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the role of technological  
Process in structural PerforMances  
of quasi-crystalline al–fe–cr alloy

the present study emphasizes the role of processing strategy in terms of its effect 
on structural performances, heat­treatment response, and mechanical behaviour of 
quasi­crystalline Al–Fe–cr­based alloy with nominal composition Al94Fe3cr3. Several 
kinds of semi­products and bulk­shaped materials, all processed with Al94Fe3cr3 al­
loy, have been produced using rapid solidification by melt spinning, powder atomi­
zation, hot extrusion, and cold­spraying, respectively. All kinds of semi­products 
and bulk­shaped materials comprised nanosize quasi­crystalline particles of i­phase, 
all embedded in α­Al matrix, although fraction volume of quasi­crystals and other 
structural parameters were rather different and dependent on processing route. In 
particular, cold­spraying technique was believed to give essential advantage in re­
taining quasi­crystalline particles contained by feedstock powder as compared to 
currently employed hot extrusion. crucial role of nanosize quasi­crystalline parti­
cles in structural performances and superior combination of high strength and suf­
ficient ductility of ternary Al–Fe–cr alloy was justified over evolution of mechani­
cal properties under heating. In this aim, evolution of the structure and mechanical 
properties of each kind of Al94Fe3cr3 alloy in response to heat treatment was exam­
ined and discussed by considering the classical strengthening mechanisms. A set of 
mechanical characteristics including microhardness, HV, yield stress, σy, young’s 
modulus, E, and plasticity characteristic δH/δA was determined by indentation tech­
nique and used in consideration. Strength properties (HV, σy, E) and plasticity 
characteristic (δH/δA) of cold­sprayed Al94Fe3cr3 alloy were revealed to be much high­
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er than those provided by currently employed hot extrusion. the important point 
concerns the fact that cold­sprayed Al94Fe3cr3 alloy kept almost stable values of 
mechanical properties at least up to 350 °c, suggesting potential application of this 
material in engineering practice under intermediate temperature.

Keywords: quasi­crystals, aluminium alloy, melt spinning, powder atomization, cold 
gas­dynamic spraying, microstructure, mechanical properties.

1. introduction

Quasi­crystalline Al­based alloys are presently ascribed to the so­called 
family of complex metallic alloys (cMAs), which are characterized by a 
complex crystallographic structure [1–3]. Among the other cMAs, Al­
based alloys containing quasi­crystals and related crystalline compounds 
are especially of growing attention for researches employed in scientific 
and engineering applications. Quasi­crystals as a new class of solids 
were firstly discovered in rapidly solidified Al–Mn alloys by d. Shecht­
man et al. over 30 years ago [4, 5]. A few years later, the formation of 
quasi­crystals in Al–Mn alloy was also reported in ref. [6]. Moreover, 
the formation of quasi­crystals in ternary Al­based systems containing 
Fe and cu, or Pd and Mn, or Ni and co was pointed out by tsai et al. 
[7, 8]. At the present, metastable and stable quasi­crystals were revealed 
in more than a hundred ternary and higher order alloys [9, 10]. A 
number of books, reviews, and papers concentrated attention on struc­
tural aspects of quasi­crystals, which are nowadays attributed to cMAs. 
In these publications, it has been reported that quasi­crystals exhibit a 
lattice with no periodicity anymore in the usual 3­dimensional space 
[3–6, 11–13]. Generally, the quasi­crystals show long­rang transitional 
order, quasi­periodicity, and a non­crystallographic orientational order, 
which are associated with the classically forbidden fivefold (icosahe­
dral), 8­fold (octagonal), 10­fold (decagonal), and 12­fold (dodecagonal) 
symmetry axis [9]. besides unusual aperiodic atomic structure, quasi­
crystalline solids exhibit a remarkable combination of unique and some­
times unexpected physical, chemical, and mechanical properties, i.e. low 
density, high hardness, strength and elastic modulus, low surface ener­
gies and friction coefficient; good resistance to wear and corrosion, etc. 
[3, 9, 14–19]. Unfortunately, quasi­crystals are generally too brittle to 
be used in engineering practice as monolithic material [3, 17]. For com­
parison, Vickers hardness of quasi­crystals ranging from 7.8 to 9.5 GPa 
is very closed to hardness values for steels, which are usually ranged 
from 1.8 to 7.7 GPa [12, 17]. on the other hand, fracture toughness, 
KIc, of Al–co–cu–Si quasi­crystals is about 1.0–1.5 MPa  ⋅ m1/2 [17] while 
that for Al–cu–Fe–b quasi­crystalline films was found to be between 
1.5 and 1.9 MPa  ⋅ m1/2 [20]. the latter values of the KIc are very close to 
the value of K1c for technical glass, which can be estimated as small as 
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KIc = 1.17 MPa  ⋅ m1/2. despite of brittle nature of quasi­crystals, their 
outstanding properties was proved in design of low friction and/or wear 
and corrosion resistant coatings [1, 15, 16, 20–23]. besides thermal and 
plasma spraying techniques, both used in processes with atomized pow­
ders, physical vapour deposition (PVd) [24] and chemical vapour deposi­
tion (cVd) [25] were applied for creation of quasi­crystalline surface 
layers. on the other hand, cMAs with composite structure comprising 
quasi­crystalline phase dispersed over Al matrix are capable to reduce 
the problem associated with brittle behaviour of bulk material [3, 26–
28]. the same was believed to be true for Al­based composite coatings, 
which exhibit valuable properties of the incorporated quasi­crystalline 
phase [29–33].

In line with this, Al­based cMAs, which contain Al­rich quasi­crys­
tals being alloyed with some other metals (like Fe, cr, cu or Pd, Mn, or 
co, Ni, etc.), are thought to have the best potential for engineering 
practice [1, 3, 26, 27]. Actually, Al­based cMAs reinforced by nanosize 
quasi­crystals of i­phase offer undisputable advantages related to rea­
sonable combination of high strength and sufficient ductility [27, 34–
40]. Among the other cMAs, the attention is primary focused on those 
containing quasi­crystals of Al alloyed with Fe, cu or cr dispersed over 
Al­matrix [41–44]. In spite of industrial application of the above, the 
Al­based cMAs remains rather limited with intention to be potentially 
useful at a manufacturing production rate. In particular, reduced adhe­
sion indicative of Al–cu–Fe quasi­crystals [45] was used to develop a 
commercially produced Al–cu–Fe–cr quasi­crystalline coatings for 
cookware [46], while their low surface energy was recently found to 
prove design of self­lubricating, low­friction, wear­resistant Al–cu–
Fe–b coating [47]. In addition, Al–cu–Fe quasi­crystalline cMAs can be 
used in design of solar light absorbers owing to high absorption of in­
frared light [3, 48].

high elevated­temperature strength being ensured by increased 
structural stability was believed to be distinctive feature of ternary and 
higher order Al–Fe–cr­based nano­quasi­crystalline alloys, making them 
attractive for potential industrial application and, especially, for that in 
aircraft industry [28, 34, 35, 37, 38, 42, 49, 50]. the same as it was 
reported for that based on Al–cu–Fe alloys, composite structure con­
sisted of α­Al matrix reinforced by nanosize quasi­crystals of i­phase is 
intrinsic of cMAs based on Al–Fe–cr system [26, 37, 39, 50–52]. of 
importance is excellent balance between a high strength and sufficient 
ductility of Al–Fe–cr­based quasi­crystalline alloys [35–38, 40, 49, 53] 
compared to commercial Al­based alloys recommended for service under 
elevated temperature. In addition, Al–Fe–cr/Al–cu–Fe–cr­based cMAs 
are considered to be interesting because of high stability in a broad ph 
range [54–58]. Presently Al–Fe–cr­based cMAs are employed as rein­
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forcement filler intended for wear resistance enhancement of ti metal 
matrix composites and coatings [41, 59, 60].

Generally, rapid solidification technique with high cooling rate 
about 105 K/s is required to create quasi­crystalline phases [28, 61, 62]. 
After the initial discovery of quasi­crystals in rapidly­cooled Al­alloys 
Al–Mn alloy [4] the above solids were found in Al­based cMAs alloyed 
by Fe, cr, V, ti, zr, Nb, and ta [35–37, 39, 49, 51]. A number of vari­
ous processes involving different routes and techniques, which are ca­
pable for creation of Al­based quasi­crystalline alloys, have been devel­
oped during the last years [63–67]. however, the rapid solidification by 
melt spinning [27, 36, 39, 50, 51, 68] and powder atomisation technique 
performed with either argon­gas [28] or inhibited water [37, 40] are 
thought to be mostly effective for mass production. thus, the nano­
quasi­crystalline Al­based alloys are generally performed as semi­prod­
ucts in form of either melt­spun ribbons/flakes [36, 38, 39] or gas/wa­
ter atomised powders [35, 37, 52]. because of this, the development of 
processing routes available for semi­product consolidation is of great 
importance for manufacturing the bulk­shaped material and, conse­
quently, further improvement of structural stability is desirable to 
maximize elevated temperature. Presently, the hot extrusion [27, 34, 
37, 49, 52, 69], spark plasma sintering [70], spray forming [67], and 
cold spraying technique [71, 72] as alternative process are developed to 
consolidate quasi­crystalline semi­product in bulk shaped material.

In this paper, we overview the previous findings by the authors and 
some new results, which highlight the role of processing route in struc­
tural performance of semi­products such as melt­spun ribbon and atom­
ised powder as well as bulk­shaped materials in form of extruded rod 
and cold­sprayed coating. All of the above materials were performed 
with quasi­crystalline Al–Fe–cr alloy and investigated by x­ray diffrac­
tion analysis (Xrd), electron microscopy (SeM and teM modes), and 
differential scanning calorimetry (dSc).

2. Materials and Methods
2.1. Materials and Processing

Quasi­crystalline alloy with nominal composition Al94Fe3cr3 was used in 
experiments. Quasi­crystalline semi­products materials were performed 
in form of rapidly solidified ribbons and water atomized powder. rap­
idly solidified ribbons were produced by melt spinning under a reduced 
argon atmosphere and cooper wheel speed of 40 m/s. Arc­melted ingots 
of Al alloyed by proper content of Fe and cr were explored in preparing 
of melt­spun ribbons. So that, as­quenched ribbons with thickness ranged 
between 20 and 30 µm and width roughly about 8 mm were prepared 
under cooling rate of 106 K/s. Quasi­crystalline powder of Al­based al­



ISSN 1608-1021. Usp. Fiz. Met., 2020, Vol. 21, No. 4 503

The Role of Technological Process in Structural Performances of Al–Fe–Cr

loy with nominal composition of Al94Fe3cr3 and oxygen content about 
0.2% was fabricated by water­atomization technique using inhibited 
high­pressure water with ph 3.5 [73]. As compared to conventional gas­
atomisation process, water­atomization technique provides for high 
cooling rates up to 106 K/s although the oxygen content was almost  
the same. After atomization, the powder particles were sieved to less 
than 40 µm in size using the corresponding sieves. Fraction volume of 
quasi­crystalline particles contained by powder was not higher than 
30% [37].

consolidation of quasi­crystalline powder was performed by two dif­
ferent techniques, i.e. by hot extrusion process and cold sprayed tech­
nique. So, extruded rods and thick coatings were obtained as bulk shaped 
materials. consolidation of quasi­crystalline powder via hot extrusion 
process was done in hermetic capsule at the temperature of 380 °c [37]. 
Prior to extrusion, capsule of 25 mm in diameter filled by pre­compac­
ted powder was degassed at the temperature of 350 °c during 1 hour. 
Press of 125000 kg in power and equipped by extrusion die with inner 
diameter, de = 8 mm and length of working part about le = 2 mm was 
used in extrusion process. extrusion was performed in a single pass with 
reduction coefficient ke = 9.8. extrusion parameters such as longitudi­
nal pressure of Pl = 1.1 GPa and extrusion velocity of Ve = 15  ⋅ 10−3 m/s 
were employed in experiments.

commercial cold­spray system (dyMet 403) was used in spraying 
experiments with compressed air. cold­sprayed principle and technical 
set­up for cold spraying are described elsewhere [72, 74]. Velocity of 
air/particle jet was roughly about V = 750 m/s while its temperature 
was as high as 400 °c [71]. the detailed description of cold spraying con ­
ditions was reported in [71]. cold rolled plates of low carbon steel (carbon 
content 0.2%) with a thickness about 3.0 mm were used as substrates, 
which were sandblasted prior to spraying. Finally, samples of coatings 
with thickness about 800 µm were obtained for further experiments.

2.2. Structural Characterization

Structural characterisation of melt­spun alloy, water atomized powder, 
cold­sprayed alloy and as­extruded rod was performed by x­ray diffrac­
tion (Xrd) analysis using cu Kα radiation. the quasi­crystalline i­phase 
was indexed by using cahn’s indexation scheme [75].

Scanning and transmission electron microscopy (SeM and teM) was 
used to obtain basic information concerning microstructural features of 
semi­products and consolidated materials including quasi­crystalline 
particles morphology (size and shape). electron microscope Jeol Super­
probe­733 (Jeol, Japan) equipped with x­ray detectors (edX and 
ePMA) was used to get SeM images while JeM 2100 F (Jeol, Japan) 
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microscope was employed to obtained teM images and selected areas of 
electron diffraction (SAed) patterns as well.

Prior to SeM observation feedstock powder was glued by conductive 
compound to plate for preparing a slice by standard metallographic 
technique with polishing by diamond slurry. the same polishing proce­
dures were used to prepare surface and cross­sections of pieces being cut 
off extruded rods and coatings.

differential scanning calorimetry (dSc) was employed to study struc­
tural stability of semi­products and consolidated materials under ele­
vated temperatures. dSc/tGA measurements were performed by using 
StA449F1 analyser (Netzsch, Germany). each kind of the sample was 
placed into dSc cell and exposed under argon flow rate about 20 ml/min 
during continuous heating from room temperature up to 893 K. heating 
rate used in dSc/tGA measurements was as great as 10 K/min.

2.3. Mechanical Testing

Microhardness measurements were performed using a conventional micro­
hardness machine equipped by standard Vickers pyramid. Microhard­
ness numbers were determined under indentation loads not higher than 
1.0 N. yield stress, σy, was extracted from ‘stress–strain’ curves construc­
ted by a set of trihedral pyramids with different angles at the tip γ1 
(ranged from 45° to 85°) according to the test method procedure [76].

Plasticity characteristic δH as dimensionless parameter that may 
vary in the range from 0 (for ‘pure’ elastic contact) to 1 (for ‘pure’ 
plastic contact) was derived by calculations through microhardness, HV, 
and young’s modulus, E [77]. Following equation was used for calcula­
tion of plasticity characteristic δH through Vickers hardness [77]:

 ( )21 14.3 1 2H

HV

E
δ = − − ν − ν , (1)

where ν and E are respectively Poison’s ratio and young’s modulus of 
tested material.

Microtester capable for load­displacement measurements and equip­
ped by trihedral berkovich pyramid was used to determine young’s 
modulus, E, according to the test method procedure originally proposed 
by oliver and Pharr [78].

In addition, plasticity characteristic δA, which is physically close to 
that denoted by δH, was derived from loading and unloading data ac­
cording to the demands of International Standard ISo 14577­1:2002. 
Principles and test method procedure accepted for determination the plas­
ticity characteristic δA, are described in [79, 80]. of importance is that 
no evidences concerning the values of young’s modulus, E, and Poison 
ratio, ν, are not required for determination of plasticity characte ristic 
δA compared to calculation of δH parameter according equation (1).
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Fig. 1. SeM images of microstructure for (a) as­received melt­spun ribbons and (b, 
c) as­atomised powder

3. results and discussion

3.1. Structural Characterisation of Quasi-Crystalline Semi-Products

SeM images of microstructure of as­received melt­spun ribbons and as­
atomised powder demonstrate a huge numbers of white particles pre­
sented in the rapidly solidified alloy and interior of the powder parti­
cles, as shown in Fig. 1.

the results of Xrd analysis indicate quasi­crystalline nature of 
melt­spun alloy and atomized powder, see Fig. 2, a, b. Xrd patterns 
recorded for the semi­products indicate the presence of icosahedral 
phase (i­phase) indexed using cahn’s indexation scheme [75] besides 
α­Al indexed with reflections corresponding to (111), (200), (220), and 
(311) planes in the range of 2θ between 30 and 85°.

the results of Xrd analysis were found to be in accordance with 
data obtained by teM observation. Figure 3 displays representative 
bright field teM images for the melt­spun alloy, which shows quasi­
crystalline particles embedded in α­Al matrix. Five­fold reflection spots 

Fig. 2. Xrd patterns of 
a — as­spun alloy, b — 
water atomized powder, 
c — extruded sample, 
and d — as­sprayed coa­
ting; all performed with 
Al94Fe3cr3 alloy [72]
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indicative of i­phase are revealed in SAed pattern, as can be seen in 
Fig. 3, a originally published in [72]. Quasi­crystalline particles of 
rounded (A) and/or rosette­like (B) shape with the size around 300 nm 
are presented in α­Al matrix, as evidenced from Fig. 3, a. however, 
scattering of fine quasi­crystals of rounded shape and size ranged from 
20 to 50 nm are also found, as can be seen in Fig. 3, b. these kinds of 
icosahedral quasi­crystalline particles have been observed by other au­
thors [36, 39, 50]. In the atomized powder, quasi­crystalline particles 
with the size increased up to 1.5 µm are also revealed, suggesting vari­
able cooling conditions for water jets, as shown in Fig. 1, b, c.

characteristic feature of microstructure for the melt­spun alloy is 
the presence of grain boundary precipitates and very small particles 
placed inside the α­Al grains, as can be seen in Fig. 3. the latter were 
identified as those corresponded to metastable crystalline phases, i.e. 
distorted multiphase θ­Al13(Fe,cr)2–4 and/or Al6Fe [39, 50, 68].

3.2. Structural Characterization  
of Bulk-Shaped Quasi-Crystalline Material

Figure 4 demonstrates SeM images for the microstructure of as­received 
extruded rod and as­sprayed coatings, both performed by using feed­
stock quasi­crystalline powder.

It can be seen in Fig. 4 that severe plastic deformation indicative of 
extrusion process and cold­spraying technique is quite enough to break 
off the oxide film presented always on the surface of Al­based particles 
and provided for their intimate metallurgical bonding.

however, morphology of powder particles observed in deformation­
induced structure of extruded rod and cold­sprayed coating is rather 
different. Powder particle elongated in parallel to extrusion direction 
are created in the cross­sectional microstructure of extruded rod where­
as flattened and heavily deformed particles are formed in the cross­
sectional microstructure of cold­sprayed coating. thus, extrusion proc­
ess results in formation of elongated rod­shaped powder particles with 

Fig. 3. bright­field teM 
images showing the mic­
ro structure of as­spun 
alloy of different mag­
nification (a, b): A — 
rounded quasi­crystalli­
ne particles; B — ro­
sette­like quasi­crys talli­ 
ne particles; C — grain 
boundary precipitates; 

D — fine crystalline particles inside the α­Al grains. In (a), the SAed pattern cor­
responded to a single quasi­crystalline particle (at the upper left­hand corner)
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Fig. 4. cross­sectional 
microstructures of (a) 
as­ extruded rod arranged 
parallel to extrusion di­
rection and (b) as­sprayed 
coating

aspect ratio the same as reduced coefficient ke = 9.8 while cold spraying 
compels feedstock particles to get elongated lens­like shape with aspect 
ratio kf ≈ 4.7. Processing conditions are responsible for difference of 
structural features observed in extruded rod and those indicative of cold­
 sprayed coating. deformation of feedstock powder at extrusion is con­
trolled by bar drawing being operated by two components of pressure such 
as longitudinal, Pl, and transversal one, Pt. by adopting longitudinal 
pressure Pl (1.1 GPa) used in the experiments, and geometrical param­
eters (le = 2 mm, de = 8 mm) for working part of extrusion die, transversal 
pressure can be estimated as great as Pt = 2.2 GPa. taking into conside­
ration the extrusion velocity used in experiments (Ve = 15  ⋅ 10−3 m/s) and 
geometrical parameter of extrusion die (le = 2 mm) it is easy to show 
that two components of pressure operate the extruded sample as long as 
τ = 1.3  ⋅ 10−1 s.

As opposed to extrusion process, consolidation of feedstock powder 
in coating is mainly controlled by forward pressure. the latter is de­
fined by air/particle jet and it can be assessed as great as Pf, ≈ 1.9 GPa 
at the conditions accepted in the present study. In practice, high value 
of forward pressure results in severe plastic deformation of powder par­
ticles, suggesting flattening and mechanical interlocking the splats by 
cold forging. however, adiabatic shear instability under high strain 
rate resulted from high impact velocity is primary responsible for effec­
tive metallic bonding between the adjacent particles [81–86]. high value 
of forward pressure and very short contact time of impact about 10­8 s 
[85, 86], favours particle surface softening and shear localisation. this 
bonding process is commonly considered as that comparable with explo­
sive welding or shock wave powder compaction [87]. Figure 4, b shows 
the evidences of strong shear localisation including those indicative of 
metallurgical bonding by impact fusion.

despite of severe plastic deformation of material under extrusion 
process and cold spraying, huge number of quasi­crystalline particles of 
almost unchanged shape survives inside heavily deformed feedstock 
powder particles, as can be seen in Fig. 4. the results of Xrd analysis 
confirm the presence of quasi­crystalline particles in α­Al matrix, as 
can be seen in Fig. 2. however, there are few differences of Xrd pat­
terns for the as­extruded sample and the as­sprayed coating compared 
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to those for the as­spun alloy and the as­received atomised powder. 
compared to feedstock atomized powder, intensity of icosahedral reflec­
tions presented in Xrd pattern for the as­extruded samples is much 
lesser, suggesting reduced fraction volume of quasi­crystalline phase, as 
can be seen in Fig. 2, c. the above evidence allows us to assume that 
quasi­crystalline particles would be partially decomposed under the com­
bined effect of high pressure and enhanced temperature during hot ex­
trusion process. Actually, weak Xrd peak at 2θ ≈ 42.1° corresponding 
to the metastable Al6Fe phase is observed in the Xrd pattern of the as­
extruded sample. Moreover, there are additional reflections of α­Al 
overlapping with those from α­Al typical for the feedstock powder, in­
dicating the formation of two α­Al solid solutions with different ele­
mentary composition. As it is evidenced from data listed in table 1, one 
of the α­Al solid solutions has lattice parameter a0, which is almost the 
same as that for the as­atomized feedstock powder. Another α­Al solid 
solution demonstrates reduced lattice parameter a0, suggesting the en­
richment of α­Al by dissolved Fe and cr, which atomic radii are smaller 
by ≈12% than the atomic radius of Al.

In addition, reflections of α­Al presented in Xrd pattern for the 
as­extruded rod are found to be broad, suggesting dislocation activity. 
the results listed in table 1 show that dislocation density recorded in α­Al 

Fig. 5. bright­field teM images showing the microstructure for as­extruded sample 
of Al94Fe3cr3 alloy of different magnification (a, b, c): A — rounded quasi­crystal­
line particles; B — rosette­like quasi­crystalline particles; C — dislocation tangle; 
D — crystalline particles of rectangular shape. In (a), SAed pattern corresponded 
to a single quasi­crystalline particle (at the upper left­hand corner)

Table 1. Parameters of elements and α-Al solid solutions in Al94Fe3Cr3  
alloy performed via different processing routes

Parameters Al Fe cr
Melt­ 
spun 
alloy

Atomized 
powder

extruded 
material

cold­ 
sprayed  
alloy

lattice parameter 
a0, nm

0.4050 0.2866 0.2884 0.4037 0,4042 0.4043 
(0.4011)

0.4045

dislocation density 
ρ, m/m3

— — — 1011 1013 1016 1015
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Fig. 6. bright­field teM 
images showing the mic­
rostructure of as­sp­
rayed alloy (a, b): A — 
rounded quasi­crystal­
line particles; B — ro­ 
sette­like quasi­crystalline particles; C — dislocation tangle. In (a), SAed pattern 
corresponded to a single quasi­crystalline particle (at the upper left­hand corner)

solid solution of extruded material achieves the value ρ = 1016 m/m3, 
which exceeds by 3­order magnitude that recorded for feedstock atom­
ized powder.

the data of teM observation are in good agreement with the results 
determined by Xrd analysis. Quasi­crystalline particles, which have 
rounded (A) and/or rosette­like (b) shape and size ranged from 50 to 
300 nm, are visible in α­Al matrix of as­extruded material, as can be 
seen in Fig. 5, a, b. In addition, a few crystals (d) with rectangular 
shape, which could be presumably corresponded to Al6Fe phase, and dis­
location tangles (c) are also visible in the microstructure of the as­ex­
truded material, as can be seen in Fig. 5, b, c.

No evidence referred to the presence of additional phases besides 
those corresponding to quasi­crystalline i-phase and α­Al is found in the 
Xrd pattern of as­received cold­sprayed alloy, as can be seen in Fig­
ure 2, d. this result is in good agreement with the data published previ­
ously for cold­sprayed coatings although they were deposited at the 
temperature smaller than that used in the present study [71]. It is no­
ticeable that the all reflections corresponding to α­Al shift towards 
smaller 2θ compared to those recorded in the Xrd pattern of the as­
atomized powder. this fact indicates the increase of lattice parameter a0 
of α­Al solid solution of the as­received cold­sprayed alloy and, thus, its 
depletion by dissolved Fe and cr. Actually, lattice parameter a0 of α­Al 
solid solution for the as­received cold­sprayed alloy shows the greatest 
value compared to other products, as evidenced from the data listed in 
table 1. In addition, dislocation density recorded in α­Al solid solution 
of the as­received cold­sprayed alloy much superior to that of semi­
products although it is smaller by order magnitude than that of the as­
extruded material, as can be seen in table 1. Figure 6 shows bright­field 
images of microstructure for as­received cold­sprayed alloy. It can be 
seen that microstructure of the as­received cold­sprayed alloy is very 
similar to that of the as­extruded material. the difference is that quasi­
crystalline particles visible in the microstructure of the as­received 
cold­sprayed alloy have rather bigger size than those presented in the 
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as­extruded material. In addition, no crystalline particles of rectangular 
shape are found in the microstructure of the as­sprayed alloy. Moreo­
ver, compared to the as­extruded material, fraction volume of disloca­
tion tangles presented in α­Al matrix of the as­sprayed alloy is much 
less, as can be seen by comparison Fig. 6, b and 5, b. this is because of 
extremely short time of particle/particle interaction by impact.

3.3. The Effect of Processing Route on Thermal Stability  
of Quasi-Crystalline Al–Fe–Cr Alloy

Figure 7 shows dSc runs for investigated samples originally published 
in [72]. Several exothermic peaks detected by dSc measurements are 
originated from basic processes ascribed to phase and structural trans­
formations, which occur in microstructure of quasi­crystalline material 
at heating.

the main exothermic peak B is commonly associated with the proc­
ess, which involves gradual dissolution of the quasi­crystalline particles 
together with simultaneous formation of more stable crystalline Al6Fe 
particles and stable intermetallic compounds such as θ­Al13Fe4 and 
θ­Al13cr2 [36, 39, 50, 51, 68, 88]. Attention should be paid to an addi­
tional exothermic peak C at the 480 °c overlapping with exothermic 
peak B, both observed in dSc run for the melt­spun alloy. replacing of 
the metastable precipitates by more stable and large crystalline particles 
of the Al6Fe and multiphase Al13(Fe,cr)2–4 phases is thought to be the 
reason of exothermic reaction C. Figure 8 displays the microstructural 
evolution of the melt­spun alloy after heat treatment with holding time 
of 20 min at different temperatures, i.e. 350, 400, 450, and 500 °c.

It can be seen that the sample heat treated at 350 °c demonstrates 
microstructure similar to that of as­spun alloy, see Fig. 8, a. the differ­

Fig. 7. dSc runs for (a) 
the melt­spun alloy, (b) 
atomized powder, (c) 
cold­sprayed alloy, and 
(d) extruded material 
[72]
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Fig. 9. Xrd patterns of the (a–d) atomized powder and (e–h) melt­spun alloy, both 
heat treated during 20 min at different temperatures: 400 °c (a) and (e); 450 °c (b) 
and (f); 500 °c (c) and (g); 550 °c (d) and (h)

Fig. 8. bright­field teM images showing the micro­
structure of the melt­spun alloy heat treated during  
20 min at the different temperature: 350 °c (a); 400 °c 
(b), 450 °c (c); 500 °c (d). In (a); the SAed pattern 
corresponded to a single particle (at the upper left­
hand corner)

ence is that some quasi­crystalline particles increase in size up to 500 nm 
compared to the as­spun alloy. After heat treatment at 400 °c, addi­
tional large particles with angular shape are formed in between rounded 
quasi­crystalline particles of reduced size, as can be seen in Fig. 8, b. 
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disappearance of previously existing precipitates and quasi­crystalline 
particles with reduced size compared to that indicative of the as­spun 
alloy is important. besides continuous dissolution of the quasi­crystal­
line particles, formation of large multiphase particles due to the growth 
of precipitates/small particles and their further transformation into 
more stable crystalline phase dominates structural evolution of the melt­
spun alloy during annealing [68]. course crystalline particles with an­
gular and rod­like shapes are formed in microstructure of the samples 
heat­treated at 450 and 500 °c, as shown in Fig. 8, c, d.

the results of Xrd analysis specify mention above. As evident in 
Fig. 9, quasi­crystalline particles survive in the microstructure of the 
melt­spun alloy at heating up to 400 °c despite of simultaneous forma­
tion of the metastable crystalline Al6Fe­phase.

the latter remains in the modified microstructure of Al­based alloy 
heat treated up to 550 °c and transformed at least into the stable 
θ­Al13Fe4 and θ­Al13cr2 phases at higher temperature.

It is noticeable that reflections corresponding to the metastable 
crystalline Al6Fe­phase appear in Xrd pattern of the atomized powder 
after heat treatment at the temperature higher by 50 °c than that of the 
melt­spun alloy, as can be seen in Fig. 9. this fact indicates that the 
presence of the ultrafine precipitates in the microstructure favours 
crystallization process occurred at heating of the melt­spun alloy. In 
addition, lattice parameter of α­Al solid solution for the melt­spun alloy 
superior to that for the atomized powder over the all range of heat 
treatment temperatures, suggesting the increased kinetic for the forma­
tion of crystalline phases. In addition, phase transformation of the  
melt­spun alloy at heating is going rather different from that of the 
atomized powder. Five meaningful stages of phase transformation could 
be assigned for the melt­spun alloy whereas only four stages are thought 
to be distinctive of the atomized powder, as shown in Fig. 10. In the 
melt­spun alloy, lattice parameter of α­Al solid solution increases grad­
ually as the temperature of heat treatment increases up to 500 °c. this 
fact indicates depletion of α­Al matrix by dissolved cr and Fe, which 
occurs due to the growth of some quasi­crystalline particles up to 500 nm 
after heat treatment at the 350 °c whereupon the all quasi­crystal ­ 
line particles commence to dissolve progressively and the particles of 
more stable crystalline Al6Fe phase is formed as ever the heat treat ­
ment temperature rises up to 450 °c. Further depletion of α­Al matrix 
by dissolved cr and Fe occurs owing to the formation of additional  
particles of the stable θ­phases when the heat treatment temperature 
increases up to 500 °c. In the melt­spun alloy heat treated at the  
temperatures higher than 500 °c, lattice parameter of α­Al solid  
solu tion tends to somewhat decrease when the metastable Al6Fe  
particles are completely replaced by the particles of stable θ­phases  
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and, parti cularly, preferably of the θ­Al13cr2 phase, as evidenced  
from Fig. 9.

In the atomized powder, the increase of lattice parameter for α­Al 
solid solution in response to heat treatment at the temperatures less 
than 350 °c is insignificant, as can be seen in Fig. 10. however, lattice 
parameter for α­Al solid solution increases sharply just as the heat 
treatment temperature increases up to 400 °c, suggesting growth of the 
quasi­crystalline particles. Variation of lattice parameter for α­Al solid 
solution in response to heat treatment at the temperatures ranged from 
400 to 500 °c is rather negligible. At this temperature conditions, the 
quasi­crystalline particles of i­phase are completely replaced by the more 
stable crystalline Al6Fe phase, resulting in the modified microstructure. 
the increase of lattice parameter for α­Al solid solution occurs at the 
temperatures above 500 °c when particles of the stable θ­phases are 
formed. Finally, lattice parameter for α­Al solid solution of the atom­
ized powder achieves the value almost the same as that of the melt­spun 
alloy heat­treated at the temperature of 575 °c.

the origin of broad exothermic peak A is thought to be rather dif­
ferent compared to that of exothermic peak B. by considering common 
knowledge, it is easy to show that the exothermic peak A arises from 
dislocation activity within α­Al matrix the same as for many other met­
als and alloys [89, 90]. In the general case, reorganization and recrystal­
lization processes result in exothermic reactions. Actually, the value of 

Fig. 10. lattice parameter of α­Al solid solution vs. temperature of heat treatment used 
for the melt­spun alloy and atomized powder. Structural regions: Ia — α­Al + i­phase, 
Ib — α­Al + i­phase + nanosize precipitates θ­Al13(Fe,cr)2–4/Al6Fe, II — α­Al + i­phase + 
+ Al6Fe, III — α­Al + Al6Fe, IV — α­Al + Al6Fe + θ­phases, V — α­Al + θ­phases
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exothermic peak A good correlates with dislocation reorganization and 
recrystallization process. excepting the extruded alloy, the value of 
heat flow for the exothermic reaction A increases as dislocation density 
in α­Al matrix increases, see table 1. In particular, the greatest value 
of heat flow for the exothermic reaction A is indicative of the cold­
sprayed alloy while the smallest value of heat flow for the same reaction 
is observed for the melt­spun alloy. heat flow for the exothermic reac­
tion A of the atomized powder is of intermediate value between those 
for the melt­spun and cold­sprayed alloys. Moreover, the exothermic 
reaction A attributed to the cold­sprayed alloy shifts toward lower tem­
perature compared to that of the feedstock­atomized powder, as can be 
seen in Fig. 7. on the first glance, it is surprising that the exothermic 
peak A in dSc run of the extruded sample with the highest value of 
dislocation density within α­Al matrix is omitted. however, this phe­
nomenon becomes understanding by considering the fact that recrystal­
lization process would be realized during long­term pre­treatment at the 
350 °c (see subsection 2.1).

A few aspects should be mentioned here as applied to structural 
stability provided by one or another processing route used in experi­
ments for consolidation of the feedstock powder in bulk­shape material. 
First of all, attention should be paid to a shift of the main exothermic 
peak by about 50 °c toward lower temperature after the extrusion and 
cold­spraying processes, indicating an increased kinetic of the quasi­
crystalline particles decomposition together with simultaneous forma­
tion of crystalline phases. dislocation activity in α­Al matrix can large­
ly facilitates dissolution of alloying elements released from decomposed 
metastable quasi­crystalline particles. the next aspect concerns the fact 
that consolidation of the feedstock powder in bulk­shaped material re­
sults in a reduction of the main exothermic peak B. however, diminu­
tion of the exothermic peak B for the cold­sprayed material is insig­
nificant whereas that for the extruded alloy was found to be great. In 
cold­spraying process, particle/particle interaction is adiabatic due to 
ultra­short time of impact when heat conduction can be neglected [86]. 
As a result, adiabatic regime can lead to considerable overheating par­
ticle boundary and dissolution of some quasi­crystals located at the par­
ticle/particle interface while the other quasi­crystals placed inside pow­
der particles remain intact.

the latter is thought to be in good agreement with the results of 
Xrd analysis which show increased lattice parameter, a0, and, so, de­
pletion of α­Al matrix by dissolved Fe and cr. Another one was believed 
to be true for the extruded alloy. long­term pre­treatment at elevated 
temperature, which is followed by hot extrusion, favours partial decom­
position of the quasi­crystalline particles and even creation of some 
amount of the crystalline metastable Al6Fe­phase.
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3.4. Correlation of Mechanical Properties  
and Structure of Al–Fe–Cr-Based Alloy

Mechanical characteristics including microhardness, HV, yield stress, 
σy, and plasticity characteristic δH/δA, of the melt­spun alloy, extruded 
material, and cold­spray coating, all performed vs. the heat treatment 
temperature, T, are shown in Figs. 11 and 12.

A few aspects could be mentioned here to clarify the role of process­
ing route in term of its effect on structural stability and, hence, me­
chanical properties for Al94Fe3cr3­alloy. First of all, it can be seen that 
shape of ‘σy–T’ curves determined for all materials are very similar to 
those of ‘HV–T’ ones [72], indicating the accuracy of measurement re­
sults. the fact is important that microhardness, HV, and yield stress, 
σy, decrease as heat treatment temperature, T, increases whereas plas­
ticity characteristic δH/δA get higher values, as can be seen in Figs. 11, 12.

Several structural regions, which are similar to those used in Fig. 
10, could be marked out in the above curves, as shown in Fig. 11, 12. 
In the initial regions I and II, the microhardness, HV, and the yield 
stress, σy, for the melt­spun alloy and the cold­spray coating decrease 
slightly whereas those for the extruded material keep almost stable val­
ues. In the region III, the increase of heat treatment temperature caus­
es the values of microhardness, HV, and yield stress, σy, to reduce down 
stronger. In the last regions IV and V, the values of the above mechani­
cal parameters decrease dramatically as the heat treatment temperature 
tends to increase up to 600 °c. It is worthy of note that microhardness, 
HV, and yield stress, σy, of the cold­sprayed coating superior to those of 
the melt­spun alloy and, especially, to that of the extruded material, all 
performed after heat treatment over the all range of temperatures.

Several aspects could be mentioned here to clarify the role of the 
microstructure and, in turn, processing route in mechanical properties 
of different kinds of Al94Fe3cr3 alloy, all performed before and after 
heat treatment. combination of classical strengthening mechanisms is 
primary responsible for variation of strength properties. As applied to 
the subject matter, strength properties of the Al94Fe3cr3 alloy are main­
ly controlled by strengthening mechanisms such as follow: (i) content of 
alloying elements in α­Al matrix; (ii) strain hardening; (iii) the size and 
fraction volume of quasi­crystalline particles.

there are distinctive examples illustrating the effect of strengthen­
ing mechanisms on mechanical response of the Al94Fe3cr3­alloy. In par­
ticular, strength properties take the values as high as possible if and 
only if α­Al matrix is reinforced by quasi­crystalline particles. Strength 
properties are reduced with dissolution of quasi­crystals together with 
simultaneous formation of the metastable Al6Fe particles and, especial­
ly, the particles of stable θ­phases, as can be seen in Fig. 11. degrada­
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tion of strength properties becomes stronger with depletion of α­Al 
matrix by solute Fe and cr, as shown in Fig. 10.

In addition, strength characteristics are so much higher as fraction 
volume of the quasi­crystalline particles is greater. It becomes clear, at 
the most, by comparison of the microstructural characteristics and me­
chanical properties for the cold­sprayed alloy and the extruded material, 
as it is evidenced from the data presented in Figs. 7, 11.

Fig. 11. the (a) microhardness, HV, and (b) yield stress, σy, vs. temperature used 
for heat treatment of melt­spun alloy, extruded material, and cold­spray coating. 
Structural regions: Ia — α­Al + i­phase, Ib — α­Al + i­phase + nanosize precipitates 
θ­ Al13(Fe,cr)2–4/Al6Fe, II — α­Al + i­pha se + Al6Fe, III — α­Al + Al6Fe, IV — α­Al + 
+ Al6Fe + θ­phases, V — α­Al + θ­phases. the data for micro hard ness (a) agree with 
those in ref. [72]
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Moreover, extremely high dislocation density about 1015 m/m3 re­
sulted from strain hardening contributes directly in microhardness, HV, 
and yield stress, σy, of the cold­sprayed alloy, making its strength high­
er than that of the melt­spun alloy. Softening of the cold­sprayed alloy 
with increasing of the heat treatment temperature from 300 to 400 °c 
could be attributed to dislocation reorganization and recrystallization 
process resulted usually from annealing. besides this, softening of the 
melt­spun alloy is rather related to depletion of α­Al matrix by solute 
Fe and cr. this occurs either owing to quasi­crystals coarsening after 
heat treatment at 350 °c or due to quasi­crystals dissolution together 
with the formation of coarse crystalline particles of the more stable 
Al6Fe phase after heat treatment at the temperature of 400 °c, as can 
be seen in Figs. 7–9. Stable values of microhardness, HV, and yield 
stress, σy, for the extruded material heat treated up to 400 °c is ex­
plained by the absence of recrystallization process that was realized 
during high temperature pre­treatment prior extrusion.

the next aspect concerns ductility of the Al94Fe3cr3 alloy. It is com­
monly supposed that material ductility increases as microhardness de­
creases. Actually, plasticity characteristic δH/δA for the melt­spun alloy 
get higher values compared to the cold­sprayed alloy whose microhard­
ness, HV, is larger. From the above viewpoint it is surprising for the 

Table 2. Young’s modulus for different kinds of the as-received  
materials; all performed with Al94Fe3Cr3 alloy

As­received material Melt­spun alloy extruded material cold­sprayed alloy

young’s modulus, GPa 85.0 ± 2.2 72.0 ± 2.3 87.7 ± 2.5

Fig. 12. the data for 
plasticity characteristics 
δH/δA plotted vs. the tem­
perature used for heat tre­
atment of the melt­spun 
alloy, extruded material, 
and cold­spray coating. 
Structural regions: Ia — 
α­Al + i­phase; Ib — α­Al + 
+ i­phase + nanosize pre­
cipitates θ­Al13(Fe,cr)2–4/
Al6Fe; II — α­Al + i­pha­
se + Al6Fe; III — α­Al + 
+  Al6Fe; IV — α­Al +  
+ Al6Fe + θ­phases; V — 
α­Al + θ­phases



518 ISSN 1608-1021. Prog. Phys. Met., 2020, Vol. 21, No. 4

О.V. Byakova, A.О. Vlasov, О.A. Scheretskiy, and О.I. Yurkova

first glance that, plasticity characteristic δH/δA of extruded material 
takes the smallest values despite of the most reduced microhardness, 
HV. explanation of this is the fact that plasticity is also controlled by 
young’s modulus besides microhardness, as evidenced from equation (1) 
used for calculation of the characteristic δh (see section 2). the results 
of mechanical testing show that young’s modulus for as­extruded mate­
rial is the smallest compared to both as­spun alloy and as­received cold­
sprayed alloy, as can be seen in table 2.

of importance is the fact that young’s modulus decreases sharply 
down to E = 66 ± 2.3 GPa as heat treatment temperature tends to in­
crease up to the temperature of 600 °c when all kinds of the Al94Fe3cr3 
alloy demonstrate the same microstructure composed of crystalline par­
ticles of the stable θ­phases embedded in α­Al matrix.

It is essential that plasticity characteristic δH/δA of the quasi­crys­
talline Al94Fe3cr3 alloy fabricated by different technique including melt­
spinning, hot­extrusion, and cold­spraying is just below critical value, 
δH ≥ 0.9, which is presently considered as criterion of ductile behaviour 
of metals and alloys in conventional tests by tensile and bending [77]. It 
was published earlier that ductile behaviour is indicative of atomized 
powder, which gives plasticity characteristic about δH/δA ≈ 0.92, ensur­
ing its good deformability under consolidation and, hence, making bulk­
shaped material [71]. thus, all of the processing routes are thought to 
be potentially suitable for performance of the quasi­crystalline struc­
ture for the Al94Fe3cr3 alloy, which demonstrates high strength and 
rather high ductility sufficient with respect to damage tolerance. how­
ever, powder atomization technique is thought to be preferable com­
pared to rapid solidification by melt spinning not only from the stand­
point of mass production but also for making of bulk­shaped material. 
In addition, as applied to structural performance of the ternary Al–Fe–
cr alloy cold spraying offers essential advantages as compared to cur­
rently employed hot extrusion. the main benefit concerns the fact that 
fraction volume of quasi­crystalline particles indicative of the feedstock 
atomized powder remains at the most in the microstructure of the as­
sprayed alloy, providing superior combination of high strength and suf­
ficient ductility of material. of importance remark is that the as­re­
ceived cold­sprayed material based on Al94Fe3cr3 alloy exhibit the value 
of hardness higher by roughly 20% than that for commercial 2618 alu­
minium alloy (Al–cu–Mg–Fe–Ni). the value of Vickers hardness nor­
mally obtained for cast 2618 alloy after ageing at the peak t6 condition 
is about 1.45 GPa [91] while that for the cold­sprayed alloy aged at the 
same condition was found to be even slightly higher [86]. Apart from, 
the cold­sprayed Al94Fe3cr3 alloy demonstrates thermal stability of the 
structure and, hence, mechanical properties at least up to the tempera­
ture of 350 °c, suggesting its competitiveness to 2618 Al alloy recom­
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mended for application under intermediate temperatures (≈230 °c) and 
successfully used in aircraft industry [92].

4. conclusions

crucial role of processing route in term of its effect on structural per­
formance, heat treatment response, and mechanical properties of the 
nano­quasi­crystalline Al94Fe3cr3 alloy was justified. Several processes 
including melt spinning, water atomized technique were used to perform 
the quasi­crystalline Al94Fe3cr3 alloy in form of semi­products such as 
rapidly solidified ribbons and atomized powder while hot ex trusion and 
cold spraying were employed to fabricate bulk­shaped materials includ­
ing extruded rods and thick coatings respectively. essential differences 
in microstructure and mechanical behaviour for the dif ferent kinds of 
the nano­quasi­crystalline Al94Fe3cr3 alloy were found and specified.

As applied to semi­products, the main difference is that a number 
of nanosize quasi­crystals of icosahedral phase (i­phase) embedded in 
α­Al matrix are found in the microstructure of the as­atomized powder, 
whereas the grain boundary precipitates and very small particles of the 
metastable crystalline Al13(Fe,cr)2–4/Al6Fe phases inside the α­Al grains 
are formed additionally in the microstructure of the as­spun alloy. In 
addition, dislocation density recorded in α­Al solid solution of the as­
atomized powder achieves the value about ρ = 1013 m/m3 while that of 
the as­spun alloy was found to be less by 2 order magnitude the same as 
for many other cast metals and alloys.

consolidation of the atomized powder in bulk­shaped materials 
brings essential differences in microstructure of the quasi­crystalline 
Al94Fe3cr3 alloy. Powder compact degassing at the elevated temperature 
of 350 °c for 1 hour, which is implemented prior hot extrusion, favours 
partial dissolution of nanosize quasi­crystalline particles together with 
creation of more stable crystalline particles of the Al6Fe­phase. cold­
spraying offers essential advantages in retaining quasi­crystalline par­
ticles presented in the feedstock powder since adiabatic increase of tem­
perature resulted from strong impact during ultrashort time results in 
dissolution of the quasi­crystals located only at the particle/particle 
interface while the other quasi­crystals placed inside powder particles 
remain intact. In addition, dislocation density in heavily deformed 
structure of the as­sprayed alloy increases up to 1015 m/m3 while that 
observed in deformation­induced structure of the extruded material 
achieves the value of 1016 m/m3.

evolution of the nanocrystalline Al94Fe3cr3 alloy in response to heat 
treatment was found to be strictly dependent on structural features of 
the as­received material and, in turn, on processing strategy. the pres­
ence of the ultrafine crystalline precipitates promotes formation of big 
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in size crystalline particles of the metastable Al6Fe phase in the micro­
structure of the as­spun alloy at the heat temperature lower by 50 °c 
than that observed for the Al94Fe3cr3 alloy produced by the other proces­
sing routes. dislocation activity in heavily deformed structure of the 
as­extruded material and the as­sprayed alloy offers increased kinetic of 
the quasi­crystalline particles decomposition and simultaneous forma­
tion of crystalline phases due to facilitated dissolution of alloyed ele­
ments in α­Al matrix, resulting in shift of the above phase transforma­
tion peak by 50 °c toward smaller temperatures compared to the feed­
stock­atomized powder.

Mechanical properties for the all kinds of Al94Fe3cr3 alloy fabricated 
by different processing routes were examined and analysed. A set of 
mechanical characteristics including microhardness, HV, yield stress, 
σy, young’s modulus, E, and plasticity characteristic δH/δA was deter­
mined by using indentation technique. Mechanical behaviour for the all 
kinds of the Al94Fe3cr3 alloy in response of heat treatment was clarified 
by considering classical strengthening mechanisms of structure. It was 
justified that nanosize quasi­crystalline particles of i­phase play crucial 
role in performance superior combination of high strength and suffi­
cient ductility. In line with this cold­spraying technique offers essential 
advantage in structural performance of bulk­shaped material based on 
the ternary Al–Fe–cr alloy. Strength properties (HV, σy, E) and plastic­
ity characteristic (δH/δA) of the cold­sprayed Al94Fe3cr3­alloy have much 
higher values than those provided by currently employed hot extrusion. 
despite of plasticity characteristic (δH/δA) for the Al94Fe3cr3 alloy is just 
below critical value δH ≥ 0.9, which was indicated as criterion of mate­
rial ductile behaviour in conventional tensile and bending tests, it is 
rather high and sufficient for workability with respect to damage toler­
ance. In any way, the cold­sprayed Al94Fe3cr3 alloy kept almost stable 
values of mechanical properties at least up to 350 °c. because of this, 
the cold­sprayed Al94Fe3cr3 alloy could be considered as competitiveness 
candidate to commercial Al alloys recommended for application in engi­
neering practice under intermediate temperature.

the results of this work bring a better understanding of the inter­
play between processing strategy, microstructure, heat treatment re­
sponse, and mechanical behaviour of the Al–Fe–cr based alloy.
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роль техНолоГІчНоГо процеСУ В СтрУКтУрНих  
хАрАКтериСтиКАх КВАЗиКриСтАлІчНоГо СтопУ Al–Fe–cr

В роботі зосереджено увагу на важливості ролі технологічного підходу з точки 
зору його впливу на формування структури, реакції на термічне оброблення та 
механічну поведінку квазикристалічного стопу Al–Fe–cr формульного складу 
Al94Fe3cr3. декілька видів напівпродуктів і масивних матеріалів було виготовле­
но із зазначеного стопу через застосування методів швидкої кристалізації шля­
хом спінінґування розтопу та розпорошення порошку й консолідацію порошку в 
процесі гарячої екструзії та холодного газодинамічного напорошення відповідно. 
Всі види напівпродуктів і масивних матеріалів містили нанорозмірні квазикрис­
талічні частинки ікосаедричної фази (i­фази), втілені в алюмінієву матрицю, 
хоча кількість квазикристалів та інші структурні параметри відрізнялися за­
лежно від застосованого методу одержання матеріалу, зокрема порівняно з по­
ширеним натепер методом гарячої екструзії. Використання техніки холодного 
газодинамічного напорошення забезпечувало значні переваги в збереженні ква­
зикристалічних частинок, які містились у вихідному порошку. Вирішальна роль 
нанорозмірних квазикристалічних частинок у наданні структурних переваг ма­
теріалу та комбінації винятково високої міцности та пластичности потрійного 
стопу Al–Fe–cr було доведено шляхом дослідження еволюції механічних власти­
востей під впливом нагрівання. З цією метою вплив нагріву на еволюцію струк­
тури та механічних властивостей кожного виду матеріалу зі стопу Al94Fe3cr3 
було досліджено й обговорено з урахуванням класичних механізмів зміцнення. 
В обговоренні використовували низку механічних характеристик, включаючи 
мік ро твердість HV, границю плинности σy, модуль Юнґа E та характеристику 
пластичности δH/δA, які визначали технікою індентування. За одержаними ре­
зультатами було доведено, що властивості міцности (HV, σy, E) та характеристи­
ка пластичности (δH/δA) матеріалу, одержаного методом холодного газодинаміч­
ного напорошення, набагато перевищували ці характеристики для матеріалу, 
ви готовленого відповідно до методу гарячої екструзії, який застосовують нате­
пер. Важливо, що стоп Al94Fe3cr3, одержаний за методом холодного газодинаміч­
ного напорошення, демонстрував майже стабільні величини механічних харак­
теристик щонайменше до 350 °c, засвідчуючи можливість його потенційного 
застосування в інженерній практиці в умовах середніх робочих температур.

Ключові слова: квазикристали, алюмінієвий стоп, спінінґування розтопу, розпо­
рошування порошку, холодне газодинамічне напорошення, мікроструктура, ме­
ханічні властивості.


