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The paper analyzes the possibility of describing the accelerated sintering of lithiumétitaniumeompacts under
high-power radiation effects in terms of classical physical models developed by Kuczynskigand Johnson based on
the kinetic analysis of ferrite compact densification. LiTi ferrites synthesized by cexamic technology in laboratory
conditions were investigated. The first portion of the compacts was sintered in air_in thermal ovens at 900-1100°C
for 30 minutes at a heating rate of 900 °C/min. The second portion of the compacts was Sintered in a similar mode
but using a radiation-thermal method: the exposure to pulsed electron bean With energy of 1.5-2.0 MeV using the
ILU-6 accelerator. The geometrical dimensions of the compacts were measuedsbefore and after sintering to
determine shrinkage. Mathematical approximation of the experifentdlyshrinkage data showed the discrepancy of
both models to describe sintering of LiTi ferrite samples both under, thermal sintering conditions and radiation-
thermal effect.
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Introduction

Diffusion-controlled solid-phase reactions form thé®basis of many physicochemical processes [1-4]. At
the same time, interactions in the solid phase\are among the slowest reactions, since the limiting reaction
stage in most cases is related to the diffusiveimass transfer of components through the layer of reaction
products, and to the crossing of the aetivation barriers that separate the phases of heterogeneous systems [5-
7]. Classical methods used to, accelerate ‘Solid-phase reactions associated with increased temperature are
naturally limited due to the thermal stability of materials [8-11]. Therefore, the development of methods to
further increase the efficiency,of selid-phase reactions is inevitably associated with unconventional methods
used to supply energy tofthegreacting systems. The most promising method of stimulating solid-phase
processes is the effect of high-current fluxes of ionizing radiation [12-22]. The advantages of this method are
the selectivity of loeal overheating of phase boundaries, inertia-free heating, the ionizing effect and increased
diffusion permeabilityjof the®medium due to defect formation.

In radiation materials science, accelerated electron fluxes are most widely used variety of ionizing
radiationg}23,°24]. This is due firstly to the progress in accelerator technology and relatively small, but
powefful electrontaceelerators. Secondly, electron beams exhibit convenient geometrical parameters, easy to
control, irfadiation mode, and do not induce radioactivity, they are cheaper compared to other sources of
ionizinggadiation, and highly efficient in conversion of electricity into electron beam energy [25-28].

The first studies that addressed solid-phase transformations in inorganic materials performed using
high-temperature electron irradiation, which featured higher reaction rates, improved product quality, and
reduced temperature of the processes, were investigations oxide under these specific conditions conducted
for the synthesis of europium [29] and lithium ferrite compacts [30]. In [31], the authors report data on the
effect of the high-power electron beam on solid-state inorganic synthesis occurring in a number of systems.
It is shown that the magnitude of the effect depends on the following factors: the nature of the system,
temperature and dose rate. Similar effects were found during the synthesis of a number of complex oxides in
[32]. These effects were also used in current studies in sintering of MnZn ferrite [33, 34] and radiation-
thermal synthesis of lithium-substituted ferrites [35-37].

During sintering of powder compacts of oxide systems (including ferrite ones), the radiation effect is
characterized by increased speed of compact densification, especially at initial stages of sintering. However,



Physics and Astronomy. 139

despite a large number of studies, the mechanism of the radiation intensification of sintering processes
remains unclear. There are dispersed opinions on the mechanisms of the radiation activity of the processes:
from overheating of grain boundaries and grain surfaces, which provides inter particle slip, to diffusion
processes enhanced by the generation of non-equilibrium vacancies.

From the above, it can be seen that there are no objective assumptions to choose an adequate model of
radiation sintering. The efficiency of radiation used to control solid-phase reactions depends crucially on the
depth of understanding of the mechanism of its effect on the nature of the processes. The most common point
of view on the mechanism of radiation acceleration of solid phase sintering implies a radiation-stimulated
increase in the mobility of diffusing particles. However, a priori use of these ideas to interpret the effects of
radiation-thermal sintering is inappropriate, since the diffusion mechanisms of mass transfer are not the only
ones occurring during compact sintering. Therefore, this study analyzes the possibility of describing
accelerated sintering of lithium-titanium compacts under powerful radiation effects by classical physical
models based on the kinetic analysis of ferrite compact densification.

1. Experiment

The study explores mainly lithium-titanium ferrite powders synthesized from aym@chanical mixture of
oxides and carbonates containing (weight %): Li,CO; — 11.2; TiO, — 18.65; Zn®©.— 7.65MnCO; — 2.74; the
rest is Fe,0;. The components are weighed as specified and then groundgand mixed for 1 hour using a
vibration grinding mill with distilled water previously added to the mixturefinga mixture-water ratio (by
weight) equal to 1:2. After treatment in the vibration grinding mill, thé\mixture 4s dried at 80 °C at normal
atmospheric pressure for 24 hours and then rubbed through a 0.7 mesh sieve. Distilled water is added to the
resulting powder in the amount of 10% of the powder weight, and thém,it is briquetted. The briquettes are
heated in thermal furnaces at a rate of 200°C/h up to 900°C, held afythis temperature for 6 hours and cooled
to room temperature, after which they are crushed, ground and sieved through a 0.9 mesh sieve.

After re-grinding in the vibration grinding mill fon 45%minutes, Bi,O; dissolved in concentrated nitric
acid in suspension (0.22 weight %) is added to the powderiand mixed in the ball mill for 4 hours. The quality
of the powder is determined using the method ‘developed by us. To prepare the powder compact, 10%
solution of polyvinyl alcohol is added to the synthesized mixture in the amount of 12 weight % of the
mixture, and the resulting mixture is alternately rubbed through 0.7 and 0.45 mesh sieves. To study the
sintering processes, the compact samples_are made by cold single-action compaction in the form of pellets
(15 mm in diameter and 2 mm thick). The%eempaction pressure is typically chosen experimentally for each
specific ferrite composition accordifig topthe determined dependence of the volume density (p) of the
samples on the compaction pressure'(P) (Fig. 1).
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Fig.1. Dependence of the density of ferrite compacts on compaction pressure: 1) raw samples; 2) sintered samples

The compaction pressure varies within 25-500 MPa. The compacts are sintered in the thermal furnace
at 900—1100°C for 30 minutes in air at a heating rate of 900°C/min. High speed is achieved by placing the
compact samples into the furnace heated to a predetermined point. As follows from Fig. 1, the dependence
of the density of the sintered samples on compaction pressure is similar to the dependence of densification of
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raw samples (curves 1, 2). It is established that at pressures below 40 MPa the compacts exhibit low density,
and at pressures above 250 MPa, the samples have cracks and delamination (over-compaction phenomenon).

Thus, the most optimal compaction pressure to provide an acceptable density of both raw and sintered
samples is in the range of 110200 MPa. The study employed the following pressing mode: P = 130 MPa,
the holding time of the material under pressure is 1 min; and two modes of compact sintering: radiation-
thermal (RT) and thermal (7) modes. R7-sintering was carried out by irradiation of the compacts by the
pulsed electron beam with energy of 1.5-2.0 MeV at the ILU-6 accelerator developed at the Institute of
Nuclear Physics (SB, Novosibirsk, Russia) [38]. The beam current in pulse was 0.5-0.9 A, the duration of
irradiation pulse was 500 ps, the pulse repetition rate was 5—50 Hz, and the heating rate of the compacts was
1000°C/min. The samples were irradiated in a lightweight fireclay box with a bottom 15 mm thick., The side
of the box exposed to irradiation was covered with a radiation-transparent protector with a mass thickness of
0.1 g/cm. The temperature was measured using a check sample placed in close proximity, todthe compacts
sintered.

T-sintering was carried out in a preheated chamber electric furnace, which provided ajheating rate
comparable to the rate of radiation heating. The sintering cell design and temperatuzef@ontrol, technique are
similar to those used in R7-sintering. Both sintering modes were carried out in, the@ir-{To" date, a large
number of sintering theories have been advanced at the atomic level. We used the model #epresentations by
Kuczynski [39] and Johnson [40] to perform the analysis. Kuczynski's theory mjits simplest and clearest
form contains fundamental principles underlying most of the sintering médels.”Johnson's theory takes into
account a number of additional significant factors, such as coexistenge ‘Qffseveral types of mass transfer
(volume and grain boundary diffusion, transfer through the gas phase)“afd change in the geometric
dimension of grains during sintering.

2. Results and Discussion

2.1. Kuczynski's model

According to this model, the interpenetration of powder grains (the initial phase of densification) is
carried out through the mass transfer by the mechanism of yolume () or grain boundary (GB) diffusion [24—
27]. In volume diffusion, the densification kinetics is deseribed by the equation:

(ﬁ) _ (31yV Dy/RT)*/°¢%/° ap (1)
L/y 4q5/5 :
According to the mechanism of grain boundary diffusion, the kinetics takes the form:

2

T1/3,

(AL) _ (96y68V Dgp/RT) Rl
L GB B 4(14/3

In (1) and (2): AL/I4is linear shrinkage; a is the radius of spherical grains; 7y is the coefficient of surface
tension; V is the material molar volume;  is the grain boundary width; Dy and Dgg are coefficients of
volume and graih, boundary diffusion, respectively; T is sintering temperature; T is sintering time.
Mathematical@pproXimations in (1) and (2) limit the applicability of these expressions to 4 L/L = 6 %.

Thefexperimental results were processed as follows. The diameters of the sintered samples were
meagured,/andythe Kinetic dependences of diameters in the time interval of 0—400 s were constructed for all
sinterfg modes, in which the diameter linear shrinkage did not exceed 10%. After compaction, the diameters
of all sample§'were similar and equaled 15.05 mm. This value d, was taken as L,. The intermediate values of
diameters with respect to the diameters measured were taken from the constructed dependences d = f{1) to
calculate linear shrinkage AL/L =Ad/d.

Figures 2 and 3 show dependences plotted in double logarithmic coordinates: Ad/d = f{(t) for thermal (line
1) and radiation-thermal (line 2) sintering modes. The dependencies are straight lines. This indicates the
exponential functional dependence of shrinkage on sintering time [39]. Using the least squares method, the
densification dependences were approximated by exponential functions:

Ad ©
d—O—AT ’

where A4 is the temperature dependent constant; # is the sintering mode dependent exponent.
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Fig.2. Dependence of linear shrinkage on time of Fig.3. Dependence of linear shrinkdge onjtime of
sintering at 900 °C: 1) T-sintering; 2) R7-sintering. sintering at 1000 °C: 1) T-sintering; 2)R 7-sintering.

Table 1 presents the numerical values of the exponential function parameters for both sintering modes in
the temperature range of 900-1100°C.As can be seen, the Kuczynski's model does not satisfy the
experimental results despite the exponential dependence of the initial dedsificationpThis follows from the
fact that the exponent, which characterizes the mechanism of mass transferitofthe contact area, monotonously
changes with temperature. This may be due to a continuous change in theymeehanism of mass transfer (when
the temperature changes), which contradicts the theory of Kuczynski.

Table 1 - Parameters of exponential functions (3)

Sintering mode
Sintering temperature, °C Thermal Radiation-thermal
n A n A
900 1.11 5.4-10° 0.38 5.7-10°
950 0.61 1.4-10° 0.31 1.1-107
1000 0.51 3.4-10° 0.18 3.5-10°
1050 0.28 1.8:107 0.14 47107
1100 0.46 0.7-10° 0.09 6.7-10

It should be noted thatftheleorréspondence of the parameter # to any sintering mechanism depends on
the contact geometry. Howeyér, this correspondence should not depend on temperature. In this regard, we
can conclude that¢he mechanismfof sintering LiTi ferrites does not satisfy the Kuczynski's model.

2.2. Johnson'simodel

Johnson!s model assumes that mass transfer, which leads to material densification, is performed
through” diffusionyindhe volume and along the grain boundary. For the case of sintering the compact from
spheres of stmiilar diameter, in which the number of contacts per sphere does not depend on time, the

relationship bétween the linear shrinkage rate V' = dio (AL/L)and the current contact geometry is expressed
by equation [40]:
X3R 2y02DyS 4y02Dgp 4)
X+R  nkTaX | kTa* '
where X = x/a is relative neck radius; Q is atomic volume; R is theminimum radius of the neck surface
curvature divided by the sphere radius; S is the neck surface area divided by a’; x is the inner radius of the

spherical contact neck; a is the radius of spherical grains. Knowing Ad/d and X, the values of R and S can be
calculated by the equations:

_ (4d/d)* —2(4d/d) + X?
B 2(1-X) '
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S =4nR[Q(1 + R)cosQ — RsinQ],

where Q = sin *[(1 — (4d/d))/(1 + R)].

When graphically depicting the left side of equation (4) depending on S/X, the coefficients of volume
diffusion and diffusion along the grain boundaries can be calculated from the slope of curves and their
intersections.

Equation (4) can be greatly simplified if we confine to the analysis of the initial stages of isothermal
densification. In this case, the relative neck radius X=x/a can be expressed analytically through linear
shrinkage (Ad/d):

2

Z:f—d = (35) X =>=2/2d/d. ®)

Thus, to apply equation (4) with the approximation (5), it is necessary to know the kinetie\dependences of
shrinkage y=f(t) of the average grain size a=f(t) only. The approximation limits the range‘of changes Ad/d to
10%. Microstructural analysis of ferrite samples sintered in thermal and radiationgmédes“at 1100°C was
performed to determine the kinetic changes in the grain size. The measurement tesdlts are presented in
Figure 4. It can be seen that recrystallization growth of grains becomes evident@atit>18004 in both sintering
modes. That is, at the initial stages of isothermal sintering, changes in graingsizes‘ean be neglected and a =
const in (4). The processing of experimental data according to equation (4) was earried out as follows. The
kinetic dependencies of the initial densification were approximated b§, exponential functions (3) with the
parameters given in Table 1. The shrinkage derivatives for the,sintering time range of 0—400 s (60 s steps)
were calculated by differentiation (3). Then, according to (5), Xawas®ealeulated and the values of S, R, Q
were determined for each point of time.
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Fig.4. Dependence ‘ofithe average grain size on time of sintering at 1100 °C: 1) 7-sintering; 2) R7-sintering.

x3 4 Ad/d)/(X + R)in (4) as a function and S/X as an
argument. Some graphs are presented in Figures 5 and 6. According to (4), in case the Johnson's model is
valid, thejeufves should be obtained in given coordinates, the slope of which is proportional to the volume
diffusion coefficient Dy, and the intercept in the ordinate axis is proportional to the boundary diffusion
coefficient Dgg.

However, the experimental curves behave arbitrarily depending on the sintering mode and temperature.
In particular, the curves obtained show either non-linearity (Fig. 5, curve 1 and Fig. 6, curve 2) or negative
values of the intercepts in the ordinate axis (Fig. 5, curve 1 and Fig. 6, curves 1, 2). Nonlinearity of the
curves contradicts equation (4). Negative values of the slope and intercepts indicate negative diffusion
coefficients, which has no physical sense.

Thus, the analysis of the experimental results within the Johnson's model shows inefficiency of this
model for describing the sintering process of LiTi ferrite samples under both thermal sintering and radiation-
thermal exposure.

The function ‘graphs were plotted taking TR
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Conclusion

Classical physical models cannot be apparently used to describe the kinetics of ferrite compact
densification due to the infeasibility of simplifying assumption (simplg geametric shapes of powder grains,
equal grain size, etc.). In this regard, the current stage of development ofiphysics of sintering does not allow
the description of the processes of electron-beam sintering of ferrite ceramics using physical models, and the
phenomenological approach is preferable. This approach, ingasticular, will allow aquantitative comparison
of radiation and thermal sintering modes to identify theirgfeatures,and to interpret these in terms of some
hypotheses.
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