

(3) Factors affecting the position of diffraction angle
(20) of the spinel Mn-Zn ferrite (311) of powders may
include both the compositions of spinel ferrite structure
and crystallite sizes (or particle sizes) of powders.

(4) The temperature that the green compact begins to
shrink at increases with increasing R value, and ranges
from 510°C to 650°C. After being sintered at 950°C for
2 hin Ny, the relative sintered density of each specimen
reaches a value of 94.5-99.8%.
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