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IN SITUCOMPOSITES: A REVIEW

The review of the works on the fabrication-technology studies, patterns of structure
formation, and properties of in situ composites is presented. The main advantage of
in situ (natural) composites is the thermodynamic stability of their composition and
the coherence (conjugation) of the lattices of the contacting phases. All these ones
provide the composite with a high level of the physical and mechanical properties.
As shown, composite materials of this type are formed in the process of directed
phase transformations, such as eutectic crystallization, eutectoid decomposition,
etc., caused by a temperature gradient, as well as a result of diffusional changes in
composition. The conditions for the growth of in situ composites are formulated.
The mechanisms of growth of composite structures of the eutectic type are consid-
ered. The factors influencing on the morphology of structures of the eutectic type
are indicated. The considered technological methods make it possible to obtain ma-
terials with predetermined properties, in which the size, volumetric composition,
and spatial arrangement of phases are characteristic of in situ composites. The pa-
per provides a large number of examples of in situ composites: from low-melting
Bi-based alloys to refractory eutectics based on Mo and W (Bi—-MnBi, Cd—Zn, Al-
ALNi, Al-Al,La, Al-Al, CaFe,, Al-Al,FeNi, Al-ALZr, Al-Al,Sc, Au—Co, Si-TaSi,,
Cr-HfC, Cr-ZrC, Cr—NbC, Cr—-NbC, Cr—-TaC, Nb—Nb,Si,, Mo—ZrC, Mo—HfC, W-TiC,
W-ZrC, W-HfC, etc.). Processes and aspects of structure formation are considered.
The influence of additional doping on the structure and properties of composite
materials of the eutectic type of binary systems, as well as the features of the struc-
ture formation of ternary colonies in the composite are considered.
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1. Introduction

Nowadays, both the processing machinery and the auxiliary production
equipment often need to operate under increasingly challenging condi-
tions. As a result, the processed materials need to have high strength,
high hardness, as well as high plasticity, high toughness, and excellent
wear resistance. This one means that monolithic metallic materials are
unlikely to meet these requirements [1-3]. Ceramic materials (carbides,
oxides, nitrides, etc.) have high strength, excellent high-temperature
oxidation resistance and wear resistance. However, they are not very
tough [4-6]. Creation of materials with predefined properties is a trend
in modern materials science. The developed materials should provide
excellent comprehensive mechanical properties, including high strength,
high toughness, high hardness and excellent wear resistance in conjunc-
tion with excellent plasticity and impact strength. Composite materials,
which obtained a conditional mathematical expression: 1 + 1> 2, meet
all these wide ranges of increased requirements. This mathematical ex-
pression indicates the combination of the positive properties of the orig-
inal components to obtain material with synergistic effect exceeding the
total effect. This fact has provided an ever-increasing interest in com-
posite materials [7].

The in situ composite material is produced in one-step from an ap-
propriate starting alloy, thus avoiding the difficulties inherent in com-
bining the separate components as in a typical composite processing.
Controlled unidirectional solidification of a eutectic alloy is a classic
example of in situ processing. Eutectics are the multi-phase composites
formed during liquid phase solidification processes. Both the ordered
eutectics and the disordered eutectics are prepared by different methods
and involve using metallic, oxide and non-oxide systems [8—19]. The
synthesis of eutectic composites in situ during melt solidification pro-
vides the advantage that the resulting structures are not dependent on
the properties of the starting materials such as particle size or shape
but are instead related to the solidification conditions. These aligned
composites exhibit enhanced bonding between phases as a direct result
of the in situ growth process. Unidirectional solidification of a eutectic
alloy can result in one phase being distributed in the form of fibres or
ribbon in the other. One can control the fineness of distribution of the
reinforcement phase by simply controlling the solidification rate. The
solidification rate in practice, however, is limited to a range of 1-5
cm/h because of the need to maintain a stable growth front [20]. The
stable growth front requires a high temperature gradient.

To achieve this feature in eutectic alloys, it is involved directional
solidification, which transforms the liquid alloy into two distinctly dif-
ferent phases: a rod or filament-like eutectic phase dispersed in a solid
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matrix or a solid-solution matrix
involving a binary composition
different from the eutectic
phase composition as illustrated
in Fig. 1 [21]. In the fabrication
of eutectic-reinforced matrix com-
posites, the unidirectional so-
lidification of an alloy ingot of
eutectic composition is achieved
under a steep axial thermal gra-
dient by gradual withdrawal of
an ingot from a furnace. This
one establishes a planar solid—
liquid interface separating the
liquid (melt) and solid phases
shown by the large directional
arrow in the liquid (L) in Fig. 1
(upper left). The two solid phas-
es (o and B) produced from the
eutectic reaction at the eutectic

Lamellar

Rod/fiber . .
Fig. 1. Schematic phase diagram showing temperature (T .1n F%g. 1 grOYV
eutectic transformation [21] parallel to the direction of soli-

dification (large arrow in Fig. 1).

Hertzberg [22] has illustrated that the type of morphology devel-

oped in a eutectic microstructure depends on the relative volume frac-

tion of each phase. Eutectic rods or filaments embedded in a matrix

phase will form when one phase is less than that 1/n of the total alloy
volume. These features are illustrated in Fig. 1.

2. Features of Eutectic Growth

The coupled growth behaviour and periodic array characteristics in
many eutectic systems have received considerable theoretical and ex-
perimental attention [23—-27]. Although eutectic growth has been exam-
ined for many years, the most significant one of the eutectic growth
theories is the Jackson and Hunt (J—H) model [28]. The J-H model,
which is calculated by Eq. (1) and schematically shown in Fig. 2, gives
the relationship between the interface undercooling AT, the growth rate
V, and the eutectic spacing A:

AT = KJ/M%, (1)

where V is the growth rate; K, and K, are constant parameters and can be
calculated from phase diagram and thermodynamic data for a given system.
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Fig. 2. Schematic plot of undercooling AT
vs. eutectic spacing for a given growth
rate V [29]

According to the minimum un-
dercooling criterion, we shall denote
these theoretical values of the ex-
tremum and the maximum stable
spacings by A, and A, , respective- 2
ly. As is indicated in Fig. 2, the
smallest stable spacing, A, corre-
sponds to that of the minimum undercooling value, and the maximum
stable spacing, A, corresponds to the critical spacing that appears
when the larger volume fraction phase develops a depression at the cen-
tre of its lamellae. Thus, when lamellar spacings are smaller than the
extremum spacing . ,, the growth will be unstable; when lamellar spac-
ings become larger than the maximum spacing A ., tip splitting occurs.
Consequently, the eutectic growth at constant growth rate occurs with-
in a small range of spacing values. This notion was observed by many
experimental studies on eutectic spacing selection in several alloy sys-
tems, and the average spacing was found to be near but slightly larger
than the extremum spacing [30—34].

Many investigations on eutectic spacing have been performed on
lamellar eutectics in thin samples of metals or transparent materials at
lower growth rates. Although these experiments have provided valuable
information, it has also been recognized that microstructural features
can also be influenced by the thickness of the samples [35]. In contrast
to lamellar eutectics, there is little information on the rod-like eutectic
spacing selection at high growth rates. In addition, rod eutectic mor-
phologies are fundamentally more complex than their lamellar counter-
parts, since the three-dimensionality of the rod array gives rise to more
diverse variation in the microstructure [36].

The solidification of off-eutectic compositions in binary, ternary,
and higher-order alloy systems, concluding that under appropriate
growth conditions any multiphase alloy composition could be direction-
ally solidified to produce an aligned composite with a eutectic-like mi-
crostructure [37]. An approximate formulation of this approach leads to
the experimental requirement for composite growth of

G AT

—_— > R ,

Vv D
where G is the temperature gradient, D is the diffusion coefficient, and

AT is the temperature range between start and completion of solidifi-
cation of the particular alloy. (Note, in the simple binary system in

Undereooting, AT

Unstable Unstable

A

ext ‘max

Eutectic spacing, A

(2)
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Fig. 1, that AT is zero at C, and increases monotonically as composition
departs from C,).

This ability to depart from precise eutectic compositions is extreme-
ly important from the technological point of view, as it allows the addi-
tion of various alloying elements to improve specific properties, such as
strength or oxidation resistance. As discussed later, this alloy ability
has played an important part in the development of promising high tem-
perature composites. The search for technologically promising alloys
has led more and more into ternary, quaternary, and higher-order sys-
tems, for which phase diagram information is far less complete than for
binary systems. The phase equilibrium diagram is a smart approach to
the development of alloys with desired properties.

A possible increase in the performance characteristics of composites
is largely determined by an understanding of the internal physical pro-
cesses occurring both in the matrix and strengthening phases and at the
interphase boundaries during the solidification of alloys [38]. The re-
quirements of composite technology, which makes it possible to control
the size, volumetric content, and spatial arrangement of phases, which
is characteristic of in situ composites, point with particular urgency to
the need to solve the problem of the forms of conjugate growth of phas-
es. Recently, solutions have been obtained to the problem of diffusion
processes on the interface between the matrix and the second phase. It
also became possible to fairly accurately describe the growth of eutectic
structures that limited by volume diffusion [39]. In these works, it was
assumed that growth occurs under extreme conditions, for example, the
maximum growth rate at a given undercooling, etc. [40]. Until now,
reliable experimental data have not been obtained demonstrating a mi-
croimage of such crystallization, in which the second phase of the eutec-
tic in the form of spheroids or other compact particles arises as a result
of multiple repetitions of nucleation events at the front or in front of
the crystallization front of the matrix phase [38, 41, 42]. At the same
time, this is quite understandable given the fact that any thin differen-
tiated, i.e., a typically eutectic structure with a regular or irregular
structure arises during the growth of bicrystalline eutectic colonies.

Interest in eutectic composites is associated primarily with the fact
that the process of obtaining them is a one-step. The possibilities for
controlling such microstructure parameters as the morphology of phas-
es, their dispersion, and mutual orientation are quite wide. Further-
more, the microstructure of eutectic composites has high thermal stabil-
ity — prolonged annealing at temperatures up to 0.98T, (where T} is
the melting point of the eutectic) does not lead to noticeable spheroidiza-
tion or destruction of phase components (fibres, plates) [43]. Modern
mechanical engineering requires alloys with high characteristics of heat
resistance, hot strength, wear resistance, capable to work at tempera-
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tures above 1300 K. One of the possibilities for obtaining such materials
is the use of eutectic alloys of transition metals with interstitial phases
as their basis, e.g., with carbides of high-melting-point metals IV(A)—
V(A) of the subgroup of the periodic table with high values of free en-
ergy of formation, melting point, hardness, modulus of elasticity, and
inert to the metal-based alloy [44]. The structure of such eutectic alloys
provides them the properties of a natural composite, in which the metal
base is reinforced with dispersed carbide crystals. The dimensions of
carbides, as a rule, do not exceed 1 micron with a large ratio of the
length to the thickness of the hardening crystals. The metal base of the
alloy evenly distributes the perceived load on the carbide crystals and
gives it plasticity. Carbide crystals create resistance to dislocation move-
ment in the bulk of the eutectic grain, providing compositional strength-
ening. The main link in the research preceding the development of the
composition of the eutectic alloy is a three-component system, including
a base metal, carbon and a metal that forms refractory carbide.

3. Systems at Issue

There is a large number of eutectic systems in which the processes of
structure formation were studied — from low-melting-point alloys based
on bismuth, to refractory eutectics based on molybdenum and tantalum
(Bi—-MnBi, Pb—Sn, Al-ALNi, Al-Be, Al-Al,Cu, Al-Si, PbTe—Co, Cu—Cr,
Cu—-CuZr, Fe-Fe,Nb, Fe-Fe,Zr, Co—Co,Si, Co—Co,Si, Co—CoAl, Ni,Al—
Ni,Nb, NiAl-Cr, Ni-NbC, Ni—-Ni,B, Co—-NbC, Nb—Nb,C, Ta—Ta,C, Mo—
ZrC, etc.). In this case, the directional crystallization, electron-beam zone
recrystallization, and various modifications of these methods were used.
The study of a wide range of systems of various types (metal-metal,
metal-semiconductor, metal-intermetallic, and intermetallic—interme-
tallic) made it possible to establish some general laws of the formation
of the composite structure [45]. Thus, connection between interfibre (or
interplatelet) distance A (Fig. 1) and crystallization rate V in all systems
is satisfactorily described by the expression:

n=AV", 3)

where the parameter n for the different eutectics varies from 1/3 to
1/2 [46]. In theory [47], the value n = 1/2 corresponds to the redistri-
bution of components ahead of the crystallization front by volume dif-
fusion, and n = 1/3 — to boundary diffusion at the decay front (for
example, during eutectoid transformation).

The parameter n with decreasing of V and a high temperature gradient
at the crystallization front changed from 1/2 to 1/3 in some systems
(particular in the Co—Co,Si and Cu—Cr eutectics) [46, 48]. The reason
for the deviation of the parameter n from the value 1/2 given by the
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Fig. 3. The eutectic crystals ZrC in molybdenum (a)
and in tungsten: TiC (b), ZrC (c), and HfC (d); x3000
[44]

Hunt—Jackson theory of stationary eutectic growth may be the high
temperature gradient in the liquid G, [47].

The studies of phase equilibria and structure of two-phase alloys of
chromium with carbides HfC, ZrC, NbC, and TaC were carried out in
works [49, 50]. These works were used as the basis for the development
of a eutectic alloy with increased characteristics of strength and plastic-
ity in the temperature range 950-1350 K for moulds for casting high-
temperature alloys under pressure [61]. Eutectic composites based on
molybdenum were developed based on the study of the structure and
properties of the eutectic Mo—ZrC alloy containing 27 vol.% ZrC at a
temperature of 2520 K (Fig. 3, a), and eutectic in the Mo—HfC system
with a melting point of 2580 K, containing 20.9% vol. HfC. These al-
loys have found application as a press tool for hot pressing of optical
ceramics [52, 53]. Tungsten-based alloy with carbide hardening was de-
veloped based on studying the structure and properties of eutectic alloys
of tungsten with titanium, zirconium and hafnium carbides [54, 55].
The tungsten-based alloy was obtained for use in products of space and
aviation technology. Figure 3 also shows the structure of tungsten al-
loys (the tungsten structural component of the eutectic is etched away),
containing: 28.6 vol.% TiC at a melting point of 2970 K (Fig. 3, b),
50.4 vol.% ZrC at a melting point of 3060 K (Fig. 3, ¢), 93 vol.% HfC
at 3160 K (Fig. 3, d).

Eutectic metal alloys with refractory carbides have a number of
features that provide them high wear resistance: a combination of a soft
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metal base and carbide crystals, which have high hardness and serve as
a support during friction. The equable distribution of these hard crys-
tals in the base metal, the reinforcing effect of thin crystals of the car-
bide phase, gives an increased hardness, strength, and heat resistance
to the mentioned eutectic alloys. Thus, the wear resistance of eutectic
metal alloys with refractory carbides depends on the volume fraction of
the carbide phase in the eutectic. The study of phase equilibria in quasi-
ternary systems of the base metal with two carbides opens up the pos-
sibility of obtaining multiphase eutectics, the total fraction of intersti-
tial phases in which can be very significant [44]. It was found that the
hardness of alloys could be increased when two carbides represent the
carbide component of the eutectic.

Authors of Ref. [29] investigated the influence of the growth rate
on the rod spacing selection of the pseudo-binary NiAl-9Mo eutectic al-
loy in thick samples at higher growth rates to examine the distribution
of the eutectic spacings at different growth rates.

3. 1. In situ Aluminium-Matrix Composites

Currently, a large number of works are devoted to obtain in situ alumin-
ium-matrix composites combining a plastic aluminium matrix with hard
reinforcing particles of second phases in an amount of 10-40 vol.%
homogeneously distributed in it [56]. The strength and plasticity of
these composites (as well as for most others) are strongly depending
largely on the volume fraction, morphology and length scale of the eu-
tectic phase constituents [567—59]. Aluminium-matrix composites find
wide application in mechanical engineering (connecting rods, drive
shafts, pump cases, brake supports, rotors, etc., are made out of them)
instead of heavier steel. However, the introduction of reinforcing par-
ticles requires special technologies [60-62] and equipment differing
from the serial production of aluminium alloys, which conditions the
high cost of composites. An alternative is the principle of production of
so-called natural aluminium-matrix CMs, built on the preparation of
thin intermetallic phases of eutectic origin in an aluminium matrix
[63]. Commonly used reinforcements for Al and its alloys that can be
produced in situ are Al,O,, AIN, TiB2, TiC, ZrB,, and Mg,Si [64].

Al matrix with ALNi fibre eutectic has widely been studied as a
model system for deformation and cast application [65, 66]. The eutectic
microstructure in this case possesses a high thermal stability at up to
720 K because the hardness of AIL,Ni fibre does not decrease signifi-
cantly [67]. On the other hand, La can additionally enhance the heat-
resistant properties, corrosion resistance, and vibration resistance of
aluminium alloys. The formation of a relatively fine eutectic in the Al-
La system makes its promising for manufacturing of Al matrix compo-
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sites [68]. For the Al-Ni—La alloys of the Al-rich corner, one can expect
the formation of a low-alloyed (Al) solid solution, which coexists with
fine AL;Ni and Al La eutectic intermetallics.

Iron also strongly affects the formation of the structure and proper-
ties of aluminium-matrix composites. It is known that it is able to form
brittle intermetallic inclusions and cracks due to the formation of the
deformation mode in the eutectic region, which is actively studied by
means of microstructural, fractographic, tomographic, and strength
methods of analysis for classical silumins [69-71]. At the same time,
the investigation of Al-Zn—Mg—-Ni-Fe and Al-Zn—-Mg-Ca—Fe alloys
showed that iron enters the composition of intermetallic phases of eu-
tectic origin (for instance, Al,FeNi and Al,,CaFe,) with favourable mor-
phology, thereby providing a combination of high mechanical and pro-
cess properties of the alloy [72-75].

The numerous publications devoted to the hardening effect due to
small additives of Zr and Sc into aluminium alloys has appeared re-
cently [76—81]. It is established that such hardening is caused by the
decay of the (Al) supersaturated aluminium solid solution with the si-
multaneous formation of coherent spherical nanoparticles Al,Zr, Al,Sc,
or Al,(Zr, Sc) of structural L1,-type in the course of this process. The
formation of the (Al) supersaturated aluminium solid solution occurs at
the alloy crystallization stage, which makes it possible to exclude high-
cost quenching. The results of [82, 83] also point to the possibility of
such hardening in AI-Ni and Al-Ca eutectic alloys. Authors of Ref. [84]
analysed Al-Ca—Ni—-La(—Fe)-based system and investigated the precipi-
tation hardening upon alloying with small zirconium and scandium ad-
ditives (with their summary content up to 0.3 wt.%).

Authors of Ref. [85] suggested the existence of two invariant rec-
tions: eutectic L — (Al) + Al,La + AI,Ni and peritectic L + Al NiLa, —
— Al,La + ALLNi with a previously undescribed ternary compound.
Microscopic analysis revealed that the most promising structure with
the finest eutectic is formed in alloys with a total Ni and La content of
about 10-12 wt.% (with a lanthanum excess of up to 1.7 times). The
high strength (UTS about 250 MPa, YS 200 MPa) and acceptable ductil-
ity (3.0%) for the promising composite Al ,La,Ni alloy result from the
forming ultrafine eutectic structure.

3.2. In situ Composites Based on the Eutectic System

The Cu—-7Cr-0.07Ag alloys were prepared by casting and directional
solidification, from which deformation processed in situ composites
were prepared by thermo-mechanical processing [86]. The second-phase
Cr grains of the directional solidification Cu—7Cr—0.07Ag in situ com-
posite were parallel to the drawing direction and were finer that led to
a higher tensile strength and a better combination of properties.
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In addition, many works are devoted to the study of a natural com-
posite material based of the Nb—Si eutectic [87-91]. The high melting
temperature and reactivity of niobium alloys lead to their active inter-
action with most refractory materials. A natural composite structure
consisting of parallel cellular layers of a b.c.c. niobium solid solution
and a reinforced niobium silicide phase Nb,Si, with a hexagonal struc-
ture [90].

The materials of BaTiO,—CoFe,O, eutectic system have large electric
striction and magneto striction, respectively. Van den Boomgaard et al.
[92] have investigated the directional solidification of this system and
shown that it is possibly applicable for new devices. Application of this
system will be achieved by the combination of magnetic and electric
properties (magnetoelectric effect) through strain, a common property
of the two oxides. The interface between the two oxides is important for
the production of the magneto electric effect, because strain propagates
through the interface and the bonding at the interface affects the effi-
ciency of this effect. The microstructure of the eutectic consist grains
of lamellar or fibrous morphology. Two types of crystal structures of
BaTiO, were observed for different growth conditions [93]. The inter-
face has misfit dislocations due to the accommodation of lattice mismatch.

Sahm and Killias [94] showed that a fibrous eutectic with Co fibres
embedded in an Au-matrix can be obtained at G/v > 2-10° deg/cm?,
where G is temperature gradient and v is growth velocity. Inter-fibre
spacing 2R can be described by R?*v = 1.2-10"! cm?/s. Fibre to blade
transitions have been found over the entire range of growth velocities
employed, i.e. between 10~° and 102 cm/sec and are thought to be due to
local growth perturbations. Composite growth under the influence of a
magnetic field produces two effects: an orienting effect and a shape and
size modification. The shape and size modification, which results in
thick and segmented caterpillar-like Co fibres, appears to be indepen-
dent of growth rate (within the limits indicated above), occurs main-
ly in cell boundaries at all compositions, including hypoeutectic ones,
and is thought to be due to a field induced enhancement of local tem-
perature gradients.

Hunt and Jackson [95] shared binary eutectics into two broad grops,
namely, regular (non-faceted/non-faceted) and anomalous (faceted/non-
faceted). Later it was shown that further useful subdivisions into dis-
tinct structural types could be made by consideration of the entropy of
solution and the volume fraction (V) of the minor phase [96-98]. Sub-
sequently, the mechanical properties of that group of anomalous eutec-
tics, for which V, ~ 6 to 18% were examined [99-101] as part of a con-
tinuing broader examination of eutectic composites. Of these, the Cd—
Zn eutectic has the appropriate volume fraction, 18% by volume of
aligned Zn lamellae in a Cd matrix and information is available on the
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structure [102-104] and compressive properties [105] of this eutectic.
In addition, both Cd and Zn have an h.c.p. structure with a c/a ratio
higher than the ideal and the eutectic was expected to behave as a sin-
gle-phase material, so far as, the mode of deformation is concerned. It
should be noted that directional solidification of off-eutectic alloys has
shown that aligned fully eutectic structures can be produced either at a
high ratio of temperature gradient to a growth rate (G/R)[106, 107], or
by employing high growth rates [108]. In this way, the volume fraction
of the reinforcing phase can be varied simply by growing off-eutectic
compositions at favourable growth conditions. Authors of Ref. [109]
showed that the Cd—Zn eutectic has been directionally solidified at rates
of 2.9 to 4000 mm/h. Its lamellar microstructure was replaced by a cel-
lular structure at growth rates greater than 400 mm/h. The interlamel-
lar spacings and cell size decreased within creasing growth rates.

As one of the semiconductor—metal eutectic (SME) composites, Si—TaSi,
eutectic composite has many characters such as the high melting point
of TaSi, material, the large density of TaSi, fibres incorporated into the Si
matrix, three-dimensional array of Schottky junctions grown in the com-
posite spontaneously [110]. So, it is an ideal candidate for field emission
array cathodes. The Si—TaSi, eutectic in situ composite, which has high-
aligned and uniformly distributed TaSi, fibres in the Si matrix, can be
obtained when the solidification rate changes from 0.3 to 9.0 mm/min.
As the solidification rate is increased, both the fibres’ diameter and the
interrod spacing are decreased, while the fibres’ density and the volume
fraction are increased. Moreover, the transition from a planar interface
to cellular interface and then to planar interface morphologies with in-
creasing velocity is observed with the zero power method.

In Ref. [111], authors investigated the nickel-boron quasi-eutectic
system. The choice of this system is due to the fact that the volume
fraction of the boride phase in it is very high (75—78 vol.%). The condi-
tions for various stages of solidification and formation of a controlled
structure in nickel alloys with a high volume content of the boride phase
have been determined. The considered principle of the natural forma-
tion of phase components during isotropic and directional crystalliza-
tion shows that it is precisely in the process of obtaining oriented aniso-
tropic materials that it is possible to provide a given structure and
special properties.

3.3. In situ Composites Obtained upon
Diffusion Change of Concentration

Chemical-heat treatment at a constant temperature promotes multiphase
transformations for iron alloys. Phase transformations in this case are
stimulated by diffusion change of concentration. In a series of works
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Fig. 4. Composite struc- 1' j ;
ture of austenite—car- J}/ ﬁf Jﬁ;;,l /1 dﬂ lu
bide colonies of Fe-W :/; \ "i
system after chemical s
heat treatment: a —
x500 [124], b — scan-
ning electron microsco-
py; x1000 [122]

[112-124], the regularities of phase and structural transformations
during a diffusional change in carbon composition are considered. The
condition for the implementation of transformations of this type is the
presence of multiphase regions on the isothermal state diagram and the
passage of the composition of the alloy through these regions, which
varies in carbon concentration [112]. The eutectoid transformation is
carried out by isothermal carburization of ferritic alloys of iron with
carbide-forming elements. A joint directed growth of austenite and car-
bide occurs during carburization of ferritic iron alloys containing car-
bide-forming a-stabilizers, which contributes to the formation of a na-
tural austenite-carbide composite (Fig. 4). The joint growth of these
phases is possible if the composition of the ferrite subjected to carbu-
rization corresponds to the three-phase equilibrium ferrite—austenite—
carbide at the carburizing temperature. The conversion is accompanied
by a redistribution of alloy components between the transformation
products. As a result, a regular plate or rod austenitic carbide colonies
growth is established [113—115]. The colonies grow mainly directed in
the direction of carbon flow. Composite growth of austenite-carbide co-
lonies was observed during carburi-

zing of binary alloys Fe—W, Fe—Mo, (Cra
Fe—Cr, Fe—V, Fe-Ti [116—-119]. The
mechanism of cooperative transfor-
mation during diffusion change of
carbon content is similar to eutectic F Me.C
or eutectoid transformations. The 6
reaction proceeds in the opposite Mo, W
direction carried out by peritectoid A

mechanism at decarburization [120].

The phase and structural chang- Fe
es of Fe~W-Cr and Fe—-Mo—Cr al-
loys in the process of the carburiza-
tion were researched [112, 121, 123,
124]. The four-phase equilibrium C
o +y+ MeC + Mey,Cy (Me is ame-  pio 5. The section of the phase dia-
tal) is invariant in Fe-W-Cr and gram of Fe—(W, Mo)-Cr—C [124]

Me,;Cq
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Fig. 6. Compositional
structure of A-Me,C—
Me,,C; colonies: (a) sys-
tem Fe—Mo—Cr, (b) sys-
tem Fe-W-Cr; x400
[121]

Fe—Mo—Cr alloys at constant temperature during carburizing. The con-
dition for the joint growth of austenite and carbides is the correspon-
dence of the initial concentration of the matrix alloy to the equilibrium
concentration of the a-phase in the four-phase region located in the cor-
ner of the conoidal pyramid (Fig. 5). The decomposition of ferrite into
three phases, namely, austenite and two carbides, is possible. There is a
composite material, namely, austenitic matrix, reinforced with two
types of carbides (Fig. 6). According to the x-ray microanalysis data,
large plates in both alloys are Me,,Cs carbide with thin Me,C carbide
fibres located between them [124].

4. Conclusions

The in situ composite material is a trend in modern materials science. It
is possible to obtain predefined mechanical and physical properties in
the production of in situ composite. The in situ composite material is
produced in one-step from an appropriate starting alloy, thus avoiding
the difficulties inherent in combining the separate components as in a
typical composite processing. Controlled unidirectional solidification of
a eutectic alloy is a classic example of in situ processing. Unidirectional
solidification of a eutectic alloy can result in one phase being distrib-
uted in the form of fibres or ribbon in the other. The relationship be-
tween the interface undercooling AT, the growth rate ¥ and the eutectic
spacing A was presented. The effect of undercooling AT vs. eutectic spacing for
a given growth rate V- was analysed. An increase in the performance cha-
racteristics of composites is largely determined by an understanding of
the internal physical processes occurring both in the matrix and strength-
ening phases and at the interphase boundaries during the solidifica-
tion of alloys.

The eutectic alloys of transition metals with interstitial phases as
their basis, e.g., with carbides of high-melting-point metals IV(A)-V(A)
of the subgroup of the Periodic table with high values of free energy of
formation, melting point, hardness, modulus of elasticity, and inert to

70 ISSN 1608-1021. Prog. Phys. Met., 2021, Vol. 22, No. 1



In situ Composites: A Review

the metal-based alloy have high characteristics of heat resistance, hot
strength, wear resistance, capable to work at temperatures above 1300
K. The structure of such eutectic alloys provides them the properties of
a natural composite, in which the metal base is reinforced with dis-
persed carbide crystals. The study of a wide range of systems of various
types (metal-metal, metal-semiconductor, metal-intermetallic, and in-
termetallic—intermetallic) made it possible to establish some general
laws of the formation of the composite structure.

Chemical-heat treatment at a constant temperature promotes mul-
tiphase transformations for iron alloys. The transformations are caused
by diffusion change of concentration. The mechanism of cooperative
transformation during diffusion change is similar to eutectic or eutec-
toid transformations.
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IIPUPOOHI (IN SITU) KOMIIO3UTH: OI'JIA],

IIpencraBiieHo orjsa pobiT B ob6JiacTi BUBUEHHS TEXHOJIOTIN ogepiKaHHSA, 3aKOHOMIp-
HOcTell (DOPMYBaHHSA CTPYKTYPHU Ta BJIACTHUBOCTEH TPUPOAHiX (in Sifi) KOMIIO3UTIB.
TosloBHOIO TIepeBarolo HPUPOAHiX (in situ) KOMIOBUTIB € TepMoZMHAMiuHa CTabiIb-
HiCTH IXHBOTO CKJAAY Ta KOTePEHTHICTH (CIPAMKEHICTH) I'DATHUIL KOHTAKTYBaJbHUX
das. Bce 11e 3abeseuye KOMIIOSUTY BUCOKUI PiBeHb (hisMKO-MeXaHiUHUX BJIACTHUBOC-
reii. IlokasaHo, IIT0 KOMIIOBUITIHI MaTepifaju IILOTO TUILY YTBOPIOIOTHCA B IIPOIlECi
COpsAMOBaHUX (ha30BUX IIEPETBOPEHB, TAKUX AK €BTEKTUYHA KPUCTaJIi3alis, eBTeKTOo-
igHUI pos3maj TOIo, IO CIPUUYMHEHO TEeMIIePaTypHUM IPAJi€eHTOM, a TaKOMK SAK Ha-
caimox audysifinol sminu ckaany. ChopMyIb0BaHO YMOBU 3POCTAHHS IPUPOAHIX (in
situ) KoMIto3uTiB. B po6OTi PO3IrISHYTO MeXaHi3MU 3POCTAHHA KOMIIO3UIIIMHUX CTPYK-
TYpP €BTEKTUYHOTO TUNY. BKasaHO UNMHHUKH, 1[0 BILINBAIOTH HAa MOPMOJIOTII0 CTPYKTYP
€BTEeKTUYHOTO TUITy. PO3TISAHYTO TeXHOJIOTIUHI IPUHAOMU, AKi YMOKJIUBIIOIOTE OJepP-
JKaHHS MaTepiAIiB 3 Halepes 3aJaHUMU BJIACTUBOCTIMU, B AKX PO3Mip, 00’€MHUI BMiCT
i mpocTopoBe poaralryBaHHSA (a3 xapaKTepHi AJasa MPUPOHiX (in situ) KoMmo3uTtie. B
po6oTi HaBeIeHO BEJUKY KiJIbKiCTh MPUKJIALIB HPUPOAHiIX (in situ) KOMIO3UTIB: Bif
JIETKOTOIKUX CTOITiB Ha OCHOBi Bi Ta M0 TAKKOTONMKUX eBTEKTUK Ha ocHOBLI Mo Ta W
(Bi—-MnBi, Cd—Zn, AIl-AlLNi, Al-Al,La, Al-Al,,CaFe,, Al-Al,FeNi, Al-AlZr, Al-
Al,Sc, Au—Co, Si-TaSi,, Cr—HfC, Cr—ZrC, Cr—NbC, Cr—-NbC, Cr-TaC, Nb—Nb,Si,,
Mo—ZrC, Mo—HfC, W-TiC, W-ZrC, W-HfC romio). PosriasauyTo mporecu i acmeKkTu
CTPYKTYPOYTBOPEeHHs. PO3TISHYTO BIJIMB JOJATKOBOTO JIETYBaHHS Ha CTPYKTYDPY Ta
BJIACTUBOCTI KOMIIO3UTHUX MATEPiAJiB €eBTEKTUYHOTO TUITYy B MOABIMHUX CHUCTEMAX, a
TaKO 0COOJMBOCTI CTPYKTYPOYTBOPEHHS MOTPiNHMX KOJIOHI#l ¥ KOMIIO3UTI.

KarouoBi cioBa: KOMIO3UT, €BTEKTHKA, CIIPAMOBaHe 3aTBepAiHHA, audysilina saMmina
CKJIaZy, CTPYKTYpPOYyTBOPDEHHH.
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