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Abstract: The structure and properties of the new (Al,Cu)4Ca, Aly;Cas;Cuy, and AlsCaCuy intermetallic compounds in
equilibrium with aluminum solid solution in the ternary Al-Ca—Cu alloying system were comprehensively analyzed.
The (Al,Cu)4Ca intermetallic compound is treated as a line phase based on the AlsCa phase with Cu substituted by Al.
The solubility of copper in the compound reaches 10 at.% (19 wt.%), which leads to marked changes in the crystal
lattice structure, physical and mechanical properties of the compound. For instance, the density of the compound
increases from 2.22 to 2.79 g/cm? and the microhardness from HV 180 to HV 250. The Aly7Ca;Cuy phase is treated as a
strict stoichiometric ternary compound with a primitive BaHg type crystal structure of the Pm3m space group. The
lattice parameter is accepted to be 8.514 A corresponding to a density of 3.45 g/cm?®. The AlsCaCuy phase is also a strict
stoichiometric ternary compound with a tetragonal crystal lattice structure of the Mn,Th type. The phase has the
highest microhardness (HV 505) and density (4.57 g/cm?). The alloys pertaining to the binary (Al)+(Al,Cu)sCa phase
field and the quasi-binary (Al)+Al,;CaszCus section can be considered promising as the base for new natural aluminum
matrix composites.
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1 Introduction

The AIl-Cu—RE-based (RE represents rare
earths) alloying systems have earned special
attention in the design of new aluminum
alloys [1-5]. Although the Al-Cu—RE system has
been studied for the last fifteen years, the structure
of the AI-Cu—RE phase diagram remains
controversial. It was suggested that two quasi-
binary sections Al-AlsCeCus and Al-Al4CeCu exist
in the Al-rich corner [6]. However, based on more
recent studies [7—9] the Al4CeCu phase is supposed
to be Al4Ce with Cu substituted by Al. Later, the
ALRE ((Al,Cu)4RE) type phase was treated as the
Al1RE; ((Al,Cu)11RE3) phase with the /mmm space
group in Al/heavy rare earth systems [10—12]. The
AlgCeCus phase is treated as a strict ternary

stoichiometric intermetallic compound with a
Mn,;Th type structure and the /4/mmm space group.
Thus, the typical structure of the AlI-Cu—RE-based
alloys should consist of intermetallic compounds
formed during alloy solidification via different
eutectic transformations. It is well known that this
type of structure is quite beneficial for additive
manufacturing techniques [13—15]. However,
despite the advantages of the Al—Cu—RE-based
alloys such as good manufacturability and
mechanical properties at room and elevated
temperatures [1,3,7,15], the high cost of RE and to
a less extent Cu, coupled with the relatively high
density of both RE and Cu may hinder the
widespread application of this group of alloys.
Alternative approach is transition to the
systems based on the Al—Ca eutectic. Indeed, recent
studies [16—19] revealed that Al-Ca-based alloys
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have a good combination of mechanical properties
and manufacturability for casting and metal
forming. One should note that according to
the data available, the crystallographic structure
of the compounds in binary Al-Ca and ternary
Al—Ca-based systems is very similar to that of the
corresponding Al-RE-based systems. For instance,
studies of the aluminum corner of the ternary
Al-Ca—La system [19,20] revealed significant
mutual solubility between the Alsy(Ca,La) and
Alji(La,Ca); line phases forming from the
corresponding AlsCa and Al;;Las binary compounds.
The solubility of La in Aly(Ca,La) is 3.7 at.%,
which leads to a change in the lattice parameters
and to a decrease in the microhardness by 16%
(from HV 178 to HV 150). The solubility of Ca in
Alji(La,Ca); is about 13.5 at.%, which means that
about 67.5% of the lanthanum atoms are replaced
by calcium in the compound. The observed change
in the structure and composition of the compound
leads to a marked decrease in its microhardness
(from HV 404 to HV 330) and density (from 3.94 to
2.92 g/cm®). One should note that the possibility of
varying the physical and mechanical properties
of intermetallic compounds by changing their
chemical composition in the manner described
above seems to be a promising approach to the
modification of the final properties of the eutectic
type alloys with a natural composite structure (the
fraction of extra phases not less than 10 vol.%).
Study of the aluminum corner of the Al—Ca—
Fe system [21] revealed that the ternary AlioCaFe;
compound is in equilibrium with aluminum by
analogy with AljoCeFe; [22] in the ternary
Al—Ce—Fe system. Although the ternary Al-Ca—Cu
system has not been previously studied, preliminary
analysis of cast [23] and wrought [24] Al-Ca—Cu
alloys demonstrated its prospects for the design of
new aluminum alloys. Since the knowledge of
phase equilibria is a fundamental issue for the
design of alloys, the primary aim of this work is to
describe the structure of the ternary system by
identifying the compounds that are in equilibrium
with aluminum. The comprehensive analysis made
in this work revealed four intermetallic compounds
that are in equilibrium with (Al) in the Al-Ca—Cu
ternary system: the well-known strict stoichiometric
binary compound Al,Cu, the (Al,Cu)4Ca line phase
which is based on the Al;Ca phase with Cu
substituted by Al, and two previously undescribed

strict stoichiometric ternary compounds: AlsCaCus
and Aly7CasCuy. One should note that the AlsCaCuy
phase has the same structural type (Mn;2Th) as the
AlgCeCuy phase, while the Al»;CazCu; phase is
unique for the Al-Ca—Cu system. The data obtained
can be further used for the complete description of
the Al-Ca—Cu ternary system (for instance, using
CALPHAD approach) [25-27].

2 Experimental

Several model alloys of the Al-Ca—Cu system
(Table 1) were studied. The alloys were prepared
from 99.99 wt.% aluminum in a resistance furnace
(GRAFICARBO) with a graphite crucible.
Aluminum was placed in the crucible, and after its
melting, copper in the form of pure metal
(99.9 wt.% Cu) and calcium in the form of binary
Al-15%Ca master alloy were introduced into the
melt. After melting of the main components, the
melt was held for 5-10min to obtain a
homogeneous composition, and the metal was cast
into a 10 mm x 20 mm x 180 mm graphite mold.
The cooling rate in the mold was about 10 K/s. 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.

Table 1 Chemical compositions of experimental alloys

Composition/wt.% (at.%)

No. Alloy

Al Ca Cu
1 All6Ca Bal. 16.3(11.2) -
2 Al8CalCu Bal. 7.8(5.2) 1.4(0.6)
3 Al7Ca2Cu Bal. 6.8(4.6) 2.5(1.1)
4 Al6Ca3.5Cu  Bal 5.7(3.8) 3.7(1.6)
5 Al6.75Cu2.25Ca Bal. 2.2(1.5) 7.4(3.2)
6  All4Cul0Ca  Bal. 9.5(7.0) 13.0(6.0)
7  All4Cul2Ca  Bal 11.0(8.1)  14.0(6.5)
8 Al26Cu8Ca  Bal 7.5(5.8)  24.0(11.8)
9 Al27Cu4Ca  Bal. 3.5(2.7)  27.0(13.3)
10 AlI32Cu2.5Ca Bal 2.1(1.7)  32.0(16.3)
11 Al22Cu2Ca  Bal 2.3(1.7) 19.0(8.8)

The microstructure was examined by means of
scanning electron microscopy (SEM, TESCAN
VEGA 3) and electron microprobe analysis (EMPA,
OXFORD AZtec). Polished samples were used for
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the studies. Mechanical polishing was used, as well
as electrolytic polishing at 12V in an electrolyte
with C;HsOH/HClO4/glycerine volume ratio of 6:1:1.

X-ray diffraction (XRD) data were collected
using Cu K, or Co K, radiation and treated with a
software package [28]. The specimens for the X-ray
diffraction study were polished specimens cut from
part of the ingots or powder. The XRD data were
used to determine the volume fractions and the
lattice parameters of the phases. The relative error
of the measurements was 10% for volume fraction
and 0.15% for lattice parameter.

A dilatometric study was carried out at a
heating rate of ~0.17K/s on a quenching
dilatometer DIL 805A/D (with the possibility
of sample deformation by compression (TA
Instruments, Germany)) with thermocouples
(S-type) under vacuum (~0.013 Pa) for cylindrical
samples with 6 mm in diameter and 12 mm in
length.
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The microhardness was determined on a
DUROLINE MH—6 instrument (load of 0.05—0.10 kg
and dwell time of 10 s).

In order to facilitate the preliminary analysis of
the ternary system, a thermodynamic calculation
was initially conducted using the Thermo-Calc
software and the TTALS database [29].

3 Results and discussion

3.1 Preliminary theoretical and experimental

analysis

At the beginning, ternary equilibrium in the
aluminum corner of the Al-Ca—Cu system was
calculated using the Thermo-Calc software and the
TTALS database. Liquidus surfaces in the Al-Ca—
Cu system for variable Ca and Cu contents
were calculated for defining the area of primary
crystallization of the aluminum solid solution
(Al) (Fig. 1(a)). To verify the calculated data, some

Al,Ca
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Content of Ca/wt
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Fig. 1 Calculated polythermal projection of AlI-Ca—Cu system (a) and microstructures of Al114Cul0Ca (b), AI26Cu8Ca
(c) and A136Cu2.5Ca (d) alloys in as-cast state (cooling rate ~10 K/s), and element mappings for alloys A114Cul0Ca (e),

AlI26Cu8Ca (f) and Al32Cu2.5Ca (g)
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alloys (marked on the diagram) were studied
experimentally. It can be seen that the alloys are
predominant in the hypereutectic area.

According to the calculated data, the
aluminum solid solution (Al) can be in equilibrium
with the two well-known AlsCa and ALCu
intermetallic compounds, and the main parameters
of which are summarized in Table 2. However, a
microstructural study of the experimental alloys
revealed significant differences in the phase
composition compared to the calculated data.
Figure 1 shows the structure of the three alloys,
where the Al14CulOCa (No.6) and Al26Cu8Ca
(No. 8) alloys pertain to the Al4Ca phase primary
crystallization field, and the third alloy,
Al32Cu2.5Ca (No. 10), is at the boundary between
the primary crystallization fields of the Al,Cu and
AlsCa phases. One can see that for the A114Cul0Ca
alloy (Fig. 1(b)), due to the intense calcium
saturation (Fig. 1(e)), the primary crystals can be
attributed to the AlsCa phase, and for the second
(Fig. 1(c)) and third (Fig. 1(d)) alloys, a different
type of primary crystals simultaneously saturated
with calcium and copper (Figs. 1(f) and (g)) are
observed. Thus, the results suggest that these
primary crystals belong to new compounds since
there are no data on copper- or calcium-containing
phases. Detailed experimental studies of the

structure and phase composition of some
Al-Ca—Cu alloys were carried out in order to reveal
their structure and properties. Some of the studies
were carried out for slowly solidified alloys (melt
cooling rate of ~0.01 K/s) which are expected to
have a near-equilibrium phase composition. Each
intermetallic compound will be separately analyzed
below.

3.2 Al4Ca compound

AlsCa compound is the predominant second
phase in Al—Ca-based alloys and thus its properties
mainly determine those of the alloys. The structure
of the binary Al4Ca compound formed in the base
All16Ca alloy was used as a reference for further
studies. One can see from Table 3 that the content
of the Al4Ca phase in the alloy is about 60 vol.%,
i.e., higher than that of the aluminum solid solution
(Al). The data on the fractions of the compounds
presented in Table 3 were obtained using
experimental XRD studies and calculations based
on simple stoichiometric balance corresponding to
the alloy composition (see Egs.(1)—(3)).

CA'(AI) Q(Al) +CAIX Ox +CA1Y Oy =Cip
CC"‘(AI) Q(Al) +CCax Ox +CCay Oy=Cic, (1)
CC“(A]) Q(Al) +CCux Ox +CCuy Oy=Cicy

Table 2 Parameters of phases [31] in Al-rich corner of AlI-Ca—Cu system

Composition
Phase Crystal lattice Density/(g:cm™) Hardness (HV)
wt.% at.%
Tetragonal, /4/mmm; Pearson symbol: t110;
ALC 27C 20C 2.35 200
e : : a=4.36 A; c=11.09 A
Orthorhombic, Pnma; Pearson symbol: oP16;
AlLCu 55Cu 33Cu 3.95 700-770

a=6.61 A, b=737 A, c=4.81 A

Table 3 Chemical composition, calculated and experimentally determined mass fraction (Qm), volume fraction (Qy) and

microhardness (HV) for (Al Cu)sCa compound detected in alloys obtained at specific cooling rate (vs) upon

solidification
Alloy v/ Phase Chemical composition (EMPA)/at.% (wt.%) Om (Qv) (Calc. Q«(XRD Hardness
(Ks™) Al Ca Cu data)/% data)/%  (HV)
All6Ca ~10 AlyCa Bal.  20+0.2(28+0.3) - 53(58) 60+1.5 180
Al8CalCu ~10  (ALCu)sCa Bal.  20+0.2(2740.3) 2.1+0.2(5+0.3) 30(34)
Al7Ca2Cu ~10  (AlLCu)sCa Bal. 19.3+0.2(26+£0.3)  3.5+0.2(7+0.3) 26(28)
Al6Ca3.5Cu  ~0.01 (ALCu)sCa Bal. 19.0+0.2(24£0.3) 6.5+0.2(13+0.3) 21(23) 28
All4Cul0Ca ~10 (AL Cu)sCa Bal. 20.0+0.2(25+0.3) 8.0+0.2(16=0.3) 31(33) 28 270
Al26Cu8Ca  ~10  (Al,Cu)sCa Bal. 20.0£0.2(25+0.3) 10.0£0.2(19+0.3)  6.5(7.7) 10
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CAI( A CAIX CAlY

4= CCa(Al) C’VCaX C'CaY (2)
CCu( Al) CCuX CCuY
CAAl Q(Al)

4 - CACa = QX (3 )
CACu QY

where Caai, Caca and Cacy are the concentrations
(wt.%) of Al, Ca and Cu in the alloy, respectively,
Calpyxy> Ccappxys Ccunyxys are the concentrations
(wt.%) of Al, Ca and Cu in (Al), and X and Y
phases with the mass fractions Qw.y, Ox and Oy,
respectively. Then, with the known density of the
compounds, the mass fraction was recalculated to
volume fraction. The density of the compounds was
calculated using the XRD data on the crystal
structure.

According to the available information on the
structure of the binary Al—Ca phase diagram [30],
the eutectic point in the aluminum corner
corresponds to ~7.6 wt.% Ca. As can be seen from
Fig. 2(a), the structure of the All6Ca alloy is
strongly hypereutectic and contains coarse AlsCa
phase primary crystals having a plate-like feather
structure. EMPA analysis confirmed that the
observed crystals correspond perfectly well to
the known stoichiometric composition (Table 2)
and have a microhardness of about HV 180 which
is somewhat lower than the previously reported

Fig. 2 SEM images of alloys at cooling rates of 10 K/s (a, b, c, e, g, h) and 0.01 K/s (d, f): (a) Al16Ca; (b) Al8CalCu;
(c, d) A17Ca2Cu; (e, f) Al6Ca3.5Cu; (g) Al14Cul0Ca; (h) A126Cu8Ca

value [30]. Addition of 1 and 2 wt.% Cu in the
Al8Ca and Al7Ca near eutectic alloys (Figs. 2(b—d)),
respectively, still leads to the formation of a
hypereutectic structure with a typical acicular shape
of primary crystals. Due to the relatively fine
structure of the primary crystals in the Al7Ca2Cu
alloy (Fig. 2(c)), it was also obtained after slow
solidification leading to the formation of much
coarser primary crystals that can be used for
composition measurement. EMPA analysis of the
primary crystals in both alloys revealed that the Ca
concentration is still in a good agreement with the
stoichiometric one of 20 at.% while additional
dissolution of copper in the compound was also
observed (Table 3). It was assumed that the
observed compound is the (Al,Cu)4sCa phase with
Cu substituted by Al. Further XRD analysis
confirmed this assumption (Fig. 3). The observed
solubility increases with increasing copper content
in the alloy. Indeed, for the next alloy in the series,
i.e., Al6Ca3.5Cu, the solubility of copper reaches a
significant 6.5 at.% (13 wt.%). One should note that
this alloy has a fine eutectic structure (Fig. 2(e))
even after slow solidification (Fig. 2(f)), and the
fraction of the (Al,Cu)sCa intermetallic compound
reaches 28 vol.% (Table 3). It is worth nothing that
for another aluminum eutectic system Al—Si which
is currently used in the design of alloys most widely
used for the SLM technique, the maximum fraction
of eutectic crystals is about 12 vol.% while for the
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Fig. 3 XRD patterns for Al114Cul0Ca (Co K, radiation)
(a), Al26Cu8Ca (Co K, radiation) (b) and Al6Ca3.5Cu
(Cu K, radiation) (c) alloys

Al-Ce—Cu system it is even lower. Thus, alloys
based on the new system can be considered as
natural composites which have a superior fraction
of the extra phases among other aluminum-based
systems, thus providing for high strengthening by
the Orowan mechanism [31,32].

The Al8CalCu, Al7Ca2Cu and Al6Ca3.5Cu
alloys discussed above are located near the
boundary between the binary and ternary phase
fields (Al + (AlLCu)Ca/(Al) + (AL Cu)sCa +
X(AlCaCu) and contain an insignificant amount of
the third new X(AICaCu) phase (discussed below).
The studies were continued for alloys with a
dominate content of copper located deep in the
ternary (Al) + (Al,Cu)sCa + X(AlCaCu) phase field.
Figure 2(g) shows the strongly hypereutectic
structure of the Al14Cul(OCa alloy. The observed
two types of primary crystals contain the X(AlCaCu)
and (Al,Cu)sCa phases with the amount of the latter
being the highest. It is worth noting that the
morphology of the crystals turned too compact
compared to the above-described acicular structure.
The microstructural modification of the (Al,Cu)sCa
compound can be accounted for by the effect of

changes in the crystal structure, resulting in an
evolution of its chemical composition. EMPA
studies revealed an additional increase in the copper
solubility to 8 at.% (16 wt.%). Microhardness tests
for (Al,Cu)sCa primary crystals revealed the value
of HV 270, much higher than HV 180 for the binary
Al4sCa compound (Table 3). The increase in the
microhardness can be attributed to solid solution
hardening. It is interesting to note that a substitution
of about 20% of Ca atoms by La in the Al4(Ca,La)
phase leads to a noticeable decrease in the
microhardness of the compound by ~16% (from
HV 178 to HV 150) [20].

A substantial increase in the copper content
in the Al26Cu8Ca alloy (Fig.2(h)) led to the
formation of a large number of X(AlCaCu) phase
primary crystals (bright in appearance and faceted).
However, some (Al,Cu)sCa primary crystals can
still be observed, and their EMPA analysis revealed
a further increase in the copper solubility to
10 at.% (19 wt.%). Subsequent variation of the
alloy compositions did not reveal significant
differences in the composition of the compound as
compared to the above-described ones. The latter
fact suggests that the experimental data on copper
solubility in the (Al,Cu)4Ca intermetallic phase are
comprehensive.

The crystal structure of the (Al,Cu)4sCa phase
depending on its chemical composition was studied
in detail using XRD. The results are presented in
Table 4. The (Al,Cu)sCa phase has a tetragonal
D1.3 type structure. One can see that an increase in
the copper solubility to 10 at.% leads to a marked
decrease in the a parameter by about 3% and an
increase in the ¢ parameter by about 1%. The
observed change in the lattice parameters reduces
the atomic volume by about 10%. The decrease in
the atomic volume coupled with the incorporation
of heavy copper atoms leads to a gradual increase in
the density of the compound. Indeed, the density of
the base binary Al4Ca compound was assessed to be

Table 4 Effect of copper solubility in (Al,Cu)4Ca phase on its crystal structure and density

Solubility of ~ Lattice parameter (XRD data)/A  Atomic volume/ Relative changein  Density/ Relative increase
Cu/at.% a ¢ 1072 nm® atomic volume/% (g'em™)  in density/%
0 4.372 11.282 2.156 0 2.22 0
6.5 4.228 11.356 2.030 -5.9 2.56 15.2
8 4.220 11.375 2.026 —6.1 2.61 17.5
10 4.212 11.392 1.934 -10.3 2.79 26.0
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2.22 g/cm’. Dissolution of 10 at.% Cu increases the
compound density to 2.79 g/cm? which is somewhat
higher than that of pure aluminum and 26% higher
than that of the base binary compound.

3.3 Al,7Ca3Cu; compound

Some of the alloys discussed above pertain to
the ternary (Al) + (Al,Cu)sCa + X(AlCaCu) phase
field with a new previously undescribed ternary
X(AlCaCu) compound. SEM (Fig.4) and XRD
(Fig. 5) studies were carried out to reveal its
structure. As is shown for the Al26Cu8Ca alloy
(Fig. 2(h)), its structure contains a large number of
compact bright faceted crystals. Similar primary
crystals are observed in the Al22Cu2Ca alloy
(Fig. 4(a)). According to EMPA data, the crystals in
both alloys have perfectly the same composition
(Table 5). XRD revealed that these crystals have
a primitive BaHgi; type crystal structure with the

e
-‘-"34

5

10 K/s (background and top right) and 0.01 K/s (bottom
left): (a) A122Cu2Ca; (b) Al6.75Cu2.25Ca

=1
il

3|0 4I5 6IO 7I5 9b 165 120
20(°)

Fig.5 XRD patterns for Al6.75Cu2.25Ca (Co K,

radiation) (a), Al22Cu2Ca (Co K, radiation) (b) and

Al26Cu8Ca (Co K, radiation) (c) alloys

Pm3m space group (Pearson symbol tI10/1). Based
on the SEM and XRD data, this intermetallic
phase was treated as strict stoichiometric ternary
compound having the formula Al»;CaszCu;. Based
on the XRD data (Table 5), the lattice parameter
can be evaluated as 8.514 A corresponding to
a compound density of 3.45 g/cm®. The micro-
hardness is HV 420, which is much higher than that
of (Al,Cu)sCa and also higher than that of the
Al 1REs type crystals for which it is HV 400. The
described crystallographic structure of the phase is
visualized in Fig. 6.

Figure 4(b) shows the structure of the new
promising alloy consisting of fine eutectic. This
alloy can also be considered a natural composite
since, according to XRD, it contains about 16 vol.%
intermetallic compounds (Al»;Ca3;Cus+ (AL Cu)4Ca)
with the largest fraction of Al»7Ca3;Cuy (~13.5 vol.%,
see Table 5). EMPA analysis of these crystals for
slowly solidified alloy (Fig. 4(b)) revealed the same
chemical composition (Table 5) as that of the
primary crystals. Thus, the (Al) + Al;Ca3Cuy quasi-
binary section can also be considered promising for
the design of new aluminum-matrix alloys.

3.4 AlgCaCuy compound

One more new strict stoichiometric ternary
compound Y(AlCaCu) was found to be in
equilibrium with aluminum in alloys with a
predominant content of copper. In order to obtain
a high fraction of this phase, the structure of
the Al—(2.5-5)wt.%Ca—Cu alloys with a copper
content close to the eutectic point in the binary
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Table 5 Chemical composition, volume fraction (Qy), lattice parameter, microhardness (HV) and calculated density of

Al»;Ca3Cuy phase detected in alloys obtained at specific cooling rate (vs) upon solidification

/ Chemical composition
Vs

Oy(XRD Lattice parameter Hardness Density/

Alloy i (EMPA)/at.% (wt.%) :
(K-s™h data)/%  a (XRD data)/A (HV)  (grem™)
Al Ca Cu
AI22Cu2Ca 10 Bal  80092) 21.0(38.1) 15 8.512
Al26Cu8Ca 10 Bal. 8.0(9.2) 21.0(38.1) 56 8.516 420 3.45
Al6.75Cu2.25Ca  0.01 Bal. 8.0(9.2) 21.0(38.1) 13.5 8.514

Fig. 6 Visualization of Al,;Ca3;Cu; phase crystal lattice

Al—Cu system was studied. Analysis of the alloys
microstructure revealed the presence of a high
amount of bright primary crystals with a faceted
structure (Fig. 7). EMPA analysis showed the
similar composition of those crystals (Table 6). The
structure of the Al27Cu4Ca alloy also contains a
minor fraction of gray primary crystals which,
however, correspond to the Al»yCas;Cus; phase
(Fig. 7(b)). XRD analysis (Fig. 8) revealed that the
new crystals possess a tetragonal crystal lattice
structure (Pearson symbol tI26/1) of the Mni,Th
type same as for the well-known AlsCeCus4 phase of
the ternary Al-Ce—Cu system. The new phase was
treated as AlgCaCus. The crystallographic structure
of the phase is illustrated in Fig.9. The
microhardness (HV 505) and density (4.57 g/cm?®)
of the AlgCaCuy phase are the highest among the
other Ca-containing phases in the system. However,
alloys based on this compound seem to be of less
interest due to the high content of heavy and
expensive copper.

3.5 Phase fields distribution

As noted above, some alloys of the system,
especially those in the binary (Al) + (ALCu)sCa
phase field and the quasi-binary (Al) + Aly7Caz;Cuy
section, are promising as the base of new natural
aluminum matrix composites. Indeed, their fine as-cast

10 K/s: (a) Al32Cu2.5Ca; (b) Al127Cu4Ca

structure coupled with a large fraction of the
eutectic phases provides for the great potential of
these alloys for the SLM technique. However, the
design of new alloys requires information about
the distribution of phase fields as a function of
temperature and chemical composition. Although
the construction of the liquidus projection in
the Al-Ca—Cu ternary system requires further
experimental studies, the distribution of phase fields
in the solid state can be hypothesized based on the
results of this work (Fig. 10). As can be seen from
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Table 6 Chemical composition, volume fraction (Q.), lattice parameter, microhardness (HV) and calculated density of
AlgCaCuy phase detected in alloys obtained at specific cooling rate (vs) upon solidification

Chemical composition Lattice parameter )
Alloy i (EMPA)/at.% (wt.%) QuXRD (XRD datayA  Hardness  Density/
K-s™) Al Ca Cu data)/% B B (HV) (grem™)
Al36Cu2.5Ca 10 Bal. 7.5(7.6) 33(53.1) 27 8.800 5.140
Al27Cu4Ca 10 Bal. 7.5 33 51 8.803 5.141 505 4.57
P Fig. 10, three ternary phase fields can be identified:
. v—ALCu (Al) + ALCu + AlCaCus, (Al) + AlCaCus +
1 7 L= (AD Aly7Caz;Cuy and (A]) + (Al,Cu)4Ca + Aly7CasCus.
Due to the noticeable solubility of copper in the
v (Al,Cu)sCa phase, one can also observe the
T 1 presence of the wide binary (Al) + (ALCu)sCa
I phase field. Furthermore, two quasi-binary sections
v (Al) + AlsCaCus and (Al) + Aly;Ca3zCus should be
(a) noted. It can be seen that the experimental diagram
(b)tj revealed a much more complex structure compared
0 15 30 45 60 75 90 105 120 to those suggested by the calculations. Further
20/(°) studies should be focused on the clarification and
Fig. 8 XRD patterns for AI127Cu4Ca (Co K, radiation) (a) ConStn%Cti.on 9f ﬂ'le liquidus pr.Oj ection ?‘nd phase
and AI32Cu2.5Ca (Co K, radiation) (b) alloys field distribution in the system in the solid state at

elevated temperatures (close to solidus) using both
experimental data and the CALPHAD approach.

3.6 Coefficient of thermal expansion
Due to the high fraction of extra phases, the
coefficient of thermal expansion (CTE) is among
the main specific properties of natural composites
in contrast to conventional alloys. Moreover, CTE
largely determines the generation of thermal
stresses and thus the manufacturability of the
materials for casting or SLM techniques. Some
alloys with a high fraction of the extra phase were
subjected to dilatometric studies in order to assess
.. the CTE of the new compounds. The chosen alloys
> and the XRD data on their phase fractions are
presented in Table 7. It was assumed that the
contributions of the phases constituting the alloys
can be taken into account additively in accordance
X(AL,CaCu) with their fraction in the alloy. One should also note
\ that due to the very limited solubility of Ca in the
\ aluminum solid solution [30], the fraction of the
\ Ca-containing phases can be accepted to be
(ALCu).Ca constant over the entire temperature range covered
AlCa, A by the analysis. It is convenient to start the analysis
Al 0 > 10 15 20023 from two-phase alloys containing an intermetallic

Content of Ca/at.% . . . .

phase along with aluminum. Knowing the fraction
of the phases, as well as the CTE temperature
dependences for the alloy and for one of the known

(ADFY+X

Fig. 10 Proposed phase field distribution in solid state at
room temperature
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phase components (e.g. for aluminum), one can
assess the CTE temperature dependence for the
other phase. To confirm the assumption about the
additive contribution of the phase components to
the overall CTE of the alloy, the binary Al16Ca
alloy containing about 62 vol.% AlsCa phase was
used for the analysis of the CTE of the compound
and the obtained data were compared with the
reference data.

Table 7 XRD-determined fractions of phases in alloys
used for CTE measurement
Content/vol.%
(AL Cu)sCa Al»;Cu;Cas AlgCaCus AlsCa
Al27Cu4Ca - - 51 -

Alloy

Al26Cu8Ca 10 56 - -
Al14Cul2Ca 40 17 - -
Al14Cul0Ca 28 21 - -

Al16Ca - - - 62

The initially obtained CTE curves for the
alloys are shown in Fig. 11(a). One can note that all
the CTE values are somewhat lower than those for
pure aluminum. However, although the total
fractions of the extra phases in all the studied alloys
are comparable, the Al16Ca alloy has the lowest
CTE. Moreover, starting from about 250 °C, the
CTE curve shows a gradual decrease in the entire
remaining temperature range up to 500 °C. Based
on the above assumption, a CTE curve was
extracted for the AlsCa compound (Fig. 11(b)). One
can see that below 250 °C the CTE varies slightly
and is about 16x107® K™!. Starting from this point
the CTE shows a gradual decline, reaching
~11x10°K™" at 500°C. It was reported in
Refs. [33—35] that the CTE of AlsCa is 14x10° K™!
(average for a range of 20—300 °C), which is quite
close to the assessment made in this work.
Dilatometric study of the AI27Cu4Ca alloy
containing about 50 vol.% AlgCaCusphase allowed
drawing its CTE curve (Fig. 11(b)). One can see
that the CTE varies slightly with temperature and
can be accepted to be 18x10°°K ™' at 200-500 °C.
Study of the A126Cu8Ca alloy allowed constructing
the CTE curve of the Al»;CusCa; compound. It is
somewhat higher than that of AlsCaCus and can be
accepted to be (20—21)x107°K™! at 200—-500 °C.
The CTE for the (AL Cu)sCa compound was also
assessed using the data obtained for the

Al14Cul0Ca alloy. One can see that Cu dissolution
in Al4Ca leads to a noticeable increase in its CTE.
Indeed, the CTE slightly varies with temperature
and is about 20x10°K™' compared to (11-16)x
10 K™ for the base binary AlsCa compound. For
additional confirmation of the correctness of the
CTE data for the compounds, the CTE of the
Al14Cul0Ca alloy (Table 7) was calculated based
on this data and compared with the experimental
CTE curve (Fig.11(a)). One can see that the
calculated curve describes the experimental curve
adequately well thus confirming the above data on
the CTE of the new compounds.

28 30
(@) o
207 V/
24} ADecusc All4Cul2Ca {28
v, ’ f Y Z_,—%a 127 4
: Al27CudCa 26 <
= ol All6Ca ke 26 =2
[84) 125 M
3) 3)
181 124
16} Al14Cul0Ca 2
Xp. T - . B
14 CUIC':- ! L I ! L L 22
150 200 250 300 350 400 450 500
Temperature/°C
22 ALL,CuCay-
(b) (AL,Cu),Ca 270 u7Lay
201
18} ’/m
X Al,Ca sCaCu,
S 16
@
O 14+
12
10 . . . L . .
150 200 250 300 350 400 450 500

Temperature/°C

Fig. 11 Coefficient of thermal expansion as function of
temperature for Al27Cu4Ca, Al26Cu8Ca, All14Cul2Ca
and All6Ca alloys and experimental and calculated
(dashed line) curves for All4CulOCa alloy (a), and
for AlCa, (Al,Cu)sCa, Al»yCu;Ca; and AlyCaCuy
compounds (b)

4 Conclusions

(1) Study of the ternary Al-Ca—Cu system
revealed that aluminum solid solution (Al) can be
in equilibrium with four intermetallic compounds:
(Al,Cu)4Ca, A127Ca3Cu7, AlgCaCU4 and AlzCu, of
which the former three are described for the first
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time. In the solid state the identified phases can
be distributed in the three (Al) + Al,Cu + AlgCaCus,
(Al) + AlgCaCus+ Al7CaszCuy and (Al) + (Al,Cu)4Ca +
Al»7Ca;3Cuy ternary phase fields and the wide (Al) +
(Al,Cu)4Ca binary phase field.

(2) (Al,Cu)4Ca intermetallic compound was
treated as a line phase based on the AlsCa phase
with Cu substituted by Al. It is shown that the
solubility of copper in the compound reaches
10 at.% (19 wt.%), which leads to marked changes
in the structure, physical and mechanical properties
of the compound. For example, the atomic volume
decreases by about 10% (from 2.156x1072 to
1.934x102nm*), which couples with the
incorporation of heavy copper atoms and increases
the density of the compound from 2.22 g/cm® for
the binary AlsCa phase to 2.79 g/cm® for the
(Al,Cu)sCa solid solution. The material also
exhibits a substantial increase in the microhardness
(from HV 180 to HV 250) and the coefficient of
thermal expansion (from (11-16)x107 to 20x10 K™
at 200500 °C).

(3) The Al»;Ca3Cuy phase was treated as a strict
stoichiometric ternary compound with a primitive
BaHg,, type crystal structure and the Pm3m space
group (Pearson symbol tI10/1). The lattice
parameter is accepted to be 8.514 A corresponding
to a compound density of 3.45g/cm’. The
microhardness is about HV 420 and the CTE is
(20—21)x107¢ K ! at 200—500 °C

(4) The AlgCaCu4phase was treated as a strict
stoichiometric ternary compound with a tetragonal
crystal lattice structure of the Mn;,Th type (Pearson
symbol tI26/1) same as for the well-known
AlsCeCuy phase of the ternary Al-Ce—Cu system.
The lattice parameters (a=8.84 A and ¢=5.17 A) are
also close to those of the AlgCeCu4 phase. The
microhardness (~HV 505) and density (4.57 g/cm?)
of the AlsCaCuy phase are the highest among the
other Ca-containing phases in the system and the
CTE is 18x107¢ K™! at 200-500 °C.

CRediT authorship contribution statement

T. K. AKOPYAN: Conceptualization, Supervision,
Funding acquisition, Data curation, Writing — Original
draft, Review & editing; T. A. SVIRIDOVA: Data curation,
Methodology, Investigation, Software, Visualization;
N. A. BELOV: Resources, Methodology, Data curation;
N. V. LETYAGIN: Investigation, Data curation;
A. V. KOROTITSKIY: Investigation, Data curation.

Declaration of competing interest

The authors declare that they have no known
competing financial interests or personal relationships
that could have appeared to influence the work reported
in this paper.

Data availability

The raw/processed data required to reproduce these
findings cannot be shared at this time due to technical or
time limitations.

Acknowledgments

The study was carried out with the financial support
of Federal Academic Leadership Program, Russia
(Priority 2030 of NUST MISIS).

References

[1] BAHL S, PLOTKOWSKI A, SISCO K, LEONARD D N,
ALLARD L F, MICHIR A, POPLAWSKY J D, DEHOFF R,
SHYAM A. Elevated temperature ductility dip in an
additively manufactured Al-Cu—Ce alloy [J]. Acta
Materialia, 2021, 220: 117285.

[2] BELOV N A, KHVAN A V, ALABIN A N. Microstructure
and phase composition of Al-Ce—Cu alloys in the Al-rich
corner [J]. Materials Science Forum, 2006, 519/520/521:
395-400.

[3] POZDNIAKOV A V, BARKOV R Y, AMER S M,
LEVCHENKO V S, KOTOV A D, MIKHAYLOVSKAYA
A V. Microstructure, mechanical properties and superplasticity
of the Al-Cu—Y—Zr alloy [J]. Materials Science and
Engineering: A, 2019, 758: 28-35.

[4] LIN Gao-yong, LI Kun, FENG Di, FENG Yong-ping, SONG
Wei-yuan, XIAO Meng-qiong. Effects of La—Ce addition on
microstructure and mechanical properties of Al-18Si—4Cu—
0.5Mg alloy [J]. Transactions of Nonferrous Metals Society
of China, 2019, 29: 1592—-1600.

[5] LIAO Heng-cheng, XU He-ting, HU Yi-yun. Effect of RE
addition on solidification process and high-temperature
strength of Al-12%Si—4%Cu—1.6%Mn heat-resistant alloy
[J]. Transactions of Nonferrous Metals Society of China,
2019, 29: 1117-1126.

[6] YUNUSOV I, GANIEV I N, SHISHKIN E A. The
aluminum rich corner of the Al-Cu—Ce phase diagram [J].
Izvestia Akademii nauk SSSR. Metally, 1991, 3: 200—203.

[77] BELOV N A, KHVAN A V. The ternary Al-Ce—Cu phase
diagram in the aluminum-rich corner [J]. Acta Materialia,
2007, 55: 5473-5482.

[8] BO H,JIN S, ZHANG L G, CHEN X M, CHEN H M, LIU
L B, ZHENG F, JIN Z P. Thermodynamic assessment of
Al-Ce—Cu system [J]. Journal of Alloys and Compounds,
2009, 484: 286—295.

[91 ZHANG L, MASSET PJ, TAO X, HUANG G, LUO H, LIU
L, JIN Z. Thermodynamic description of the Al-Cu-Y
ternary system [J]. Calphad: Computer Coupling of Phase



[10]

(11]

[12]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

T. K. AKOPYAN, et al/Trans. Nonferrous Met. Soc. China 34(2024) 1380—1392

Diagrams and Thermochemistry, 2011, 35: 574-579.

JIN L, KANG Y B, CHARTRAND P, FUERST C D.
Thermodynamic evaluation and optimization of Al-La,
Al-Ce, Al-Pr, Al-Nd and Al-Sm systems using the
modified quasichemical model for liquids [J]. Calphad:
Computer  Coupling  of  Phase
Thermochemistry, 2011, 35: 30—41.
YANG Q, LIU X J, BU F Q, MENG F Z, ZHENG T,
ZHANG D P, MENG J. First-principles phase stability and
elastic properties of Al-La binary system intermetallic
compounds [J]. Intermetallics, 2015, 60: 92—97.

TANG C Y, DU Y, XU H H, XIONG W, ZHANG L J,
ZHENG F, ZHOU H Y. Experimental investigation of the
Al-Ce—Ni system at 800 °C [J]. Intermetallics, 2008, 16:
432-439.

MANCA D R, CHURYUMOV A 'Y, POZDNIAKOV A V,
PROSVIRYAKOV A S, RYABOV D K, KROKHIN A Y,
KOROLEV V A, DAUBARAYTE D K. Microstructure and
properties of novel heat resistant Al-Ce—Cu alloy for
additive manufacturing [J]. Metals
International, 2019, 25: 633-640.
MISHRA R S, THAPLIYAL S. Design approaches for
printability—performance synergy in Al alloys for laser-

Diagrams  and

and Materials

powder bed additive manufacturing [J]. Materials & Design,
2021, 204: 109640.

BAHL S, SISCO K, YANG Y, THESKA F, PRIMIG S,
ALLARD L F, MICHI R A, FANCHER C, STUMP B,
DEHOFF R, SHYAM A, PLOTKOWSKI A. Al-Cu—Ce(—Zr)
alloys combination of additive

Additive

with an exceptional
processability and mechanical properties [J].
Manufacturing, 2021, 48: 102404.

BELOV N A, NAUMOVA E A, AKOPYAN T K,
DOROSHENKO V V. Design
aluminium alloy containing 2 wt.% Ca and 0.1 wt.% Sc for

of multicomponent

cast products [J]. Journal of Alloys and Compounds, 2018,
762: 528-536.

BELOV N A, NAUMOVA E A, AKOPYAN T K. Effect of
0.3 wt.% Sc on microstructure, phase composition and
hardening of Al-Ca—Si eutectic alloys [J]. Transactions of
Nonferrous Metals Society of China, 2017, 27: 741-746.
AKOPYAN T K, BELOV N A, LUKYANCHUK A A,
LETYAGIN N V, SVIRIDOVA T A, PETROVA A N,
FORTUNA A S, MUSIN A F. Effect of high pressure
torsion on the precipitation hardening in Al-Ca—La based
eutectic alloy [J]. Materials Science and Engineering: A,
2021, 802: 140633.

AKOPYAN T K, BELOV N A, NAUMOVA E A,
LETYAGIN N V, SVIRIDOVA T A. Al-matrix composite
based on Al-Ca—Ni—La system additionally reinforced by
Ll2 type nanoparticles [J]. Transactions of Nonferrous
Metals Society of China, 2020, 30: 850—862.

AKOPYAN T K, LETYAGIN N V, SVIRIDOVA T A,
KOROTKOVA N O, PROSVIRYAKOV A S. New casting
alloys based on the Al+Als(Ca,La) eutectic [J]. JOM, 2020,

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

(31]

[32]

[33]

[34]

[35]

1391

72:3779-3786.

BELOV N A, NAUMOVA E A, AKOPYAN T K,
DOROSHENKO V V. Phase diagram of the Al-Ca—Fe—Si
system and its application for the design of aluminum matrix
composites [J]. JOM, 2018, 70: 2710-2715.

LUO G, ZHOU X, LI C B, DU J, HUANG Z H. Design and
preparation of Al-Fe—Ce ternary aluminum alloys with high
thermal conductivity [J]. Transactions of Nonferrous Metals
Society of China, 2022, 32: 1781-1794.

LETYAGIN N V, SHURKIN P K, NGUEN Z, KOSHMIN
A N. Effect of thermodeformation treatment on the structure
and mechanical properties of the Al;Cai;CuisMn alloy [J].
Physics of Metals and Metallography, 2021, 122: 814—819.
LETYAGIN N V, MUSIN A F, SICHEV L S. New
aluminum—calcium casting alloys based on secondary raw
materials [J]. Materials Today: Proceedings, 2021, 38:
1551-1555.

KAUFMAN L, AGREN J. CALPHAD, first and second
generation — Birth of the materials genome [J]. Scripta
Materialia, 2014, 70: 3—6.

HARI KUMAR K C, WOLLANTS P. Some guidelines for
thermodynamic optimization of phase diagrams [J]. Journal
of Alloys and Compounds, 2001, 320: 189—198.
SCHMID-FETZER R, ANDERSSON D, CHEVALIER P Y,
ELENO L, FABRICHNAYA O, KATTNER U R,
SUNDMAN B, WANG C, WATSON A, ZABDYR L,
ZINKEVICH M. Assessment techniques, database design
and software facilities for thermodynamics and diffusion [J].
Calphad, 2007, 31: 38—52.

SHELEKHOV E V, SVIRIDOVA T A. Programs for X-ray
analysis of polycrystalline [J]. Metal Science and Heat
Treatment, 2000, 42: 309—313.

ANDERSSON J O, HELANDER T, HOGLUND L, SHI P,
SUNDMAN B. Thermo-calc and DICTRA, computational
tools for materials science [J]. Calphad, 2002, 26: 273-312.
MONDOLFO L F. Aluminum alloys:
properties [M]. London: Butterworths and Co., Ltd., 1976.
DELAHAYE J, TCHUINDJANG J T, LECOMTE-
BECKERS J, RIGO O, HABRAKEN A M, MERTENS A.
Influence of Si precipitates on fracture mechanisms of

Structure and

AlSi10Mg parts processed by selective laser melting [J]. Acta
Materialia, 2019, 175: 160—170.

ZHU A W, STARKE E A. Strengthening effect of
unshearable particles of finite size: A computer experimental
study [J]. Acta Materialia, 1999, 47: 3263—3269.

WU T, DUNAND D C.
thermomechanical properties of AliiCes [J]. Intermetallics,
2022, 148: 107636.

ZOGG H, SCHWELLINGER P. Phase transformation of the
intermetallic compound AlsCa [J]. Journal of Materials
Science, 1979, 14: 1923-1932.

PREDEL F. Phase
thermodynamic data of binary alloys: K—O ... Y-Zr [M].
Heidelberg: Springer, 2016.

Microstructure  and

equilibria, crystallographic and


https://www.sciencedirect.com/science/article/pii/S2214785320360119?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S2214785320360119?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S2214785320360119?via%3Dihub#!
https://www.researchgate.net/journal/Materials-Today-Proceedings-2214-7853

1392

T. K. AKOPYAN, et al/Trans. Nonferrous Met. Soc. China 34(2024) 1380—1392

Al-Ca—Cu =t EFHZTSRTENERENLETY

T. K. AKOPYAN, T. A. SVIRIDOVA, N. A. BELOV, N. V. LETYAGIN, A. V. KOROTITSKIY

National University of Science and Technology MISiS, 4 Leninsky pr., Moscow 119049, Russia

# E: X =J0 Al-Ca—Cu A& R P HEEIFRFH#T (ALCu)Cas AlyCasCus Fl AlgCaCus &8 L& W 45
P RIPE REEAT T A0 AT o JET AlaCa MRS AL JE T4 Cu BUR, BH(ALCu)Ca &8RSN A2 .
AR AR REL H 10 at%(19 wt.%), SEUL SN A& 420 WELR v ae AR B AR B, E
YR RE M 2.22 g/em® BN 2.79 g/em?®, EAMAEEE N HV 180 #H0%] HV 250, # Al7CasCur MHL N B A %1k
B LA BaHg BUWIAE S AL M I Z oAb &9, FSRIBEN Pm3m, &8 SH0N 8.514 A, BN 3.45 g/em’s
AlgCaCus AW A Z I BN =0t 549, BE MnnTh B, om0 SV 505) 8% 5
(4.57 glem®)o J&T —JC(Al) + (AL,Cu)sCa FH37FIUE — JC(AL) + AlrCasCur B A 4, BRI/ N RREEE
BRI
X SRELEY; Al-Ca &4 BWMALL RiREW; WHEMRE; Jioetia

(Edited by Wei-ping CHEN)




<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



