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The results of t studies are directed to development of new competitive amorphous and
nanocrystalline alloys as well as to improvement of technology of their manufacturing. The physical and
technological aspects of interrelations between the conditions for production of rapidly quenched alloys,
formation of different structural and phase states, and their properties are discussed.
The influence of the chemical composition of alloys and the conditions of their quenching on the glassforming ability, phase composition, and the structure of the rapidly cooled specimens is investigated; the
regularities of the effect of alloying elements concentration on the structural features of the Al75–
87(Ni,Co,B/Ga)8–20Gd1Y4 alloys obtained by superfast quenching from the liquid state are established. The
thermal stability of the rapidly quenched ribbons with an amorphous structure is investigated and the
temperature ranges of phase transformations at continuous heating and under isothermal conditions are
found. The strength characteristics of the ribbons as a function of the content and nature of alloying
elements as well as the melt cooling rate are determined. The methods of obtaining both Al-based bulk
nanocrystalline composites with the shapes of rods and plates with thickness of 0.5–3.5 mm and metal
matrix hardening coatings are worked out.
Keywords: aluminium, transition and rare earth metals, amorphous and nanocrystalline alloy, thermal
stability, microhardness, metal matrix composite.
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1. Introduction
Technologies that are based on the quenching from liquid state (QLS) methods allow at
extreme non-equilibrium conditions to realize specific (including amorphous) structural
phase states in metallic alloys which provide the unique combinations of strength, electrical,
magnetic, corrosion, and other characteristics which are unattainable by using of the
traditional metallurgical technologies.
It is well known in the scientific community that priority in this field which is naturally
united the fundamental investigations with the effective material science and technological
developments belongs to Ukrainian scientist Prof. I.S. Miroshnichenko which centenary was
recently celebrated by the domestic scientific community. In the late 1950s, Prof.
Miroshnichenko was one of the first researchers who developed the techniques of the ultrarapid quenching of metallic melts, obtained metallic glasses, and began the systematic studies
of rapidly quenched materials [1]. His monograph “Quenching from liquid state” [2] written
in the early 1980s remains very popular until now among the scientists working in this field.
The studies of Prof. Miroshnichenko focused on the analysis of the formation of
supersaturated solid solutions in the alloy systems with eutectic and peritectic reactions [3].
In particular, he performed a detailed analysis of the structural features formed in binary
Al-based alloys during melt quenching and showed for the first time that the degree of solid
solution saturation depended on the rate of melt cooling. Prof. Miroshnichenko foresaw the
effective perspectives of the materials obtained by the consolidation of the rapidly quenched
lightweight Al-based powders or flakes. From the analysis of the publications [4–6] he
concluded that the most important problem in the processing using hot pressing, extrusion
techniques involving the heat treatments is the achievement of the highest strengthening of
the consolidated products. In particular, for the supersaturated solid solutions formed in
powders and flakes during melt quenching the highest strengthening occurs when the heat
treatment results in the formation of the intermetallic phases particles with the optimal sizes,
shapes, and distribution in the matrix.
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The Al-based alloys which combine low specific weight and high strength are
widely used as structural materials in the industry, especially as lightweight components
in aircraft and aerospace constructions [7]. The growing importance of environmental
problems and energy saving, as well as technical progress, require new materials with
enhanced levels of both mechanical properties and thermal stability. A solution to this
problem may be realized by using new strengthening mechanisms because the traditional
ones such as solid solution and dispersive hardening, grain refinement, deformation
strengthening, and use of fibres result in Al-based alloys in the maximum value of yield
stress of about 600 MPa [7]. Subsequent progress in enhancement of strength of Al-based
alloys was reached by obtaining materials with extremely disordered (amorphous), quasiand nanocrystalline structures which formed in the course of melt quenching or by
controlled crystallization of amorphous phases. Among these structures which are formed
presumably in the Al-RE-TM the partially crystalline structures composed of Al
nanocrystals embedded into the amorphous matrix have the highest level of strength
equals 1560 MPa [8].
Despite the high level of the strength of the Al-RE-TM alloys with amorphous and
nanocomposite structures, their applications are limited by the low sizes of the glassy
samples (≤ 1 mm in one dimension) [9] and the high cost of the RE metals. To resolve
these problems in the present study the attention was focused on the preferable use of the
TM.
The important characteristic of the alloys with both amorphous and nanocomposite
structures are the temperature and time ranges of their exploitation without deterioration
of their properties which depends on the alloy chemical composition and the conditions
of their fabrication [10, 11]. Their determination requires research of the dynamics and
kinetics of structural and phase transformations at the heating of the samples with nonequilibrium structures. In these studies, the features of the nanocluster structure of the
amorphous phase were accounted which in turn were related to the structure of the melts
[12]. Thus, the aim of this work was studies of the influence of the alloying TM such as
Ni as well as its partial replacement with Co on the structure of the rapidly quenched
Al75–83(Ni,Co,B)12–20Gd1Y4 alloys, the thermal stability of amorphous phases, changes of
microhardness caused by nanophase composite formation as well as working out of
methods of the casting of bulk rods and plates with nanocomposite structures and
obtaining metal-matrix strengthening coatings.
2. Experimental
The studied Al75–83(Ni,Co,Ga,B)12–20Gd1Y4 may be divided in three groups:
low-alloyed Al87(Ni,Ga)8Gd1Y4 containing 8 at.% of TM, medium-alloyed Al8183(Ni,Co)14-12Gd1Y4 containing 12–14 at.% TM and highly-alloyed alloys Al75Ni20Gd1Y4,
Al75Ni16Co4Gd1Y4, Al75Ni16Co3B1Gd1Y4 and Al75Ni18Ga2Gd1Y4.
Ingots of the alloys studied were prepared from pure components (Al – 99.99 wt.%,
Ni, Co, B, Ga, Gd and Y with ≥ 99.95 wt.% purity) by electric arc melting in a purified
Ar atmosphere. RE were introduced into alloy as the preliminary prepared master alloys
with compositions Al3Y and Al3Gd. Rapidly quenched ribbons (30–60 μm thick and 10
mm width) were produced by single roller melt-spinning technique in a helium
atmosphere. The chemical composition of the as-prepared ribbons was controlled by Xray fluorescence analysis.
The structural characterization of the as-prepared and heat-treated ribbons was
carried out by X-ray diffraction (XRD) employing monochromatic Mo K and filtered Co
K radiations in a standard DRON-3M diffractometer. The average Al grain sizes in
nanophase composites were estimated from the full width at half maximum of the Bragg
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reflections using the deconvoluted XRD patterns. The average size of nanocrystals L
(= λ/Bcos(θ) with λ being the wavelength and θ the scattering angle) and the average
nearest-neighbour distance, R = 0.615λ/sin(θ) were calculated from the X-ray data [13].
The thermal stability and crystallization kinetics was studied at constant rate heating
(5–40 K/min) conditions by differential scanning calorimetry (DSC 404 F1 NETZSCH).
The characteristic temperatures corresponding to the onset crystallization (Tona) and to the
maximum rates of crystallization stages (Ti) were determined from the DSC scans with an
accuracy of ± 1 K. These data were used for calculations of the activation energies of
crystallization stages using the well-known the Kissinger method [13].
The microhardness (Hµ) measurements of the as-cast and heat-treated samples were
performed using standard PMT-3 microhardness tester calibrated with a NaCl
monocrystal. The measurements were carried out on the flat areas presumably contact
surfaces of 15 specimens at a load of 0.49 N (50 gf) during 10 s. The Hµ values for each
specimen were determined by averaging of 10 indents with regular shape which gave the
standard deviation of the data about ±1.5%.
3. Results and discussion
3.1. Effect of the TM concentration on structure and thermal stability
of Al95–x(Ni,Co/Ga)xGd1Y4 (x = 8, 14 (12), 20) rapidly quenched samples
As mentioned above, until now the majority of studies were devoted to
investigations of relatively low-alloyed Al-TM-RE alloys containing 85–87 at.% Al.
These studies (e.g., [11, 15, 16]) showed that the alloys Al86–87(Ni,Co)8(Gd,Y)5--6 obtained
by the melt-spinning processing have amorphous structure according to the XRD data. It
should be noted that the profiles of the first diffuse broad halo at the XRD patterns have
the ‘shoulders’ at large scattering angles side. The analysis showed that this shoulder
corresponds to the average interatomic distance of Al-TM pair such indicating the
presence of the clusters. Another feature of the diffraction patterns glasses with low
concentrations of TM was the presence of ‘pre-peaks’ at relatively low scattering angles
(about 10o in MoKα). The interatomic distance estimated from the Ehrenfest relation
corresponding to the pre-peak is about 0.53–0.56 nm. As it has been shown in [17] the
pre-peak is caused by formation of the Al-RE clusters in which rare earth atoms are not in
direct contact.
At the same time, it has been established that amorphous phases may be obtained in
the melt-spun samples of Al-based alloys with enhanced content of transition metals up to
15 at.% (Al81Ni15Y4 and Al75Ni15Y10) [18] and to 20 at.% (Al75(Ni,Co,В)20Gd1Y4) [19]. In
order to study the effects of the chemical compositions on the structure of the rapidly
quenched samples a series of the melt-spun ribbons with thickness 35–45 μm from the
number of the Al-based alloys listed in Table 1 was obtained in the present study. As can
be seen from Fig.1 XRD patterns of all samples did not contain any sign of crystallinity.
In turn, the DSC scans of the samples are typical for metallic glasses crystallizing via
several studies (Fig. 2).
Analysis of the main broad maximum profiles shows that the increase of TM content
in the alloys investigated results in enhancement of intensity of the high angle shoulder
(Fig. 1). It lends support the above suggestion that this shoulder caused out Al-TM atomic
interactions. In contrast, the relative intensity of the pre-peaks has no systematic
dependency on the changes in concentration. In general, the structural studies of the
rapidly quenched samples show the clear tendency of the AlNiCoGdY melts to phase
separation.
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Fig. 1. X-ray diffraction patterns of the rapidly
quenched ribbons of Al95–x(Ni,Co)xGd1Y4 alloys
(x = 8, 14, 20)

Fig. 2. DSC thermograms of Al95–x
(Ni,Co)xGd1Y4 amorphous ribbons at
heating rate of 20 K/min.

In order to estimate thermal stability of amorphous structure in the rapidly quenched
samples the DSC thermograms were measured under constant rate heating. The results of
these studies at 20 K/min for the Al87Ni8Gd1Y4, Al81Ni14Gd1Y4, Al75Ni20Gd1Y4 and
Al75Ni16Co4Gd1Y4 are presented in Fig. 2. From the DSC scans the values of the onset
crystallization temperatures (Tons) as well as the temperastures corresponing to the
maximum rates of transformations (Tp) at each crystallization stage were determined and
listed in Table 1. As it is expected the increase of Ni content from 8 at.% to 14 at.% and
to 20 at.% results in enhancement of the onset crystallization temperature of amorphous
phase from 463 K to 578 K and to 629 K, respectively. The partial replacement of Ni
with Ga and with Co in low-alloyed glasses leads to the decrease of Tons while thermal
stability of the highly-alloyed glasses increases (up to 658–669 K) due to additions of 4
at.% Co and B and Ga at the expence of Ni (Table 1).
Table 1
Parameters of thermal stability of Al87Ni8Gd1Y4, Al81–83(Ni,Co)14–12Gd1Y4 and Al75(Ni,Co,B)20Gd1Y4
melt-spun ribbons
Alloy composition

Ribbon
thickness, μm

Tons1,
K

Tp1,
K

Al87Ni8Gd1Y4
Al87Ni6Ga2Gd1Y4
Al81Ni14Gd1Y4
Al83Ni10Co2Gd1Y4
Al75Ni20Gd1Y4
Al75Ni18Ga2Gd1Y4
Al75Ni16Co4Gd1Y4
Al75Ni16Co3B1Gd1Y4

45  5
45  5
35  5
35  5
30  5
45  5
35  5
40  10

463
393
587
583
629
636
669
658

479
427
588
584
702
637
679
666

Tons2,Tp2,
K K
582
588
627
637
711
742
755

599
593
633
641
716
751
756

Eа1,
kJ/mol

Eа2,
kJ/mol

247 ± 7
100 ± 7
424 ± 27
473 ± 6
449 ± 34
566 ± 10
614 ± 5
622 ± 64

350 ± 2
355 ± 3
207 ± 8
248 ± 9
571 ± 40
576 ± 32
326 ± 5
293 ± 9

Structural analysis of the melt-spun samples heated up above the first crystallization
stage showed that the main reason of the enhanced thermal stability of the medium- and
highly-alloyed glasses was change of crystallization mechanism. While thermal stability
of the low alloyed glasses is determined by the single-phase primary crystallization
(formation of nanocrystals of pure Al + residual amorphous matrix) (Fig. 3a, pattern 1),
simultaneous formation of several phases (Al and Al-rich binary and ternary intermetallic
compounds) takes place at the first crystallization stage of the glasses with enhanced
content of TM, Fig. 3(b–d), Table 2.
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Fig. 3. X-ray diffraction patterns of the heat treated samples of low-alloyed (Al87Ni8Gd1Y4) (a),
medium-alloyed (Al81Ni14Gd1Y4) (b) and highly-alloyed (Al75Ni20Gd1Y4 and Al75Ni16Co4Gd1Y4) (c, d)
alloys.

The diffraction peaks of these phases are broadened indicating small (nanoscale)
sizes of crystals. The absence of the amorphous halo on the diffraction patterns after the
first crystallization stage of the medium and highly alloyed glasses supposes the eutectic
crystallization mechanism. It follows from the X-ray data that second and third peaks at
the DSC scan of the Al87Ni8Gd1Y4 glass (Fig. 2) are caused by residual amorphous matrix
crystallization (Fig. 3a), while second peaks at DSC scans of medium and highly alloyed
glasses related to the crystalline phases transformations (grain growth of the phases
formed at the first crystallization stage and increasing of the ternary intermetallic phases
content, Table 2).
Table 2
Quantitative phase composition of the melt spun ribbons at different stages of annealing
Alloy composition
Al81Ni14Gd1Y4
Al83Ni10Co2Gd1Y4
Al75Ni20Gd1Y4

Al75Ni16Co4Gd1Y4

Al75Ni16Co3В1Gd1Y4

Tann., K
603
643
593
663
688
723
754
673
698
773
658
683
823

Al
26
12
34
34
9
5
2
6
3
2
5
5
3

Al3Ni
17
14
15
16
7
8
11
27
11
10
30
15
18

Relative amount of the phase.
Al9Co2
Al9Ni3RE

38
25
39
41
25
19
34
35
20
32
23

Al19Ni5RЕ3
57
74
13
25
45
46
62
48
52
52
45
48
56
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It should be also noted here that first crystallization stage in the medium-alloyed
glasses takes place in very low temperature range (scan 2 in Fig. 2) and there is a small
endothermic effect before the crystallization peak (not shown). This minimum of heat
flow is caused by the increase of the specific heat due the glass transition in amorphous
phase which is not observed in both low- and highly alloyed glasses. Both the relatively
enhanced the onset crystallization temperatures (583–587 K) and the activation energies
of crystallization (424–473 K) of the Al81–83(Ni,Co)14–12Gd1Y4 compared with those of
low alloyed glasses (Table 2) make the medium alloyed glasses attractive candidates for
engineering applications.
The more detailed analysis of the phase compositions of the heat treated melt-spun
samples was performed with using of the PowderCell 2.4 and FullProf2009 Software
[20]. The results are summarized in Table 2. It is evident that the increase of the TM
content results in the decrease of the fraction of Al nanocrystals and to complication of
the phase composition. It is interesting to note that partial replacement of Ni with Co
results in formation Al9Co2 phase and in suppression of formation of Al9Ni3RE ternary
intermetallic compound. It indicates that the phase transformations in the melt-spun
samples are governed mainly by interactions of the transition metals with Al.
3.2. Influence of transition metals content on microhardness
of rapidly quenched samples
As it is known the strength is the most important property of structural alloys. For its
characterization the values of microhardness (Hμ) which are directly proportional to the
yield strength [21] were used in the present study. The measurements showed that the
increase of the TM content led to the enhancement of the Hμ from 2.6–2.8 GPa in the ascast glasses with 87 at.% to 4.6–6.0 GPa in the glasses with 75 at.% (Table 3). It is
interesting to note that partial replacement of Ni by Ga results in softening of the low
alloyed glass and in hardening of the highly alloyed one. The opposite effects on hardness
are observed due to partial replacement of Ni with Co in medium and highly alloyed
glasses (Table 3).
Table 3
Microhardness of the as-cast and heat treated (5 min) ribbons
Alloy
Annealing temperature, K
Hμ, GPa (as-cast)
Hμ, GPa (annealed))
668
2,8±
0,5
4,5± 1
Al87Ni8Gd1Y4
610
2,6±
0,4
4,0±
0,5
Al87Ni6Ga2Gd1Y4
603
5,1
±
0,4
7,7
±
1
Al81Ni14Gd1Y4
663
5,5 ± 0,5
7,6 ± 1
Al83Ni10Co2Gd1Y4
800–820
5,4 ± 1
9,7 ± 1
Al75Ni20Gd1Y4
Al75Ni18Ga2Gd1Y4
633–673
6,0 ± 0,4
9,5±0,7
823
4,6 ± 0,6
9,5 ± 1
Al75Ni16Co4Gd1Y4
773
5,0
±
0,8
10 ± 1
Al75Ni16Co4B1Gd1Y4

Formation of crystalline phases in amorphous glasses results in essential hardening
(Table 3, Fig. 4) by from 50 to 100%. In part, microhardness of the heat treated glasses is
increased up to 10 GPa which corresponds to the extremely high value of yield stress
about 3 GPa [21]. The main contribution into the increase of the hardness is caused by
small sizes of crystals of Al and intermetallic compounds. The coarsening of the grain
structure results in the decrease of hardness down to values of the as-cast samples
(Fig. 4).
Thus, the very high values of microhardness found in the heat-treated samples with
fine-grained structure of the medium- and highly alloyed Al-based glasses indicate that
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Fig. 4. Changes of microhardness of the meltspun Al87–75(TM)8–20(RE)5 ribbons on the
annealing temperature for 5 min.

Fig. 5. XRD patterns of the plates of:
1) Al75Ni20Gd1Y4 alloy 1.8 mm thick (q = 560 K/с); 2)
Al75Ni16Co4Gd1Y4 alloy 2.3 mm thick (q = 440 K/с); 3)
Al75Ni16Co3B1Gd1Y4 alloy 2.5 mm thick (q = 406 K/с).

Accounting these results the attempt to obtain bulk samples of highly alloyed alloys
by ejection of melt into wedge-shape ((2.5–3.5)5 mm2 copper mold. It allows obtaining
in single sample the set of structures formed at different cooling rates (q) which were
calculated from the empirical relationship [22] q = 10 + 989/D where D is thickness (in
mm) of the wedge. XRD studies showed that all plates had crystalline structure (Fig. 5)
without any observable differences in the parts of samples with different thickness.
Analysis of the XRD patterns revealed the multi-phase structure of the plates in which the
the ternary Al19Ni5RE2 dominated. This phase with orthorhombic unit cell (a = 0.4078
nm, b = 1.599 nm, c = 2.698 nm) is formed at the final stages of transformation of low
alloyed amorphous alloys [11,23].
Table 4.
Microhardness of as-prepared and annealed bulk samples of AlNiCoGaYGd alloys
Hμ, GPa
(as-prepared samples)
3,6 ± 1
4,2 ± 0,6
3,9 ± 0,8
4,7 ± 0,4

Hμ, GPa
(bulk plate after annealing)
3,91 ± 0,4
4,72 ± 0,3
4,27 ± 0,3
5,3 ± 0,5

Al81Ni14Gd1Y4

4,3 ± 0,4

4,8 ± 0,5

Al83Ni10Co2Gd1Y4

4,4 ± 0,5

4,9± 0,6

Alloy composition
Al75Ni20Gd1Y4
Al75Ni16Co4Gd1Y4
Al75Ni16Co3B1Gd1Y4
Al75Ni18Ga2Gd1Y4

Microhardness of the rapidly solidified plates is in the range between 5.0
(Al75Ni16Co3B1Gd1Y4) and 6.0 GPa (Al75Ni18Ga2Gd1Y4) (Table 4), i.e. lower than that
found in the glassy melt-spun ribbons with the same composition (Table 3). The most
probable reason of this difference is relatively coarse grained structure of the plates (Fig.
6) which consists of at least three structural elements with different morphology. In
contrast to the samples with amorphous structure heat treatment of the bulk plates does
not appreciably change their hardness (Table 4).
In view that engineering applications of high-strength structural Al-based alloys
require materials in bulk forms while maximum size of the cast billets with amorphous
structure achieved until now is about 1 mm, the most perspective way to realize the high
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level of mechanical properties of disordered and partially ordered (nanocrystalline)
structures is consolidation of the rapid quenching products.

(a)
(b)
(c)
Fig. 6. Microstructure of Al75Ni20Gd1Y4 (a), Al75Ni16Co4Gd1Y4 (b) and Al75Ni16Co3B1Gd1Y4 (c)
as-prepared plates (500)

3.3. Recommendations concerning development and practical application of
new nanocrystalline high-strength light-weight Al-based alloys
In the frames of these investigations the conclusion has been drawn that
consolidation of rapidly quenched ribbons and flakes is required to obtain bulk billets
with amorphous and nanocomposite structures. Because, the supercooled liquid region
(the difference between the onset crystallization and glass transition temperatures) in
amorphous Al based alloys is small (≤ 20 K [9]) the thermomechanical processes in the
course of consolidation will inevitably lead to crystallization. In fact, the temperatures
required for full consolidation by extrusion [24–28], by spark plasma sintering [29, 30] or
by forging [31] as a rule exceed 673 K, and it results in formation of microstructures
which consist of crystals of Al and Al(TM,RE) intermetallic compounds. In the other
hand, it is known from the literature [32–34] that maximum of microhardness is observed
in the samples with nanocomposite structure (nanocrystals of Al embedded in the residual
amorphous matrix), while formation of the intermetallic compounds results in softening.
In order to achieve the maximum density at lower temperatures and retaining of
nanocomposite structure in Al-based alloys the l methods of severe plastic deformation
(SPD) were successfully applied [35, 36, 37]. The experiments carried out allowed to
obtain bulk nanostructured samples of Al86Ni6Co2Gd6 alloy at 523 K using twist extrusion
[37], Al89Gd7Ni2Fe1 alloy at 473 K by equal channel angle extrusion [36] and Al90Fe5Nd5
alloy even at room temperature using high pressure torsion [35].
As it was shown above, the nanoscale crystals of intermetallic compounds which
formed simultaneously with Al nanocrystals may contribute to hardening of nanophase
composites. The comparison of the thermal stability of the investigated alloys at
isothermal annealing with temperatures required for full consolidation by methods of
equal channel angle extrusion (473 K [36]) and by twist extrusion (523 K [37]) shows
that these SPD techniques allow to retain the nanocomposite structure in the majority of
new amorphous alloys.
One of the new approaches for fabrication of light-weight high-strength ductile bulk
alloys is using of amorphous Al-based alloys as reinforcement particles in metal-matrix
composites (MMC) [38]. For example, addition of 10 and 20% of amorphous Al85Ni10La5
powder to cryomilled 5083 Al results in enhancement of the ultimate strength of the
extruded bars from 681 to 813 and 906 MPa, respectively [38]. The extruded bars had
limited fracture deformation (3.3 and 2.4 % in MMC with 10 and 20%, respectively),
however, subsequent swaging of 10% MMC led to essential enlargement of plasticity at
compression (up to 22.5%) combined with relatively high yield stress (729 MPa) [39].
Another way to increase of plasticity of MMC was proposed in [40]. In this study the
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ductile nanocrystalline powder of Al94Fe4Mo0,6V1,1Zr0,3 alloy was added to high strength
amorphous Al84Ni10Ce6 powder and the fully consolidated bulk samples were obtained by
forging at 648–773 K. It was established that the MMC samples consolidated at 648–673
K had the high compression strength (1.2 GPa) and plasticity 1 %, while the bulk sample
consolidated at 723 K had very high strength (1.34 GPa) without ductility.
We have assumed that the increase of the volume fraction of ductile material will
allow to obtain MMC with high strength and acceptable level of plasticity. For this
purpose the alloys which retain the high strength in the fully crystalline state such as
Al83–75(Ni,Co)12–20Gd1Y4 are available. For fabrication MMC we used the embrittled
amorphous ribbons and flakes of medium (Al81Ni14Gd1Y4) and highly (Al75Ni20Gd1Y4)
alloyed alloys. Amorphous Al81Ni14Gd1Y4 ribbon was annealed at 663 K in an argon
atmosphere, milled and separated into 10–60 µm fractions. The hardness of annealed
ribbon was 5.5 GPa. The powder was mixed with 1-20 µm fraction of Al powder in the
ratio to 3:7, respectively, and the mixture was used for fabrication of MMC as protective
coating on the surface of the hypoeutectic soft AlSi alloy by the cold gas-dynamic
spraying
(https://reym.prom.ua/p739290046-apparat-gazodinamicheskogo-napyleniya.
html). This technology used now for renewal of surface of products, hardening and for
corrosion protection allowed forming coatings as Al-based MMC (Figs. 7, 8). The
formation of the MMC was performed at relatively low temperatures at which nanoscale
microstructure of reinforcing Al81Ni14Gd1Y4 powder was retained.

Fig. 7. General view of the device for the cold
gas-dynamic spraying.

Fig. 8. The AlSi templates with the protective
coatings.

The coatings are dense because they form as a result of precipitation of the mixture
of powder moving with supersonic speed (500…1000 m/s). The microhardness of the
coating ≤ 40 μm was 2.7 GPa, i.e. by about 2.5 times higher than Hμ of AlSi substrate
(1.1 GPa). The reached values of MMC microhardness are not record, partially due to
using of fully crystallized Al81Ni14Gd1Y4 powder but not the only embrittled. In general,
gas-dynamic impact on nanostructure of reinforcing powder, possible diffusion of its
components into matrix AlSi material, structure and phase composition of MMC were not
investigated in this study. Nevertheless, the analysis and preliminary experiments carried
out for fabrication nanostructured MMC on metallic surfaces indicate that the treatment
which unites the nanocrystallization of amorphous phase and consolidation processes is a
perspective way for production of bulk light-weight and high strength Al-based materials.
4. Conclusions
It is established that the increase of the TM content from 8 to 20 at.% essentially
enhances thermal stability of rapidly quenched amorphous Al87–75(Ni,Co)8–20(Gd,Y)5
alloys which is caused out by the change of mechanism of the first crystallization stage
from the single phase (formation of Al nanocrystals in the Al87Ni8Gd1Y4 alloy) to the
multi phase one (simultaneous formation of nanoscale crystals of Al and intermetallic
compounds in the Al75Ni16Co4Gd1Y4 alloy).
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The specific feature of the DSC scans of the firstly prepared in this study medium
alloyed Al81Ni14Gd1Y4 and Al81Ni10Co4Gd1Y4 alloys is the presence of the glass transition
and sharp first crystallization peak such indicating the increase of the rate of
crystallization in the range (583 – 587 K) above Tons. The activation energy of the first
crystallization stage in the Al81–83(Ni, Co)14–12Gd1Y4 amorphous alloys are relatively high
(424–473 kJ/mol) and even exceed that for the Al75Ni20Gd1Y4 glass.
The Al81(Ni, Co)14Gd1Y4 and Al75(Ni, Co)20Gd1Y4 alloys possess essentially
enhanced microhardness (by 50% and 100%, respectively) in comparison with Hμ low
alloyed Al87Ni8Gd1Y4 glass in the as-prepared and in heat-treated states. In new medium
alloyed glasses formation of nanocomposite structure results in relatively small increase
in microhardness from 5.1 – 5.4 to 7.6 – 7.7 GPa. In the highly alloyed glasses the highest
microhardness (9,7 GPa) is achieved after the second crystallization stage. Coarsening of
crystalline structures at final stages of transformations results in the essential decrease of
microhardness.
The presented results allow to formulate the following recommendations concerning
the development of practical application of new nanocrystalline high-strength Al-based
alloys (composites):
– for obtaining of bulk rod and plates consolidated from amorphous melt-spun
ribbons the alloys Al86Ni6Co2Gd3Y2Tb1 and Al86(Ni,Co)8(Gd,Y)6 [41] may be efficiently
used due to their high glass forming ability, thermal stability and hardness;
– for obtaining of metal-matrix composites by the cold gas-dynamic spraying on
surfaces structural light alloys the medium- and highly-alloyed Al81–75(Ni,Co)14–20Gd1Y4
alloys may be used due to their high microhardness in the nanocrystalline states and high
stability of the properties in wide temperature ranges;
– the proposed method for fabrication of the Al-based nanostructured metal-matrix
composites with high density is energy saving and may be used for development of new
metal-polymer composites.
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