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Abstract

It is difficult to overestimate the significance of aluminum alloys for modern industry. These alloys are
widely used in aircraft building, space construction, motor car construction, shipbuilding, railway and other types of
transport for production of sports inventories, in house-building and other branches of industry.

The quantity of the produced aluminum per one person is a very important indicator of the industrial
development of the country.

The present project was devoted to investigation of structure and mechanical properties of high-strength
aluminum alloys, especially alloys for elevated temperatures.

High-strength aluminum alloys had the strength approximately 50 times higher than the strength of unalloyed
aluminum to the moment of this project beginning. Such strong increasing of the alloy strength is a unique case in
material science of metallic materials and is a consequence of a tremendous number of theoretical and experimental
works.

For this reason a further increase of the level of mechanical properties of aluminum alloys is possible with
using new ideas and technologies only. Just this approach was used for all 6 tasks of the present project.

In Task 1 we used the so-called “Sc effect” to improve mechanical properties with the increase of strength
and the preservation of a good ductility of the strongest aluminum alloys of Al-Zn-Mg-Cu system using additional
alloying by Sc in combination with other transition or rare-earth metals (TM and REM).

It was shown that alloying of high-strength Al-Zn-Mg-Cu alloys with scandium permits to increase the
concentration of the main alloying element Zn to 9-12 wt. % and the content of Cu to 2.3 wt. %, and alloys with a
record level of strength YS = 700-740 MPa, UTS = 770-820 MPa at a rather good plasticity of EL = 9-14 % in T6
wrought semi-products can be produced.

In Task 2 the technology for producing sheet semi-finished products from ingots of Sc-containing alloys
(developed in frames of Task 1) is elaborated. Investigation of the weldability of new alloys showed that they may be
considered in the category of commercially weldable materials. A conclusion was made on the rationality of applying
the developed alloys and their welding technologies for product manufacturing in most diverse industrial sectors,
primaryly in aerospace engineering and transportation. The main advantage of their application is the fact that the
structure weight can be reduced by 8-12 %, which will ensure significant saving of power resources.
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In Task 3 the first developed method for production of powders from high-alloyed aluminum alloys by high-
pressure water atomization was used. Powder consolidation technique by severe plastic deformation without sintering
was elaborated.

PM alloys with a record level of mechanical properties that approaches to the properties of the best alloys
produced by casting were produced.

In addition, T6 treated rods of PM alloys not containing expensive alloying elements like Sc, Hf etc. possess
the strength properties much higher than rods of the same alloys produced by casting. It was shown that an increased
concentration of Fe (to 1 wt. %) and Si (to 0.5 wt. %) in PM alloys did not affect a high level of mechanical
properties. It enables to use the recycled aluminum, which may contain a rather high amount of Si and Fe, for
production of these alloys.

In Task 4 as a result of the researches carried out in the ternary Al-Ti-Cr system a large compositional region
has been established, in which a univariant eutectic transformation L<>L1,+f is realized. Eutectic alloys containing
two cubic phases L1, and  were elaborated. These light-weight, high-modulus cast alloys have a unique complex of
mechanical properties. It is very important that a high level of mechanical properties is preserved up to 750 °C.

In Task 5 we used a heat resistant aluminum alloy reinforced by quasicrystalline nanosize particles, which
was elaborated in frames of Task 3 and 6, as the matrix of a composite.

As a result elevated temperature mechanical properties of the elaborated composites are essentially higher in
comparison with the properties of Al-alloy based composites known from the literature.

Task 6 has been devoted to the investigation of non-equilibrium states in aluminum alloys manufactured by
rapid solidification (RS) techniques, and of the possibility to obtain high-strength and elevated temperature materials
by this way.

A number of new results were obtained in this task that had a searching character. For example, it was shown
that in the Al-Ce-Sc system a formation of a composite that consists of an amorphous matrix with embedded nanosize
(5-10 nm) o-Al particles and has a high hardness HV = 3.5 GPa is possible. It was first shown that in RS aluminum
alloys with a high concentration of Sc (of about 15 at. %) an icosahedral quasicrystalline phase in the form of nanosize
(60-140 nm) particles is formed.

Elevated temperature PM aluminum alloys reinforced with nanosize quasicrystalline particles were produced
with using the water-atomization technique and studied.

The best alloys of this group are based on the Al-Fe-Cr system. The PM rod semi-products of the best
compositions of Al-Fe-Cr-Ti and Al-Fe-Cr-Ti-Zr had tensile strength at 300 °C on the level of 300 MPa and higher
together with the residual elongation at ambient temperature of about 8 % and Young modulus close to 89 GPa.

It is seen that high-strength Al alloys were produced in this project by different technologies.

The investigation of mechanical properties was carried out by tension and bending test in various
temperature ranges.

Structural investigation were performed by X-ray diffraction technique, TEM, SEM, OM, DSC analysis and
by local X-ray spectral analysis.

Correlation of processing, chemical composition, structure and mechanical properties was investigated for
obtained high-strength aluminum alloys. The mechanisms of alloy deformation and fracture in most strong condition
were revealed.
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Task 6. Investigation of structure, phase transitions and mechanical properties of high-
strength rapidly solidificated Al alloys with amorphous and quasicrystalline phases and
with micro- and nanocrystalline structure

6.1. Alloyswith amorphous structure

6.1.1. Studying the effect of Sc alloying on properties of Al-based amorphous alloys

The data presented in the literature [1] show that the formation of Al-based amorphous alloysis possiblein a
few alloy systems, namely Al-R, Al-R-LM and Al-EM-LM, where R = rare-earth metals or Y, LM = late transition
meta (Fe, Co, Ni, Cu), EM = early transition metal (Ti, Zr, Hf, V etc.). Sc electron structure is similar to one of Y
and rare-earth metals, so that Sc is a promising element for alloys of Al-R and Al-R-LM group. Taking into account a
positive effect of Sc on usua Al alloys [2], it isinteresting to study the influence of Sc additions on the behavior of
amorphous alloys on Al base while crystallization. At the same time, no data was found in the literature on the effect
of Sc aloying on properties of Al-based amorphous alloy. Therefore in the framework of this project structure and
properties of rapidly solidified Al alloys containing Sc were studied.

6.1.1.1. Binary Al-Sc alloys

A series of rapidly solidified AljgoxScx (x =1, 3, 5, 7, 9, 10, 11, 13.5, 14.9 at. %) alloys was manufactured
by melt spinning technique, and structure and hardness of the alloys were studied. At rare earth element concentration
of 9-10 at. % an amorphous phase was obtained for all Al-R aloys described in work [1]. Therefore Sc concentration
range of 9-11 at. % was studied in more details. It was found that no amorphous phase was formed in the aloys
obtained, and accordingly to the results of X-ray study (Fig. 6.1) the material consisted of Al solid solution at Sc
content up to 3 at. %, Al solid solution + Al;Sc intermetallic at Sc content of 3-13.5 at. %, Al solid solution + Al;Sc
intermetallic + icosahedral quasicrystalline phase at Sc content of about 14.9 at. %. In the ribbon of the last
composition (checked by chemical analysis) some peaces consisted of three phases, and some other peaces contained
small (of 60-140 nm in size) quasicrystalline particles embedded into o-Al matrix (Fig. 6.2). X-ray peaks of the
icosahedral phase in the XRDP of such a peace (Fig. 6.1, b) are marked with Cahn indices N/M [3]. Noteworthy that
among these peaks a rather strong intensity is observed for the peak 15/23 with odd N that is an evidence of a partly
face-centered character of the 6-dimensional lattice of the quasicrystalline icosahedral phase [3,4]. The appearance of
this peak together with a redistribution of intensities of peaks with even N (strong lowering the intensity of the peak
20/32 with the increase of the intensity of the peak 14/21) were observed in Al-Mn-Ce ribbons [4] and explained by
increasing the degree of quasicrystalline lattice ordering under the influence of alloying with REM. Thus, in this
influence Sc is quite similar to REM.

The formation of a quasicrystalline phase in a rapidly solidified Al-Sc aloy was first revealed in this
investigation. At least in the alloy Al — 14.9 at. % Sc this phase was non-stable at room temperature and disappeared
in 90 days.

The effect of Sc concentration on the hardness of Al-Sc alloys is presented in Fig. 6.3. An increase of Sc
content up to 7 at. % in the ribbons led to a monotonous growth of hardness, that is evidently connected with the
increase of the amount of Al;Sc phase in the material. Lowering the rate of hardness growth with further increase of
Sc content can be explained by the fact that the amount of the intermetallic in the alloy becomes higher than the
amount of the o-Al phase, and ribbon hardness comes close to the hardness of Al;Sc itself. Hardness of the aloy o-
Al + nanosize quasicrystalline particles was practically on the same level.

6.1.1.2. Ternary Al-Ce-Sc alloys

Rapidly solidified Alg;Cey4Sc, alloys containing x = 0, 1, 3, 7, 9 a. % of Sc were manufactured in the form
of melt spun ribbons. X-ray diffraction spectra for these aloys are shown in Fig. 6.4. The alloy containing 1 at. % Sc
had a completely amorphous structure. But a further increase of Sc content led to decreasing the alloy glass forming
ability. As aresult, a mixed amorphous-crystalline structure was obtained in Alg;CesSc; alloy (a small amount of o-
Al phase was reveded by X-ray analysis). Alloys containing 5 and 7 at. % of Sc had a completely crystalline
structure formed by o-Al together with Al,Ce and Al;Sc intermetallics. Fine structure of ribbons from aloys with 3
at. % Sc and 5 at. % Sc are shownin Fig. 6.5.
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Figure 6.1. Fragments of XRD patterns of Al-14.9 Sc aloy:
a—initial cast ingot; b —ribbon of 30 um in thickness, 1 day after manufacture; ¢ — the same
ribbon, 45 days after manufacture; d — the same ribbon, 90 days after manufacture; e — the same
ribbon, 300 days after manufacture;
n—normal lines, s— superstructural lines of AlsSc
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Figure 6.2. Quasicrystalline particlesin the ribbon Al-14.9Sc of 70 um in thickness, 20 days after manufacture:
a— dark field image with using a part of intense rings of i-phase in the electron diffraction pattern formed by the
area (a); b - electron diffraction pattern formed of a quasicrystalline particle at the edge of the fail in the area (a)
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Figure 6.4. X-ray diffraction patterns of rapidly solidified Alg;Cey,Sc, aloys

Figure 6.5. Precipitates of o-Al in amorphous matrix of the ribbon Alg;CesScs, TEM dark field image using a part of
(220) o-Al ring (@); Structure of the ribbon Alg;Ce,Scs consisting of a-Al, Al,Ce and AlsSc particles, dark field
image using a (002) Al reflection
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Ribbons with amorphous structure of the ternary alloy have the lowest level of hardness of about 2 GPa (Fig.
6.6). Increasing of Sc content to 3 at. % leads to the formation of o-Al precipitates of 5-10 nm in size in the
amorphous matrix (Fig. 6.5, d). As a result, a nanocomposite consisting of amorphous matrix and a-Al nano-
inclusions was obtained that led to a sharp increase of hardness to 3.5 GPa, which corresponds to about 1 GPa
strength (along with the material density below 3 g/em®). A further growth of Sc content leads to the formation of a
fine hypoeutectic structure (Fig.6.5, b). It this alloy hardness remains on aimost the same level (Fig. 6.6). Increasing
Sc content above 5 at. % resultsin a growth of the intermetallic grains, and hardness decreases.
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Figure 6.6. Effect of scandium concentration on the Figure 6.7. DSC traces for Alg;Cey and Alg;CegSc;
hardness of Alg;Ceq,Sc, aloys ribbons (heating rate 20 °C/min)

Substitution of 1 at. % Sc for Ce appreciably increased the thermal stability of the amorphous structure, i.e.
increased the temperature of beginning the crystallization processes (Fig. 6.7). It may be attributed to a known
deceleration of diffusion processesin Al under the influence of Sc[2].

6.1.1.3. Quarternary Al-Ni-Ce-Sc alloys

Effect of Sc additions on the structure and hardness of AlgsNigCes,Sc (x =0, 1, 2, 3, 4, 5 at. %) aloys was
investigated. It was found that a replacement of Ce with Sc does not drastically change the alloy glass forming ability,
and an amorphous state can be obtained in all range of the aloy concentrations under investigation (Fig. 6.8). At the
same time for AlgsNi;oScs alloy a critical thickness of the ribbon, for which pure amorphous structure can be
obtained, is lower than 50 um that is smaller than the critical thickness of 80-100 um announced in the literature for
AlgsNi1oCes alloy. Therefore we can conclude that Sc in this aloy decreases its glass forming ability. Hardness of the
ribbons obtained was found to keep at an almost constant (but quite high) level of 3.7 GPa (Fig. 6.9).

On the base of the investigations carried out it is possible to conclude that although the electronic structure
of Scis similar to that of yttrium and rare-earth metals, a partial substituting of Sc for rare-earth metal (Ce) strongly
lowers aloy glass forming ability, and in melt-spun binary Al-Sc aloys the attainment of amorphous state is
impossible. Maybe, such effect of Sc is connected with its smaller atomic radius (0.164 nm) in comparison to rare-
earth metals (0.18 nm and higher). In the case of Al-Ni-Sc alloy scandium plays a role of rather an early transition
metal than of a rare-earth metal. As a result when replacing Ce by Sc we make the transition from the Al-TM-RE
amorphous alloy system to the Al-EM-LM system. Since both of these systems allow the formation of amorphous
state [1], we have obtained amorphous Al-Ni-Ce-Sc ribbons. For this reason the hardness of the alloys under
consideration in amorphous state weakly depended on the content of Sc (Fig. 6.9).

6.1.2. Manufacturing and consolidation of Al-based amorphous alloy powders

For the first time water atomized powders of AlgsNioCes and Alg;NigCesFe; at. % alloys were produced, and
its structure was studied. In order to reveal the phase composition of powders depending on powder size fraction, X-
ray diffraction study of the powder samples was carried out. The results of the study presented in Fig. 6.10 (alloy
AlgsNioCes) and Fig. 6.11 (alloy Alg;NigCesFe;) have shown that all powders consist of an amorphous phase (which
forms a halo in the 26 range of 40-60°) and intermetallic compounds. In OM investigation of sections of powder
particles etched under the selected conditions these phases were colored in various colors (Fig. 6.12): the amorphous
phase looked brown, crystalline phases looked white and blue.

For both alloys the content of the amorphous phase increases with decreasing of the average particle size that
is connected with higher cooling rate of smaller particlesin atomization process.

Since it is difficult to determine the content of the amorphous phase in the material from the X-ray data, a
DSC study of powders and rapidly solidified ribbons (being completely amorphous) was performed. DSC scans for
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powders and ribbons of AlgsNi;oCes and Alg;NigCesFe; alloys are shown in Figs 6.13 and 6.14, respectively. Basing
on the DSC results, the content of the amorphous phase in the powders was determined, and the results of
calculations are presented in Tables 6.1 and 6.2.
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Figure 6.8. X-ray diffraction patterns of rapidly solidified AlgsNi,Ces,Sc, aloys.
The thickness of ribbons with x = 0+4 was of about 35 um
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Figure 6.9. Effect of scandium concentration on the hardness of melt-spun ribbons of about 35 um thick
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Figure 6.12. Etched sections of particles of water-atomized Alg;NigCesFe; powder: a— size fraction of (0-20) um,

b —size fraction of (20-45) um.

Brown areas are the amorphous phase, white and blue areas are crystalline phases
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Table6.1.
Crystallization enthal pies for water atomized powders and melt spin ribbon of AlgsNi;oCes aloy

Powder size Enthalpy of crystallization (first exothermal peak) AH, | Amorphous phase content,
fraction, um Jg wt. %
ribbon 54.5 100
-20 28.7 53
-45+20 21.7 51
-63+45 221 41
-125+63 15.1 28
-250+125 10.8 20
Table 6.2.
Crystallization enthal pies for water atomized powders and melt spin ribbon of Alg;NigCesFe; alloy
Powder size | Enthalpy of crystallization AH, Jg Amorphous phase content, wt. %
fraction, um First peak Second peak Fromfirst peak | Fromsecond peak | Average
ribbon 55.2 96.3 100 100 100
-20 25.3 74.6 46 77 61
-45+20 15.2 47.9 28 50 39
-63+45 8.6 27.8 16 29 22
-125+63 3.2 11.1 6 12 9
-250+125 0.7 3.63 1 4 2
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Figure 6.13. DSC scans for water atomized powdersand  Figure 6.14. DSC scans for water atomized powders and
melt spin ribbon of AlgsNi;oCes aloy melt spin ribbon of Alg;NigCesFe; aloy
(heating rate of 20 K/min). (heating rate of 20 K/min)

In frames of this project an attempt was made to consolidate the finest (0-20 um) powder size fraction of
Alg;NigCesFe; water atomized aloy into a bulk sample using hot extrusion as a consolidation technique. The lowest
temperature, at which it was possible to consolidate the powder, was 350 °C that is close to the crystallization
temperature of this alloy. Asaresult, no amorphous phase remained in the material after extrusion that was confirmed
by XRD studies.
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Task 5. Investigation of structure and mechanical properties of high-strength Al based
composites

5.1. Optimizing the composite production technology

Composite production technology used in this study included the next stages: mixing of the matrix and the
reinforcement powders, cold pressing of the powder mixture into billets, hot vacuum forging of the billets, hot extrusion
of the forged billets.

Mixing of the matrix and the reinforcement powders

The most uniform reinforcement distribution in the composites was realized upon two stage mixing: short time
(1 hour) wet mixing (in ethyl alcohol), drying, and long-time (30 hours) dry mixing. To improve particle redistribution
mixing bodies (20 % of total batch weight) were added to the powder blend. Two types of the bodies were tested: light
steel “stars” and heavy WC balls. Better composite structure was obtained with the “stars”, because rather milling than
mixing took place on WC ball usage, and the composite matrix was contaminated with small fragments of SiC particles
and the drum material (Fig. 5.1).

Figure 5.1. Structure of Al-6Cu-0.4Mn + 15 vol. % SiC (14 um mean particle size) composite produced using steel
“stars” (a) and WC balls (b) as the mixing bodies

Cold pressing of the powder mixture into billets

Cold pressing of the powder mixtures was necessary for the composite production technique used in order to
form billets for subsequent hot vacuum forging. In case of the unreinforced alloys (produced in the framework of Task 3
and 5) density of the cold pressed billets was of about 70 %. Billets of such density had high porosity promoting intense
degassing on subsequent treatment. In case of the powders reinforced with SiC particles 70 % density was insufficient to
get reasonable strength of the billet (due to lower adhesion of SiC particles to each other and to the matrix alloy particles).
Therefore density of the cold pressed billets was increased up to 80 %.

Hot vacuum forging of the billets

Taking into consideration the temperature of quasicrystal-to-intermetallic transformation for Al-Cr-Fe-(Ti)
rapidly solidified alloys, temperature of vacuum forging (as well as all subsequent thermal treatments) should not exceed
400 °C. At the same time lower forging temperature did not provide effective powder degassing and consolidation.
Therefore namely this temperature was selected as an optimal one.

Hot extrusion of the forged hillets

As it was previously mentioned, extrusion of the composites should be performed at the temperature not
exceeding 400 °C. At the same time, matrix alloys used in this study had high yield stress even at elevated temperatures
and therefore big press force was necessary to extrude them. Addition of the reinforcement to the matrix alloy resulted in
still higher extrusion force necessary, which often exceeded the equipment capabilities. The possible way to resolve this
problem was increasing of extrusion temperature or decreasing extrusion ratio. The last approach leads to worse
reinforcement distribution in the extruded samples and results in lower critical reinforcement concentration when
reinforcement clusters are not formed yet (see Fig. 5.2). Therefore extrusion temperature was increased up to 450 °C for
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Al-Cr-Fe \ SiC composite. Decreasing of the extrusion ratio from 17.36 down to 12.76 was additionally used to extrude
Al-Cr-Fe-Ti \SiC composites.
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Figure 5.2. Effect of extrusion ratio on the reinforcement distribution in SiC particle reinforced Al-based composites:
a— Al-6Cu-0.4Mn (40 um) + 15 vol.% SiC (14 um). Extrusion ratio of 17.36;
b — Al-4Cr-4Fe-2Ti (40 um) + 15 vol.% SiC (14 um). Extrusion ratio 12.76

5.2. Selection of the optimal reinfor cement particle size

To select proper reinforcement particle size, Al-6Cu-0.4Mn (wt. %) matrix alloy composites reinforced with 3
and 14 um (mean particle size) were made. Reinforcement content varied in the range of 0 — 20 % (Fig. 5.9). It was found
that for the composite manufacturing technology used critical concentration of 3 um reinforcement was about 5 vol. %,
and critical concentration of 14 um reinforcement was about 15 vol. %. When the critical concentration of the
reinforcement in the material was exceeded, the reinforcement clustering was observed and composite property
deterioration took place. Thus, increasing of the reinforcement particle size allows higher reinforcement concentration in
powder metallurgy processed composites if the matrix alloy powder size fraction remains the same.
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Figure 5.3. Effect of the reinforcement content and mean particle size on the Al-Cu-Mn \ SiC composite structure:
a-d — 3 um SiC; e-h — 14 um SiC;
a,e—5vol %; b, f— 10 vol. %; c, g— 15 vol. %; d, h — 20 vol. %

At the same time, composites containing the same amount of 3 um reinforcement had higher yield stress, tensile
strength and lower Young’s modulus in comparison with the composites reinforced with 14 um SiC particles (Fig. 5.4).
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Figure 5.4. Effect of the reinforcement content and mean particle size on mechanical properties of Al-Cu-Mn \ SiC

composites:

a —yield stress and ultimate tensile strength, b — Young’s modulus

5.3. Studying the effect of matrix to reinforcement particle size ratio on the reinforcement distribution and the

material properties

In order to study the effect of reinforcement clustering on the composite mechanical properties, composite
samples reinforced with 15 vol. % SiC 14 um and based on Al-Cu-Mn alloy (40, 80, 130 and 180 um mean particle size
fractions) were manufactured and studied. Increasing of the matrix alloy mean particle size lead to worse reinforcement
distribution and clusters of SiC particles were form in the samples with high matrix to reinforcement particle size ratio

(Fig. 5.5).
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Figure 5.5. Structure of Al-6Cu-0.4Mn (wt. %) + 15 vol. % SiC (average particle size of 14 um):
mean matrix alloy particle size of 40 (a), 80 (b), 130 (c) and 180 um (d)
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Decreasing of the composite Young’s modulus value due to reinforcement clustering is shown in Fig. 5.6. It was
found that clustered composites contain pores located in SiC clusters. Decreasing of Young’s modulus due to the material
porosity was described in the framework of mean-field micromechanical model (dashed line in Fig. 5.6) and was found to
be insufficient to explain experimentally observed results. A modified model was elaborated to describe the results on
Young’s modulus decreasing due to the reinforcement clustering which took into account contiguous SiC particles in the
composite. This model operates with matrix to reinforcement particle size ratio to calculate the volume fraction of
contiguous SiC particles (depending on reinforcement content and extrusion ratio applied upon the composite production)
and well describe experimentally observed results (solid line in Fig. 5.6).
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Figure 5.6. Dependence of Young’s modulus Figure 5.7. Relative property change
of AICuMn\15%SiC composites on the matrix alloy for AICuMn\15%SiC composites as function on
particle size the damage parameter

It was found that linear dependence exists between tensile property change and the damage parameter

D=1-—, where E is Young’s modulus of the clustered composite and E, is Young’s modulus of the composite
0

without reinforcement clusters (Fig. 5.7). Analysis of the dependences obtained shows that effect of the reinforcement

clusters on relative change of the material properties does not depend on matrix alloy ductility because the similar results

were obtained for solution heat treated (open symbols) and age hardened (solid symbols) composites. Plasticity was found

to be a characteristic the most sensitive to the reinforcement clustering, and yield stress was the least sensitive one.

5.4. Manufacturing the composites based on high-strength elevated temperature Al alloys and studying their
structure mechanical properties

Composite manufactured and studied in the framework of this project were based on Al-6Cu-0.4Mn (wt. %)
aged alloy and on Al-Cr-Fe-Ti system quasicrystal reinforced alloys. The first Al-Cu-Mn alloy was selected because it
has relatively high aging temperature (180 °C in comparison with 120 °C for Al-Zn-Mg-Cu alloy system) and therefore
higher thermal stability, high elongation to fracture (up to 35% for the solution heat treated state) that is important for
obtaining a ductile material after reinforcing with SiC particles and allows considerable variation of the matrix alloy
properties by means of additional thermal treatment (YS = 154 — 308 MPa, UTS = 314 — 430 MPa, & = 20 — 35 %).
Alloys of Al-Cr-Fe-Ti system (Al-8Cr-1.5Fe, Al-5Cr-5Fe and Al-4Cr-4Fe-2Ti (wt. %)) have high thermal stability and
high elevated-temperature mechanical properties because they are strengthened with fine and uniformly distributed Cr-
and Fe-containing quasicrystalline or crystalline intermetallic particles [1]. These particles are stable to recrystallization
and growth due to low Fe and Cr diffusivity in Al. In addition, in the frame of the present project Al-Cr-Fe-Ti elevated
temperature alloy was obtained for the first time by water atomization technique in the form of powder, which was the
ideal base for manufacturing particle-reinforced metal matrix composites by P/M route.

Mechanical properties of the composites studied in this project are shown in Table 5.1. The highest mechanical
properties for the heat resistant Al alloy composites made (Al-Cr-Fe-Ti alloy system) at room temperature are:
YS = 510 MPa, UTS = 530 MPa, & = 1.5%; E = 106 GPa; at 300 °C the best properties are YS = 274 MPa,
UTS =293 MPa, 6 =2.3 %.
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Table 5.1.
Mechanical properties of the composites
Composition of the 20 °C 190 °C 300 °C
matrix alloy, YS, | UTS, J, E, YS, UTS, J, YS, UTS, J,
Reinforcement size | MPa | MPa % GPa MPa MPa % MPa MPa %
and content (vol.%)
Al-6Cu-0.4Mn
SiC M3
0 297 414 17.9 76 273 294 18.1
5 326 456 12 83 295 336 11.6
10 360 474 6.6 90.8 294 333 5
15 359 446 2.6 92.2 276 308 2.6
20 327 386 0.7 91.4 273 305 1.6
SiCM14
5 310 440 13 88.5
10 341 458 9 93
15 366 468 4.7 92.8 312 355 3.5
20 385 468 2.7 110.4
Al-8Cr-1.5Fe
SiCM14
0 358 437 5.56 88.1 252 302 10.47 163 202 11.73
5 373 444 4.1 91.2 278 312 7.67 172 207 5.67
10 392 464 2.87 100 295 328 533 189 219 4.74
15 428 476 1.07 106 309 344 3.5 190 228 3
20 438 489 0.97 109 305 354 2.57 197 229 1.93
Al-5Cr-5Fe
SiCM14
0 420 482 43 87.8 322 353 6 231 250 5.67
5 389 436 4.87 96.2 301 343 1.87 229 241 2.67
10 389 445 3.93 105 331 332 0.74 221 247 1.84
15 377 453 1.27 112 334 365 0.93 253 271 2.57
Al-4Cr-4Fe-2Ti SiC
M14
0 444 486 8.2 90 356 388 7.2 259 285 7.0
5 461 505 4.4 100.4 388 411 3.8 271 287 3.4
10 488 521 2.6 105.8 383 416 2.0 274 293 2.3
15 510 530 1.5 - 388 414 1.1 220 255 2.2
20 481 509 0.7 - - - - - - -
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CONCLUSIONS

Technology for production of particle reinforced composites based on heat resistant Al alloys was elaborated. In
elaboration process the conditions of powder mixing, the optimum reinforcement size, forging and extrusion
temperatures were determined.

Effect of the matrix to reinforcement particle size ratio on the structure and the mechanical properties of the
composites was studied. The model was elaborated, which describes well the decrease of the material Young’s
modulus due to the reinforcement clustering. It was found that a linear dependence exists between the tensile

E . .
property change and the damage parameter D = l—E—, where E is Young’s modulus of the clustered composite
0

and E is Young’s modulus of the composite without reinforcement clusters.

It was shown that the effect of the reinforcement clusters on the relative change of material properties does not
depend on the matrix alloy ductility. The plasticity was found to be a characteristic the most sensitive to the
reinforcement clustering, and the yield stress was the least sensitive one.

Composites based on the matrix of a heat resistant Al alloy reinforced by quasicrystalline particles (elaborated in
frames of Tasks 3 and 6) and reinforced additionally with SiC particles were first manufactured, and their
mechanical properties at room and elevated temperatures were studied. The highest mechanical properties were
realized in Al-4Cr-4Fe-2Ti (wt. %) matrix alloy composites. The composite Al-Cr-Fe-Ti + 10 % SiC was found to
have a high strength at 300 °C (UTS = 293 MPa) combined with a satisfactory (2 %) elongation to fracture at room
temperature (2 %), increased Young’s modulus (E = 106 GPa), increased wear resistance and decreased friction
force. The composite Al-Cr-Fe-Ti + 5 % SiC also had good mechanical characteristics. It had approximately the
same strength at 300 °C (287 MPa), but higher room-temperature ductility (4.4 %) and Young’s modulus of
100 GPa. Thus, elevated temperature mechanical properties of the elaborated composites are essentially higher in
comparison with the properties of Al-alloy based composites known from the literature.
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Task 4. Development of the physical fundamentals for creation of Al elevated temperature
eutectic cast alloys with optimum combination of strength and ductility characteristics on
the base of intermetallic phases

4.1. Introduction

A great attention has been recently paid to studying the structure and properties of alloys on the base of
titanium trialuminide with the L1, structure [1-16] and to improving the methods of their production.

Such an interest is stipulated, in the first turn, by the complex of unique properties characteristic of these
materials: high melting temperature and elasticity modulus, low density, and excellent stability in oxidizing media.
However, low plastic characteristics of intermetallic alloys at room temperature are a stumbling-block in their
practical use.

The analysis of the modern literature shows that a lot of researches is devoted to the development of
concepts of the mechanisms of deformation and the nature of brittleness of their materials. At that, main efforts are
directed to the development of physical and technological methods of improvement of their low-temperature
plasticity and fracture toughness [8, 17, 18].

Among the whole variety of methods aimed at the improvement of these characteristics, one of the most
efficient ones is the optimization of a microstructure. We can separate three main ways in this direction:

e change in the grain sizes from submicronic ones to macrosizes coinciding with the sizes of monocrystals or
directionally solidified alloys;

e transformation of a crystal structure;

e creation of polyphase structures.

It is considered that the brittleness of titanium intermetallic Al;Ti is caused by the insufficient number of
sliding systems and is characteristic of a complicated crystal structure (DO,,). As known [19, 27], this drawback can
be removed by the transformation of the DO,, structure to the ordered cubic one L1, which possesses a greater
number of sliding systems (as compared to the initial DO,, structure). This transition occurs upon alloying of
titanium intermetallic Al3Ti with such elements as Ni, Cr, Fe, Mn, Cu, Ag, Zn, Pd and is accompanied by some
enhancement of plasticity of intermetallic Al3Ti under compression. Nevertheless, even in this case, plasticity of
intermetallidic alloys is insufficient [21, 28].

One of the efficient ways in the construction of materials with prescribed properties is the creation of
structures with the number of phases to be at least two. A significant role in the improvement of properties of such
materials is played by the availability of a high density of interfaces (like in eutectoid-pearlite-steels and
martensitically transformed and fine-grained structures).

It is known that a considerable improvement of plastic properties and impact toughness of the TiAl-based
alloys was achieved upon the creation of a periodic lamellar two-phase structure [29]. The formation of such a
structure is also possible under eutectic crystallization, when the periodic two-phase structure and phase composition
of alloys are formed directly upon the transformation of the melt into two solid phases [30-32]. In this case, the phase
components of an alloy are close to thermodynamically equilibrium ones and have low interphase energy and high
thermal stability, which allows one to preserve a level of the mechanical properties of alloys up to high temperatures.
Eutectic alloys have also other advantages: they have melting temperatures which are lower than those of single-
phase intermetallics, and a narrow temperature interval of melting which leads to high casting properties, and a low
porosity.

In view of the above-presented, the authors of the present project were faced with the problem of the
establishment of physical foundations of the development of a high-modulus intermetallic L1, (Al;Ti;.\Me,) matrix
composite with optimum combination of strength and plastic characteristics.

The solution of this complicated problem has become possible due to the successive realization of a number
of subsequent stages:

e determination of both the composition of the matrix of a developed eutectic composite and the chemical
nature of phases participating in its formation;

e search for phase diagrams of the eutectic type and determination of peculiarities of the crystallization of
alloys;

e determination of a balanced alloying system which preserves the eutectic structure and ensures the
necessary level of mechanical properties of the alloys.

4.2. Experimental procedure

The investigation was carried out with as-cast alloys by metallographic, thermal and X-ray analysis. The
mechanical properties were determined by hardness measurements at room and elevated temperatures and in
compression and bending tests.

The alloys were prepared by arc melting in gettered argon atmosphere with a nonconsumable tungsten
electrode on a water-cooled copper hearth with turning and remelting at least ten times to ensure homogeneity. The
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high purity metals (Al Ti, Cr, V, Mn, Re, Nb, B, Zr,) were used for smelting. Alloys composition was controlled by
weighting method (the loss of weight didn’t excess 0.1 %).

Differential thermal analysis (DTA) and thermal analysis (TA) were employed to establish the phase
transformation temperatures. The TA method is based on recording the phase transformation temperatures at a
constant thermal flux from the heater to the specimen, and the magnitudes of the starting and final temperatures of
the phase transformation can be determined with an accuracy of £5 °C. DTA and TA were performed on samples cut
from the as-cast ingots which were contained in high purity aluminum crucibles in ultra high purity helium. DTA
runs were performed at a heating/cooling rate of 20 °C/min (TA — at 2.5 °C/min) starting from room temperature.

An MIM-9 type light microscope was used for microstructural observation. Phase identification was done
using CuK,-radiation in a DRON-UM1 diffractometer. A graphite monocrystal was used as a monochromator. The
program complex CSD was used for the phase identification. High temperature diffractometer investigations were
performed in helium atmosphere, using UVD-2000 add-on device. Temperature control to within £2K was made by
using of Pt-10RhPt thermocouple. Pure silicon powder, either mixed to the grinded specimen or deposited as thin
layer on the cast alloy, was used as internal standard in high temperature investigations. The diffractograms were
registered by step scanning in the angle range 29: 10 — 130 °. Scanning step was 20=0.05 °, and exposure time was
varied from 5 to 20 s. The improvement of calculations of the phases lattice spacing was made by least-squares
method with taking into account all diffractional profiles registered. CSD software system was used for the
calculations. The full-profile analysis of diffraction patterns was made by using of DBWS-9411 software.

The hardness was measured using a Vickers indenter at load 98N; Young’s modulus was determined in four
point bending tests (nominal specimen dimensions of 3.5x5x50 mm®) at a cross-head speed of 0.2 mm/min. The
equipment permits control of the strain before fracture in the deformation range of 10°-10 with the sensitivity not
lower than 2x107°.Compression tests (nominal specimen dimensions of 3x3x5 mm®) were carried out with a strain
rate of 10 s'l; and yield strength G, (the stress under 0.2 % deformation), ultimate strength G, €; (strain measured at
the moment of macroscopic fracture) has been determined. The determination of the mechanical properties in the
temperature interval of 20-850 °C were carried out into the air and above 850 °C — in vacuum.

4.3. Choice of the matrix composition for an eutectic L 1, intermetallic matrix composite

The task of this stage consisted in the determination of a composition of alloyed intermetallic Al;Ti;Me,
with the L1, structure (L1, in what follows) that became the base of the creation of casting high-modulus eutectic
composites. Criteria of a choice were the simplicity of a phase composition, technological efficiency, values of the
elasticity modulus, and characteristics of microplasticity.

We note that it was rather difficult to construct the full pattern of the phase regions, where L1, intermetallics
exist, by using the literature data for various alloying systems, because the intermetallics were obtained by different
methods (arc melting, arc melting + hot isostatic pressing, mechanical alloying, etc.). In addition, the results obtained
by metallographic, thermal, and X-ray phase analyses did not agree with one another, information about the
interconnection of the composition of alloys and their structure and physicomechanical properties was scanty, and
information about the character of formation of the L1, phase was practically absent.

Therefore, at the first stage, we carried out the comparative studies of L1, intermetallics alloyed with Cr,
Mn, Ni, and Fe. As a result, we defined more exactly the compositions of the alloys with maximum content of L1,
intermetallic in the appropriate ternary systems Al-Ti-Me (Me = Cr, Ni, Mn, Fe). We established that they
correspond to compositions Alg,TipsCryg, Alg;TipsNig, Alg;TipsMng, and AlggTigsFeg. By thermal analysis, we
determined the liquidus temperatures of these intermetallidic alloys (1370, 1350, 1372, and 1285 °C, respectively)
and the dependence of the hardness of intermetallics Al;Ti;.\Me, (Me = Cr, Mn) on temperature in the interval 20 -
900 °C (Fig. 4.1). By the method of indentation with the use of a series of pyramidal indenters with various
sharpening angles, we constructed the strain curves for both Al;Ti and alloyed intermetallics Al;Ti;Me, (Fig. 4.2).
In the coordinates “stress - strain,” we showed that the characteristic of plasticity &y increases from ~0.68 for Al;Ti to
~0.85 for AlgT1,7Cr}; and AlgTi,3Mn,;, and the flow stress decreases in the row Al;Ti—Alg; Ti,7Cri,—AlgeTi:3Mny;
(Tabl. 4.1) [14]. The analysis of the curves obtained testified to the dislocation character of deformation of the
alloyed intermetallics. In the mechanical tests in bending, we determined the elasticity moduli of the alloyed
intermetallics which were 180 GPa for Alg Ti,7Crj, and 118 GPa for AlgTi,3Mn;;. It was determined that plasticity
in compression tests for of alloyed L1, intermetallics was 5-6%, whereas Al;Ti revealed no plasticity in mechanical
tests of all kinds.

Among the variety of L1, intermetallics on the base of Al;Ti, a particular attention is attracted by alloys
doped with Cr. They possess the best resistance to oxidation [3, 6], minimum hardness [33], and satisfactory
plasticity in compression [4, 34]. All this defined the promises of their use as a basis for the development of new
light-weight high-modulus heat-resistant materials.

To comprehend the processes running upon the derivation and thermal processing of these alloys, it was
necessary to minutely know the phase equilibria in the existence region of L1, intermetallic. The literature contains
the evidence for the existence, in the solid state, of two- and three-phase equilibria between L1, and other
intermetallics, as well as between L1, and B (where B is the solid solution of Ti and Al in Cr) [4, 10]. However, the
available data were contradictory. Using them, it was impossible both to form the ideas of the structure of alloys
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belonging to different phase regions and of the types of phase equilibria and to establish the interconnection between
a structure and properties of alloys.
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Figure 4.1. The temperature dependence of hardness. Figure 4.2. The stress-strain curves. Full marks —
indentation technique, opened marks — compression tests.
Table 4.1.
Chemical and phase composition, mechanical properties and thermal characteristics of alloys
Materials A13T1 A161CI'12Ti27 AlééMl’l] 1Ti23
the basic phase Tetragonal DO,, Cubic L1, Cubic L1,
Phase composition lattice parameters, A a=3.863(1), c=8.587(2) na:if?ti% 1 )d a=3.959 (3)
the second phase Al, traces 0 760/ ed, AlTi, 3 %
0
Young’s modulus B, 1 oied in bending test 156 178 168
GPa
Fracture stress, in bending oy, 162 215 225
MPa in compression O 354 892 790
) yield stress o,, MPa 980 630 520
Mechanical , plasticity characteristic & 0.68 0.81 0.87
Cha.racterlst'lc, obtained strain hardening parameters:
by indentation N, GPa 2.4 1.58 1.66
method . 0.47 0.4 0.58
Thermal liquidus temperature T, (TA) 1420 1370 1285
characteristics, o°c solidus temperature T(DTA) 1395 1261 1248

Our own experimental studies of the structure and phase composition of alloys positioned immediately at the
Al-rich corner of the Al-Ti-Cr phase diagram have shown that all they have peritectic character. Moreover, the
analysis of phase equilibria in the boundary binary systems Al-Cr, Al-Ti, and Cr-Ti [35, 36], where there are large
regions of solid solutions on the base of transition metals, allowed us to expect the existence of eutectic equilibrium
between melt (L) and two solid phases L1, and B (L<>L1,+B) in the ternary Al-Ti-Cr system.

The next stage of the work is devoted to the search for the conditions of existence of the eutectic L&>L1,+f3
transformation in the Al-Ti-Cr system, study of peculiarities of the structure formation of alloys, and comparative
analysis of the mechanical properties of alloys depending on the relations of phases participating in the eutectic
transformation.

4.4. Regularities of the formation of the eutectic structure in an L1, intermetallic matrix composite of the
ternary Al-Ti-Cr system

As a result of the performed studies, we found that the melting diagram of the ternary system Al-Ti-Cr has
eutectic character between the region of existence of the L1, phase and the Cr-rich corner and determined the regions
of compositions of the alloys whose crystallization is accompanied by the formation of eutectic-type structures. We
established that such structures are formed as a result of the running of two univariant eutectic reactions with
participation of L1, intermetallic: L<>L1,+Al;,Crg and L<>L1,+B (Tabl. 4.2). We note that intermetallic Al;;Cry does
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not exist in the binary system Al-Cr, but its diffraction pattern most fully are described intermetallic AlgCrs alloyed
with Ti [13]. The univariant eutectic equilibrium L<>L1,+AlCrs is observed in the temperature interval 1225-
1260 °C, and the eutectic (L1,+AlyCrs) has fibrous structure (Fig. 4.3).

Table 4.2.
Characteristics of phases registered in as-cast alloys of the ternary Al-Ti-Cr system by X-ray diffraction analysis

Phase Structure Prototype Symmetry Space group
Al;Ti; Cry L1, CusAu cubic Pm3m
TiAICr Cl4 MgZn, hexagonal P63/mmc

B A2 W cubic Im3m

AlCr, Cll1, MoSi, tetragonal I4/mmm
AlgCrs D8,y AlgCrs trigonal R3m

i+

1+

Figure 4.3. Structure of the hypoeutectic (L1,+AlgCrs) alloy: (a) optical microscopy; (b) scanning electronic
microscopy (selective etching).

The comparison of mechanical properties of the alloys of both systems showed that a higher level of plastic
properties the (L1,+f) eutectic alloys predetermines the promises of their use as a base of new alloys. Therefore, the
most attention was given further to the study of regularities of the formation of the eutectic structure in (L1,+f)
alloys and to the investigation of their mechanical properties.

To solve the posed problem, namely the determination of the concentration-temperature conditions of
existence of the eutectic transformation L<>L1,+f in the ternary system Al-Ti-Cr, we smelted the alloys, whose
compositions are presented on the concentration triangle of the system Al-Ti-Cr (Fig. 4.4, Table 4.3). The
comparison of results of the complex study of the structure, phase composition, melting temperature, and temperature
interval of melting of the alloys allowed us to construct a projection of the line of univariant eutectic transformation
Le>L1,+B (LUET) on the concentration triangle of the system Al-Ti-Cr.

The coordinates of this line were determined by the absence of primary dendrites of both phases (L1, or B)
in the structure of alloys and by the absence of additional effects related to their melting on the thermal curves. We
determined that this transformation is realized in a wide region of concentrations of Ti and Cr. The projection of
LUET L¢>L1,+B on the concentration triangle of the ternary system Al-Ti-Cr is represented by the line ee”which has
the form of a smooth curve convex to the side of the B-phase and is described by the equation (at. %): C¢, = 21.18 +
2.44 In (27.67 — Cry). A decrease in the Ti content in alloys from 25 to 20.5 at. % leads to a decrease of the final
temperature of the eutectic (L1,+) transformation from 1285 to 1255 °C. The temperature interval of melting of the
eutectic along LUET does not exceed 10 °C, which defines high casting properties of alloys. The data obtained
testify to the existence of a wide region of two-phase (L1,+) alloys in the studied concentration region at high
temperatures.
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Figure 4.4. Scheme of phase equilibrium in the ternary system Al-Ti-Cr (a) and portion of the liquidus surface at the
Al-rich corner of the Al-Ti-Cr ternary system (b). Dots correspond to the compositions of investigated alloys; ee”is
the line of the univariant eutectic transformation L<>L1,+; ss”is the line separating the regions of as-cast alloys in
which the B-solid solution decomposes with the formation of aluminide TiAlCr (region I) or AlCr, (region II). III is
the region of (L1,+AlsCrs) phases; the single phase regions [4, 6, 10] are designated by shading.

Table 4.3.
Chemical and phase composition, hardness and Young’s modulus of some as-cast alloys
All Region Chemical composition, Phase content Tytpe t(.)f HV, E,
Y (Fig4.4) at. % CUIECtc —Gpa GPa
Ti Cr Composition Ratio, % structure
1 I 52.0 25.0 23.0 L1,:8: TiAICr 65:35:trice eutectic 3.36 189
2 I 54.0 19.0 27.0 L1,: B:AlCr, 60:30:10 hyper 3.33 192
3 56.0 22.5 21.5 - - hypo 2.85 188
4 I 51.0 23.0 26.0 - - hyper 4.01 -
5 I 53.0 21.0 26.0 - - eutectic - -
6 111 63.0 14.0 23.0 L1,: AlsCrs; 55:45 hypo 4.17 -
7 L1, 63.0 26.0 11.0 L1,:AlCr, 99:1 - 2.25 182
8 I 60.0 23.0 17.0 L1,:AlCr, 90:10 hypo 2.17 181
9 I 55.0 22.0 23.0 L1,:8 70:30 hypo 2.66 182
10 I 53.0 22.0 25.0 L1,:8 50:50 hypo 3.02 -
11 I 53.0 27.0 20.0 L1,: B: TiAICr 80:15:5 hypo 3.36 192
12 I 50.0 27.0 23.0 L1,: B: TiAICr 70:15:15 hyper 3.76 184
13 I 58.5 23.8 17.7 - - hypo 2.47 -
14 I 53.5 21.0 25.5 - - hypo 3.14 -
15 I 52.7 20.6 26.7 - - hyper 3.45 -
16 I 57 23 20 L1,:8 85:15 hypo 2.43 175
17 I 54 21 25 L1,:8 65:35 hypo 2.85 -
18 II 53 17 30 L1,:AlCr,:3 - hyper 3.6 -
19 II 50 15 35 L1,:AlCr,:B 40:50:10 hyper 4.29 -
20 I 60.2 24.8 15.0 L1,:8 93:7 hypo 242 181
21 I 57.1 21.9 21 L1,:AlCr,:8 85:10:5 hypo 2.85 190

The eutectic structure of alloys positioned on LUET is formed by alternating fibres and plates of the L1, and
B phases. The portion of fibres in the eutectic depends on the composition of alloys and increases with decrease in the
content of Ti in them. The structure of two-phase eutectic (L1,+B) alloys is analogous to eutectic structures of the
(AI+AICu,) binary system described in [37] (Fig. 4.5). The last fact allows us to conclude that the crystallization of
these eutectics occurs by a same mechanism. The base (generating the eutectic colony) phase is L1,, whose primary
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crystals are growing, preserving the edged form up to definite sizes depending on the conditions of crystallization.
Then the B phase begins to crystallize on the surface of edged crystals, by forming a border around a primary crystal.
Further, we observe the appearance of branches entering into a melt on the defect sections of this rim which initiate
the development of a two-phase eutectic colony proper. From this moment of crystallization, the melt passes to the
stage of common growth of two phases: L1, and [3.

Figure 4.5. Characteristic microstructures of as-cast alloys: (a) hypoeutectic alloy 3, (b) hypereutectic alloy 4, (c)
alloy 1 and (d) alloy 5 are situated near the line of univariant eutectic transformation.

4.5. Phase transformationsin the solid state of eutectic (L 1,+B) alloys

On the next stage of the work, for a realized choice of base compositions and the creation of high alloyed
alloys on their base, it was necessary to understand the processes running on their heating and crystallization and to
make analysis of the influence of a structure on the mechanical properties of alloys. With this purpose, we studied
phase transformations in the solid state.

The experimental studies showed that one of the phases, L1,, of eutectic (L1,+B) alloys is stable, and the
second, a B-solid solution on the base of Cr, decays in the process of their cooling with the formation of various
intermetallics (Tabl. 4.2, Fig. 4.4). Thermal stability of this phase and the nature of formed phases are defined by the
initial composition of an alloy and can vary in wide limits. Using the method of X-ray in situ high-temperature
analysis, we established the following. As a result of transformations in the solid state occurring under the cooling of
alloys, AITiCr or AlCr; is precipitated from the B-solid solution (Fig. 4.6). This leads to the formation of the two-
phase (L1,+[) state or three-phase (L1,+B+AlCr,) or (L1,+B+TiAlCr) state after the cooling of alloys depending on
their composition. In this case, the third phase in alloys enriched or depleted with Ti is, respectively, TiAlCr or
AlCr,. We note that the simultaneous precipitation of these two intermetallics from the -phase was not observed
under all conditions. We determined the position of the boundary, on which the change of precipitating phases
occurs. According to the results obtained, we draw the line ss” dividing the region of (L1,+f) alloys which are two-
phase under crystallization into two regions (I and II), respectively, (L1,+B+TiAlCr) and (L1,+B+AICr,) on the
concentration triangle of the ternary system (Fig. 4.4 b). Near the boundary ss’, there exist cast alloys that preserve
the two-phase (L1,+P) state after the cooling to room temperature (Tabl. 4.3). We emphasize once more that the
alloys in I and II regions have the same phase composition, (L1,+p), at high temperatures.
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Figure 4.6. Portion of the in situ diffraction paterns of as-cast alloys: a) region I and b) region II in fig. 4.4b.
Cu K, -radiation

Further, we studied the possibility to preserve the two-phase (L1,+f) state by means of the stabilization of a 3-solid
solution and to extend the region of its existence upon a doping of alloys. This turns out to be possible due to a
purposeful choice of the alloying system.

4.6. Influence of alloying on the concentration-temperatur e parameter s of the L «<>L 1,+p eutectic equilibrium

As known, alloying can significantly influence on the concentration-temperature limits of existence of two-
phase eutectic alloys and the stability of solid solutions of the phases coexistent in equilibrium and can promote a
change in the dispersion and morphology of structural components of the eutectic alloys.

By metallographic, differential thermal, X-ray diffraction and X-ray in situ analyses, we studied the influence of
the separate elements alloying with elements of I - VIII groups of the Periodic table (Ag, Y, Sc, B, Sn, Zr, Hf, V, Nb,
Mo, Mn, Re, and Ni) and with their combinations on the phase composition, melting temperature, morphology of
structural components, and mechanical properties of the eutectic (L1,+f) alloys. In this case, we determined the
amount of each alloying element and their complexes which would not cause both a change in the phase composition
of alloys and the appearance of additional phases.

On the choice of alloying elements, we considered the peculiarities of their interaction both with Cr and
intermetallic L1,. For example, V and Mo form the continuous series of solid solutions, and Re and Ni forms the
extended regions of solid solutions with Cr [35]. Hence, the introduction of these elements must favour a
considerable extension of the region of existence of a B-solid solution and suppress transformations in the solid state.

As a baseline alloy for alloying, we chose the hypoeutectic alloy containing (in at. %) 55AI-22Ti-23Cr, whose
properties are given in Table 4.4.

Table 4.4.
Properties of 55A1-22Ti-23Cr baseline alloy
. Mechanical propertles . Density
Phase D