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Abstract—Phase equilibria in the Al-Cu—Fe system alloyed with 5% Cr were studied. Based on the data of
X-ray powder diffraction analysis, electron microscopy, and differential thermal analysis, the effect of tem-
perature on i < d phase transitions in alloys AlgsCu,sFesCrs and Al;(Cu,gFesCrs. In the Al-Cu—Fe—Cr sys-
tem, multiphase structures were detected; these structures are mixtures of quasi-crystalline and approximant
phases, the contents and morphologies of which depend on the composition of the initial mixture and the

crystallization rate.
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Quasi-crystalline (QC) compounds attract the
attention of researchers because their properties are of
technological interest [1]. Among such compounds,
there are a number of aluminum alloys, which have
found practical use [2]. High brittleness and low plas-
ticity are the main disadvantages of using QC com-
pounds as structural materials. However, it is due to
their brittleness that they can readily be mechanically
powdered and used as fillers in composite materials,
and also as corrosion-resistant and antifriction coat-
ings [3, 4]. Among crystalline phases experiencing
mutual transformations with QC phases, there is a
group of phases the atomic structure of which is close
to the local atomic structure of QC phases. This group
contains rational and structural approximant crystal-
line (AC) phases [5, 6].

One issue still being debated is the sequence of the
formation of phases in ordinary crystallization of melts
the compositions of which are similar to the region of
the existence of QC phases. For example, in the Al—
Cu—Fe system [7], in which the i-phase (ico-phase) is
stable [8§—10], the diffusion transformation (A + 3) +
L < i occurs only in subsequent annealings of multi-
phase (A + 3 + i + 0) cast alloys. In some cases, quasi-
crystals reversibly change to binary AC phases, which
produce electron diffraction patterns resembling those
of QC phases. Specifically, the transformation of the
i-phase Alg,Cu,s sFe, 5 into the crystalline bee phase
B-Al(CuFe) with the unit cell parameter a = 0.2911 nm
was detected [6, 7]. This group of structures contains
the following binary phases: the monoclinic A-Al;Fe,
(a = 1.5492 nm, b = 0.8078 nm, ¢ = 1.2471 nm, 3 =
107.69°) [7], the tetragonal ©-phase (Al,Cu) with the
unit cell parameters a = 0.6066 nm and ¢ = 0.4874 nm
[7], and the orthorhombic C-phase (Al;Cuy) (@ =
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0.8127 nm, b = 1.4199 nm, ¢ = 0.9993 nm) [5] in the
aluminum-—copper system; the group also includes the
ternary {P-phase (Al,,Cu,,Fe). A multiphase structure
containing several related phases can be thermally
rearranged into a single-phase QC state [10, 11].
Therefore, the technology for producing a QC phase
in the AlI-Cu—Fe system often includes a stage of
crystallization from melt [12].

In the Al—Cu—Cr ternary system, quasi-crystals
also form [12, 13]. The formation of quasi-crystals of
two types was established: i-phase was found in a rap-
idly annealed alloy of the composition AlgsCu,Crys,
but was not produced after ordinary solidification of
the alloy of this composition [14, 15]. The formation
of QC phases of the d-type (deca-phase) of various
compositions was described before [16].

There are relatively few published studies of the
effect of alloying on the stability of the ternary i-phase
AlgCu,Fe [17—19] with the unit cell parameters a =
1.4868 nm, b = 1.6849 nm, ¢ = 1.6024 nm [20]. There
is next to no data on phase equilibria in quaternary
state diagrams describing QC compounds.

Investigation of transformations in cast alloys in
the Al—Cu—Fe—Cr system is necessary for determin-
ing the relationship between the detected microstruc-
ture of QC materials and their physicochemical prop-
erties [21]. The purpose of this work was to determine
the sequence of the formation of QC phases in alloys
of the composition Alg;Cu,ysFe,, alloyed with chro-
mium, using a set of physicochemical methods. The
development of modes of reproducible synthesis of
QC phases in multicomponent alloys based on alumi-
num is a topical challenge.
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EXPERIMENTAL

The samples were prepared from metal powders:
99.9% pure Al, electrolytic copper, carbonyl iron, and
electrolytic refined chromium. The alloy was obtained
by triple melting of a weighed (2 g) sample of metal
powders in an electric-arc furnace in an argon atmo-
sphere, with each of the three meltings lasting 15 s.

The microstructural analysis and the determina-
tion of the elemental composition of the samples were
performed with a LEO EVO-50 XVP scanning elec-
tron microscope (Karl Zeiss) with an INCA Energy
450 energy dispersive analysis system (EDX) (Oxford
Instruments) at an accelerating voltage of 15 kV.

The X-ray powder diffraction analysis was made
with an Empyrean X-ray diffractometer (PANalytical)
within the angle range 20° < 20 < 95° at a step size of
0.01° using CuK, radiation with a 16-mm automatic
slit. The results were reduced to a constant slit width of
1°; the X-ray powder diffraction patterns were pro-
cessed using the HighScorePlus software. Quantitative
X-ray powder diffraction analysis was carried out by
the Rietveld method using the PHAN % program [24].

The calorimetric (DSC) curves of the samples were
recorded with a Netzsch STA 449 F1 Jupiter simulta-
neous thermal analyzer within the temperature range
25—-920°C at a heating rate of 20 K/min. The samples
were annealed in a calorimeter until a given tempera-
ture was reached, after which the heating was termi-
nated and the samples were cooled at a rate of
50 K/min.

RESULTS AND DISCUSSION

In most of the ternary aluminum systems, the crys-
tallization of alloys in the concentration region of the
existence of QC phases occurs by a peritectic reaction.
It was found [8] that the metal melts from which

phases crystallize are chemically inhomogeneous. In
these melts, atomic combinations of various chemical
compositions form; and in the melt in which during
solidification i-phase forms, there are clusters with
forbidden symmetry [22]. As is known [9], in the Al—
Cu—Fe system early in the crystallization, there is pri-
mary crystallization of solid crystalline phases A-Al;Fe,
and (3-Al(CuFe) from liquid. For an invariant peritec-
tic reaction, there should be interdiffusion of elements
from solid phases into the melt, from which new
phases are further separated. An insignificant change
in the melt composition leads to a significant change
in the resultant microstructure (Fig. 1).

According to the data of this work, after the elec-
tric-arc melting in ternary alloys in the Al—Cu—Fe
system, a typical dendritic morphology forms, which
is constituted by A-particles of irregular shape, sur-
rounded by a gray QC phase. Between them is the [3-
phase Al(CuFe). Table 1 presents the qualitative and
quantitative compositions. It was previously noted
that multiphase structures are mixtures of QC and AC
phases, the contents and morphologies of which
depend on the crystallization mode. A mixture com-
pletely transforms into a quasi-crystalline i-phase as a
result of short-term isothermal annealings at 800°C of
mechanically ground alloy Als,Cu,,Fe,, under opti-
mal conditions of heat treatment [11].

Alloying of the ternary alloy with 5 at % chromium
dramatically changes the course of the alloy crystalli-
zation. In the sample, the A-Al;Fe, phase was not
found; instead of it, the binary 6-phases (2%) of the
compositions Al,Cu and B-Al(CuFe) form at a con-
tent of 11%. The distribution of QC phases is charac-
terized by certain morphological features. For exam-
ple, the abundantly forming dark-gray d-phase
(74.4%) is surrounded by a layer of the gray i-phase
(13.1%) (Fig. 2a). This can probably be explained by

Table 1. Results of energy-dispersive X-ray spectroscopy and the unit cell parameters of the studied alloys

a b c Concentration, at %
Composition of sample Phase wt %
A Al Cu Fe Cr
Al(CuFe) 3.1 534 43.9 1.9 0.8
Al;(CuyyFesCrs Al,Cu 14.4 6.04 4.86 64.3 34.6 0.8 0.3
d 82.5 23.67 12.29 32.47 71.4 11.2 6.8 10.6
Al(CuFe) 10.7 2.91 50.1 46.4 2.7 0.8
Al,Cu 1.8 6.08 4.89 64.3 35.1 0.3 0.3
A165cu25F65cr5
i 13.1 14.86 16.83 16.02 65.0 22.5 6.6 5.9
d 74.4 23.71 12.91 32.53 67.1 16.4 8.4 8.1
§) 26.4 2.91 54.5 41.4 4.1
Alg5;CuysFey i 49.8 14.85 16.82 16.03 60.8 24.5 14.7
A 23.8 15.36 8.12 12.54 66.5 4.6 28.9
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 61 No. 1 2016
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local isomorphism of these QC structures, which
manifests itself in the coherence of the surfaces of their
grains, and by nonequilibrium crystallization [15].

Figure 2b presents the microstructure of a cast
sample of the composition Al,,Cu, Fes;Crs with
higher aluminum content. Importantly, no i-phase
was found in the cast sample. The sample, as well as
AlgsCu,sFe;Crs, has multiphase structure. According
to the X-ray powder diffraction analysis (Fig. 3), after
crystallization, the structure contains much (82.5%)
d-phase. Much more Al,Cu forms (14.4%). Because
the Al(CuFe) content is low, the intensity of the
reflections of this phase in the X-ray powder diffrac-
tion pattern is insignificant. The totality of the data of
scanning electron microscopy and X-ray powder dif-
fraction analysis showed that the d-phase can form
directly in melt crystallization. Note also that the
microstructural analysis data agree well with the X-ray
powder diffraction analysis data and the published
data [11].

To determine the effect of temperature on the
structure stability, the thermal analysis of the alloys
was made within the range 20—920°C at a heating rate
of 20 deg/min.

The calorimetric curve of Alg;Cu,sFe,, exhibits
several endothermic events related to the decomposi-
tion of intermetallic phases forming in ingot crystalli-
zation. The first endothermic peak with a magnitude
of 3.4 J /g within the temperature range 590—600°C is
likely to be related to the decomposition of intermetal-
lic compounds Al,Cu and Cu,Al, [23]. The second,
higher and narrower, peak characterized by a high
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Fig. 1. Micrographs of cast samples of the compositions
(a) Alg4Cuy4Fey; and (b) AlgsCuysFe .

50 um

Table 2. Compositions and contents of phases in samples of the compositions Al,,Cu,,Fe;Crs, AlgsCu,sFesCrs, and

AlgsCu,sFe, after heat treatment (HT)

HT temperature, °C
Composition Phase without HT \ 580 650 | 740 | 920
Percentage content (+0.7%)
Al,Cu 14.4 9.9 5.6 5.1 8.1
AlygCusgFesCrs B 3.1 — 5.6 7.3 8
d 82.5 90.1 88.8 82.8 73.7
i - - — 4.8 10.2
HT temperature, °C
without HT 580 600 690 820 920
Alg;Cu,ysFesCrs Al Cu 18 _ _ _ _ _
B 10.7 5.8 5.7 4.6 5.2 6.9
d 74.4 82.0 82.2 95.4 94.8 93.1
i 13.1 12.2 12.1 - - —
HT temperature, °C
without HT 675 710 920
AlgsCu,ysFey B 26.4 23.6 14.2 9.9
i 49.8 56.5 72.2 90.1
A 23.8 19.9 13.6 -
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY Vol.61 No.1 2016
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Fig. 2. Micrographs of cast samples of the compositions
(a) Alg5Cu,sFesCrs and (b) Al;(Cu,yFesCrs.

A—Al3Fe, d

V i—ico-phase

(18.3 J/g) heat absorption at ~700°C indicates the
beginning of the peritectoid transformation (A + ) +
L < i. The third, weak, peak at 875°C corresponds to
the decomposition of the QC i-phase.

Figure 4 presents the differential scanning calorim-
etry of the studied samples in the Al-Cu—Fe—Cr sys-
tem containing 5 at % Cr. The heat release curve of the
sample of the composition Alg;Cu,sFesCrs to exhibit
an insignificant endothermic peak at 600°C. Two
other exothermic peaks are shifted toward higher tem-
peratures 600—800°C. The heat release decreases from
13.4 to 8.9 J/g with increasing temperature. The pres-
ence of two successive peaks suggests that the mixture
while heating undergoes two similar phase transfor-
mations. The heat release is generally related to the
number i < d of metastable intermediate phases form-
ing within this temperature range. This conclusion is
confirmed by the data of X-ray powder diffraction
analysis (Fig. 5; Table 2).

Alloy Al;,Cu,FesCrs within the temperature range
587—639°C is characterized by the double endother-
mic peak with a heat absorption of 85.7 J/g, which is
likely to correspond to the melting of the 3-phase. This
is indicated by the X-ray powder diffraction analysis
data (Fig. 6) demonstrating a noticeable change in the
intensities of the reflections of the phases Al,Cu and
Al(CuFe). As is seen, while heating the quaternary
alloy, the signs of the heat changes in the sequence of
phase transitions remain unchanged. In the calorimet-
ric curve of this alloy, there is a diffuse exothermic
peak at 720°C, coinciding with the beginning of the
formation of the i-phase, which agrees with the pub-
lished data [12].

B—p-phase (Al(CuFe))
d—deca-phase
A12Cu

Vg dI d \

Al70Cu20Fe5Cr5

A165CU25F65CI'5

d \%
Y i

AlgsCuysFeyg

20 30 40 50
20, deg

60 70 80 90

Fig. 3. X-ray powder diffraction patterns of cast samples of the compositions AlgsCu,sFe g, AlgsCuysFesCrs, and Al;Cu,yFesCrs.
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Fig. 4. Calorimetric curves of heat release in alloys of the compositions AlgsCu,sFe g, AlgsCu,sFesCrs, and Al;(Cu,gFesCrs.
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Fig. 5. X-ray powder diffraction patterns of a cast sample of the composition Alg;Cu,sFesCrs without and after heat treatments
(HT) in a calorimeter (the numbers at the curves are the temperatures in °C).

Figure 6 presents the X-ray powder diffraction pat-
terns of cast alloy Al;,Cu,yFes;Crs with the highest
content of QC phases after successive heatings and
short-term annealings in a calorimeter to temperatures
of thermal events. As is seen, with increasing anneal-
ing temperature to 740°C, the intensities of the reflec-
tions of the phase Al,Cu decreases. At an annealing
temperature of 650°C, the X-ray powder diffraction
pattern shows the lines of the phase [3-Al(CuFe), the
intensities of which somewhat decrease with increas-
ing heat treatment temperature. Note that, within the
temperature range 550—650°C, the alloy contains

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 61

~90% d-phase. With increasing temperature to 900°C,
the i-phase begins to form, and the percentage of the
d-phase decreases to 70%.

The results of the performed studies supplemented
the information on the processes ensuring the forma-
tion of QC structures in chromium-alloyed alloys in
the AI—-Cu—Fe ternary system after crystallization of
melts and subsequent heat treatments. According to
the proposed structural model of random growth,
crystallization of QC phases from melt occurs by com-
bining atomic groupings of various types [22, 23]. It
was confirmed that stable quasi-crystals form in ter-

No.1 2016
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i—ico-phase vla

B—B-phase (Al(CuFe))
d—deca-phase 920
V—ALCu g4

50
20, deg

Fig. 6. X-ray powder diffraction patterns of a cast sample of the composition Al;(Cu,yFesCrs without and after heat treatments
(HT) in a calorimeter (the numbers at the curves are the temperatures in °C).

nary alloys by combining atomic clusters with local
ordering of the icosahedral type, which form while
cooling melts. The chemical composition of a cluster
with the i-symmetry is AlgCu,Fe, which virtually
coincides with the composition of phase regions in the
Al—Cu—Fe ternary system [5, 8]. The chemical
composition of quasi-crystals in the quaternary sys-
tem is likely to be Al,Cu,FeCr for the d-phases and
AlgCu,FeCr for the i-phases, which was confirmed by
the obtained experimental results of energy-dispersive
X-ray spectroscopy and also the published data [17—
19]. Alloying of the OC i-phase with chromium leads
to a change in its morphology from dendritic to fine-
granular multifaceted microstructure (Fig. 2). An
increase in heat treatment temperature is accompa-
nied by the polymorphic transformation i < d, which
leads to a change not only in the morphology of grains
of phases, but also to the formation of a certain QC
state of the powder material.

Using a set of physicochemical analysis methods
(X-ray powder diffraction analysis, scanning electron
microscopy, differential scanning calorimetry), the
qualitative and quantitative compositions of phases in
cast alloys in the Al-Cu—Fe—Cr quaternary system
were determined. The effect of temperature on the
phase transitions i < d in alloys AlgsCu,sFesCrs and
Al;,Cu,yFe;Cr; was studied,

The existence of multiphase structures being a
mixture of quasi-crystalline and approximant phases,
the contents and morphologies of which depend both
on the composition of the initial mixture and on the
crystallization rate. In the AI—Cu—Fe ternary system,
after crystallization, the A-, 3-, and i-phases form. In
alloys alloyed with 5% Cr in the Al-Cu—Fe—Cr sys-

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 61

tem, the A-phase was not found. In the sample of the
composition Al;,Cu,,FesCrs with the highest content
of the d-phase (90%), the B- and 6-phases occur as
approximants.

A two-stage method was proposed for synthesizing
quasi-crystalline powder materials with the decagonal
structure from cast alloys in the AlI-Cu—Fe—Cr qua-
ternary system by short-term heat treatment at 600°C
for 30 min.
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