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Abstract:

The initial-stage of sintering plays a significant role in determining the final
microstructure that defines the main characteristics of electroceramics materials such as
functional properties. In this article non-isothermal sintering of non-activated and
mechanically activated SrTiO; samples was investigated up to 1300 °C. Dilatometric curves
indicate that mechanical activation leads to an earlier onset of sintering, suggesting that it
should lead to a more homogenous and denser sintered product. Analysis of the initial stage
of sintering reveals that the sintering process of all examinated samples consists of two or
three overlapping single-step processes, with a change in the dominant mass transport
mechanism. The values of apparent activation energy of the considered single-step process
exhibit a significant decrease with an increase in mechanical activation time. The values of
the density of samples after isothermal sintering indicate that the final stage of sintering has
not been reached by 1300 °C.
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1. Introduction

In the fabrication process of the advanced electroceramics materials, preparation
conditions, and especially sintering, are important factors which can significantly affect the
mechanical and functional properties of these materials [1, 2]. Strontium-titanate (SrTiOs) is a
very attractive functional electroceramic material because of its remarkably high dielectric
permittivity, tunability and low microwave loss [3, 4]. The high dielectric constant of SrTiO;
allows its usage in high-storage-density capacitors (dynamic random access memory-DRAM),
and various microwave devices [5-7]. These applications require materials with well-defined
microstructure: homogeneous micro-grains and low impurity levels [8]. Conventional
methods of obtaining SrTiO; produce large, non-uniform and agglomerated particles with
phase impurities, and require high-purity precursors, making them too expensive for industrial
production. One of the most used methods for modification of physico-chemical properties of
materials is mechanical activation of powders [9], which leads to a reduction of the particle
size, increase of the contact surface between particles, plastic deformation of particles,
generation of the different type of defects and the formation of soft agglomerates [10-12]. All
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these changes affect the sintering behavior of powders and influence the final properties of the
material.

During the sintering process, rapid shrinkage occurs while thermal equilibrium is
being established and stresses accompany the rapid heating necessary for isothermal sintering
studies [13]. Therefore, the initial part of the sintering process has been studied by measuring
densification of the powder compact under the constant rates of heating (CRH). The
advantage of this method is that it is fast and a single sample can be used to cover the entire
sintering range [14]. CRH method can also be combined with other non-isothermal methods,
such as Dorn's method, in order to determine the values of apparent activation energy of
sintering processes. A study of the influence of mechanical activation on sintering of
materials with perovskite structure has shown that the values of activation energy were lower
for activated powders compared to the non-activated one [15]. A study of sintering kinetics of
non-stoichiometric SrTiO3, where Sr/Ti ratios ranged from 0.997 to 1.02, indicated that the
values of the activation energy for the initial stage of sintering are relatively close to each
other for each ratio (540< Q < 674 kJ/mol) and identical transport mechanisms control the
densification process regardless of the sample stoichiometry [16]. The most recent studies of
sintering of SrTiO; have mainly been focused on grain growth in the final stage of sintering
[17-19].

Therefore, in this paper we have focused on the influence of mechanical activation on
the early stage mechanism of non-isothermal sintering of SrTiOs,.

2. Materials and Experimental Procedures

High purity commercial SrTiOz; powder (99 % purity, mean particle size< 5 pum) was
used as the starting material. Mechanical activation was conducted by ball-milling of 6.5 g of
the powder (the powder-to-ball ratio was 1:20) in a 45 cm® tungsten carbide jar, in a Planetary
micro mill (PULVERISETTE 7 premium line, FRITSCH) for 0, 5, 10, 30, 60, 90 and 120
minutes, in the air. The samples labeled as STOO, STO5, STO10, STO30, STO60, STO90 to
STO120, respectively, were pressed into discs of 6 or 8 mm in diameter, under 78.45 MPa.
Non-isothermal sintering (d = 6 mm) was carried out in a dilatometer (Bahr Geratebau
GmbH802s, Germany) at three heating rates (10, 15 and 20 °C/min) in the temperature range
from room temperature to 1300 °C. The samples were also isothermally treated at 1300 °C, for
2 h. Sample density was calculated using the following expression derived from expressions
defined in [20, 21]:

p() = (1)

(-5 (-at5)”

where L, is the initial sample thickness, p, is the green sample density, 4L(z) is the
change in sample thickness and « is the anisotropic shrinkage factor. The last one is defined

by:
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where L;is the final sample thickness, while ¢; and ¢, are the final and initial sample
diameter, respectively.

Morphology and microstructure of the sintered samples obtained from non-activated
and mechanically activated powders were analyzed by a scanning electron microscope
(SEM). Measurements were conducted using JSSM-6390 LV JEOL (30 kV), where sample
tablets were crushed and coated with gold (Au).
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3. Results and Discussion

Dilatometric analysis shows that mechanical activation has a prominent influence on
the shrinkage during annealing. From Figure 1, which represents the results measured at a
constant heating rate of 10 °C/min for four different mechanical activation times (0, 10, 30
and 120 minutes), it can be observed that as the time of mechanical activation increases the
temperature corresponding to the onset of shrinkage noticeably decreases.
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Fig. 1. Relative linear shrinkage as a function of sintering temperature, obtained by
dilatometric measurements for STOO0, STO10, STO30 and STO120 samples, with a heating
rate of 10 °C/min.

The shape of the dilatometric curve and the slopes in different temperature regions change
significantly as well, indicating that mechanical activation (especially for 30 min and longer)
leads to shortening of the diffusion paths and a more gradual shrinkage within the wider range
of annealing temperatures, rather than to a rapid shrinkage process after characteristic
sintering temperatures are reached, which was observed for non-activated samples. This
suggests that mechanical activation should lead to a more homogenous and denser sintered
product.

The influence of activation time on the shrinkage rate during sintering is shown in
Figure 2. Since the mechanical activation led to a higher density of pre-sintered pressed
powders, i.e. compacts, by 10 to 20 % compared to the non-activated compact, the activated
compacts exhibited lower maximal shrinkage rate during the sintering process.

0002 i I| iscthermal 00027
f‘lOf‘I-ISDlhE":Ia e (a) 1 1400 - 1400
0.000 -f&-—-.;.\ ,?._———-
o0z ] | .J{ f X 1200 -9 1200
STO0 il
-0.004 -| STOS / ]‘ \ 1000 5 1360
—— sTO0 [/ ST60 - 0.82,107 1/s =

= . o -~
= 00064 sToso /| i 108M0° s Jaoo ~f Jao
B 008 sTO60/ '. . ST120-1318° s Q T3 0000 gt Q
EI sTO8 M 496 10y ) 500 T
= 010 s'r(::.r . - ST10-1.54210%1/s — 5 [
— / {400 400
= 0124 /

0014 4 ‘ . 200 200

. STO-250710" s
-0.016 4 0
1 0.002 . . .
50 o 50 100 150 200 250 00 350 50 75 100 125
time of sintering [min] time of sintering [min]

Fig. 2. () Shrinkage rate versus time of sintering, with the presentation of the heating profile
during sintering. Arrows highlight the positions of maximal shrinkage rate for the samples
with different time of activation; (b) Enlarged part of the graph (a).
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Figure 2b emphasizes two effects in the temperature region of 600-1000 °C and 1100-1200
°C, respectively. This can be attributed to two main processes, which are immanent for the
SrTiO; ceramics: the motion of dislocations which creation is promoted during milling and
the formation of vacancies (especially oxygen vacancies) during heating. It should be
mentioned that SrTiOs is prone to the formation of the dislocation defects [22]. Therefore, a
decrease in particle size during milling of SrTiO; powder is accompanied by the formation of
different defects where dislocations are probably dominant, since they can be formed more
easily. During annealing, dislocations move and the material structure recovers, while, at the
same time, a constant increase in the number of vacancies occurs, followed by their migration
from sources to sinks. These processes determine the dominant mass transport mechanisms
during heating at a constant heating rate, and it is expected that, as the temperature increases,
oxygen vacancies become more important kinetic parameter of mass transport. Although the
interaction between single dislocation and vacancies in a monocrystal is mainly influenced by
the redirecting vacancy path along the dislocation tube, in the polycrystalline system situation
is more complex because the concentration of dislocations plays an important role. When
dislocations interact with vacancies, they can climb, form partial dislocations, jogs, or
annihilate with vacancies [23]. The type of interaction depends on the concentration of
dislocations and vacancies and on the energy introduced to the system either by heating or by
stress introduction process. Dislocations can glide through the crystal, aggregate - pile up,
forming braids and/or low-angle grain boundaries [24]. Since a large number of defects can
be induced by milling, it is expected that an annihilation of vacancies and various forms of
organized dislocations takes place during heating, as well as the formation of low angle grain
boundaries [24].

In Figure 2, the shrinkage rate during annealing in the region from 600 °C to 800 °C is
higher for the powders mechanically activated for more than 10 minutes, which can be
attributed to the movement of dislocations, facilitated occurrence of dislocation climb and
their annihilation with vacancies. Lower energy is required for the dislocations mutual
interactions [25] in the mechanically activated samples, because the concentration of
dislocations is relatively high in these samples at lower temperatures of annealing. With the
increase of the concentration of oxygen vacancies, interactions of dislocations with vacancies
are more pronounced, evidently influencing the diffusion process [26-28]. Considering the
dilatometric effect in the region of 1100-1200 °C, it can be assumed that additional shrinkage
and deviation from the usual behavior at the onset of the sintering shrinkage can originate
from the formation of low angle grain boundaries, caused by dislocation pile-up [24] and
from the consequential change in the process of oxygen vacancies diffusion. After the non-
isothermal annealing, all specimens exhibited the onset of the recrystallization process
instantaneously with the change in the heating regime from non-isothermal to isothermal.
This is manifested as a sharp peak of the maximal sintering rate, indicating that antagonism of
different types of defect recombination provokes relaxation through recrystallization, where
recrystallization sites are hard to form and unstable. Since the onset of the isothermal interval
brings decrease in the concentration of vacancies and the prompt onset of the recrystallization
process, this prohibited the application of the master sintering curve method for determination
of the activation energy and led to the application of more conventional methods of
calculation of activation energy, by using the initial stage of the sintering process.

Dependence of density on the sintering temperature up to 1300 °C is shown in Figure
3. The figure confirms that density obtained after non-isothermal regime increases with time
of activation.

The density of samples STOO and STO10 does not change noticeably until the
temperature reaches value of around 1100 °C, while it rapidly increases above 1230 °C. In the
case of samples STO30 and STO120, density begins to gradually increase at lower
temperatures (around 750 and 550 °C, respectively), with a sharp rise above 1200 °C. The
final densities, obtained after non-isothermal annealing up to 1300 °C and isothermal holding
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at this temperature for 2 h, were higher for the STO10 (p ~4.08 g/cm®) and STO30
(p~4.04g/cm®) samples, compared to the STOI120 (p~3.96g/cm®) and STOO
(p ~ 3.59 g/cm®) samples.
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Fig. 3. Dependence of density of STO0, STO10, STO30 and STO120 pressed powders on the
temperature during non-isothermal sintering with a heating rate of 10 °C/min.

Such behavior can be correlated to different types of microstructures observed in the analyzed
samples by SEM (Fig. 3) and to different diffusion paths inside and outside of agglomerates.
The microstructure of non-activated sample (STOO) contains mainly polyhedral grains with
rounded edges and polyhedral grains fused together, with presence of pores, while
microstructures of activated samples STO10 and STO30 are denser and less porous (Fig. 3 (a,
¢, d)). The samples STO10 and STO30 showed higher relative density after the sintering
process, although some presence of secondary agglomerates is observed in the STO30
sample. Samples activated for 120 minutes exhibited regions of sintered polyhedral grains and
regions of relatively spherical agglomerates (Fig. 3 (g)). The presence of agglomerates can
slow down the total densification of the sample and lead to lower values of density during the
sintering process [29]. This occurs due to less efficient and postponed inter-agglomerate
sintering, compared to the intra-agglomerate sintering, or compared to the densification
between densely packed particles that surround an agglomerate. Furthermore, literature
suggests that agglomerates may be subjected to compressive stresses, while tensile stresses
exist in the surrounding matrix, which inhibits the densification of the green pellet [21].
Samples activated for 5 minutes, compared to the non-activated samples, have a
higher density with a slight reduction in pore size and increased fracturing through grain (Fig.
3 (a, b)). Mechanical activation intensifies the transport processes resulting in a less porous
microstructure. STO5 sample has a more uniform grain size distribution compared to STO10
sample, while STO10 has more fractures through grain (Fig. 4 (c)). For the activation longer
than 30 minutes, enhanced sintering of the grains within the agglomerates was observed (Fig.
3 (d, e)), where agglomerates became significantly more compact, with increased inter-
agglomerate porosity. In the samples activated for longer than 60 min spherical pores were
not observed, suggesting that the sintering has not entered the final stage (Fig. 3 (f)). In
sintered STO120 sample a larger proportion of smaller particles was formed (Fig. 3 (g)).
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Fig. 4. SEM microstructures of SrTiO; samples sintered at 1300 °C for 2 h, obtained: (a) from
non-activated powders and (b)-(g) from powders activated for 5, 10, 30, 60, 90 and 120 min,
respectively.

For the further evaluation of the impact of mechanical activation on the kinetics of early stage
of non-isothermal sintering, we applied one of the equations suggested by Woolfrey and
Bannister [10], based on the analysis of the shrinkage rate of pressed powder during annealing
with a constant rate of heating:

ratli) ooy )

dt (m+1R \Ly/’

where T is the temperature in K, a is the rate of heating, Q is the value of the apparent
activation energy of the process responsible for shrinkage and sintering, m is a parameter
which characterizes dominant mass transport mechanism and R is the gas constant. Figure 5
shows the influence of mechanical activation on the slope of the plot of T2d(AL/L,)/dt vs
(AL/ L,) in the early stage of sintering. It was observed that value of Q/(m+1) ratio decreases
with the increase in activation time, indicating that value of the apparent activation energy
decreases and/or parameter m increases due to applied mechanical activation, which usually
may be related to change in the dominant mass transport mechanism. The shape of the curve
for each sample implies a complex process of sintering, composed of two or three overlapping
single-step processes.
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Fig. 5. The plot of T2d(AL/L,)/dt vs (AL/ L, ) for a heating rate of (a) 10°C/min and (b)
20 °C/min.

Dorn's method was used to assess the influence of mechanical activation on the value
of the effective apparent activation energy (Q) of the initial stage of sintering. Since the
annealing conditions of different STO samples were the same, this provides a relatively
reliable assessment of the influence of the mechanical activation. The calculation was
performed according to the expression [10, 15]:

Q=1"2mn(%) @

- T,-Ty V1

where v; is the shrinkage rate at temperature T, (K) and v, is the shrinkage rate at T,
(K). The results obtained with a heating rate of 10 °C/min show the reduction of the Q value
from 720 kJ/mol for the non-activated sample to ~ 520 kJ/mol for STO10 and STO30 samples
and to 420 kJ/mol for STO120. The Q value for non-activated sample is close to the values of
sintering activation energies of commercial-grade oxide compounds, including perovskite
oxides [30]. Since Dorn method had been applied in titanate ceramics with a heating rate as
high as 45 °C/min [31], we additionally analyzed the results recorded with 20 °C/min. The Q
values obtained from dilatometric measurements with this higher heating rate decreased
continuously from the 840 kJ/mol to 650, 510 and 420 kJ/mol, for STO0, STO10, STO30 and
STO120 samples respectively, thus confirming the trend of decreasing Q value due to
mechanical activation of initial powders. Lower values of the apparent activation energy of
sintering process, obtained for the mechanically activated samples, can be correlated with the
fact that the linear shrinkage begins at considerably lower temperatures than in the non-
activated sample.

4. Conclusion

In this paper, early stage sintering mechanisms of mechanically activated and non-
activated SrTiO; powder were analyzed. It has been noticed that different time-regimes of
mechanical activation led to the various combinations of processes of a reduction of particle
size and formation of agglomerates, which resulted in different microstructures. It was found
that the maximum of the shrinkage rate depended on the density of pre-sintered pressed
powders, where the green compacts of activated powders had a higher density compared to
the non-activated powder, which led to their faster shrinkage. The higher final densities of
samples STO10 and STO30, compared to the STOO and STO120, were observed after
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isothermal sintering, but the values of final density suggested that the sintering has not
entered the final stage. Analysis of the shrinkage rate of pressed powders, during annealing
with a constant rate of heating, pointed out the complexity of the sintering process consisted
of two or three overlapping single-step processes for each sample. The values of apparent
activation energies, calculated using Dorn’s method, exhibit a significant decrease with an
increase in mechanical activation time, with the corresponding shift of the onset of sintering
to lower temperatures. These results can be used to further optimize the sintering process of
mechanically activated perovskite ceramics.
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Caopicaj: [louemnu cmaoujym CUHMEPOBArA UMA 3HAYAJHY VI02Y V OeDUHUCARY KPajibe
MUKPOCMPYKmMype Koja ymuye Ha 2laeéHe Kapakmepucmuke eleKmpoKepamuykux mamepujaia
Kao wmo cy mo (QYHKYUOHAIHA ceojcmea. Y o08om pady je NpoyueHO Heuz30mepMcKo
CUHmMeposare Heakmusupanoe u mexanuuxu axkmusupanux SrTiOz ysopaxa, y oncezy 00
1300 °C. Jobujene ounamomempujcke kpuse yKazyjy 0a Mexanuuka akmusayuja 600u Ka
PaHujem nouemKy npoyeca CUHmMeposarsd, wmo no2odyje 000ujary xomocenujux u eyuihux
CUHMEPOBAHUX Y30paKa. Ananuza nouemmoz cmaoujyma CUHMepo8arba OMKpua 0a ce
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npoyec CUHmMepo8arba KOO C8UX PAZMAMPAHUX Y30PAKaA cacmoju 00 08a uiu mpu mehycoodno
NPEKIONbEHA jeOHocmenena npoyecd, Hpu yemy 001a3u 00 CMerUBara OOMUHAHMHUX
Mexanuszama mpancnopma mace. Ilpu mome, @peoHocmu eHepeuje axmueayuje 0amoe
jeonocmenenoz npoyeca NOKA3)Jy 3HAYAJHO CMAlberse Ccd  NPOoOYICABAIbeM  8PeMeHd
MexanuyKe axmugayuje noiasHoz npaxa. Bpeonocmu zycmuna y30paxa HaKoH U3omepmcKo2
cunmeposara na 1300 °C cyzepuwy 0a unanna ¢hasa cunmeposara nuje oocmueHyma Hu
nocjie U30MepMcKo2 CUHIMEPOBabA.

Kuyune peuu: cmponyujym mumanam, MeXanuuka axkmueayuja, Ounamomempuja,
CUHMEPOBAFHE.
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