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Abstract: The phase diagram of the Al-Ca—Fe system in the aluminum corner, including the liquidus projection and
solidification reactions, was studied by using thermodynamic calculations and experimental techniques. The results
show that instead of the Al;Fe phase, a ternary compound whose composition corresponds to the formula AljoCaFe;
should be in equilibrium with the aluminum solid solution (Al). The transition from the binary to the ternary compound
occurs via the peritectic transformation L + AlsFe — (Al) + AljoCaFe; (at 638 °C, 3.3 at.% Ca and 0.5 at.% Fe). Primary
and eutectic crystals of the ternary compound have a compact morphology, in contrast to needle-shaped inclusions of
the AlsFe phase. First principles calculations and X-ray diffraction analysis were used to determine the crystal lattice
structure of AljoCaFe; ternary compound. In addition, the near eutectic alloy Al-6wt.%Ca—1wt.%Fe after annealing at
500—600 °C has a fine structure with a total fraction of excess phases of about 25 vol.%. Thus, the Al-Ca—Fe system
can be used to create new aluminum-matrix composite alloys.
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1 Introduction

The Al-Ca system is promising for the
development of new generation casting and
wrought aluminum alloys [1-5]. This system can be
considered for the design of composite materials
produced by additive manufacturing techniques [6].
Calcium, as well as silicon, forms a eutectic-type
diagram with aluminum. The concentration of
calcium in the binary eutectic is 7.4—7.6 wt.% and
the corresponding temperature is 613—617 °C [7-9].
The distinctive feature of this eutectic is that the
fraction of the second AlsCa phase exceeds
30 vol.%, which is three times that for the Al—Si
eutectic. This allows one to achieve a special
combination of various properties in the Al—Ca
based alloys (eutectic composites). It was found

in Ref. [10] that alloys based on the binary (Al) +
Al4Ca eutectic have high castability comparable to
the Al-Si alloys. Despite the high fraction of the
Al4Ca phase, Al—Ca alloys have a sufficiently high
deformation capacity making it possible to obtain
rolled sheets and wires [3,5].

The design of alloys based on Al—Ca eutectics
is significantly constrained by the limited
information on multicomponent systems in the
aluminum corner region. One of the most important
systems is Al-Ca—Fe because it allows evaluating
the effect of iron on the phase composition and
system structure of Al—Ca alloys. It is well-known
that the presence of iron as a harmful impurity
is inevitable in most aluminum alloys [7]. The
mechanical properties of castings and wrought
semi-finished products (especially ductility) are
largely dependent on the morphology of the Fe-
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containing phases [2,11-23]. This is especially
important in the preparation of alloys from recycled
raw materials [24—29].

According to our previous work [5,30], in the
aluminum corner of the Al-Ca—Fe system in
addition to the known binary phases (Al:Fe and
Al4Ca), iron and calcium form a ternary compound
whose composition corresponds to the formula
AljoCaFe,. This compound is absent from the
databases, and its crystal lattice is unknown.
According to the proposed structure of the
Al-Ca—Fe phase diagram, the ternary compound
can participate in two invariant reactions: eutectic
(L — (Al) + AlsCa + AljpCaFe») and peritectic (L +
AlFe — (Al) + AljoCaFe;). The former reaction is
confirmed experimentally [30], while the latter one
is hypothetical.

Based on the above, the main objectives of this
work are identified as follows: (1) Define the
parameters of the crystal lattice of the ternary
compound using calculations and experimental
techniques. (2) Confirm possible existence of the
peritectic transformation and clarify the structure of
the Al-Ca—Fe phase diagram in the aluminum
corner.

2 Experimental

The experimental study was focused on six
hypereutectic and one near-eutectic alloys of the
Al-Ca—Fe system (see Table 1). The nominal
compositions of these alloys were sufficiently close
to the actual ones. Melting was carried out in an
electric resistance furnace in a graphite—chamotte
crucible. Experimental hypereutectic alloys with
high Ca content (marked as 0.5Fe—4Fe) were
prepared by mixing two binary master alloys
(Al-15%Ca and Al-10%Fe). High purity grade
aluminum (99.99%) was used for preparing the X
and Y alloys. According to previously obtained
results, the X alloy has the best structure among all
the alloys of this ternary system containing 1 wt.%
Fe [1,5,10]. The composition of the Y alloy was
chosen based on the preliminary
suggesting that an invariant peritectic transformation
would occur in it. For achieving an equilibrium
phase composition, some alloys were remelted and
slowly solidified in the furnace chamber at a
cooling rate of about 0.01 K/s.

The melt was poured into a graphite mold at

analysis,

~800°C in order to obtain flat ingots with
dimensions of 10 mm x 20 mm % 150 mm (the
cooling rate during solidification was ~15 K/s). The
test samples were extracted from the obtained
castings for studying the structure and properties.

Table 1 Nominal chemical compositions of experimental

alloys

Designation Ca content/wt.%  Fe content/wt.% Al
(at.%) (at.%)

0.5Fe 14.25(10.10) 0.50 (0.25) Bal.
1Fe 13.50 (9.56) 1.00 (0.51) Bal.
2Fe 12.00 (8.50) 2.00 (1.00) Bal.
3Fe 10.50 (7.44) 3.00 (1.51) Bal.
4Fe 9.00 (6.38) 4.00 (2.03) Bal.
X 6.00 (4.14) 1.00 (0.50) Bal.
Y 4.00 (2.77) 3.00(1.49) Bal.

The structure was examined using optical
microscopy (OM, Axiovert 200 MMAT) and
scanning electron microscopy (SEM, TESCAN
VEGA 3) equipped with an electron microprobe
analyzer (EMPA, Oxford Instruments, Aztec
software). Polished samples cut from the central
part of the ingots and sheets were studied.
Mechanical polishing (Struers Labopol-5) was used,
as well as electrolytic polishing, as these methods
are complementary and enable the complete
observation of the microstructure. Electrolytic
polishing was carried out at 12 V in an electrolyte
containing six parts ethanol, one part HCIO4 and
one part glycerin.

Differential scanning calorimetry with a
heating and cooling rate of 10K/min was
performed using a high temperature DSC Setaram
Setsys Evolution. The experiment was carried out in
a dynamic Ar atmosphere with a flow rate of
50 mL/min. A temperature accuracy of £0.5 °C was
obtained.

X-ray diffraction (XRD) data were collected in
Cu K, radiation and processed with software
package [31]. The objects of the X-ray diffraction
(XRD) study were polished specimens cut from part
of the ingots. Based on the XRD data, the volume
fraction and the lattice parameters of the phases
were determined. The relative measurement error
was 10% for the volume fractions and 0.15% for
the lattice parameters.
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The phase composition of the Al-Ca—Fe
ternary system was calculated using Thermo-Calc
software (TTALS database) [32].

To assess the crystal lattice structure of the
AljgCaFe; phase, first principles calculations based
on the density functional theory (DFT) were carried
out using Quantum ESPRESSO software based
on Open-Source computer codes for electronic-
structure calculations and material modeling at the
nanoscale [33,34]. To obtain the initial input data
for the calculation, the data on the crystal structure
of the known compound Al;oCeFe, were used as
follows. Cerium atoms were replaced with calcium
atoms in the corresponding crystallographic
information file (CIF) which was later used for the
calculation. Further DFT calculations were aimed to
find the ground state geometry of the obtained
crystal. Based on the calculations, the data on the
positions of the atoms and the shape of the unit
cell (lattice parameters) for the new crystal were
obtained. The Perdew—Burke—Ernzerhof (PBE)
exchange-correlation functional together with the
corresponding pseudopotential files for the Al, Fe
and Ca atoms taken from Ref.[35] were used
for the calculation. A three-dimensional grid in
reciprocal space (k-mesh) and basis set size were
chosen based on a series of tests, ensuring that the
hydrostatic pressure on a given unit cell converges
to about 100 MPa or better. The obtained theoretical
crystal lattice data were further compared to the
experimental XRD data.

3 Results

3.1 As-cast structure of hypereutectic alloys

The compositions of the hypereutectic alloys
(see Table 1) were chosen to reveal the boundaries
of the primary crystallization of intermetallic
phases. Since the existing thermodynamic databases
(including the one used by TTALS) do not contain a
description of the ternary compound, the calculated
version shows the phase fields only with the AlsFe
and AlsCa phases (Fig. 1(a)). As follows from the
proposed phase distribution in the solid state (i.e. at
the end of crystallization, see Fig. 1(b)), all the
experimental alloys are in the (Al)+ AlsCa—+
Al oCaFe, phase region. However, due to the
incompleteness of the peritectic transformation L +
AlFe — (Al) + AljoCaFe; during nonequilibrium
solidification, the structure of the alloys in the

region of primary crystallization of the AlsFe phase
inevitably contains this phase. The latter is well
confirmed by the analysis results of their structure
presented in Fig. 2.
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Fig. 1 Positions of experimental alloys on Al-Ca—Fe
phase diagram: (a) Liquidus projection (calculated);
(b) Proposed phase distribution in solid state

The structure of the alloy with the lowest iron
content (0.5Fe), consists of a large number of
primary AlsCa crystals, more than 100 um in length
and up to 50 um in width (Fig. 2(a)). The eutectic
has a fine fibrous structure, and the size of the
constituent crystals does not exceed 2 um. There are
also compact white crystals enriched with iron,
which allows one to identify them as Al;oCaFes.

In the 1Fe alloy, the primary crystals of the
AlsCa phase may have a strictly elongated shape or
a more branched or flaky structure (Fig. 2(b)). In
addition, the structure of this alloy exhibits iron-
containing particles (light in appearance) having a
needle-like or compact shape. The former ones
which do not contain calcium and have a length of
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Fig. 2 SEM images of as-cast experimental alloys: (a) 0.5Fe; (b) 1Fe; (c) 2Fe; (d) 3Fe; (e) 4Fe; (f) X

up to 40 pm correspond to the AlsFe phase, and the
latter ones, up to 10 um in size, correspond to the
ternary compound.

In high iron content alloys, an increase in the
amount and size of the AlsFe phase is noticeable
(Figs. 2(c—e)). Moreover, for some primary crystals
of the AlsFe phase (Figs.2(c) and (e)), one can
also observe tiny gray rims which supposedly
correspond to the ternary compound forming as a
result of an incomplete peritectic transformation. In

addition, according to the structural analysis data,
with an increase in the iron content, thinning of the
primary Al4Ca crystals can be observed. In this case,
the shape and size of the eutectic colonies do not
change. The structure of the near-eutectic X alloy
consists mainly of the fine eutectic with a small
fraction of primary crystals (Al) (Fig. 2(f)). Primary
crystals of intermetallic compounds, like those
dominating in hypereutectic alloys (Figs. 2(a—¢)),
are absent.
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Assuming that the accelerated cooling rate
observed above should lead to substantial
deviations in the structure compared to the
equilibrium state (the peritectic transformation and
primary crystallization of intermetallics can be
partly or completely suppressed), the structure of
slowly solidified alloys was also analyzed to
confirm the presence of a peritectic transformation
in the Al-Ca—Fe system. To obtain samples,

(a)

weighed portions of initial ingots (20—30 g) were
heated to above liquidus (50 °C) and held at this
temperature for 1 h, and then cooled in the furnace.
It follows from the results of the structural analysis
that in the 0.5Fe alloy, the primary crystals are
represented by only one phase AlsCa (Fig. 3(a)).
The structure of the remaining hypereutectic alloys
also includes needle-shaped Fe-containing particles
(Figs. 3(b—e)). Among these particles (especially in

|
Fig. 3 SEM images of experimental alloys after slow solidification at ~0.1 °C/s: (a) 0.5Fe; (b) 1Fe; (c) 2Fe; (d) 3Fe;
(e) 4Fe; (f) X
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the 2Fe—4Fe alloys), there are many two-phase
conglomerates consisting of light cores and gray
rims. According to EMPA data, the composition of
the cores corresponds to the AlsFe phase, and that
of the rims corresponds to the Al;oCaFe, compound
(Table 2).

In high iron content alloys, there are clear

signs of a peritectic transformation which is clearly
visualized by the element distribution maps. By
way of example, Fig.4 shows a typical section
showing the 3Fe alloy with two-phase conglomerates
consisting of light cores and gray rims. The cores
do not contain calcium and represent the AlsFe
phase, while the Ca-containing rims consist of the

Table 2 Chemical compositions of primary crystals in slowly solidified Al-Ca—Fe alloys

Alloy Phase Content/at.% Content/wt.%
Ca Fe Al Ca Fe Al
AlsFe 0.04+0.04 23.26+0.35 76.30 0.05 38.42 61.53
2Fe AljpCaFes 7.76+0.04 14.57+£0.04 77.66 9.67 25.17 65.16
AlsCa 20.04+0.04 0.04+0.0.03 79.92 27.12 0.07 72.81
AlsFe 0.03+0.01 23.33+£0.23 76.64 0.04 38.52 61.44
3Fe AljoCaFe; 7.744+0.10 14.58+0.29 77.68 9.64 25.19 65.17
AlCa 19.85+0.08 0.04+0.02 80.11 26.88 0.08 73.04
AlsFe 0.04+0.01 22.41+0.08 77.45 0.05 37.29 62.66
4Fe AljoCaFe; 7.7620.11 14.25+0.05 77.99 9.70 24.69 65.61
AlsCa 19.67+0.06 0.01+0.01 80.32 26.67 0.02 73.31

%

Fig. 4 SEM image (a) and corresponding EMPA mapping (b—c) of hypereutectic 3Fe alloy after slow solidification

(~0.1 °C/s): (b) Al (c) Ca; (d) Fe
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AljpCaFe; compound. A significant amount of large
calcium aluminide crystals is also present in the
structure. Since the initial Al;Fe crystals with
needle-like morphology occupy less than 30% of
the total area of the conglomerate, one can assume
that the peritectic transformation in this alloy has
been largely completed.

In the 4Fe¢ alloy, the fraction of the AlsFe phase
primary crystals is the greatest in comparison with
other alloys, and the crystals themselves are the
largest (Fig. 3(e)). However, this alloy contains
traces of a peritectic reaction, and the amount of the
AlsCa phase is quite large (Fig.3(e)). Thus, the
structure of the 1Fe—4Fe alloys contains all the four
phases considered and even after slow solidification
it is far from equilibrium. On the other hand, no
needle-shaped inclusions of the AlsFe phase were
found in the structure of the near-eutectic X alloy
(Fig. 3(f) and Fig. 5).

One should note that the average chemical
compositions of all the large crystals of the ternary
compound in the experimental alloys summarized

in Table 2 are very close to each other and are quite
close to the exact composition corresponding to the
formula AljoCaFe; (Table 2). The experimentally
determined composition of the binary compounds is
also quite close to earlier data [2,7]. In this case, the
solubility of the third component in the binary
compounds does not exceed 0.1%.

DSC curves of the 3Fe, Y and X alloys are
shown in Fig. 6. Their common feature is the
closeness of the solidus temperatures (about
611 °C), which corresponds to the eutectic reaction
L — (Al) + Al4Ca + Al;oCaFe,. The cooling curve
of the 3Fe alloy shows high-temperature peaks at
758 and 677 °C (Fig. 6(a)). The former is associated
with the formation of primary crystals of AlsFe
phase (i.e., this is liquidus), and the latter, with the
onset of the monovariant peritectic transformation
L + AlsFe — AljoCaFe,. The cooling curve of the Y
alloy after a small peak associated with the
formation of primary AlsFe phase crystals reveals
two strong thermal effects (Fig. 6(b)), which can be
associated with the invariant peritectic and eutectic

Fig. 5 SEM image (a) and EMPA mapping (b—d) of near-eutectic X alloy after slow solidification (~0.1 °C/s): (b) Al;

(c) Ca; (d) Fe
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Fig. 6 DSC heating and cooling curves of hyper-eutectic

alloys: (a) 3Fe; (b) Y; (c) Near-eutectic X alloy

reactions. The heating curve also shows two strong
thermal effects at 611 and 638 °C. Since these
effects are related to the heat absorption, it is likely
that a significant amount of aluminum melts at
these temperatures. DSC curves of near-eutectic X
alloy are the simplest (Fig.6(c)), since the
solidification range for this alloy is the narrowest
and the AlsFe phase is not formed in it (see
Fig. 3(f)).

Based on the obtained DSC data for the Y
alloy, one can assume that the invariant peritectic

transformation (L + AlsFe — (Al) + AloCaFe»)
should take place in this alloy at temperatures
of 625-638 °C. To confirm this assumption, the
structure of the Y alloy was studied under different
solidification conditions, e.g. after preliminary 3 h
exposure (followed by quenching in water) in a
solid—liquid state at temperatures slightly higher
(647 °C) and lower (623 °C) than the above-
mentioned range. The as-cast microstructure of the
Y alloy contains primary crystals of the Al;Fe phase
(Fig. 7(a)), corresponding to the calculated variant
of the liquidus surface (Fig. 1(a)). From Fig. 7(b),
one can observe that during 623 °C temperature
exposure, instead of needle-shaped crystals of the
AlsFe phase (Figs. 7(a, d, g)), compact morphology
inclusions of the ternary compound are formed
(Figs. 7(b, e, h)). This change in the microstructure
indicates that at this temperature the alloy is
in the L+ (Al)+ AljoCaFe, phase region, and
the temperature of the invariant peritectic
transformation is higher than 623 °C. At a higher
exposure temperature, large crystals of the AlsFe
compound are clearly visible against the quenched
liquid background, and crystals of the ternary
compound are absent (Figs. 7(c, f, 1)). This suggests
that the temperature of the invariant peritectic
transformation is lower than 647 °C.

3.2 Modeling of crystal lattice

Analysis of the literature revealed that the
ternary Al-Ce—Fe [36—39], Al-La—Fe [39—41] and
Al-Nd-Fe [39,42] systems contain some
compounds, which can be used as a basis for
describing the new ternary AljoCaFe; compound
found in the Al-Ca—Fe system. As can be seen from
Table 3, two types of compounds can be in
equilibrium with aluminum in these systems. Most
of publications [36—38,40—42] report the compound
based on the formula AlsReFes (Re is a rare earth
metal) with a tetragonal space group (/4/mmm) and
ThMn,, structure type. However, there is also the
publication [39] on the AljoReFe,; compound with
an orthorhombic space group (Cmcm) and
YbFe,Alyp structure type. Since the chemical
composition of the latter compound best matches
the new AljoCaFe, compound, its structure was
taken as the basis for the DFT calculation. Cerium
atoms were replaced with calcium atoms in
the corresponding CIF which was later used
for the calculation. Further DFT calculations were
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Fig. 7 SEM images (a—c) and EMPA mapping (d—i) of hypereutectic Y alloy: (a, d, g) As-cast state; (b, e, h) After 3 h
holding at 623 °C; (c, f, i) After 3 h holding at 647 °C; (d, e, f) Ca; (g, h, i) Fe

aimed to find the ground state geometry of the
obtained crystals. Based on the calculations, data
on the positions of the atoms and the unit cell
shape (Fig. 8) and lattice parameters (a=8.964 A,
b=10.174 A, c=8.911 A) for the new crystal were
obtained. It can be seen that the lattice parameters
obtained are close to those for all AljoReFe; type
compounds (Table 3).

3.3 XRD analysis

For experimental confirmation of the data on
the crystal lattice of the new Al;oCaFe; compound
obtained using DFT, XRD analysis of a special
sample prepared from the 3Fe alloy was performed.
However, the maximum possible fraction of the

AljoCaFe; phase is ~ 10 vol.% which is insufficient
to reliably identify a new compound. To increase
the fraction of the ternary compound, the alloy was
heated to 620 °C (i.e. slightly above the solidus, see
Fig. 7(a)) and after 3 h exposure was cooled in
water. One can assume that during the exposure, the
formation of a phase composition close to equilibrium
(i.e., L + Al4Ca + Al oCaFe,) is possible, and primary
crystals which have a higher density compared to
liquid aluminum can settle to the bottom of the
crucible. As one can see from Fig. 9, the structure
of the sample thus obtained contains needle-shaped
crystals of two phases the composition of which, as
expected, corresponds to AlsCa and AlioCaFe; (i.e.,
iron is completely included in the ternary compound).
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Table 3 Crystal lattice parameters of some ternary compounds in Al-Fe—X system

Composition/

Syst C d
ystem ompoun Wi %

Space group

Structure Pearson  Atomic  Density/

Ref.
type symbol volume/nm® (g-cm>)

14/mmm,
a=(8.82-8.86) A,

AlgCeFes 24.2 Ce, 38.5 Fe

ThMn; tl26  15.16-1534 490 [36—38]

¢=(5.06-5.08) A

Al-Fe—Ce

AljoCeFe; 26.8 Ce, 21.4 Fe

Cmcem,
a=9.002 A,
b=10.222 A,
¢=9.073 A

YbFe:Alip  0C52 16.05 4.20 [39]

14/mmm,
a=8.85-8.94 A,
¢=5.05-5.08 A

AlgLaFe, 24La, 38.5Fe

ThMn, tI26  15.24-15.60 4.85 [40,41]

Al-Fe-La

AljoLaFe; 27 La, 21.5 Fe

Cmcm,
a=9.051 A,
b=10.249 A,
¢=9.122 A

YbFe:Alyy  0C52 16.27 4.08 [39]

14/mmm,
a=8.81 A,
b=8.81 A,
c=5.08 A

AlgNdFes 24.7 Nd, 38.2 Fe

ThMn;, 126 15.17 493  [42]

Al-Fe—Nd

Cmcem,
a=9.006,
b=10.206,
¢=9.069

AljoNdFe, 27.4Nd,21.2 Fe

YbFe:Alip  0C52 16.03 4.20 [39]

Fig. 8 Visualization of DFT calculated crystal lattice of
AljoCaFe; compound (Visualization was made in Jmol
program)

The XRD analysis well confirms the existence of
both compounds (Fig. 10) and allows one to
identify the lattice structure of the new Al;(CaFe,
compound. One should note that the theoretical
determination of lattice parameters made in the
manner described above allows one to estimate, in
the first approximation, the crystal structure of an
unknown compound (Table 4).

4 Discussion

4.1 Description of Al-Ca—Fe phase diagram in

aluminum corner

The experimental results presented above
allows one to suggest the presence of the invariant
peritectic transformation L + AlsFe — (Al) +
AljoCaFe; in the ternary system considered. This is
consistent with the structure of many other ternary
systems Al-Fe—X [15,16,19,43]. In particular, in
the Al—Fe—Si [19,43], Al-Fe—Ni [19,43], Al-Fe—
Ni [15,16] and Al-Fe—Ce [2] systems, there are
similar reactions involving the AlsFe phase, which
are summarized in Table 5. A common feature of
these systems is the wide region of primary
crystallization of the AlsFe phase. Since the
peritectic transformation proceeds only partially
even during slow solidification, the structure of
most ternary alloys, as a rule, contains AlsFe
inclusions. The latter is undesirable since they have
a negative effect on most mechanical properties,
in particular ductility, fracture toughness, and
fatigue strength [2,7]. According to the previous
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Fig. 9 SEM image (a) and EMPA mapping (b, c) of 3Fe
alloy after 3 h exposure at 620 °C (above solidus): (b) Ca;
(c) Fe

calculations of multicomponent Ca-containing
alloys with the Thermo-Calc software (the TTALS
database) despite the absence of ternary Ca-
containing compounds, it allows a fairly accurate
estimation of the liquidus (71) and solidus (75s)
temperatures [1]. Therefore, the corresponding
calculations were carried out for the experimental
alloys considered in this work (Table 1).

(AD)

vy —AlCa
¢ — Al ,CaFe,

-
-
E

-

Y H
M “'ﬁlﬂkf?!\ AR
P i £ Bty & g Sl s o e A iAoy
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20/(°)

Fig. 10 XRD pattern of 3Fe alloy

-

Table 4 Quantitative data on phase composition of
Al—-10.5Ca—3Fe alloy obtained by XRD

Pha Pearson Volume Lattice
5¢ symbol  fraction/%  parameter/A
(Al cF4/1 51.8+0.1 a=4.048
a=4.370,
Al,Ca t110/1 26.6+0.1 o=11.247
a=9.024,
AljoCaFe, 0C52/14  21.6+0.1 b=10.200,
¢=9.062

Table 5 Peritectic reactions with AlsFe phase in
Al-Fe—X systems [2,15,16,19,43]

Composition of

System Reaction liquid/at.% (wt.%) OT !
C
Fe X
o« L+ALFe— 1.0 .
AlFesi o U es oy FOU0Ss 629
Al-Fe-cy, KHALFe= 0.7 )5 108y cu 620

(Al) + (ALCu)Fe (1.4)

L+ALFe— 08
(Al) + AlbFeNi  (1.7)

L+AlFe— 1.0
(Al) + Al;gCeFe,  (2.0)

Al-Fe-Ni 0.8 (1.7)Ni 649

Al-Fe—Ce 0.5(2.5) 650

“The content of cerium appears to be underestimated

According to the calculated dependence of the
mass fraction of solid phases (fs) versus temperature
(Sheil—Gulliver simulation) given in Fig. 11, the Tt
values are 706, 697, 740, 786 and 802 °C for the
0.5Fe, 1Fe, 2Fe, 3Fe and 4Fe hypereutectic alloys,
respectively. For the 0.5Fe and 1Fe alloys,
crystallization should begin with the formation of
the AlsCa phase (Figs. 11(a, b)), and for others,
with the AlsFe phase (Figs. 11(c—e¢)). This character
of crystallization is consistent with the structures of
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Fig. 11 Calculated dependence of mass fraction of solid phases (f;) on temperature (Sheil-Gulliver simulation) for
experimental alloys: (a) 0.5F¢; (b) 1Fe; (c) 2Fe; (d) 3Fe; (e) 4Fe; () X; (g) Y

all slowly cooled alloys, except for 1Fe alloy. The
presence of the AlsFe phase in the structure of the
1Fe alloy (Fig. 3(b)) and its absence in the 0.5Fe
alloy (Fig. 3(a)) means that the region of primary
crystallization of the AljoCaFe, compound is rather
narrow, as shown in Fig. 12(a) (between the lines
Pm and En). In the X and Y alloys, crystallization
must also begin with the formation of the AlsFe

compound (Figs. 11(f, g)). However, unlike alloys
with a high calcium content (Figs. 11(a—e)), the
AlsCa compound is formed in these alloys only
during the invariant eutectic reaction (i.e., at the end
of solidification). One should note that according to
Fig. 11(f), the amount of the AlsFe phase in the X
alloy is very small, and after slow solidification it
is not detected in the microstructure (Fig. 5). The
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Fig. 12 Proposed liquidus (a) and peritectic quadrangle
(b) of Al-Ca—Fe phase diagram in aluminum corner

calculated Ts values of all the experimental alloys
are the same, i.e., 613 °C (Figs. 11(a—g)). This
value is very close to the experimental one
determined by the DSC method (Figs. 7(a—c)).

Generalization of experimental and calculated
data allowed us to propose a liquidus projection and
parameters of all invariant reactions of the
Al-Ca—Fe system in the aluminum corner
(Fig. 12(a) and Table 6). In particular, the calculated
region of primary crystallization (Al) (i.e., the
position of the lines e F and e>F) agrees well with
previously obtained experimental data [30]. The
boundaries of the primary crystallization of
intermetallic phases were determined based on the
microstructure analysis of the hypereutectic alloys
(see Fig.3). The temperature of the invariant
peritectic transformation L + AlsFe — (Al) +
AlpCaFe, was determined by the DSC method for
the Y alloy. According to the heating curve
(Fig. 6(b)) this temperature is 638 °C. Analysis of
the microstructure of the Y alloy after exposure at
temperatures above and below this value (Fig. 7) is
consistent with the DSC results.

Table 6 Invariant reactions in aluminum corner of
Al-Ca—Fe system

Composition of
liquid/at.% (wt.%) Té

Ca Fe
e L — (Al) + AlsFe - 0.88 (1.8) 655

Point in

Fig. 12(a) Reaction

e L—(A)+ALCa 525(7.6) — 617
E L— (AD)+ 4.99 0.32 613
AlCatAloCaFe,  (7.22) (0.64)

P L+ AlFe — 3.3 0.5 638

(AD) + 1;0CaFe;  (4.8) (1.0)

The position of the Point P (Fig. 12(a) and
Table 6) allows one to determine the position of
the peritectic quadrangle Al;Fe—Al-P—AloCaFe
determining the region of alloys in which the
invariant peritectic transformation L + AlsFe — (Al)
+ AljoCaFe, takes place. As can be seen from
Fig. 12(b), the Y alloy falls into the triangle
Al-P—-AlpCaFe which is in this quadrangle region.
This fact suggests that the peritectic transformation
must end with the disappearance of the Al;Fe phase.
A quantitative assessment of the phases before and
after this reaction shows that the amount of liquid
upon the completion of this reaction should
decrease significantly (from 83 wt.% to 64 wt.%),
while the amount of aluminum, on the contrary,
should increase (from 11 wt.% to 26 wt.%). This
explains the significant thermal effects on the
cooling curve (Fig. 6(b)).

The proposed structure of Al—Ca—Fe phase
diagram in the aluminum corner allows one to
analyze the reactions occurring in the experimental
alloys, both in equilibrium and in nonequilibrium
conditions. In particular, the monovariant peritectic
transformation L + Al;Fe — AljoCaFe, (along the
line nP) should take place in the 3Fe alloy after
the formation of primary AlsFe crystals. The
beginning of this reaction is traced on the DSC
cooling curve (Fig.6(a)) and in microstructure
(Fig. 4). Under equilibrium conditions this reaction
should result in the complete disappearance of the
AlsFe phase and the formation of the AljoCaFe;
phase via the monovariant eutectic reaction L —
AlsCa + AljoCaFe; (along the line nE). However,
the suppression of this reaction in real conditions
leads to a deviation of the liquid phase composition
from the equilibrium one and further solidification
of the alloy continues in the field of the primary
solidification of the binary AlsCa compound.
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4.2 Microstructure of near-eutectic X alloy

The proposed structure of the Al-Ca—Fe phase
diagram is consistent with the structure of the
slowly solidified near eutectic X alloy, which is
located close to the Point P (Fig. 12). Crystallization
of this alloy begins with the formation of a small
fraction of primary crystals of the ternary
compound (Fig. 3(f), Fig.5(a)) followed by the
binary eutectic reaction L — (Al) + Al oCaFe,,
corresponding to the line PE. As a result of this
reaction, 2-phase (Al) + AloCaFe, colonies which
contain iron in the bulk (Fig. 5(d)) are formed. The
crystallization ends via the ternary eutectic reaction
L — (Al) + Al4Ca + AlCaFe; leading to the
formation of the main structural component, i.e.,
3-phase (Al) + Al4Ca + Al;oCaFe; eutectic colonies
containing the most part of calcium (Fig. 5(c)).

The proposed version of the Al-Ca—Fe phase
diagram shows the possibility of complete binding
of iron in an amount of up to 1% inclusively to the
AljpCaFe; compound, which has a more favorable
morphology compared to most Fe-bearing phases.
The crystal structure of this ternary compound and

its composition (Table 4) allow one to calculate its
density. The resulting value is 3.3 g/cm®, which is
less than that of compounds with a similar formula
(Table 3).

From the proposed version of the Al-Ca—Fe
phase diagram (Fig. 1 and Fig. 12), it is impossible
to obtain a hypereutectic structure without primary
crystals of binary intermetallic compounds using
conventional casting techniques. Therefore, the
most attractive alloys are near-eutectic ones,
particularly the experimental X alloy. It is well-
known that in many aluminum-based systems with
an increase in the cooling rate during solidification,
the primary crystallization region of (Al) expands in
comparison with the equilibrium variant [2]. Since
the cooling rate in the graphite mold is about 20 K/s,
the structure of the X alloy is hypoeutectic and
consists mainly of a colony of ternary eutectic
(Al) + AlsCa + AlioCaFe; (Fig. 2(f)).

The fine structure of the eutectic suggests the
possibility of obtaining globular particles of
intermetallic  phases during annealing [2].
Fragmentation is detected at 500 °C (Fig. 13(a)),

Al CaFe,

.
-

e

Fig. 13 SEM images of near-eutectic X alloy after annealing at 500 °C (a), 550 °C (b) and 600 °C (c, d) for 3 h
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and at 550°C the particles of both the Ca-
containing phases acquire a globular shape
(Fig. 13(b)). The high solidus temperature of the X
alloy allows annealing at up to 600 °C. At this
temperature, there is not only spheroidization, but
also sufficiently strong coarsening (Fig. 13(c)). One
should note that the particle size of the Al4Ca phase
is significantly larger compared to the ternary
compound: ~2 and ~1 um, respectively (Fig. 13(d)).
Since the solubility of Ca and Fe in (Al) is
negligible, the fractions of the phases in the X alloy
can be calculated. In particular, they are 20.8 wt.%
(23.4 vol.%) for the AlsCa phase and 4.1 wt.%
(3.4 vol.%.) for the AljoCaFe, phase. Thus, the total
fraction of intermetallic particles is more than
25 vol.%, which is significantly larger than that in
the aluminium alloys based on other eutectic
systems, in particular (A1)+(Si) [1,2].

From the abovementioned results, one can see
that the near-eutectic X alloy (Al-6wt.%Ca—
Iwt.%Fe) after annealing at 500—600 °C has a fine
structure which is typical of aluminum matrix
composites: globular particles of AlsCa and
AljoCaFe, phases (with a high volume fraction)
uniformly distributed in the aluminum matrix.

5 Conclusions

(I) The phase diagram of the Al-Ca—Fe
system in the aluminum corner, including the
liquidus projection and solidification reactions, was
studied by using the calculations and experimental
methods. It is shown that in addition to the known
binary phases (Al;Fe and AlsCa), iron and calcium
form a ternary compound whose composition
corresponds to the formula Al;oCaFe,.

(2) Two invariant reactions take place in this
system: eutectic L — (Al) + AlsCa + AljoCaFe,
(at 613 °C, 4.99 at.% Ca and 0.32 at.% Fe) and
peritectic L + AlsFe — (Al) + AljpCaFe; (at 638 °C,
33at.% Ca and 0.5at.% Fe). Under the real
solidification conditions, this peritectic transformation
is not completed, and therefore crystals of the AlsFe
phase are present in the as-cast structure.

(3) To assess the crystal lattice structure of the
AljgCaFe; phase, first principles calculations based
on the density functional theory were carried out.
Based on the calculations, data on the positions of
the atoms and the shape of the unit cell
corresponding to orthorhombic space group (Cmcm)

and YDbFe,Alyp structure type, and the lattice
parameters (a=8.964 A, b=10.174 A, c=8.911 A)
were evaluated.

(4) The experimentally determined lattice
parameters of the ternary compound (a=9.024 A,
b=10.200 A, ¢=9.062 A) formed during high
temperature exposure at 620°C of the Al-
10.5wt.%Ca—3wt.%Fe alloy are proven to be quite
close to the theoretically calculated values.

(5) It is shown that the Al-6wt.%Ca—1wt.%Fe
near-eutectic alloy after annealing at 500—600 °C
has a fine structure that is typical of aluminum
matrix composites: globular particles of the AlsCa
and Al oCaFe; phases (with a total fraction of about
25 vol.%) uniformly distributed in aluminum. In
this case, the size of the ternary compound particles
is approximately 2 times smaller than that of the
Al4Ca phase.
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