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Abstract—The influence of compaction pressure during semidry compaction in a steel mold of zirconia pow-
der partially stabilized by yttria on the phase composition and microstructure of formed compacts, as well as
samples sintered at 1400°C for 2 h, is investigated. An aqueous solution of polyvinyl alcohol is selected as a
temporary manufacturing binder. The yttria content in the powder synthesized according to the sol–gel tech-
nology (the deposition by an aqueous-ammonia solution from aqueous ethanol solutions of corresponding
reagents with the agar-agar additive) is 3.2 mol % according to the X-ray f luorescent analysis data. The results
of studying the compacts and sintered samples by Raman spectroscopy, optical microscopy, and atomic force
microscopy are presented. It is established that an increase in their density is not monotonic. There is the crit-
ical range of compaction pressures P = 400–450 MPa, in which the porosity, pore shape and sizes, micro-
structure, and phase composition of the material vary abruptly. A monoclinic phase, the content of which
varies upon varying P, is fixed in compacted samples along with tetragonal zirconia. Material grain grinding
is associated with the destruction of agglomerates and actively occurs in range P = 350–550 MPa. A similar
effect when studying the compaction process of nanopowders of zirconia is also noted by other researchers,
who assumed that the response of the nanopowder system on the pressure effect is associated with the influ-
ence on the aqueous component (the temporary manufacturing binder in this case) and is caused by the tran-
sition of one form of water into another one at 10–25°C and a pressure of 400–700 MPa.
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INTRODUCTION
Currently, numerous methods of fabricating both

metallic and ceramic nanopowders are developed
[1‒3]. However, not nanopowder itself, but the bulk
porous or compact ware based on it is of interest in the
overwhelming majority of cases. When fabricating it,
the advantages of the nanostructured materials are
retained if possible. The formation of wares from
nanopowders is a rather complex problem because the
compact or porous billet always inherits the structural
features of the initial powder [4, 5]. To attain the opti-
mal characteristics of materials, nanopowders formed
by various methods require various compaction con-
ditions.

The authors of [4–7] studied the dry compaction
of nanopowders with the application of the ultrasonic
impact. The developed technology makes it possible
to fabricate complexly shaped wares with high physi-
comechanical characteristics. Herewith, nanopow-
ders used for the compaction should have good fluid-
ity such as that inherent, for example, in plasmachem-
ical powders [8].

Powders fabricated by chemical methods have low
fluidity and are prone to poorly controllable aggrega-
tion, while high interparticle friction considerably
complicates their compaction [9]. Nevertheless, the
synthesis, for example, of various variants of sol–gel
technology is used rather often because it makes it
possible to vary the properties of powders. For exam-
ple, the fabrication method of nanopowders by the
reverse precipitation by ammonia from aqueous alco-
hol solutions of salts with polymer additives, which
was developed at the Scientific Center of Powder
Materials Science (Perm National Research Polytech-
nic University, Perm) [10], makes it possible not only
fabricate powders with a narrow particle-size distribu-
tion, but also, when varying the polymer additive, vary
the particle size. The compaction of such powders can
be performed by semidry uniaxial compaction when
using the temporary manufacturing binder and pre-
liminary agglomeration [11].

The goal of our work is to investigate the influence
of the compaction pressure on the phase composition
and microstructure of zirconia samples stabilized by
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Fig. 1. Dependence of apparent density of compacted
samples on the compaction pressure.
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yttria. The zirconia powder stabilized by 3.5 mol %
Y2O3 (the calculated amount for the synthesis) was
used as the main object of the investigation.

EXPERIMENTAL

The powder was fabricated under laboratory condi-
tions according to sol–gel technology.

The sol preparation and its coagulation were per-
formed according to the procedure developed earlier
from aqueous-ethanol solutions of salts with the addi-
tion of water-soluble polymer—agar-agar [10].
Reagents of chemical purity and analytical grade were
used for the synthesis, notably, ZrOCl2 · 8H2O,
Y(NO3)3 · 6H2O, 25% aqueous ammonia solution,
natural agar-agar polymer, 96% ethanol (C2H5OH),
and distilled water. The precipitate was calcined at
550°C. The specific powder surface determined
according to the thermal desorption method was
67 m2/g, while the particle size calculated by the spe-
cific surface was 15 nm.

To improve compaction [11], mechanical treat-
ment of the powder was performed using a SAND
planetary mill in chalcedony drums with chalcedony
milling bodies at a revolution rate of 160 rpm for
30 min. Activation was performed in an aqueous
medium with the addition of 0.5 wt % agar-agar (with
the weight ratio balls : powder : water = 2 : 1 : 1).

The formation was performed by steel cold semidry
uniaxial compaction in a steel mold under pressure
P = 200–800 MPa with an interval of 50 MPa. The use
of a narrower interval lowers the reliability of results
because of an insufficient accuracy of the compacting
equipment. The 4% aqueous solution of polyvinyl
alcohol was used as a temporary manufacturing
binder. The binder was removed upon heating samples
to 800°C without holding. Sintering was performed in
air medium at 1400°C with holding of 2 h.
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The yttria content was determined using an
EDX-800HS X-ray f luorescent spectrometer (Shi-
madzu, Japan). The apparent density of compacts was
evaluated by the weight ratio and geometrically deter-
mined volume of the samples. The open porosity of
sintered samples was investigated according to GOST
(State Standard) 2409–2014.

Images of compacted samples after annealing of
the temporary manufacturing binder [12], which were
fabricated using an Axiovert 40MAT inverted metallo-
graphic microscope of reflected light (Carl Zeiss, Ger-
many), were analyzed using the VideoTesT-Mas-
ter:Struktura program. The total porosity was deter-
mined and the pore distribution by size, average and
equivalent diameters, and the form factor were inves-
tigated.

The phase analysis of fabricated samples was eval-
uated by Raman spectroscopy using a Senterra multi-
functional spectrometer (Bruker, Germany) at the
emitting laser wavelength of 532 nm [13]. The content
of a monoclinic modification was determined indi-
rectly by the ratio of intensities of peaks of a mono-
clinic and tetragonal modifications [14, 15] according
to the following formula:

where upper indexes are referred to the combination
shift of characteristic peaks, while the lower indexes,
correspondingly, show the peak attribution to a mono-
clinic (m) or tetragonal (t) phase; coefficient k = 0.97.

To reveal the surface microstructure, microslices of
sintered samples were subjected to high-temperature
etching at 1250°C for 30 min in air atmosphere [16].

The surface microstructure of microslices of sin-
tered samples was investigated by atomic force micros-
copy using a Solver Next scanning probe microscope
(NT-MDT, Russia). The data were treated using a
Gwyddion software. The surface microstructure was
investigated using a VEGA3 (TESCAN, Czech
Republic).

The crack-resistance tests of samples were per-
formed by the indentation of the polished surface of
microslices by a Vickers pyramid using a TU-2137
hardness meter under a load of 98.1 N. The length of
diagonals of the imprint and cracks forming in its
angles were measured using an Axiovert 40MAT digi-
tal inverted microscope (Carl Zeiss, Germany) with
the visualization and documentary photograph sys-
tem. The crack-resistance coefficient (KIc) was deter-
mined according to the Niihara formula [17, 18].

RESULTS AND DISCUSSION
Figure 1 shows the dependence of the apparent

density of compacted samples on the compaction
pressure. Confidence intervals of measured quantities
are ±0.03–0.04. It is noteworthy that the results are
approximated well by two straight lines, and a consid-
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Table 1. Results of analysis of surface images of compacted samples

* After annealing the temporary manufacturing binder.

Sample no. Р, MPa Ptot, %

Pore content, %

dav = 0.3–3.0 μm deq = 0.7–2.3 μm Shape factor is 0.91–1.00,
rel. units

I 350 18 58 53 72

II 550 16 72 64 81
erable variation in density is fixed in compaction pres-
sure range P = 400–450 MPa.

Similar results are found for several series of the
samples with the content of the stabilizing zirconia
additive of 3–4 mol %. The deviations from the
straight line of compact density at P = 300 and
550 MPa were not taken into account because their
confidence intervals are overlapped with those of
neighboring points.

The porosity and phase composition were studied
for compacted samples I (P = 350 MPa) and II (P =
550 MPa) as typical representatives of their groups.
The temporary manufacturing binder was prelimi-
narily annealed at 800°C. The results of an analysis of
images recorded using an Axiovert 40MAT inverted
reflected-light metallographic microscope are pre-
sented in Table 1. The analysis is performed using the
VideoTest-Master:Struktura program. Despite an
insignificant decrease in total porosity (Ptot) with an
increase in the compaction pressure, we can note an
increase in the content of fine pores (dav = 0.7–3.0 μm)
from 58 to 72% of their total amount, a decrease in the
equivalent diameter of pores (deq), and an increase in
amount of pores with shape close to spherical.

The experiments were performed for nonsintered
samples. The substantial difference in the results of
measuring the apparent density (Fig. 1) and, corre-
spondingly, apparent porosity by the geometric
method1 and porosity (gap) (Table 1) point to the fact
that compact pores are mainly very fine (<0.3 μm) and
are not determined using a metallographic micro-
scope.

The phase composition was evaluated by the
Raman spectroscopy. As far as the main phases in
materials based on zirconia are monoclinic, tetragonal
transformable, tetragonal untransformable, and cubic
[19], the content of a monoclinic phase is very import-
ant. The possibility of its conservation and/or forma-
tion in the wares determines both a decrease in strength

1 The hydrostatic weighing method is unsuitable for compacted
samples.
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up to the fracture and the transformation strengthening
effect, which, according to the commonly accepted
opinion [20], is the cause of an increased crack resis-
tance of materials made of zirconia.

The monoclinic phase content in the initial powder
according to Raman spectroscopy data was 23%. The
peaks of tetragonal and monoclinic modifications are
identified in the Raman spectra of both compacted
samples I and II, and the peaks of the monoclinic
modifications are most intense. Herewith, the shift by
3–4 cm–1 of wave numbers [14], which characterize
the highest peak intensity, can be caused by distinc-
tions in the preparation and recording of the samples.

Figure 2 shows the fragments of the Raman spectra
of compacted samples. Figure 2 shows the peaks in
region ν = 120–350 cm–1, the ratio of absolute inten-
sities of which is used when determining the content of
the monoclinic modification [14]. The amount of a
monoclinic modification in sample I was 22% (almost
the same as in the initial powder), and in sample II it
was 16%.

The presence of the cubic modification, which is
presented by one line in the Raman spectra [13], can
be fixed only indirectly upon the factorization
according to the Levenberg–Marquardt algorithm.
Figures 2b and 2c show the factorization using the
Gaussian function. The factorization was performed
in a semiautomatic mode, when the number of peaks
usually weakly depends on the operator, and the main
role is played by the device software.

In the first case, the factorization had led to two
peaks with wave numbers 614 and 639 cm–1 and, in the
second case, to three peaks with ν = 604, 630, and
640 cm–1. The integral intensity of peaks was 35 and
65% for sample I and 9, 49, and 42% for sample II.

The tetragonal shape of polycrystalline zirconia is
characterized by peaks with ν = 641, 473, 260, and
146 cm–1 [13] and the cubic one has peaks with 620–
630 cm–1. The peak of the monoclinic modifications is
fixed closer to 600 cm–1 according to the data of vari-
ous researchers [13].
l. 61  No. 2  2020
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Fig. 2. Fragments of Raman spectra of compacted sam-
ples I and II after removing the temporary binder.
(a) Peaks used when calculating the content of the mono-
clinic modification and (b) and (c) factorization of spectra
of samples I and II, respectively. Dotted lines note the
peaks found after spectrum factorization and the solid line
is the summary curve.
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Fig. 3. Dependence of open porosity of sintered samples
on the compaction pressure.
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Thus, the phase composition of samples I and II
under compaction pressures under study is different.
The content of the monoclinic modification decreases
with an increase in P according to the Raman spectros-
copy data, apparently due to the appearance of the
RUSSIAN JOURNAL 
cubic or tetragonal untransformable (t ') phases, the lat-
tice constants of which are almost identical [19, 21, 22].

The yttria content in both billets was 3.2–3.3 mol %
according to X-ray f luorescent analysis data.

Further investigations were performed for sintered
samples. The Raman spectroscopy data evidence the
absence of a monoclinic phase in them irrespective the
compaction pressure of billets.

Table 2 shows the results of the analysis for images
of microslices of sintered samples performed using the
VideoTest-Master:Struktura program. The variation
in the total porosity is nonmonotonic, and its mini-
mum at a compaction pressure of 500 MPa also corre-
sponds to the maximal content of pores with dav < 4.0 μm
and pores with a shape close to spherical.

Figure 3 shows the dependence of open porosity for
sintered samples (according to GOST 2409–2014) on
the compaction pressure. An almost twofold decrease
in porosity is noted in range P = 400–450 MPa in both
cases (Table 2, Fig. 3), although we speak about its dif-
ferent types determined by different methods. Sub-
stantial variations in the pore size and shape are fixed
in the same pressure range. The data of microslice
analysis images evidence that the samples compacted
at 350 and 500 MPa also enter the instability region.

Figure 4 shows SEM images of the surface of micros-
lices for sintered samples (P = 350 and 700 MPa)
recorded using a VEGA3 TESCAN scanning electron
microscope under a magnification of 50000×.
Recording was performed after high-temperature
etching at 1250°C for 30 min. A decrease in the grain
size with an increase in the compaction pressure is
fixed. It is also evident that P = 700 MPa does not pro-
vide the complete destruction of agglomerates in zir-
conia.

The grain size was calculated by profilograms of
AFM images using the Gwyddion software. The aver-
age size of grains compacted at 400 MPa was 307 ±
22 nm, and at 500 MPa—204 ± 47 nm. Refining the
material grains is associated with the destruction of
OF NON-FERROUS METALS  Vol. 61  No. 2  2020
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Table 2. Results of an analysis of images for microslices of sintered samples

Р, MPa Ptot, %
Pore content, %

dav = 0.3–4.0 μm deq = 0.3–4.0 μm Shape factor is 0.91–1.00, rel. units

250 24 66 70 72

300 28 63 64 70

350 16 74 79 79

400 26 62 65 70

450 12 74 75 84

500 9 76 79 86

550 16 69 71 81

600 16 70 71 83
agglomerates and actively proceeds in the range P =
350–550 MPa. The minimal grain size under a com-
paction pressure of 650 MPa already almost corre-
sponds to the particle size of the initial powder.

The authors of [9], who noted a similar effect,
assume that the response of the nanopowder system in
the pressure impact is associated with the influence on
the aqueous component (the temporary manufactur-
ing binder in this case) and is conditioned by the tran-
sition of one water form into another [23, 24]. This
transition in a temperature range of 10–25°C is fixed
under a pressure of 400–700 MPa and leads to a sub-
RUSSIAN JOURNAL OF NON-FERROUS METALS  Vo

Fig. 4. Fragments of SEM images of zirconia microslice

(а) 500 nm
stantial variation in the behavior of hydrogen bonds
that are able to actively affect nanopowders [9].
Microsized powders are not as sensitive to such
impacts.

The crack resistance coefficient (KIc) is considered
one of the main operational characteristics of zirco-
nia-based ceramics. Figure 5 shows the plot of its
dependence on the compaction pressure of the zirco-
nia nanopowder. An increase in KIc with an increase in
the compaction pressure is noted. Their largest spread
is fixed in range P = 400–450 MPa.
l. 61  No. 2  2020

s. (a) P = 350 and (b) 700 MPa. Magnification 50000×.

(b) 500 nm
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Fig. 5. Dependence of crack resistance of sintered samples
on the compaction pressure.
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CONCLUSIONS

The influence of pressure during the semidry com-
paction of zirconia nanopowder stabilized by 3.2 mol %
yttria in a steel mold on some characteristics of com-
pacts and sintered materials is investigated. It is estab-
lished that an increase in the density of compacts and
sintered samples is not monotonic. There is critical
range P = 400–450 MPa, in which a considerable vari-
ation in porosity, shape, and pore sizes of the material
takes place.

It is revealed that the phase composition depends
on the compaction pressure only for compacts. All
sintered samples contain the tetragonal phase exclu-
sively according to Raman spectroscopy data. A
decrease in the grain size occurs with an increase in
the compaction pressure due to the destruction of
agglomerates during compaction, and an increase in
the ceramic crack-resistance coefficient is observed.
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