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The paper offers a review of literature published over the past 15 years concerning liquid-phase sintering of

silicon carbide materials with various sintering activating additives. The microstructure and specifics of its

formation have been investigated. The dependences of crack resistance, strength, and hardness on the material

structure were studied. The relationship between the forming microstructure of the liquid-phase sintered mate-

rial and its mechanical properties has been analyzed.
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INTRODUCTION

Due to a unique combination of physical chemical, me-

chanical, thermal, electro-physical, tribological, corrosion

and other properties, silicon carbide-based materials have

been extensively used to fabricate wear-resistant, abrasive,

and high-hardness products operating under high-tempera-

ture and aggressive environment conditions. One of the

promising SiC-based materials, which can be sintered to high

density (�rel � 98.0%), is liquid-phase sintered silicon car-

bide (LPS SiC). The main advantages of the liquid-phase

sintering compared to hot-pressing and spark-plasma

sintering are the possibility of obtaining materials of com-

plex geometric shape in a broad range of dimensions without

additional machining, and higher productivity of the process.

However, this technique also has disadvantages, such as:

1 — sintering to obtain high degree of densification, which is

accompanied by a considerable shrinkage, is technologically

challenging; 2 — SiC interactions with oxides result in car-

bide decomposition at high temperatures and considerable

loss of mass during sintering, which negatively affects the

mechanical properties of the products.

Main physical and mechanical properties of LPS SiC

materials as functions of a different content of the sintering

activating oxide additives (yttrium-aluminum garnet (YAG)

and eutectic MgO–Y2O3–Al2O3 (MYA) system) are pre-

sented in Table 1. The proposed review includes the most

substantial studies published over the past 15 years concern-

ing the mechanism of liquid-phase sintering, microstructure

of LPS SiC materials and its effect on mechanical properties,

as well as analysis of LPS SiC properties and applications.

LIQUID-PHASE SINTERING

OF SILICON CARBIDE MATERIALS

Liquid-phase sintering includes three main stages: 1 —

redistribution of liquid caused by the capillary forces, and re-

arrangement of solid particles according to the grain bound-

ary sliding mechanism; 2 — dissolution of silicon carbide

particles along the grain boundaries resulting in considerable

densification and modification of the grain shape; and 3 —

final stage of sintering characterized by grain coarsening via

Ostwald ripening.

Densification of a porous body during sintering occurs as

a result of SiC mass transfer, the intensity of which in ab-

sence of the liquid phase depends on the diffusion parameters

of the sintered material, such as a diffusion (self-diffusion)

coefficient and diffusion activation energy. The diffusion ac-
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tivity of the refractory covalent compounds, such as SiC, be-

comes noticeable only at high temperatures (>2,100°C).

However, achieving such sintering temperatures is associated

with economic and technological difficulties, considerable

recrystallization grain growth, and partial peritectic decom-

position of silicon carbide [4] according to the reaction:

SiC
sol

� Si
gas

+ C
sol
. (1)

As a result, the widely practiced SiC sintering activation

methods included those utilizing direct application of exter-

nal pressure (hot pressing, spark plasma sintering) or cre-

ation of pressure using gas atmosphere, and minimization of

SiC grain size to d0.5 � 1 �m (application of submicron and

nanosized powders). In general, the physical essence of dif-

ferent sintering activation techniques consists in increasing

the concentration of SiC crystal defects, accelerating the dif-

fusion processes, and facilitating the process of plastic defor-

mation at high temperatures [5, 6].

By utilizing liquid-phase sintering, it becomes possible

to compensate for a low-rate self-diffusion of SiC and obtain

a dense silicon carbide material without applying external

pressure. The physical and chemical principles of this activa-

tion method are based on the fact that the liquid phase, which

fills the pores, contributes to the appearance of new mecha-

nisms of mass transfer. The processes of mutual dissolution

of the components, chemical interaction and high-tempera-

ture decomposition activate the atomic diffusion not only in

the liquid phase, but also along the solid-liquid, gas-liquid,

and gas-solid interfaces. Due to a combination of various

physical and chemical processes (SiC interaction with the

liquid-phase components to form gaseous volatile com-

pounds interacting between themselves), a specific structure

of the liquid-phase sintered materials is formed represented

by SiC grains and intergranular phase (oxides) crystallizing

from the melt during cooling [7 – 13].

By using the summarized results of predicting the ther-

modynamic and chemical compatibility of the components in

the process of creating composite materials, the authors of

Ref. [14, 15] believe that the most attractive additives, which

activate the SiC sintering process, are the following: oxy-

gen-containing Al2O3, BeO, Y2O3, La2O3, CaO, MgO, ZrO2,

and oxygen-free AlN.

Component Interaction during the Liquid-Phase

Sintering Process

Liquid-phase sintered silicon carbide is obtained by us-

ing various sintering additives, which may include either in-

dividual compounds, such as Al2O3 [8, 10, 16 – 18], or dual-

and triple-component oxide-based compounds, as well as

compounds containing aluminum nitride. There are reports

in the scientific literature about producing SiC materials us-

ing multicomponent sintering additives with the number of

components n > 3 [19 – 24].

The most common sintering additive is a mixture of

Y2O3 and Al2O3, which form yttrium aluminum garnet dur-

ing sintering. Other frequently used additives besides yttrium

oxide include oxides of rare-earth metals [25], as well as La,

Ce, Sc, Lu, and Nd oxides [12, 26 – 29]. Also known are the

additives based on the mixtures of MgO and Al2O3 (spinel

ratio) [1]; MgO, Al2O3, and Y2O3 [30 – 33]; Al2O3 and CaO

[34, 35]; Y2O3, Al2O3, and CaO [36], as well as component

mixtures within Al2O3–ZrO2 [37] and Y2O3–Al2O3–SiO2 [6]

systems. The authors of Ref. [15] have analyzed LPS SiC

materials with the sintering additives containing nitrates and

MgO, Al2O3, and Y2O3. Aluminum nitride is one of the few

oxygen-free compounds used as a sintering additive, often in

the form of an oxide mixture (e.g., Y2O3–AlN and

AlN–Er2O3 [24, 38 – 42]).

Phase equilibria in most of these systems are well stud-

ied [25, 27 – 29, 38, 39, 43, 44]. The systems are described

by the eutectic-type equilibrium diagrams. This means that

the relationship between the melting point and concentration

has a minimum, which allows lowering the liquid-phase

sintering temperature. However, many of these systems con-

tain intermediate chemical compounds, some of which melt

incongruently at a temperature below the sintering tempera-

ture. Therefore, it is necessary to consider potential chemical

reactions, which may take place in the process of LPS SiC

heat treatment.

Chemical reactions occurring during the liquid-phase

sintering process can be conditionally divided into the fol-

lowing two large groups:
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TABLE 1. Properties of liquid-phase sintered silicon carbide materials* [1 – 3].

Composition �, g/cm3 �, % E
el
, % �

bend
, MPa K

Ic
, MPa(m1/2 HV, GPa

90 wt.% SiC + 10 wt.% YAG 3.21 3.0 320 380 3.9 20.5

85 wt.% SiC + 15 wt.% YAG 3.25 2.8 390 420 4.3 19.8

80 wt.% SiC + 20 wt.% YAG 3.28 1.5 350 460 4.5 18.5

90 wt.% SiC + 10 wt.% MYA 3.23 2.0 420 510 4.1 21.0

85 wt.% SiC + 15 wt.% MYA 3.28 1.6 390 600 5.1 20.3

80 wt.% SiC + 20 wt.% MYA 3.32 1.0 350 660 4.8 19.5

* �) density; �) porosity; Eel) modulus of elasticity; �bend) bending strength; KIc) crack resistance; HV) Vickers hardness.



1 — reactions of partial or complete decomposition of

the initial components (e.g., Al2O3 and SiO2) accompanied

by the formation of unstable compounds, such as volatile

suboxides;

2 — reactions leading to the formation of new stable

compounds (yttrium aluminum garnet, various types of

spinel, aluminates of rare-earth metals, oxynitrides, etc.)

[7 – 13].

Under the actual process conditions, reactions of both

groups may occur in series or in parallel, and may serve as

intermediate stages of a single new phase formation process.

In general, type 2 reactions may result in a loss of mass of the

sintered material, appearance of concentration fluctuations,

and as a consequence, non-uniform (including porous) struc-

ture. The negative effect of the loss of mass caused by these

processes can be minimized by kinetically inhibiting chemi-

cal interaction, creating conditions, which prevent enhanced

evaporation of the volatile components, and rationally select-

ing additives, which contribute to the formation of stable

compounds [7 – 13].

Let us consider the reactions of decomposition in the

SiC–Y2O3–Al2O3 system, i.e., in the process of sintering SiC

in the presence of Y2O3 and Al2O3 corresponding to the yt-

trium aluminum garnet ratio (3:5, respectively) [7 – 13,

44 – 47]. One important advantage of the Y2O3–Al2O3 sys-

tem is the presence of the additional three stable compounds,

such as yttrium aluminum garnet Al5Y3O12 (YAG), a phase

with the perovskite-like structure of AlYO3 (YAP), and a

monoclinic Al2Y4O9 phase (YAM). Considering the presence

of a SiO2 layer on the surface of SiC particles, which also af-

fects the decomposition of silicon carbide, the three most

likely thermodynamic reactions can be described by the fol-

lowing equations [44]:

SiC
sol

+ 2SiO
2sol

� 3SiO
gas

+ CO
gas
, (2)

SiC
sol

+ Al
2
O

3sol
� Al

2
O

gas
+ SiO

gas
+ CO

gas
, (3)

SiC
sol

+ Y
2
O

3sol
� Y

2
O

gas
+ SiO

gas
+ CO

gas
. (4)

It should be noted that SiC reactions with oxides during

free sintering without applying pressure result in substantial

decomposition of the components yielding gaseous SiO,

Al2O, Y2O and CO compounds responsible for the loss of

mass, formation of the porous structure of the material and,

as a result, reduction in the level of mechanical properties.

Yttrium oxide is the most thermodynamically stable. It

forms a smaller concentration quantity of the volatile compo-

nents with silicon carbide according to reaction (4), i.e.,

Al2O3 predominantly evaporates from the melt [44]. As a re-

sult, the liquid phase becomes enriched with yttrium oxide

relative to the YAG stoichiometric ratio. This phenomenon is

typical when sintering materials above 1,820°C for more

than 10 minutes. By increasing the partial pressure of CO as

one of the gaseous products of the decomposition reaction, it

becomes possible to shift the equilibrium toward the initial

substances [7 – 13]. For example, as shown in [7, 8], in the

process of free sintering of �-SiC with Al2O3 under CO pres-

sure equal to one atmosphere (0.105 MPa), the loss of mass

can be reduced by 2 to 4 times.

In practical applications, as shown in [7 – 9], even a sim-

ple technological tweak (such as a use of a partial fill) can

guarantee sufficiently high partial pressure of gaseous SiO

and Si in the intergranular space of the sintered samples,

causing their reaction with volatile yttrium and aluminum

suboxides to occur in the liquid phase, thus, resulting in the

minimized losses due to component decomposition. Keeping

the concentration of Al2O3 higher than its YAG content by

using corundum partial fills also reduces the loss of mass

during sintering due to an increase in Al2O partial pressure

and compensation of evaporation thereof.

The effect of the protective gas atmosphere on the pro-

cesses of oxide decomposition and evaporation of the vola-

tile components is not limited to the formation of gaseous

products under the overpressure conditions. According to

data presented in [1, 30, 48, 49], sintering in Ar atmosphere

reduces the loss of mass by eliminating chemical interaction

of solid and liquid components with nitrogen. However, the

choice of gas atmosphere in each particular case requires

considering such factors as the likelihood of chemical inter-

action between the additive components and gas medium,

granular polytypism of the utilized SiC, and amount of nitro-

gen dissolved in solid SiC and liquid phase [47, 50]. As

noted in [16], the loss of mass and oxide decomposition dur-

ing sintering of SiC with 15 wt.% of Al2O3 in N2 atmosphere

are much lower compared to sintering in Ar atmosphere,

which is associated with partial dissolution of nitrogen in the

melt causing it to become more viscous. The latter also af-

fects the wettability of the SiC surface with the melt.

The interaction between components in the systems con-

taining aluminum nitride (SiC–MexOy–AlN) has its own spe-

cifics. Let us consider sintering SiC with the additives from

the Y2O3–AlN system. The phase diagram of SiC–AlN indi-

cates the formation of a metastable �-SiC phase in the tem-

perature range of 1600 – 1800oC, designated as �	-SiC [43].

It is characterized by a significant degree of hexagonality

and, due to structural proximity, is responsible for AlN solu-

bility in SiC. The existence of solid solutions in the SiC–AlN

system has been demonstrated by sintering materials using

�-SiC (3C-polytype) and 
-SiC (2H-polytype) powders with

AlN [14]. It was established that �-SiC dissolves 1 to 2 wt.%

of AlN, while the x-ray phase analysis results showed that

more than 30% of the formed solid solution is related to a

hexagonal syngony (2H-SiC polytype).

Sintering in the SiC–MexOy–AlN system should prefera-

bly be conducted in the atmosphere of N2, since the exces-

sive nitrogen pressure effectively suppresses the reaction of

aluminum nitride decomposition, which eventually reduces

the loss of the material mass [38, 39, 41, 42]:

2AlN
sol

� 2Al
liq
+ N

2gas
. (5)
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However, it is impossible to completely avoid the loss of

mass when sintering materials of the SiC–Y2O3–AlN system

in the atmosphere of N2, since under these conditions it be-

comes possible for type (2) reactions of decomposition and

reaction [40] to occur:

2SiC
sol

+ SiO
2sol

� 3Si
gas

+ 2CO
gas
. (6)

Hence, it can be concluded that the information about the

equilibrium diagrams of oxide systems (sintering additives)

and SiC makes it possible to evaluate the likelihood of cer-

tain physical and chemical processes, and account for them

when developing new materials. At a LPS SiC sintering tem-

perature, decomposition of the initial components yielding

gaseous suboxides may potentially lead to a loss of mass and

formation of the porous structure. However, these processes

can be suppressed by performing sintering in properly se-

lected gas atmosphere and utilizing embedding media com-

posed of coarse fractions of SiC–MeO powder increasing the

partial pressure of the evaporating volatile compounds.

Contact Phenomena during Liquid-Phase Sintering

The role of sintering activating additives is determined

not so much by their quantity as by their effect on

densification of the material and reduction of SiC grain

recrystallization. The efficiency of sintering additives is de-

termined by the uniformity of their distribution between the

grains of the main phase. To ensure uniform distribution and

reduced quantity, it is feasible to introduce such additives in

the form of water-soluble salts and hydrates [26, 51,

52 – 54], and do so in the process of grinding the initial SiC

powder [55].

One of the principal conditions for achieving successful

liquid-phase sintering is the high degree of wettability of sili-

con carbide particles with oxide melt. This condition is satis-

fied only in case of a sufficiently low surface tension of the

melt, while melts with high surface tension do not wet solid

SiC particles well. From the energy point of view, this condi-

tion can be quantified as follows: Wa.m < Wa.s, i.e., in order

for the melt-wetting of the SiC grain surface to be energeti-

cally favorable, the work of adhesion of the melt (Wa.m) has

to be less than the work of adhesion between liquid and solid

phases (Wa.s) [27, 45].

According to [28], the value of the melt-wetting angle

(�) of the solid SiC surface of the following systems:

Al2O3–Y2O3, Al2O3–Sm2O3, AlN–Y2O3, Al2O3–R2O3, and

AlN–R2O3 (where R is a rare-earth metal) at T > 1,750°C

constitutes 0 to 10 degrees, which is considerably lower than

the critical value of the wetting angle (90 degrees). This indi-

cates a complete wetting of the SiC particle surface. As noted

in [28], the equilibrium value of the wetting angle is

achieved over the time period from 30 to 60 min, and there-

fore, soaking at a constant temperature for a shorter duration

cannot ensure sintering to a higher density. The gas medium

used in the sintering process does not significantly affect the

wetting angle: the difference between the �-values when us-

ing Ar and N2 did not exceed several degrees.

Under the sufficient wettability conditions, the surface

tension forces help rearrange particles and densify the mate-

rial. Due to the capillary forces, the liquid flows over the sur-

face of the particles, filling the intergranular spaces and pore

volume, and thus, facilitating mutual rearrangement of the

particles.

LPS SiC MATERIALMICROSTRUCTURE

Structure formation in different technological environ-

ments of the process of liquid-phase sintering of SiC materi-

als is described in detail in [56 – 58]. The grain growth and

structure formation of LPS SiC materials occur according to

the dissolution-recrystallization mechanism (Ostwald ripen-

ing). Generally, such mechanism can be described by the fol-

lowing sequence: solid phase (SiC) is partially dissolved in

liquid, Si and C atoms diffuse through the liquid, and second-

ary SiC precipitates on the existing (primary) SiC grains

[59]. It should be noted that liquid-phase sintering, which re-

sults in high degree of densification, does not require high

solubility of the solid substance in the liquid phase. On the

contrary, such solubility should be avoided, since it results in

material deformation [60].

Based on the theory proposed by L. S. Sigl [61], the LPS

SiC material microstructure is characterized by the presence

of crystalline silicon carbide grains consisting of primary

(SiC-grain) and secondary (SiC-boundary layer) silicon car-

bide, as well as an intergranular (oxide) phase, which is par-

tially amorphous (contains glass-phase inclusions) (Fig. 1)

[48].

The dissolution-recrystallization mechanism is one of the

dominating mechanisms in LPS SiC materials during SiC

granular structure formation. The boundary layer of the sili-

con carbide grains contains such elements as Y, Al, and O.

The mechanism of a core-boundary layer model formation

consists in the dissolution of non-equilibrium phases in liq-

uid followed by precipitation on the primary SiC grains

(core) of silicon carbide recrystallized from the melt (bound-

ary layer). Each SiC particle becomes surrounded by a thin

amorphous layer of SiO2 film (~1 nm) [61].

There is a significant morphological grain diversity, in-

cluding equiaxed grains, elongated grains, as well as bent or

straight (faceted) grains, depending on the composition of

the liquid phase and the initial modification of silicon car-

bide (
- or �-SiC) (Fig. 2) [49]. If the amount of liquid phase

is about 5 vol.%, grains generally have no pronounced facet-

ing, while aiming for a rounded shape. If the amount of liq-

uid phase is higher, grain spherocity becomes more notice-

able. If the additive content is less than 5 vol.%, grains may

nucleate within zones located in between the adjacent grains

(pores). This results in the most effective packing of the ma-

terial [62 – 64].
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When sintering LPS SiC materials for a long time at high

temperatures [49], silicon carbide grains undergo intensive

growth driven by the intention to minimize the surface en-

ergy of the particles. Depending on the conditions, a normal

or abnormal grain growth is observed. Normal grain growth

results in narrow distribution ranges in terms of grain sizes

and shapes, while abnormal growth causes a small number of

large grains grow at the expense of the small grains. In this

case, the grain size distribution is bimodal [65, 66].

Factors causing the abnormal grain growth include crys-

tal anisotropy, which leads to different rates of grain growth

in different directions. When the liquid phase content is high,

sintered material may contain a significant amount of pris-

matic grains, while in case of the low oxide phase content,

there is a high probability of growing elongated grains hav-

ing a noticeable radius of facet curvature or plate-shaped

grains having a distinct faceting [67]. Abnormal grain

growth may also occur as a result of a distinct spread in the

silicon carbide particle size distribution in the starting mate-

rial. According to the grain growth theory [68], the growth of

elongated grains is determined by the reaction along the

SiC-oxides phase interface, while the growth of rounded

Sintered Silicon Carbide Based Materials: Mechanical Properties vs. Structure 449

Fig. 1. Microstructure of liquid-phase sintered SiC materials [48] with various amounts of ox-

ides: a) 5 wt.%; b ) 10 wt.%; c) 15 wt.%; d ) 20 wt.%.

Fig. 2. Microstructure of liquid-phase sintered SiC materials [49] containing 90 wt.%

�-SiC + 10 wt.% YAG at various high-temperature soaking times: a) 1 h; b ) 2 h; c) 4 h;

d ) 8 h.



grains is determined by the diffusion-controlled growth of

silicon carbide grains.

In the process of liquid-phase sintering of the composi-

tions of �- and 
-SiC powders, the �-SiC particles undergo a

phase transition (� � 
), which includes the following

changes of the polymorphic modifications: 3C � 2H at

1600°C, 2H � 4H at 1800°C, and 4H � 6H at 2000°C [43].

This means that under the standard sintering conditions of

LPS SiC materials, the basic SiC phase composition includes


-polytypes 4H- and 6H-SiC, which promote more complete

dissolution of SiC in the liquid phase with subsequent pre-

cipitation of the 
-phase on the primary 
-SiC particles.

Grain growth anisotropy of the secondary 
-SiC results in

the formation of elongated grains demonstrating hexagonal

symmetry [19, 69].

Highly interesting is the effect of nitrogen dissolution in

SiC grains. Even a small amount of dissolved N2 makes it

possible to stabilize �-polytype of SiC, which helps sup-

pressing the phase transition (� � 
) [39]. In this case, a dis-

tinct decrease in the number of elongated grains is observed

compared to the material structure predominantly containing


-SiC.

Correlation between Crack Resistance

and LPS SiC Microstructure

Crack resistance primarily depends on the SiC grain size

of the sintered material and oxide phase composition [1].

Both strength and crack resistance of the liquid-phase

sintered SiC material are higher compared to the SiC materi-

als obtained by reactive sintering. The presence of oxide

phase in LPS SiC materials allows reducing the amount of

defects during sintering and making such materials tougher

[70]. It is believed that as a result of the difference in thermal

coefficients of linear expansion (TCLE) between oxide phase

and silicon carbide [37, 70, 71], crack nucleation causes

weakening of the interphase bonding at the SiC grain-oxide

phase interface, which affects the intensity of crack propaga-

tion along the grain boundaries. This requires higher energy

compared to a trans-crystalline crack, since the path of an

intergranular (inter-crystalline) crack is considerably longer.

This mechanism of toughening the material is known as

“crack deflection” (Fig. 3). It is mainly realized due to the

presence of elongated SiC-grains in the structure [17]. The

fracture toughness of such materials can be increased to

8 MPa·m1/2 [72].

When sintering SiC materials with YAG additive, an in-

crease in crack resistance is observed [17, 47, 71, 73, 74].

The presence of glass phases along the grain boundaries re-

duces the overall TCLE to approximately 3 � 10–6 K–1. The

liquid-phase sintering method made it possible to obtain LPS

SiC materials with high fracture toughness values

(KIc = 5.5 MPa·m1/2) when using Al2O3–Lu2O3 system com-

ponents as additives [29]. The aspect (length-to-diameter) ra-

tio of the material grains was l:d = 7.

By using a hot pressing technique, it became possible to

produce �-SiC-based materials with different rare-earth ox-

ides (Y2O3, Er2O3) along with AlN [27]. A small amount of


-SiC was introduced to the furnace charge. The materials

were sintered at 1,850°C in nitrogen atmosphere. After hot

pressing, subsequent heat treatment was performed at

1,850°C. It was found that the addition of AlN blocks the

� � 
 phase transition. This, in turn, suppresses the pro-

cesses of elongated hexagonal grain formation, however, the

crack resistance of such materials is rather high

(KIc = 6.5 MPa·m1/2). Obviously, the high level of KIc is

caused by partial dissolution of nitrogen in the melt and SiC

grains, leading to the formation of a uniform dense and

fine-granular structure [39].

Strength as a Function of Material Microstructure

The strength of ceramic materials is affected by the con-

tent of volumetric defects (pores, microcracks, etc.). The for-

mation of a main crack in the material occurs when the

emerging stresses exceed the force preventing the crack from

growing. The Griffiths equation establishes the relationship

between the strength and size of the material defects [75]:

� = nK
Ic
/a

1/2
, (7)
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Fig. 3. Crack propagation in liquid-phase sintered SiC materials

[49]: a) 90 wt.% 
-SiC + 10 wt.% YAG, soaking time — 4 h (con-

ventional fracture); b ) 90 wt.% �-SiC + 10 wt.% YAG, soaking

time — 8 h (fracture according to “crack deflection” mechanism).



where � is the strength; n is the geometric factor depending

on the crack shape; K
Ic
is the crack resistance; and a is the

crack length.

To ensure high strength of LPS SiC materials, it is im-

portant to maintain a fine-granular structure throughout the

sintering process. As noted above, grain growth depends on a

variety of factors, but primarily on sintering temperature and

isothermal time. As has been established in [47], the bending

strength (�bend) of the material of the SiC–Y2O3–Al2O3 sys-

tem after 4 h of sintering increases from 410 to 540 MPa,

which is associated with densification of the structure in the

absence of abnormal grain growth. However, after 8 h of

sintering, the �bend value drops to 460 MPa due to a signifi-

cant growth of the silicon carbide grains.

When sintering LPS SiC in Ar and N2, various options of

the grain growth mechanisms are realized during the dissolu-

tion-recrystallization process. When sintering is performed

in Ar atmosphere, grain growth progresses with isothermal

time. On the other hand, when sintering is performed in N2

atmosphere, the grain size remains unchanged regardless of

the sintering time. Such inhibition of grain growth is associ-

ated with the N2 penetration into the oxide melt, which re-

sults in an increased surface energy at the solid-liquid inter-

face and increased melt viscosity. These effects suppress the

dissolution-recrystallization process and limit diffusion of Si

and C atoms through the liquid phase, thus inhibiting grain

growth [39].

One interesting technological solution consists in per-

forming sequential sintering in the atmospheres of Ar and

N2, which yields materials with an increased �bend value as a

result of higher densification during sintering in Ar and in-

hibited grain growth during subsequent sintering in N2 atmo-

sphere [16, 47, 50].

As shown in [27, 75], sintering of 
-SiC with Y2O3 and

AlN additives (as compared to YAG) results in LPS SiC ma-

terial with increased high-temperature strength (at 1,200°C).

The bending strength increases from 480 MPa at room tem-

perature to 600 MPa at 1,200°C. This can be explained by

softening of the intergranular viscous glass phase, which re-

inforces the material due to stress relaxation. However, as the

temperature further increases to 1,400°C, softening of the

sintering additive causes a viscous flow state of the material,

which dramatically reduces its strength [27, 29, 76, 77].

As shown in [76], high-temperature heating of LPS SiC

materials (to 1,200 – 1,300°C) for 0.2 h in air increases the

�bend value from 440 to 1000 MPa, which can be explained

by the generation of compressive stresses due to oxidation of

the intergranular phase of oxynitride and YAG, and forma-

tion of 
-Y2Si2O7 glass phase as a result of reaction between

SiO2 and YAG. These reactions reduce the strength of ceram-

ics (at >1,400°C) due to evaporation of the formed volatile

components and formation of pores in the material

microstructure.

The effect of various sintering additives on the strength

of hot-pressed materials after sintering and subsequent heat

treatment was studied by the authors of [78]. Hot pressing

was performed at 1,800°C in Ar followed by 3-hour-long

heat treatment at 1,850 and 1,950°C in Ar. When using

sintering additives from the Al2O3–La2O3 and Al2O3–Nd2O3

systems, the �bend values of the material increased from 500

to 650 MPa and from 550 to 610 MPa when the sintering

temperature was increased from 1,800 to 1,950°C. In LPS

SiC materials with oxides from the Y2O3–Al2O3 and

Al2O3–Yb2O3 systems, the �bend values increased from 580

to 660 MPa and from 650 to 720 MPa when the sintering

temperature was increased from 1,800 to 1,850°C. After sub-

jecting the SiC–based materials with the Y2O3–Al2O3 and

Al2O3–Yb2O3 oxide systems to heat treatment above

1,950°C, a sharp decrease in the �bend values to 440 and

370 MPa was observed. When considering the material

strength in the SiC–Y2O3–R2O3 and SiC–Al2O3–R2O3 sys-

tems (where R is a rare-earth metal), it should be noted that

the strength of LPS SiC materials drops with a decrease in

ionic radius of rare-earth metals, present in the sintering ad-

ditives as oxides.

Hardness as a Function of Microstructure

Hardness is the ability of the material to resist penetra-

tion of a surface force. The properties of LPS SiC materials

sintered with 3 wt.% of YAG were studied and reported in

[79]. In this case, three types of furnace charge with different

degree of silicon carbide dispersion were used to obtain ma-

terials with different microstructure. High hardness values

(27 GPa) were obtained in case of materials with the smallest

grain sizes (0.5 to 1.2 �m). It has been experimentally con-

firmed that the hardness is inversely proportional to the

square root of the mean grain size of silicon carbide [79].

Similar dependence can be seen in metals and alloys, in

which the true hardness is related to the mean grain size ac-

cording to the Hall-Petch equations [79]:

H = 3�
e
, (8)

where H is the true hardness, and �
e
is the material plasticity;

�
e
= �

0
+ k/d

0 5

1 2

.

/
(Hall-Petch law), (9)

where �
0
is the strength constant dependent on the grain size;

k is the parameter dependent on the material; and d
0.5

is the

mean grain size.

During hot pressing of SiC with 10 wt.% of additives,

the hardness increases from 22.0 to 24.5 – 25.0 GPa after

heat treatment [80], which contradicts the findings of the au-

thors of [39]. A decrease in hardness is explained by an in-

creased porosity resulting from the decomposition reactions,

which take place during the heat treatment process [81]. The

decomposition reactions lead to high losses of mass of the

material, e.g., from 3.0 to 5.5 wt.%.

It was noticed that the hardness of a liquid-phase sintered

SiC material decreases with an increase in YAG content from
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19.3 – 20.1 GPa at 5 wt.% of YAG to 15.6 – 16.8 GPa at

25 wt.% of YAG [1, 46], which is associated with the low

hardness of the intergranular phase (hardness of a het-

ero-phase material is subject to an additive law). A similar

effect is seen when adding aluminum oxynitrides. Sintering

of SiC with the additives from the Y2O3–AlN [40],

Y2O3–
-AlON [82], or AlN–
-AlON systems results in the

formation of solid solutions with SiC. The hardness of the

material increases with the concentration of additives. This is

explained by the fact that the hardness of the formed solid

solution is higher, than that of 
-AlON [82]. When perform-

ing sintering with the additives containing 
-AlON, the hard-

ness increases from 18.0 GPa at 10 wt.% of the additive to

28.0 GPa at 40 wt.% of the additive. After introducing

50 wt.% of 
-AlON, the hardness decreases to

24.0 – 26.0 GPa. According to [42], when performing

sintering with AlN, the hardness increases from 21.2 GPa at

5 wt.% of AlN to 25.4 GPa at 25 wt.% of AlN.

APPLICATIONS OF LIQUID-PHASE SINTERED

SILICON CARBIDE MATERIALS

The abrasive wear of the material decreases with hard-

ness [83]. Therefore, a hard silicon carbide material having a

fine-granular microstructure is characterized by high wear

resistance. Due to these properties, silicon carbide-based ma-

terials are often used as abrasives. Silicon carbide is used to

fabricate heating elements. By controlling the microstructure

of LPS SiC materials, it becomes possible to adjust material

resistivity, which can be useful when fabricating heating ele-

ments. LPS SiC materials can also be used as components of

the diesel particulate filters for gas purification. These mate-

rials are cheaper than silicon nitride materials and have

greater hardness and wear resistance compared to corundum

materials. In addition, it should be noted that LPS SiC mate-

rials have special applications in thermal nuclear reactors on

fast neutrons as plutonium storage containers [84]. Liq-

uid-phase sintered silicon carbide is used to produce heat-en-

gine components, such as valves, valve seats, piston pins,

seals, etc. [84]. LPS SiC materials are used for lining grind-

ing units (ball-mills and planetary mills), as friction units in

submersible pumps for pumping abrasive liquids, as well as

armor materials for protecting military personnel and equip-

ment [86, 87].

CONCLUSIONS

By controlling a microstructure of liquid-phase sintered

SiC materials using initial silicon carbide powders of differ-

ent polymorphic modifications (
- and �-SiC) and different

degree of dispersion, and by performing sintering under dif-

ferent process conditions (temperature, pressure, gas me-

dium composition, process duration) and using sintering

(multicomponent oxide and oxynitride) additives, it becomes

possible to engineer various properties of the sintered materi-

als to obtain products possessing high physical, mechanical,

and operational characteristics.
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