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Abstract
Sintering of multicomponent lithium ferrite of the chemical composition Li0.65Fe1.6Ti0.5Zn0.2Mn0.05O4 with the addition of 
ZrO2 was studied using dilatometric and kinetic analyses. The LiTiZn ferrite was synthesized by solid state reaction from 
Fe2O3, Li2CO3, TiO2, ZnO, and MnO2 high-purity powders, and then doped with zirconia nanopowder (0.5, 1 and 2 mass%). 
The ZrO2 was prepared by sol–gel technique. It was found that small concentration of ZrO2 additives (up to 1 mass%) increase 
the bulk density of ferrite. An increase in the concentration of ZrO2 additive to 2 mass% causes deterioration of ferrite com-
paction. Shrinkage curves were used to perform the kinetic analysis based on mathematical modeling to find the parameters 
of ferrite sintering. The kinetic analysis showed that the diffusion models are suitable for mathematical determination of the 
kinetic patterns of ferrite sintering. The estimated values of the kinetic parameters can be used to improve the technological 
process of sintering of multicomponent ferrite materials doped with zirconia.
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Introduction

Soft ferrites belong to the category of promising materials 
due to their widespread use [1]. The area of ferrite appli-
cation depends on the type of its structure. For example, 
spinel lithium ferrites due to their good magnetic and elec-
trical properties are widely used in microwave devices and 
other applications as magnetic fluids, high-density magnetic 
recording, gas sensors, etc. [2–8]. Lithium-substituted fer-
rites with Fe3+ ions replaced by zinc or titanium ions are 
characterized by low dielectric losses and high tempera-
ture stability, which explains the demand for their use in 
microwave technology [9–13]. Specifically, multicomponent 
lithium ferrites with the Li0.5+0.5t−0.5xFe2.5−1.5t−0.5xTitZnxO4 

chemical formula is widely used as discrete phase shifters, 
where density of the material is crucial for formation of elec-
tromagnetic properties [14, 15].

It is well known that the properties of ferrites can be 
improved by additives [16–18]. Thus, zirconia additives 
used to improve the properties and structural state of a wide 
class of powder materials are becoming increasingly popular 
[19–23]. The findings of the previous studies [24–28] show 
that this additive affects the ferrite structure. This enables 
the control of structurally sensitive properties, such as elec-
trical conductivity, magnetic permeability, thermal conduc-
tivity, and the shape of the hysteresis loop.

In our previous studies [29, 30], we investigated the effect 
of the unstabilized ZrO2 nanopowder additive produced by 
the plasma-chemical method on the structure and proper-
ties of solid-phase sintered lithium and lithium-substituted 
ferrites. It was shown that introduction of ZrO2 additive in 
small concentration of up to 2 mass% increases the den-
sity of lithium-titanium-zinc ferrites thus improving ferrite 
parameters such as microhardness, electrical resistivity, and 
saturation magnetization. However, an increased concentra-
tion of the additive introduced to 3 mass% causes decrease in 
density and increase in porosity of sintered ferrites.

The aim of this study is to investigate the effect of 
small concentration of ZrO2 additives prepared by sol–gel 
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technique on the solid-phase sintering process of multi-
component lithium ferrite. It can be noted that the sol–gel 
method is a modern way of obtaining high-purity, homoge-
neous and crystalline nanoparticles at low processing tem-
peratures [31–33]. In addition, ZrO2 nanopowder is widely 
used in chemical technologies and in research [34].

In the present study, LiTiZn ferrite sintering processes 
were analyzed by the dilatometric method, that is high tem-
perature compaction of samples accompanied by reduction 
of external dimensions (shrinkage) was studied. The results 
of the dilatometric studies were used to conduct the kinetic 
analysis in order to determine the kinetic parameters and a 
sintering model for further adjustment of the process param-
eters in manufacturing multicomponent ferrite materials.

Experimental

Ferrite powder was synthesized in accordance with the 
Li0.65Fe1.6Ti0.5Zn0.2Mn0.05O4 chemical formula using solid 
state reaction from Fe2O3 (60.38 mass%), Li2CO3 (11.35 
mass%), TiO2 (18.9 mass%), ZnO (7.7 mass%), and MnO 
(1.67 mass%) high-purity powders. Mixture of reagents was 
produced by weighing the required amount of pre-dried 
components and then was dry-mixed in an AGO-2S ball 
mill at 2220 rpm using 5-mm steel grinding balls. The mill-
ing time was 60 min. The synthesis of LiTiZn ferrite was 
performed in a resistance furnace at 900 °C for 240 min. As 
shown in [29], the crystal structure of LiTiZn ferrite syn-
thesized in this way is a single phase spinel with the lattice 
parameter of 8.3600 Å. After synthesis, Bi2O3 in the amount 
of 1 mass% was added to LiTiZn ferrite powder in order to 
decrease the sintering temperature and prevent the volatiliza-
tion of lithium from ferrite during its sintering.

The prepared powder was divided into four equal parts. 
The ferrite powder from the first part was without ZrO2 addi-
tives (sample N1). ZrO2 nanopowder stabilized by 3 mol% 
Y2O3 (Tosoh Corporation, Japan) was added to the other 
powder parts by gradual mixing in different percentages 
(0.5, 1 and 2 mass% in samples N2, N3, N4, respectively). 
To ensure a more accurate percentage of zirconia in ferrite, 
the powders were dried for 3 h at 200 °C in an oven before 
weighing to eliminate the possible moisture of the powders. 
Thorough mixing of ZrO2 in the entire volume of the mul-
ticomponent ferrite powder was carried out in a planetary 
ball mill at 300 rpm for 30 min.

The resulting powder of 0.5 g in mass was compacted 
in the form of pellets with a diameter of 9 mm and an aver-
age thickness of about 2.6 mm. Compaction was performed 
using a hydraulic press PGR-10 with a constant load of 1.3 
tons for 3 min.

Sample shrinkage during sintering was studied by the 
dilatometric method using a highly sensitive DIL 402C 

dilatometer. The measurement results were corrected 
with regard to the preliminary calibration on a standard 
corundum sample in order to determine the contribution 
of linear thermal expansion of the pusher and the sample 
holder to the results. The N1, N2, N3, and N4 samples 
were heated in air at a constant rate of 10 °C min−1 to sin-
tering temperature of 1010 °C with subsequent isothermal 
exposure for 120 min. As shown in [35], when using a 
sintering temperature of 1010 °C, LiTiZn ferrites are char-
acterized by improved structural and magnetic properties.

The bulk density of the samples was calculated before 
and after sintering by hydrostatic weighing using distilled 
water (Table 1). Measurement errors for bulk densities are 
ca. 0.2–0.3%.

The kinetic analysis of LiTiZn ferrite sintering was car-
ried out using the mathematical modeling of dilatometric 
shrinkage curves measured at several heating rates of 2, 5, 
and 10 °C min−1. The goal of the kinetic analysis was to 
provide mathematical description of solid-phase reactions 
and to find a kinetic model with optimal reaction param-
eters, which can help to quantitatively describe the kinetics 
of the process [36]. In this study, modeling was performed 
using Netzsch Thermokinetics 3.1 software.

The kinetic model of the reaction and parameters char-
acterizing this sintering process are used to optimize the 
technological conditions for ferrite production [37–39]. 
The basic equation for the kinetic analysis is represented 
by the following expression:

where α is a conversion degree, f(α) is the temperature-
independent function of the conversion ratio, k is Arrhenius 
equation:

where A is a pre-exponential factor, Ea is activation 
energy, T is absolute temperature, and R is the gas constant 
(8.314 J K−1 mol−1).

The final expression for the kinetic analysis is as 
follows:

(1)d�∕dt = k ⋅ f (�)

(2)k = A ⋅ exp

(

−
Ea

RT

)

Table 1   The bulk density of the samples

Sample ZrO2 content/
mass%

Density before 
sintering/g cm−3

Density after 
sintering/g cm−3

N1 0 2.86 4.27
N2 0.5 2.87 4.30
N3 1 2.85 4.31
N4 2 2.88 3.38
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In dilatometric measurements, the conversion degree is 
calculated as follows:

where L0 is the initial thickness of the sample; Lt is the sam-
ple thickness at time t; Lf is the final thickness of the sample.

The initial stage of the kinetic analysis implies estimation 
of the parameters Ea and A using the Friedman method, a 
linear differential method that determines Arrhenius param-
eters without selecting a kinetic model [40]. The method is 
based on the following equation:

where f(α) = 1 − α is a first-order reaction (Table 2).

Results and discussion

Figure 1 shows the shrinkage curves obtained for samples 
N1–N4 in a dilatometer. As can be seen from the figure, 
the addition of zirconia affects sintering of multicomponent 
lithium ferrite.

During non-isothermal heating in the temperature range 
up to 600 °C, all the samples slightly expand. Then the 
length strongly changes due to a sharp densification of the 
samples at the non-isothermal sintering stage in the tempera-
ture range of 600–1010 °C. Here, the shrinkage rate in the 
process decreases when the concentration of zirconia addi-
tive grows. This leads to a decrease in the total shrinkage of 
the samples at the end of the non-isothermal sintering stage.

Figure 1 also shows that at the stage of isothermal heating 
further compaction of the samples occurs at a lower rate. 
However, at the end of sintering, the total shrinkage was 
almost similar for samples with low additive concentrations 
of up to 1 mass%. It should be noted that sample N4 with 
the addition of ZrO2 2 mass% shows the smallest degree of 
total compaction after sintering.

It is well known that ferrite sintering proceeds in sev-
eral stages [41, 42]. At the initial sintering stage, when the 

(3)d�∕dt = A ⋅ exp

(

−
Ea

RT

)

⋅ f (�)

(4),)� =
L0 − Lt

L0 − Lf

(5)ln
d�

dt
= lnA −

Ea

RT
+ ln f (�)

porosity of the compact is high, samples are compacted due 
to particle sliding along the grain boundaries. The initial 
sintering stage involves the movement of grains, and it is 
completed upon achieving dense particle compaction. A 
distinctive feature of the initial sintering stage is significant 
shrinkage of the sample. Further, a decrease in porosity can 
occur due to mass transfer in the volume of particles, rather 
than transfer of particles as a whole. Apparently, the zirconia 
additive prevents an increase in the contact area between 
ferrite particles at the initial stage of sintering, reducing the 
compaction rate of ferrite samples.

At the next intermediate sintering stage, the sample is 
uniformly compacted. Its further shrinkage is accompanied 
by an increase in the contact area between the grains and 
approaching of their centers. At this stage, there are an inten-
sive decrease in porosity and the isolation of pores from each 
other. In this case, the pores are located either at the grain 
boundaries or inside them. The further sintering stage is the 
slowest, therefore, long isothermal exposure is necessary 
to obtain a material with a high density. It is known that 
the process of sintering at these stages is determined by the 
mechanism of surface diffusion. As shown earlier in [29], 
the preliminary introduction of small amounts of zirconium 
dioxide before sintering leads to the preferential arrangement 
of its particles at the grain boundaries in sintered ferrites. 
It was also suggested that ZrO2 can change the chemical 
composition of the samples due to the partial introduction of 
zirconium ions into the ferrite lattice. Therefore, this impu-
rity possibly increases the concentration of vacancies near 

Table 2   Mathematical models 
for kinetic analysis

Reaction type Symbol Function f (�)

nth-order reaction Fn (1 − �)n

Three-dimensional diffusion (Jander’s type) D3 1.5(1 − �)1∕3
(

(1 − �)−1∕3 − 1
)

Three-dimensional diffusion (Ginstling–Brounstein 
type)

D4 1.5∕
(

(1 − �)−1∕3 − 1
)

dL/Lo
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Fig. 1   Linear shrinkage and temperature regime of LiTiZn ferrite sin-
tering in the dilatometer
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the surface of isolated pores, resulting in increased diffusion 
fluxes in this region and, thus, the overall shrinkage of the 
samples.

For samples N1–N4, the bulk density was calculated 
before and after sintering. Table 1 summarizes the data 
calculated for all samples. According to the data, the bulk 
density of the ferrites with ZrO2 ranging from 0 to 1 mass% 
increases. In contrast with this, the sample N4 exhibits the 
lowest density, which is consistent with dilatometric data.

In this study, only N2 samples were used to perform the 
kinetic analysis, since after sintering they are characterized 
by good bulk density (the relative density of ca. 96%) within 
the experimental error.

The results of the kinetic analysis performed by the Fried-
man method include graphs to show the dependence of the 
Arrhenius parameters on the conversion degree, in our case, 
on the shrinkage degree (Fig. 2a), and a graphical represen-
tation of the Friedman curve (Fig. 2b) represented by the 
function log(dα/dt) = f(1000 K T−1). The Friedman analysis 
estimates kinetic parameters, but it does not provide a reac-
tion kinetic model.

The dependences of the Arrhenius parameters on the 
conversion degree were estimated in the range of α = 0–0.9 
(Fig. 2a). The graph shows that the parameters vary over 
the entire range of the conversion degree, which indicates a 
multi-stage pattern of sintering. The average values of these 
parameters can be used in the future to preliminary estimate 
the Arrhenius parameters when modeling shrinkage curves 
using multivariate nonlinear regression. This approach 
allows estimation of the kinetic parameters of thermal sin-
tering for multicomponent lithium ferrite using a physical 
process model.

The results of the Friedman analysis presented in Fig. 2b 
provide useful information about the nature of the processes 
occurring during ferrite sintering. The graph shows that the 
slope of the experimental curves (experimental points) is 
below the slope of the isoconversion lines (solid lines) at 
small conversion degrees. This indicates a diffusion reaction 
occurring during ferrite sintering. Therefore, the diffusion 
models shown in Table 2 were primarily considered in mod-
eling through multivariate nonlinear regression.

The analysis showed that the experimental points of the 
compaction process obtained for sample N2 can be described 

using a one-stage sintering mechanism. Table 3 presents the 
kinetic parameters obtained in modeling using the models 
considered in Table 2. The data provided in Table 3 show 
that an acceptable result, that is, a high value of the cor-
relation coefficient, can be obtained using both the formal 
kinetic approach and the physical model of the process.

The best modeling results for the experimental curves 
and selected diffusion models were obtained using the 
Yander model with a correlation coefficient of 0.9997. Fig-
ure 3 shows the calculated curves to illustrate the modeling 
results. It should be noted that the Yander model can be 
used for diffusion processes. Moreover, it is suitable for 
describing the kinetics of the processes in powder systems 
with spherical particles [43]. However, simulation using the 
Ginstling–Brounstein model, which is a modified Yander 
model, led to similar kinetic parameters. One can notice that 
the activation energy values obtained from modeling via dif-
fusion models are in good agreement with data presented in 
[44] for ZnFe2O4 zinc ferrite, where the activation energy 
was in the range of 200–475 kJ mol−1.

At the same time, using the formal kinetic approach, the 
nature of the diffusion process can be estimated from the 
value of n. So, the n values equal to 0.33 and 0.5, correspond 
to the flow of diffusion along grain boundaries and bulk dif-
fusion, respectively. In our work, modeling using an n-order 
equation led to n value of 0.39, which corresponds to the 
contributions of both diffusion processes during sintering 
of ferrite. In this case, the activation energy of the process 
is almost two times lower compared to the Ea obtained using 
the above diffusion models.

Structural defects and impurities play an important role 
in the sintering of ferrites, therefore in our case, the effect of 

Fig. 2   Results of the Friedman 
analysis E/kJ mol–1 log (A/s–1)
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Table 3   Kinetic parameters

Model log A Ea/kJ mol−1 n Correlation 
coefficient

Diffusion models
 D3 9.4 ± 0.2 317.3 ± 3.8 – 0.9997
 D4 8.9 ± 0.1 305.1 ± 3.1 – 0.9996
nth-order reaction
 Fn 2.2 ± 0.1 132.7 ± 3.4 0.39 0.9991
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the ZrO2 additive on sintering should be taken into account. 
The effect of the additive depends on its nature, concentra-
tion and distribution in the matrix. If the additive dissolves 
in the matrix, the concentration of point and linear defects 
and the diffusion mobility of the structural elements of the 
lattice change. As for the zirconia additive, it only partially 
dissolves in the matrix crystal [29], and its nanoparticles are 
uniformly distributed along the grain boundaries of lithium 
ferrite. Apparently, this impurity insignificantly prevents an 
intensive increase in the contact area between particles at 
the initial sintering stage, as shown by the shrinkage curves 
at the non-isothermal stage of samples heating. However, 
low concentrations of zirconia of up to 1 mass% have a sig-
nificant effect on the final sintering stage, when the mate-
rial porosity considerably decreases and isolated pores are 
healed.

Thus, comparison of the data obtained with the results 
of the previous study [29] shows that low concentrations 
of zirconia additives affect sintering of lithium ferrites and 
increase density of ferrite ceramics regardless of the ZrO2 
production method used. However, the percentage of this 
additive depends on the method employed to produce ZrO2. 
Therefore, up to 2 mass% of the plasma-chemical powder 
and up to 1 mass% of the powder prepared by sol–gel tech-
nique are required. Perhaps this is due to the prehistory of 
the ZrO2 powder used, which consists in different phase 
composition and particle morphology. As known [34], the 
plasma-chemical powder is characterized by both a larger 
content of the monoclinic phase and a higher degree of 
agglomeration compared to the sol–gel powder. Addition-
ally, the sol–gel powder was stabilized with yttrium oxide.

Conclusions

The shrinkage behavior of compacts prepared from 
Li0.65Fe1.6Ti0.5Zn0.2Mn0.05O4 multicomponent lithium ferrite 
with sol–gel ZrO2 powder additive (0.5, 1 and 2 mass%) 
was investigated at different heating rates using dilatometric 
method.

A considerable difference in the shrinkage rate of ferrite 
compacts with different ZrO2 content was observed in the 
non-isothermal heating stage of sintering. It was found that 

the total ferrite compaction increases when the concentration 
of impurities grows up to 1 mass%. A further growth in ZrO2 
concentration decreases ferrite density.

Model-free Friedman and n-order reaction methods as 
well as diffusion models were used to determine the kinetic 
characteristics of shrinkage as a function of partial variation 
in their linear dimensions.
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