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Abstract. The deformation rate curves of ceramic materials of known compositions
based on silicon nitride with high (SisNs-5wt.%Y:05-5wt.%Al1:05), medium (SisNy-
5wt.%Y,05-2wt.%Al1,05) and low (SisNs;-2wt.%Y:0s-1wt.%Al;03) content of sintering
activators during high-temperature deformation according to the direct extrusion scheme
were analyzed. The nature of the influence of the rotation of elongated grains on the
processes of mass transfer and the rate of deformation is described. The stress state in
the deformation zone is considered. The influence of moment stresses on the rotation of
elongated grains is shown. The influence of the stress state and the rotation of elongated
grains on the curve of the rate of deformation is considered. A mathematical model of
non-uniform rotation of elongated S—SisN, grains in an inhomogeneous stress field in the
transition cone of the matrix is considered. The presence of a constant velocity section on
a typical strain rate curve during high-temperature deformation according to the direct
extrusion scheme is explained.

Keywords: silicon nitride, deformation, deformation mechanism, rotation of elongated
grains, model of deformation process.

The change in normal longitudinal stresses from the outer edge of the punch
to the central axis for each individual elongated grain of the B-phase in the structure
of the silicon nitride material, the position of which is not coaxial with the axis of
symmetry of the matrix, means the presence of a moment of forces that tries to
orient the grain along the lines of normal longitudinal stresses. Grain rotation can
occur when the shear stress acting on the boundaries is unbalanced, resulting in a
moment that rotates the grain. This is observed when, in a two-phase material, the
resistance to grain boundary sliding is different from the resistance
to interphase sliding.

There are generalized models of material deformation in which the vectors of

movement and rotation of particles of the medium play a significant role, and the
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tensors of deformations and stresses are asymmetric, that is, models that are
sensitive to moment stresses. Media that allow moment stresses are called Cosser
continua, and the theory that describes moment stresses has become known in the
literature as the moment or asymmetric theory of elasticity.

Thus, during high-temperature deformation of silicon nitride materials
according to the direct extrusion scheme, there are conditions that determine the
rotation of elongated grains of the B-phase in a gradient stress field. The rotation of
grains in the stress field occurs with the assistance of grain boundary sliding and
viscous flow of the liquid intergranular phase, and after its crystallization, such
rotation occurs due to grain boundary sliding with the participation of grain
boundary layers of the uncrystallized intergranular phase. Grain rotation due to the
Cosser effect is one of the reasons for the formation of a texture of the extruded
material directed along the direction of deformation.

In the general case, it can be assumed that the distribution of elongated
grains of the p-phase, which are present in the structure of the material before
extrusion, along the angle of inclination to the axis of symmetry of the matrix is
approximately uniform. In other words, we assume that in the structure of the initial
sintered sample before deformation, the number of elongated grains is the same for
each value of the angle of inclination of the latter to the longitudinal (or transverse)
axis of symmetry of the extrusion die.

The magnitude of the moment of forces arising due to the gradient of normal
longitudinal stresses will depend on the magnitude of the projection of the grain size
onto the plane perpendicular to the line of normal longitudinal stresses (Figure 1).
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Figure 1 — Dependence of the moment of force causing grain rotation
on the grain inclination angle
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Thus, the magnitude of the moment of force acting on an elongated grain of
the B-phase depends on the angle of inclination, or more precisely on the cos of this
angle, of each specific grain to the plane perpendicular to the line of normal

longitudinal stress passing through the center of the grain:

M» PXIEXCOSV (1)

where M is the moment of force acting on an elongated grain of the p-phase; 1is the
length of the grain of the B-phase; P is the specific pressure on the punch; y is the
angle of inclination of the grain to the plane perpendicular to the line of normal
longitudinal stress.

The magnitude of the moment of force will decrease as this angle increases,

and the angle itself during extrusion for each grain will gradually increase. An
increase in the angle will mean a decrease in the moment of force acting on the
grain. Since the cos function is nonlinear, the intensity of the reduction in the
moment of force acting on the grain will increase as the grain reorients along the
line of normal longitudinal stress. If we assume a directly proportional relationship
between the speed of rotation of the grain and the magnitude of the moment of force

that this rotation causes:

V» P XIE XCOSy (2)

where V is the rotation speed of an elongated grain of the B-phase;
then the above means that the rotation speed of differently oriented grains is
different.

The closer the grain approaches a position oriented along the line of normal

longitudinal stress, the slower its rotation. Considering the nature of the trajectories
of normal longitudinal stresses, and specifically the fact that the angle of
misorientation of the longitudinal stress lines with the axis of symmetry of the
matrix gradually decreases as it approaches the transitional conical part and is
minimal when passing through this cone, it can be assumed that the speed of
rotation of the grains increases as it approaches the conical part of the matrix and is
maximal when passing through the latter.

From this we can conclude that the main rotation of the grains occurs

precisely when passing through the transition cone of the matrix.

ISSN 1991-7848 201



International scientific and technical conference
Information Technologies in Metallurgy and Machine building - ITMM 2025

Based on the assumption that the moment of force acting on the grain, and
therefore the speed of rotation of the grain, depends on the angle of inclination of
the grain to the longitudinal axis of symmetry of the matrix according to the cosine
law and taking into account the nature of possible trajectories of normal
longitudinal stresses, an analysis of the speed of rotation of differently oriented
grains and changes in their position (angle of inclination to the longitudinal axis) in

time was carried out in a first approximation:

%zPicosv
dt 2 (3)
I
dy~P-—-cosy-dt
Y 5 Y 4)
y=7,+dy (5)

where v, is the initial angle of inclination of the elongated grain to the matrix axis.
The analysis shows that with the above-described uneven rotation of elongated

grains, there is a certain time interval during which a part of such grains will
sequentially pass through a position in which their angle of inclination to the
longitudinal axis of symmetry of the matrix will be close to or equal to 45°.

Therefore, during this time interval, some of the elongated grains will pass
through a position in which the values of tangential stresses are maximum and grain
boundary sliding is most facilitated.

The hypothesis presented allows us to explain the presence of horizontal
sections on the kinetic curves of the deformation rate, that is, to explain the fact of
stabilization of the deformation rate at a constant level.

Conclusions. Moment stresses in the deformation zone affect the rotation of
elongated grains of B—SisN.. The passage of elongated grains through a position at an
angle of 45° to the matrix axis leads to the appearance of a horizontal section on the

deformation rate curve.
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MOJEJIb BIUVINBY HAIIPY>KEHOI'O CTAHY HA KPUBY HNIBUJKOCTI
JITE®@OPMAIIIT ITPY1 BUCOKOTEMITEPATYPHIN IE®OPMAILIIT KEPAMIKA HA
OCHOBI HITPU Y KPEMHIIO
aunnug LA, I'pymenbkuit M.B.

Anoranisa. IIpoaHanizosavo kpuei wieudkocmi deopmauii KepamiuHux mamepianie
gidoMuUX CK1adie Ha OCHOB8I Himpudy KpemHito 3 eucokum (SisNs-5mac.%Y>0s-
5mac.%Al,05), cepednim  (SisNg-5mac.%6Y:0s-2mac.%Al;05) i Husekum  (SisN4-
2mac.%Y:0s- Imac.%Al:053) 8Micmom akmueamopis CNIKAHHA npu
gucokomemnepamypvomy degopmysanvi no cxemi npamoi exkcmpysii. Onucauo
xapakmep 6naugy o00epmaHHs BUO0B8MCEHUX 3epeH Ha npouecu MAacooOMiHy ma
weudxkicme depopmauii. Po3ensitHymo HanpyxceHuli cmaH 6 30Hi depopmauii. ITokazamo
8NJIU8 MOMEHMHUX HANPY}¥EHb HA N080pom 6udoexceHux 3epeH. Po3sznsaHymo ennus
HaNpy#eHo20 CmaHy ma hoeopomy 6udo8MeHUX 3epeH Ha Kpugy weudkocmi
depopmauii. Po3ensaHymo mamemamuuHy MoOenb HEPIBHOMIPHO20 00epmAaHHS
8udosxeHux 3epeH [—SisNy; 8 HEOOHOPIOHOMY NOJI HANPYX#eHb Y nepexioHoMy KOHYCi
mampuyi. ITosicHeHO Hasi8HICMb OiIIAHKU NOCMITIHOI WBUOKOCMi Ha munosiii Kpusiii
weudxkocmi depopmauii npu sucokomemnepamypHomy 0eQopMy8aHHi no cxemi npsmoi
ekcmpyasil.

KniouoBi cimoBa: Himpud kpemHito, dedpopmayis, mexanizm degopmayii, obepmaHHs
8UO08MEHUX 3epeH, Modelb npouecy dedpopmauii.
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