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Abstract

Two-step sintering (TSS) has been employed in the current study to suppress the accelerated grain growth of NiFe,O,4 nanopowder compacts in
the final sintering stage. Experiments are conducted to determine the appropriate temperatures for each step. The temperature range from 1200 °C
to 1300 °C is effective for the first-step sintering (7)) due to its highest densification rate. The second-step sintering temperature (75) should be
within the kinetic window, where grain boundary diffusion is maintained but grain boundary migration is suppressed. The grain sizes of high
density (>98% theoretical density) NiFe,O, compacts produced by TSS are smaller than 700 nm, while that of those formed by CS are over
2.5 pm. The evidence indicates that the saturation magnetization of nearly full NiFe,O,4 ceramics is independent of grain size and likewise high,
with the corresponding values of approximately 54 emu/g. The Vickers hardness and fracture toughness both increase with the decrease of grain

size and porosity.
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1. Introduction

The outstanding attention has recently been devoted to full
dense ceramics with fine grain size, originating from
advantages of their unusual mechanical, optical and magnetic
properties [1-5]. Substantial research has been done on
reducing grain size to below 1 wm as well as reaching near
full density, aiming to quest for these promising functional and
structural properties. In the production process of ceramics,
sintering is the most significant procedure whereby interparticle
pores in a granular material are eliminated by atomic diffusion
driven by capillary forces [6]. Accordingly, sintering methods
play a major role in developing high density ceramics with fine
grain size. As various sintering methods proceed through
diverse mechanisms and densification kinetics, it is possible to
acquire sintered ceramics with desired microstructure. Several
sintering methods including conventional sintering (CS), spark
plasma sintering (SPS), hot isostatic pressing sintering (HIP)
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and microwave sintering (MW) have already been employed to
obtain nearly full dense ceramics [7-14]. Conventional
pressureless sintering is the most common low-cost approach
to sinter ceramics. Unfortunately, it is difficult to realize
densification without promoting grain growth, because both
processes of densification and grain growth are driven by
diffusion. Pressure-assisted methods such as SPS and HIP and
microwave sintering yield a rapid sintering rate, high density
and ultrafine grain structure. However, the limitations such as
high production cost, sophisticated equipment and shape
complexity make these hardly accessible and scarcely useful
for practical applications. Consequently, there is still a need for
an alternative technique for producing fully dense ceramics
with fine grain size in a simple way.

Chen and Wang [6] have developed an effective pressureless
method called two-step sintering (TSS) for the sintering of
Y,0s5. The Y,O5; nanopowder compacts are first heated to a
higher temperature (77) so as to achieve an intermediate
density, then cooled down rapidly and held at a lower
temperature (73) until there are fully dense. By this method,
the grain boundary diffusion is maintained but the grain
boundary migration could be frozen under pressureless
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conditions. Therefore, the grain growth in the final sintering
stage is suppressed successfully to obtain full dense Y,03
ceramics with nano-grains. The key elements in this method
reported by Chen and colleagues [6,15,16] are (a) reaching a
higher temperature (7,) to conduct the first-step sintering, (b)
achieving a critical density of p* > 75% theoretical density
(TD) to render pores unstable, and (c) lowering the temperature
to T, to conduct the second-step sintering during which there is
only densification and no grain growth. In addition to Y,03,
such TSS method has been successfully utilized for the
sintering of BaTiOz [16,17], Ni-Cu—Zn ferrite [16], ZnO
[18,19], 3Y-TZP [20], Al,O5 [21], TiO, [22] and SiC [23].

NiFe,0y is an attractive material usable in such applications
as high-density magnetic recording, magnetic fluids, micro-
wave absorbents, pigments, biomedical and clinical devices,
gas sensors, electronic devices and catalytic materials [24,25].
Furthermore, nickel ferrite matrix ceramic inert anode becomes
a preferred material for aluminum electrolysis for its high
corrosion resistance and high electrochemical stability in
molten cryolite-alumina [26,27]. These and other prospective
applications have, in recent years, led to growing interest in the
processing of nickel ferrite bulk ceramics. Most reports on the
fabrication of NiFe,O4 ceramics have been conducted by
conventional pressureless sintering, therefore, abnormal grain
growth could occur with ease. The brittle NiFe,O,4 ceramics
consisting of coarse grains as well as high porosity possess poor
fracture resistance and toughness, resulting to catastrophic
fracture easy as can. Hence, that limits their further structural
and functional applications. It is well-known that grain refining
as well as porosity decreasing is a promising route for
simultaneous increase of mechanical strength and fracture
toughness. Consequently, the need for high density NiFe;O,
ceramics with fine grain size has still not been satisfied
radically. So far, there are no published reports on fabrication of
high density NiFe,O,4 ceramics with fine grain size by means of
TSS.

In this work, NiFe,O, spinel nanopowder was synthesized
by a solid-state reaction route. Then the nanopowder compacts
were conducted by CS and TSS. CS and different TSS regimes
were designed to analyze the effects of T, and T, on the density
and grain size of obtained ceramics. High density NiFe,O4
ceramics with fine grain size were obtained by a properly
designed TSS regime in this research. The magnetic and
mechanical properties of NiFe,O,4 ceramics prepared under
various conditions were also investigated in details.

2. Experimental procedures
2.1. Nanopowder preparation

The NiFe,0, spinel nanopowder was synthesized by a solid-
state reaction route using ferrous sulfate heptahydrate
(FeSO,4-7H,0), nickel (II) sulfate hexahydrate (NiSO4-6H,0)
and sodium hydroxide (NaOH) as reactants and sodium
chloride (NaCl) as dispersant. The precursor was prepared by
adequately grinding the mixture, comprising reactants of
calculated proportion and 20 wt% NaCl, in an agate mortar for

about 15 min at ambient temperature. After calcining the
precursor in air at 800 °C for 1 h, NiFe,O,4 nanopowder was
obtained by washing away NaCl and Na,SO, salts and
unreacted reagents thoroughly with distilled water.

2.2. Sample compaction and sintering

The powder was uniaxially cold pressed at 300 MPa into
pellets with a diameter of 10.1 mm and a thickness of 3 mm.
Based on the NiFe,O, theoretical density of 5.37 g/cm”, the
average green density of the NiFe,O4 nanopowder compacts
was determined to be ~0.56 TD after pressing. Sintering of the
green bodies was carried out by conventional sintering and two-
step sintering methods. CS was carried out at 1000-1400 °C in
air with 50 °C temperature intervals and a heating ramp of
10 °C/min. The specimens were heated up to the highest
temperature without any holding time and then cooled down to
room temperature naturally in the furnace. In order to
determine the 7, for the first-step of TSS, the nanopowder
compact was heated with 10 °C/min from room temperature to
1400 °C without any holding time and then cooled down to
room temperature, while the linear shrinkage data was
simultaneously recorded by a dilatometer (DIL 402 PC,
NETZSCH, Germany). The linear shrinkage rate was obtained
by differentiating the measured linear shrinkage. In two-step
sintering, the samples were first heated at 10 °C/min to a higher
temperature T, then immediately cooled at 30 °C/min to a
lower temperature 7, and held there for isothermal sintering
with a dwelling time of 10-20 h.

2.3. Characterization

The as-synthesized nanopowder was characterized by X-ray
diffraction (XRD) (Model X’ Pert Pro, PANalytical, Nether-
lands) and transmission electron microscopy (TEM) (Model
Tecnai G20, FEI, USA). The average crystallite size (D) of the
NiFe,0, particles was estimated from the full width at half
maximum (FWHM) of the most intense diffraction line (31 1)
using the well-known Scherrer’s equation [28]:

0.89A
D=
Bcosb

6]

where A =0.154060 nm, the wave length of Cu Ko, g is the
broadening of diffraction line measured at half maximum
intensity (radians) and 6 is the Bragg’s angle.

For microstructural characterization, the sintered pellets
were first fractured and then studied using scanning electron
microscopy (SEM) (Model SSX-550, SHIMADZU, Japan). An
image analyzer calculated the mean grain size of the samples.
The densities of the sintered bulks were determined using
Archimedes’ method with deionized water as the immersion
medium. At least three samples were used to determine the
average grain size and density corresponding to each data point.

Magnetic properties of NiFe,O4 ceramics prepared by
various conditions were measured at room temperature using
vibrating sample magnetometer (VSM) (Model 7407, Lake
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Shore, USA) with an applied field of +10 kOe. For the VSM
test, the samples were processed from cylinder to cuboid with
the dimensions of 3 mm X 3 mm X 2 mm.

Vickers hardness and fracture toughness were carried out by
indentation method using Vickers hardness tester (450SVD,
TMS, China). Indentation test was conducted on polished
samples with a load of 10kg held for 20s at ambient
conditions. The length of each diagonal of the square shaped
Vickers indentation and crack length emanating the indentation
center were measured by SEM under secondary electron
imaging. The Vickers hardness (H,) was calculated from the
diagonal length of the indentation using the standard Vickers
formula [29]:

j2
Hy = 18544 )

where P is the applied indentation load and d is the mean value
of the diagonal length of the indentation. The resultant crack
length for each indentation has been estimated by taking the
average of all the crack lengths produced due to the indentation
and hence fracture toughness (Kjc) was calculated from the
following equation [30]:

EN'( P

where E is the Young’s modulus, H, is the Vickers hardness, P
is the applied indentation load and C'is the average crack length
emanating the indentation center.

3. Results and discussion
3.1. Nanopowder characterization

Fig. 1 shows the morphology of the NiFe,O4 nanopowder
calcined at 800 °C for 1 h. It can be observed that the particles

have a size range of 30-40 nm and a mostly polyhedral shape.
The diffractogram plotted in Fig. 2 presents the XRD pattern of

Fig. 1. TEM micrograph of as-synthesized NiFe,O4 nanopowder.
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Fig. 2. XRD pattern of as-synthesized NiFe,O4 nanopowder.

the NiFe,O4 nanopowder. All the diffraction peaks match
perfectly with the standard JCPDS data 01-086-2267, which is
the nickel ferrite card. The average crystallite size of the
NiFe,O4 nanopowder is determined to be 41 nm by means of
Scherrer’s equation (Eq. (1)), which is consistent with the result
of TEM.

3.2. Conventional sintering

The wvariations in relative density and grain size of
conventional sintered samples with sintering temperature are
sketched in Fig. 3. The relative density versus temperature plot
exhibits a slight sigmoidal shape in the temperature range of
1000-1400 °C while the grain size displays an upward concave
curve. No significant densification and grain growth are
observed below 1050 °C. The sintering rate increases
approximately linearly between 1100 °C and 1300 °C, resulting
in the relative density changing from 69.84%TD to 89.89%TD
and the average grain size increasing from 144 nm to 634 nm.
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Fig. 3. Relative density and grain size of conventionally sintered NiFe,O,
compacts as a function of sintering temperature.
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Fig. 4. SEM micrographs of conventional sintered specimens at (a) 1050 °C,
(b) 1250 °C, and (c) 1400 °C without any holding time, respectively.

Further increase in temperature (from 1300 °C to 1400 °C)
leads to a slight strengthening in density (up to 3.51%) whereas
aremarkable increase in grain size (1.56 pm at 1400 °C). Since
both densification and grain growth are aroused by diffusion,
whose mechanisms are dependent on temperature, the
temperature increases will clearly enhance a simultaneous
advance in density and grain size [22]. However, the

pronounced effects on density and grain size by temperature
increase are various at different sintering stages. Fig. 4 shows
SEM micrographs of conventional sintered specimens at (a)
1050 °C, (b) 1250 °C, and (c) 1400 °C without any holding
time, respectively. When the temperature falls below 1100 °C,
only the initial stage of sintering occurs, where the granules
adhere and sintering necks are formed, as presented in Fig. 4(a).
As the temperature increases, sintering necks grow and the
connected network of pores (as shown in Fig. 4(b)) is formed,
which exists throughout the second stage of sintering. The pore
pinning phenomenon, according to which the grain boundaries
are dragged by the existing connected network of pores, is
responsible for the continuous densification without note-
worthy grain growth [22]. With the beginning of the final stage
of sintering, however, the abovementioned connected network
of pores disintegrates and open pores collapse to the closed
ones. Such a situation induces an adequate movement of grain
boundaries and therefore a predicable remarkable grain growth
[18]. This is verified by Fig. 4(c), in which the pores become
independent and the grains grow dramatically. Consequently,
the grain growth eventually dominates above 1300 °C and leads
to a disapproved microstructural coarsening.

3.3. Two-step sintering

According to Chen and Wang [6], the success of two-step
sintering forcefully depends on the choices of temperatures 7
and T,. Based on the key elements for TSS aforementioned, the
intermediate density after the first-step sintering of TSS (7)
should be higher than 75%TD, corresponding to a state in
which all pores are unstable and shrinkable. Fig. 5 shows the
linear shrinkage rate as a function of temperature. It reveals that
the linear shrinkage rate, identifying with densification rate,
increases with the sintering temperature to a plateau in the
range of 1200-1300 °C and the decreases sharply from 1300 °C
to 1400 °C. Based on Hansen et al.’s sintering model [31], the
exhaustion of densification rate is associated with the final
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Fig. 5. Shrinkage rate against temperature for constant-heating-rate sintering.
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Table 1

Relative densities and grain sizes of NiFe,O,4 specimens under various heating parameters of two-step sintering.

Sample po (%) After first-step sintering After second-step sintering
T: (°C) ty (h) p1 (%) G (nm) T, (°C) 1 (h) p2 (%) G, (nm)
1 56 1200 0 81.13 288 1100 10 98.21 290
2 56 1200 0 81.13 288 1100 15 99.10 290
3 56 1200 0 81.13 288 1100 20 99.12 290
4 56 1200 0 81.13 288 1125 15 99.41 295
5 56 1250 0 86.07 416 1100 15 98.67 420
6 56 1250 0 86.07 416 1125 15 99.31 420
7 56 1250 0 86.07 416 1150 15 99.52 430
8 56 1275 0 87.88 492 1100 15 98.40 495
9 56 1275 0 87.88 492 1125 15 99.12 495
10 56 1275 0 87.88 492 1150 15 99.61 500
11 56 1300 0 89.89 634 1075 15 98.01 635
12 56 1300 0 89.89 634 1100 15 98.32 635
13 56 1300 0 89.89 634 1125 15 98.51 635
14 56 1300 0 89.89 634 1150 15 99.12 640
15 56 1300 0 89.89 634 1175 15 99.61 640

sintering stage or grain coarsening. According to Fig. 3, when
the sintering temperature is over 1300 °C, an obvious grain
growth is observed corresponding to the decrease of linear
shrinkage rate. As the state of the specimen after the first step
sintering critically affects the subsequent second step and the
final grain size of sintered specimens, the grain growth resulted
from over-heating in the first step should be as little as possible.
Therefore, the appropriate temperature 7' is set at the range of
1200-1300 °C where the corresponding relative density is from
81.13% to 89.89% and grain size is from 288 nm to 634 nm.

With regard to the determination of 7, for the second-step of
TSS, previous researches [6,15,16] have reported that it should
be restricted within a range, called the kinetic window, where
grain boundary diffusion needs to be maintained while grain
boundary migration is suppressed. It is worth noting that the
choice of T, is extremely considerable because the undesired
grain growth may be generated when the 7, is higher; in
contrary, an incomplete densification is attained owing to the
insufficiency of grain boundary diffusion. Previous successful
experiences for TSS exhibit that the 7, should be lower than T}
with a gap of 50-150 °C [6,15,16,18]. In this study, various TSS
regimes with different 7} and 7, were carried out to seek
favorable conditions for obtaining highly densified NiFe,O,
ceramic with extremely fine grain size.

During successful two-step sintering, the grain size should
remain constant in the second-step sintering whereas density
continues to increase, unlike in conventional sintering in which
the final stage densification is invariably accompanied by rapid
grain growth. Grain size-relative density trajectories of both CS
and TSS are depicted in Fig. 6. It is clear that grain growth
during the second-step sintering of TSS is suppressed.
Additionally, it is hardly to obtain high density ceramics by
mean of conventional sintering without sintering aids at
comparable temperatures. For example, only 87.12%TD was
obtained by conventional sintered NiFe,O, compacts at
1150 °C for 15 h.

Table 1 lists some of the successful two-step sintering
experiments. These experiments all achieved high density

(>98%TD) without obvious grain growth in the second step of
TSS. In spite of the increase of relative density with the
prolongation of holding time from 10 h to 20 h, the holding
time of the second-step (#,) is set as 15 h in the following TSS
regimes, which stems from the negligible increase of relative
density from 15h to 20h. Hence, the wasteful energy
consumption can avoid. Meanwhile, it is observed that a
higher 7, for the same T is mildly favorable to densify the
specimens, though a slight grain growth (less than 10 nm in
size) occurs. On the other hand, these experiments indicate that
the lowest starting density, namely critical starting density, for
the second-step sintering of TSS is approximately 81%TD,
somewhat higher than for Y,O3 (about 75%TD) [6,15].

For Y,053, there is a kinetic window expressed in grain size
(Gy) and T, for the second-step sintering of TSS, within which
high density without grain growth can be achieved as long as
the starting density is above critical value [6,15]. Similar
window determined for NiFe,O, is delineated in Fig. 7, where
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Fig. 6. Grain size versus relative density for specimens sintered by conventional
sintering and two-step sintering.
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Fig. 7. Kinetic window for the second-step sintering of TSS without grain
growth. Solid symbols are ones reaching high density without grain growth,
open symbols are unsuccessful ones with either grain growth (upper) or poor
density (lower).

solid symbols indicate samples successfully underwent the
second-step sintering to reach high density without grain
growth (as shown in Table 1). Open symbols below the lower
boundary line are conditions that densification was exhausted
despite no grain growth, and open symbols above the upper
boundary line are ones in which grain growth occurred at 75. In
common with Y,0;, the slope of the upper boundary line is
positive while the slope of the lower boundary line is negative,
namely spanning a wider temperature range with increasing
grain size. These similarities considerably imply similar
mechanisms contributing in second-step sintering, even though
the chemistry and crystal structures are various. The upper
boundary is explained by the driving force for grain growth
inversely proportional to grain size, so the temperature required
for finer grain growth is lower. The lower boundary is
interpreted by the threshold effect on interface kinetics. A
threshold energy or stress could cause the suppression of grain
boundary diffusion as long as its value is enough large caused
by fine grain size. This effect diminishes with the increase of
grain size, allowing the kinetic window to extend to lower
temperatures for larger grain size.

Micrographs relating fracture surfaces of specimens sintered
by two-step sintering and conventional sintering are shown in
Fig. 8. It is obvious that the grain size after two-step sintering is
extremely lower than that heated by conventional sintering. The
finest grain size (290 nm) is that of the ceramic sintered at
T;=1200 °C and T, = 1100 °C (15 h) by TSS. In contrast, the
coarsest grain size (2700 nm) is that of the sample densified by
conventional sintering at 1250 °C for 5 h, whose corresponding
density is 96.92%TD. For a further comparison, a sample was
prepared by conventionally sintering the powders, deriving
from solid-state interreaction between Fe,O5 and NiO, and its
SEM micrograph is depicted in Fig. 8(f) with a grain size of
about 7 pm (95.87%TD). These microstructure comparisons
give powerful evidence on the superiorities of two-step

sintering over other processing methods in obtaining high
density ceramics with fine grains. Actually, it is the first time
that such fine grain size is reported for nearly full dense
NiFe,O, ceramic.

3.4. Magnetic properties

Magnetic tests of the ceramics prepared by both two-step
sintering and conventional sintering were performed by
vibrating sample magnetometer at room temperature. The
saturation magnetization (Ms), determined from the obtained
hysteresis loops, as a function of grain size is sketched in Fig. 9,
where solid and open square symbols stand for specimens
obtained by two-step sintering and conventional sintering, as
presented in Fig. 8, respectively. As shown in Fig. 9, the
saturation magnetization is independent of grain size for nearly
full samples obtained from two-step sintering, according with
the result of high density NiCuZn ferrite prepared by TSS [16].
These values are around 54 emu/g, higher than that of the used
NiFe,O,4 nanopowder (46.5 emu/g, as shown in Fig. 9 using
triangle). Lv et al. [4] reported that the Mg value of NiFe,O,
ceramic with a mean grain size of 100 nm was 53 emu/g, in
accordance with our aforementioned values. It shows that
NiFe,04 ceramics with fine grains possess likewise high
saturation magnetization. In the same way, it indicates similar
magnetization originating from indirect exchange interaction
between tetrahedral and octahedral sublattices. The Mg values
of conventional sintered ceramics are somewhat lower than
those of nearly full ceramics, owing to their higher porosities.
The pores, both intragranular and intergranular, break exchange
bonds between magnetic moment of anti-parallel spins.
Therefore, the resultant magnetization would decrease.

3.5. Mechanical properties

The Vickers hardness and fracture toughness of specimens
prepared under various conditions are shown in Table 2, where
the samples (a)—(f) are obtained under the same condition as
that of Fig. 8(a)—(f), respectively. As indicated by Table 2, the
Vickers hardness increases with the decrease of grain size,
which is similar to the tendency of fracture toughness. For the
nearly full specimens prepared by TSS, the Vickers hardness
and fracture toughness gradually increase with the decrease of
grain size, indicating the grain size is the dominating factor. The
highest Vickers hardness and fracture toughness, whose values
are 8.47 GPa and 2.92 MPa m'?, respectively, are belonged to
the specimen sintered by TSS with a grain size of 290 nm.
Zhang et al. [32] reported that the values of Vickers hardness
and fracture toughness of NiFe,O4-matrix cermet containing
20% (mass fraction) Cu-Ni mixed powders as toughening
metallic phase were 3.81 GPa and 2.80 MPa m'?, respectively.
These values are both lower than that of sample (a), especially
for Vickers hardness. As shown in Fig. 8(a)—(d), the
intergranular fracture is the common feature of all the
specimens sintered by TSS, which indicates that the crack
extents along grain boundary. The smaller the grain size is, the
longer the crack propagation path is. Hence, the crack
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Fig. 8. SEM micrographs of dense NiFe,O, ceramics prepared by two-step sintering: (a) 290 nm (7' = 1200 °C, T, = 1100 °C/15 h); (b) 420 nm (7} = 1250 °C,
T, =1125°C/15 h); (c) 500 nm (T} = 1275 °C, T, =1150°C/15h); (d) 640 nm (7, =1300 °C, T, = 1150 °C/15h); and conventional sintering (e) 2700 nm
(T =1250 °C/5 h). (f) Sample conventionally sintered the powders from solid-state interreaction between Fe,O3 and NiO at 1250 °C for 5 h, 7 pm.
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Fig. 9. Saturation magnetization (Ms) versus grain size for NiFe,O,4 ceramics.
Solid and open square symbols stand for specimens obtained by two-step
sintering and conventional sintering, respectively. Triangle presents the Mg
value of the used NiFe,O,4 nanopowder.

deflection is the predominant mechanism for higher toughness
resulted in these samples. The conventional sintered samples,
however, exhibit considerably lower Vickers hardness and
fracture toughness values, attributing to the coarser grains and
higher porosities. The decrease of Vickers hardness is
associated with flaws of specimens such as pores and cracks.
On the other hand, the decrease of the fracture energy
dissipation resulting from flaws during the fracture process,
together with the transgranular fracture (as presented in
Fig. 8(e) and (f)), are both responsible for the decrease of

Table 2
Mechanical properties of NiFe,O, ceramics prepared under various sintering
conditions.

Sample Grain size Relative Vickers hardness ~ Fracture toughness
(wm) density (%) (GPa) (MPam'?)
a 0.29 99.10 8.47 2.92
b 0.42 99.31 8.36 271
c 0.50 99.61 8.31 2.64
d 0.64 99.12 8.24 2.56
e 2.7 96.92 7.15 1.89
f 7.0 95.87 6.23 1.24
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fracture toughness. These mechanical properties in this study
indicate, therefore, that with the decrease of grain size via two-
step sintering, not only does the hardness enhancement occur
but also the fracture toughness increase.

4. Conclusions

To summarize, high density NiFe,O4 ceramics with fine
grain size were successfully prepared by two-step sintering,
suppressing accelerated grain growth in the final stage of
sintering. The first-step sintering temperature 74 should be set
at the range of 1200-1300 °C due to its highest densification
rate. In this temperature range, the intermediate density after T
is over critical value as well as the grain size is submicron. The
kinetic window for achieving high density without grain growth
in the second-step sintering of TSS has a characteristic shape,
spanning a wider temperature range with increasing grain size.
The saturation magnetization of nearly full NiFe,O,4 ceramics is
independent of grain size and likewise high, whose correspond-
ing values are approximately 54 emu/g. The Vickers hardness
and fracture toughness are both enhanced by decreasing the
grain size and porosity. The highest values of Vickers hardness
and fracture toughness are 8.47 GPa and 2.92 MPa m'’? for the
nearly full NiFe,O,4 ceramic with the finest grain size (290 nm),
respectively. Therefore, the two-step sintering offers a
promising approach for preparing nearly full ceramics with
fine grain size in a simple way.
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