
N

N
U

a

A
R
R
2
A
A

K
A
T
C
A

1

h
a
d
A
a
m
s
a
p
i
r
r
b

1

b
a
w

0
d

Journal of Alloys and Compounds 512 (2012) 252– 263

Contents lists available at SciVerse ScienceDirect

Journal  of  Alloys  and  Compounds

j our na l ho me  p ag e: www.elsev ier .com/ locate / ja l l com

ew  investigation  of  phase  equilibria  in  the  system  Al–Cu–Si

orbert  Ponweiser, Klaus  W.  Richter ∗

niversity of Vienna, Department of Inorganic Chemistry/Materials Chemistry, Waehringer Strasse 42, 1090 Wien, Austria

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 1 September 2011
eceived in revised form
1 September 2011
ccepted 23 September 2011
vailable online 1 October 2011

eywords:
l–Cu–Si system

a  b  s  t  r  a  c  t

The  phase  equilibria  and  invariant  reactions  in the  system  Al–Cu–Si  were  investigated  by  a  combination
of  optical  microscopy,  powder  X-ray  diffraction  (XRD),  differential  thermal  analysis  (DTA)  and  electron
probe  micro  analysis  (EPMA).  Isothermal  phase  equilibria  were  investigated  within  two  isothermal  sec-
tions. The  isothermal  section  at 500 ◦C covers  the  whole  ternary  composition  range  and  largely  confirms
the findings  of  previous  phase  diagram  investigations.  The  isothermal  section  at  700 ◦C describes  phase
equilibria  only  in the  complex  Cu-rich  part  of  the  phase  diagram.  A new  ternary  compound  �  was found
in  the  region  between  (Al,Cu)-�1 and  (Cu,Si)-�  and  its  solubility  range  was  determined.  The  solubility  of
Al  in  �-CuSi  was  found  to be  extremely  high  at 700 ◦C. In  contrast,  no  ternary  solubility  in the  �-phase  of
ernary phase diagram
opper alloys
luminum alloys

Cu–Al  was  found,  although  this  phase  is  supposed  to  form  a complete  solid  solution  according  to  previous
phase  diagram  assessments.  Two  isopleths,  at  10 and  40 at.% Si,  were  investigated  by  means  of DTA  and
a partial  ternary  reaction  scheme  (Scheil  diagram)  was  constructed,  based  on  the  current  work  and  the
latest  findings  in  the binary  systems  Al–Cu  and  Cu–Si.  The  current  study  shows  that  the  high  temperature
equilibria  in  the  Cu-rich  corner  are  still  poorly  understood  and  additional  studies  in  this  area  would  be
favorable.
. Introduction and literature review

Due to its importance in industry, the ternary system Al–Cu–Si
as been heavily investigated over the last decades. Al–Cu–Si alloys
re, for example, of growing importance for automotive industry
ue to its lightweight. The ternary alloys show higher strength than
l–Si alloys and their corrosion resistance is better than in Al–Cu
lloys [1].  For designing ternary alloys matching specific require-
ents, fundamental understanding of the phase relationships and

olidification behavior is essential. The Cu-rich corner of Al–Cu–Si
nd even of the binary subsystems Al–Cu and Cu–Si, are highly com-
lex. Despite various studies of phase equilibria the ternary system

s still not fully understood. Therefore we decided to perform a new
e-investigation of the entire ternary system. A detailed literature
eview of existing phase diagram information on Al–Cu–Si and its
inary subsystems is given below.

.1. The binary Al–Cu system

The latest complete assessment of the system Al–Cu was done

y Murray [2].  Her work describes the equilibrium phase diagram
nd provides some information on metastable phase equilibria as
ell. According to Murray, the system contains 12 intermetallic
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E-mail address: klaus.richter@univie.ac.at (K.W. Richter).
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compounds, 7 of them are only stable at elevated temperatures.
More recently, phase diagram investigations have been performed
by Liu et al. [3] and Ponweiser et al. [4].  Riani et al. [5] pub-
lished a phase diagram combining the results of Murray and Liu.
In the Cu-poor phase diagram all the authors agree very well. The
binary compound �-Al2Cu shows a composition around 33 at.%
Cu and crystallizes tetragonally [6].  It decomposes peritectically
between 590(1) [4] and 592 ◦C [7].  At the composition of around
AlCu, phase equilibria are more complicated. In the 1930s, Pre-
ston [8] found an orthorhombic structure in a sample quenched
from 602 ◦C. Slowly cooled samples investigated by Bradley et al.
[9] proposed an allotropic transformation Al1−�Cu-�1 → AlCu-�2.
Based on the comparison with the work of Preston, an orthorhom-
bic or monoclinic structure was  suggested for the low temperature
phase. El-Boragy et al. [10] showed that the structure of the low-
temperature phase was monoclinic. Murray does not explicitly
mention the order of the transition from the high- to the low-
temperature phase but according to the phase diagram given in
[2] she assumes a higher order transition. Investigations by high-
temperature X-ray diffraction worked out recently by the present
authors revealed the structure of the high-temperature �1-phase to
be of the Al1−�Cu-type (Space group: Cmmm)  [4].  Based on differen-
tial thermal analysis (DTA) as well as structural analysis, Ponweiser

et al. [4] indicate that the transition �1 → �2 is a first order transi-
tion.

Compounds with the approximate composition Al3Cu4 were
also found to show a high- and a low-temperature modification

dx.doi.org/10.1016/j.jallcom.2011.09.076
http://www.sciencedirect.com/science/journal/09258388
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8,9]. Murray suggests a transition temperature between 530 and
70 ◦C depending on the composition of the phase. Dong et al.
11,12] investigated annealed and as-cast samples with a com-
osition of Al3Cu4. The as-cast samples exhibit a mixture of an
rthorhombic face-centered and an orthorhombic body-centered
tructure and a minimum amount of �-Al4Cu9. After annealing
t 500 ◦C the orthorhombic face-centered structure became the
ajor phase. The authors therefore suggested a transition �-
l4Cu9 + oI = oF.  EPMA measurements indicated compositions of
l43.2Cu56.8, Al41.3Cu58.7 and Al39.6Cu60.4 for oF,  oI and �-Al4Cu9,
espectively. In the assessment of Murray, “oI”  is labeled 	1 and
oF” is labeled 	2. Gulay and Harbrecht determined the structures
f 	1 (Fmm2, structure type Al3Cu4) [13] and 	2 (Imm2, structure
ype Al3Cu4−�) [14]. Contrary to Dong et al., Gulay and Harbrecht
edicate the face-centered structure to the phase with the higher
u-content. Additional thermal analysis showed that the Cu-rich
hase 	1 (sample composition Al42.5Cu57.5) is stable at 400 ◦C [13]
nd the Cu-poorer phase 	2 (sample composition Al43.2Cu56.8) is
table at elevated temperatures (530 ◦C) and does not resist ther-
al  treatment at 400 ◦C [14]. This is not in agreement with Murray
ho describes a low temperature phase 	2 and a high tempera-

ure phase 	1 with a slightly higher Cu-content [2].  As mentioned
bove, the transition temperature is supposed to be between 530
nd 570 ◦C. Our own new investigations find 	1 not to be stable
t 500 ◦C, indicating a transition temperature 	2 = 	1 + �2 above
00 ◦C.

The high temperature phases 
1 and 
2 were determined by
tockdale [15], the structure of 
2 was found to be hexagonal [10].
he structure of the 
1-phase, stable at elevated temperatures, is
till unknown. The order of the transition 
1–
2 is not mentioned
pecifically in literature but according to established phase dia-
rams it is a higher order transition [2,4].

The region between 60 and 70 at.% Cu shows according to Mur-
ay two different compounds stable at room temperature, � and �1
2],  while a third phase with unknown structure was  not included
n the assessment due to non-consensus in literature. The struc-
ure of � was determined by Kisi and Brown [16], �1 was  revealed
y Arnberg and Westman [17]. The high temperature structure
0 was investigated by Liu et al. who found a bcc structure of
he Cu5Zn8-type. The assessment of Murray proposes a two-phase
eld between �0 and �1 based on the work of Hisatsune [18,19].
iu et al. investigated the Cu-rich part by differential scanning
alorimetry (DSC), high-temperature X-ray diffraction and diffu-
ion couples and did not find a two-phase field between �0 and
1 thus proposing a higher order transition between the two
hases. This finding was confirmed recently by Ponweiser et al.
4].

The assessment of Murray claims that a high temperature phase
0 is formed peritectically from � and liquid at 1037 ◦C. The
hase was determined by Dawson [20] metallographically and by
ilatometry measurements but has, according to Murray, never
een reconfirmed. New diffusion couple experiments of Liu et al. [3]
id not confirm the existence of �0 either. Additional investigations
y DSC measurements revealed only an effect at 1019 ◦C which is
ather connected to the solidus of � than the eutectoid reaction
0 = � + �0. This interpretation was confirmed by Ponweiser et al.

4].
The two-phase region between � and (Cu) was  heavily inves-

igated and the assessment of Murray [2] gives a broad overview
bout the results of this research. The temperature of the eutectoid
eaction � = �1 + (Cu) was  found between 560 and 575 ◦C which can
e explained by the sluggishness of the reaction.
The �2-phase is stable below 363 ◦C [2].  According to Murray’s
ssessment �2 has an ordered fcc structure with a long period
uperlattice based on Cu3Au and Al3Ti. Adorno et al. [21] give a
ore detailed description of the phase �2.
 and Compounds 512 (2012) 252– 263 253

An overview about the invariant reactions in the system used in
the current study is given in Table 1.

1.2. The binary Al–Si system

The binary Al–Si system is a simple eutectic system and was
assessed by Murray and McAlister extensively [22].

1.3. The binary Cu–Si system

The system Cu–Si has been investigated intensively in the
last decades. A critical assessment was done by Olesinski and
Abbaschian [23] giving an extensive overview about the work
done in solid and liquid solutions as well as on metastable phases
reported in literature up to the 1980s. A more recent thermody-
namic description of the system has been given by Yan and Chang
[24], experimental investigations with focus on the Cu-rich part
have recently been performed by Sufryd et al. [25]. An overview
about the invariant reactions in the system is given in Table 1.

The binary compounds are all formed in the Cu-rich part of the
phase diagram, starting with Cu3Si. This phase shows three differ-
ent modifications, the high-temperature �-phase, an intermediate
phase �′ and the low temperature phase �′′. It must be noted that
the nomenclature of the phases is not consistent in old literature.
The high temperature phase melts congruently at 859 ◦C and the
transition temperatures between the modifications differ highly
with composition. The transition temperature of � to �′ takes place
between 558 and 620 ◦C, the transition temperature between �′

and �′′ differs between 467 and 570 ◦C, for the Cu-poor and Cu-rich
side, respectively. According to the assessed phase diagram, the
phases � and �′ [26] show a rhombohedral structure (R-3m and
R-3) whereas �′′ is orthorhombic [26] or tetragonal [27]. Solberg
[26] claims that �′ has an ordered superstructure and �′′ exhibits a
long-period superstructure which is derived from the �′-structure
by periodic displacement. The high-temperature phase � shows
a disordered structure. More recent transmission electron inves-
tigations by Wen  and Spaepen indicate P-3m1 and R-3 as space
groups for � and �′ [28]. Rapid quenching experiments performed
by Mattern et al. [29] confirm the structure type of �.

The existence of the phase with the nominal composition
Cu15Si4, designated 
, is widely discussed in literature. The assess-
ment includes the phase in the stable binary phase diagram [23],
even though previous authors found different results. The phase
was  described first by Arrhenius and Westgren [30], Mukherjee
et al. described a possible phase transition around 600 ◦C which
was  not confirmed. Diffusion couple experiments showed only
one intermetallic phase, Cu3Si [31,32] in the system. The authors
suspected retarded nucleation of the other phases. By contrast, thin
film diffusion couple experiments prepared by sputter deposition
exhibit all three expected intermetallic compounds, Cu3Si, 
 and
� [33,34]. Rapidly quenched samples do not show 
 but after
subsequent annealing at 500 ◦C 
 is present [29]. In their study
about the ternary Al–Cu–Si system Riani et al. claim that 
 is
stabilized by impurities and not present in the binary if very pure
basic materials are used [35]. This conclusion was later withdrawn
by the same authors in a recent study of the Cu–Si binary system
by Sufryd et al. [25]. The authors conclude that the formation of

 is only inhibited kinetically but that the phase is stable in the
binary Cu–Si system [25].

The third intermetallic compound stable at low temperature is
Cu5Si, designated as �. It is cubic, showing the �-Mn  structure, and
it forms peritectically at 729 ◦C [23]. Although the phase does not

occur in some diffusion couple experiments [31,32], it is considered
stable at the indicated temperature.

Three phases are reported to be stable at elevated temperature,
�, � and �. The phase � forms at 842 ◦C and decomposes eutectically



254 N. Ponweiser, K.W. Richter / Journal of Alloys and Compounds 512 (2012) 252– 263

Table 1
Invariant reactions in the binary subsystems used in the current work.

Phase reaction Composition of the involved phases/at.% Temperature (◦C) Ref.

Al–Cu
L = � – 75 Cu – 1052(5) [4]
L  = (Cu) + � 83.0(5) Cu 84.5(5) Cu 82.0(5) Cu 1035(5) [4]
�  + L = �0 69.0(5) Cu 63.0(5) Cu 65.0(1) Cu 993(2) [4]
�0 + L = 
1 65.5(5) Cu 60.0(5) Cu 64.5(5) Cu 960(2) [4]
�1 + 
1 = 
2 64.0(5) Cu 62.5(5) Cu 62.5(5) Cu 847(1) [4]

1 = 
2 + L 59.5(5) Cu 59.5(5) Cu 52.5(5) Cu 847(1) [4]
�0 = �1 – 69.0 Cu – ∼800 [4]

– 65.0  Cu – 874(2) [4]
�1 + 
2 = � 63.0(5) Cu 58.5(5) Cu 61.5(5) Cu 684(1) [4]

2 + L = �1 54.5(5) Cu 38.5(5) Cu 52.0(5) Cu 625(2) [4]

2 + �1 = 	2 56.5(5) Cu 53.0(4) Cu 55.5(5) Cu 597(1) [4]
�1 + L = � 51.5(5) Cu 32.5(5) Cu 33.5(5) Cu 591(2) [4]
	2 + �1 = �2 54.5(5) Cu 52.5(5) Cu 53.5(5) Cu 580(1) [4]

2 = � + 	2 57.5(5) Cu 60.0(5) Cu 56.0(5) Cu 578(2) [4]
�1 = �2 + � 52.0(5) Cu 52.5(5) Cu 33.5(5) Cu 574(3) [4]
�  = (Cu) + �1 76.0(5) Cu 81.5(5) Cu 70.0(5) Cu 567(2) [4]
� +  	2 = 	1 60.0(5) Cu 56.5(5) Cu 57.0(5) Cu 561(2) [4]
L  = � + (Al) 17(1) Cu 32.0(5) Cu 2.5(5) Cu 550(2) [4]
�1 + (Cu) = �2 69 Cu 80.3 Cu 77.25 Cu 363 [2]

Al–Si
L  = Al + Si 12.2(1) Si 1.5(1) Si 100 Si 577(1) [22]

Cu–Si
L  + (Cu) = � 84.0(5) Cu 89(1) Cu 85.8(5) Cu 849(2) [25]
(Cu)  + � = � 89(1) Cu 85.5(5) Cu 87.5(5) Cu 839(2) [25]
L  + � = � 80.8(5) Cu 83.5(5) Cu 82.5(5) Cu 821(2) [25]
L  = � + � 80.2(4) Cu 76.8(5) Cu 82.3(5) Cu 818(3) [25]
L  = (Si) + � 70(1) Cu 0 Cu 74.0(5) Cu 807(2) [25]
�  + � = 
 76.5(5) Cu 81.5(5) Cu 78.95 Cu 800(2) [25]
� =  � + � 83.8(5) Cu 83.0(5) Cu 85.8(5) Cu 781(2) [25]
�  = 
 + � 82.1(5) Cu 78.95(1) Cu 82.2(5) Cu 735(2) [25]
� =  � + � 83.1(5) Cu 82.5(5) Cu 86.8(5) Cu 734(2) [25]
�  + 
 = �′ 75.8(5) Cu 78.95 Cu 75.8(5) Cu 618(3) [25]
�′ + 
 = �′′ 75.6(5) Cu 78.95 Cu 75.6(5) Cu 570 [25]
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�  = (Si) + �′ 74(1) Cu 0 Cu 

�  = � + (Cu) 89 Cu 83 Cu 

�′ = �′′ + (Si) 0 Cu 74(1) Cu 

t 552 ◦C. The compound crystallizes hexagonally in the Mg-type
tructure [23,29]. � forms peritectically from (Cu) and liquid at
52 ◦C and decomposes eutectically into � and � at 785 ◦C. It crystal-

izes cubic a in W-type structure [23]. According to the assessment
f Olesinski and Abbaschian, the phase � forms peritectically from

 and liquid at 824 ◦C and decomposes at 710 ◦C eutectically into 

nd � [23]. New investigations by Sufryd et al. [25] indicate a con-
ruent transformation from � to � and two eutectoidic reactions at
35 ◦C. High-temperature X-ray diffraction experiments performed
y Mukherje et al. described the phase as tetragonal [27]. Splat
ooling experiments of Mattern et al. [29] lead to the hexagonal
ymmetry P63/mmc but the structure could not be confirmed by
ecent investigations [25].

.4. The ternary system Al–Cu–Si

The first investigations of the whole system have been
erformed by Matsuyama [36] and Hisatsune [18]; a critical assess-
ent is given by Lukas and Lebrun [37]. The authors give an

verview about the present phases in the binaries as well as infor-
ation on invariant ternary equilibria including a liquidus surface

rojection. According to this assessment, no ternary compounds
re present. An isothermal section at 400 ◦C based on the work of
isatsune [18] together with a tentative reaction scheme (Scheil
iagram) completes the assessment.

The largest part of the ternary system is dominated by
hase equilibria with (Si), since most binary phases only

ccur in the Cu-rich part and there are no ternary phases
eported. At 400 ◦C �1-Al4Cu9 shows the highest solubility into
he ternary. The phase is stable up to the approximate com-
osition Al17Cu72Si11. The compounds �-Al4Cu9 (∼1 at.% Si),
74(1) Cu 555(3) [25]
90 Cu 552 [25]
74(1) Cu 467 [25]

�-Cu5Si (∼2 at.% Al), 
-Cu15Si4 (∼2 at.% Al) and �′′-Cu3Si (∼5 at.%
Si) show solubilities, too [37]. There is no information given
on the solubility of 	1/	2-Al3Cu4, �2-AlCu and �-Al2Cu since
the isothermal section given by Lukas and Lebrun only cov-
ers the section with a Cu-content higher than 60 at.%. The
three phase fields in the Cu-rich corner present at 400 ◦C are:
{(Cu) + (Al,Cu)-�1 + (Cu,Si)-�}, {(Cu,Si)-�′′ + (Al,Cu)-�1 + (Cu,Si)-�},
{(Cu,Si)-
 + (Cu,Si)-�′′ + (Cu,Si)-�}, {(Cu,Si)-
 + (Cu,Si)-�′′ + (Cu,Si)-
�} and {(Cu,Si)-� + (Cu,Si)-� + (Cu)} [37].

Additional isothermal sections at 500 and 600 ◦C are
given by He et al. [38]. According to He et al. the three
phase fields in the Cu-rich corner present at 500 ◦C are:
{(Cu) + (Al,Cu)-�1 + (Cu,Si)-�}, {(Cu,Si)-� + (Al,Cu)-�1 + (Cu,Si)-
},
{(Cu,Si)-
 + (Al,Cu)-�1 + (Cu,Si)-�}, {(Cu,Si)-
 + (Cu,Si)-� + (Cu,Si)-
�} and {(Cu,Si)-� + (Cu,Si)-� + (Cu)}. The solubilities change slightly
compared to the isothermal section at 400 ◦C. The phase �1-Al4Cu9
for example is stable up to the composition Al15Cu74Si11. At 600 ◦C,
the additional three phase field {(Cu) + (Al,Cu)-� + (Al,Cu)-�1}
appears, where (Al,Cu)-� shows a solubility of about 4 at.% Si.
Both at 500 and 600 ◦C, He et al. allocate the binary phase Cu3Si
to Cu3Si-�,  which is contradicting to the binary Cu–Si system
[23,29,39].

He et al. also present several calculated vertical sections and a
Scheil diagram which differs from the one proposed by Lukas and
Lebrun [37] concerning the reactions temperatures as well as the
reactions itself. Further thermodynamic measurements and assess-
ments have been performed by various authors [1,40–44].
The latest experimental investigation was  done by Riani et al.
[35]. The extensive study consists of an isothermal section at 500 ◦C
and a detailed description of the existence of 
-Cu15Si4 in the binary
and ternary system. As mentioned above, Sufryd et al. [25] give a
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ig. 1. Isothermal section at 500 ◦C. Black: single phase fields, dark grey: three phase 

y  analysis of the neighboring two phase fields, dotted black lines: tie-lines measur

ore detailed study on the 
-Cu15Si4 phase, which is considered to
e stable in the binary. Considering the findings of Sufryd et al. [25]
he isothermal section given by Riani et al. [35] shows the same
hree phase fields like described by He et al. [38] although the sol-
bility ranges especially for (Cu), �-Cu7Si and �1-Al4Cu9 are quite
ifferent.

. Experimental

The samples were prepared from aluminum slug (99.999%), copper wire
99.95%) and silicon lump (99.9999%), all supplied by Alfa Aesar, Karlsruhe, Germany.
or cleaning from oxides, the Cu wire was  treated in a H2-flow at 300 ◦C for approxi-
ately 3 h. The calculated amounts of aluminum, copper and silicon were weighted

o an accuracy of 0.05 mg.  Sample homogenization was  done in an Edmund Buehler
AM-1 arc furnace with a water-cooled copper plate and zirconium as a getter
aterial. The resulting slug was turned and re-melted two times for homogeniza-

ion. In order to prevent reactions with the quartz glass surface, the resulting bead
as wrapped in Molybdenum foil (99.97%, Plansee SE, Reutte, Austria) before plac-

ng  it in a quartz glass tube. The ampoules were sealed under vacuum and placed
n  a muffle furnace for 28 days. After annealing, the samples were quenched in cold

ater and prepared for further investigation. The occurring mass loss during the
hole sample preparation procedure usually was below 1% and therefore not con-

idered to affect the sample composition significantly. Representative sections of
he annealed samples were investigated by means of optical microscopy using a
eiss Axiotech 100 microscope. For phase determination, X-ray powder diffraction
nalysis was performed using a Bruker D8 ADVANCE Diffractometer operating in
eflection mode (Cu K�1 radiation, Lynxeye silicon strip detector). For evaluation of
he  resulting diffractograms the software TOPAS [45] was  used.

Selected samples showing three phases in powder X-ray analysis or two-phase
amples required for the definition of specific tie-lines were analyzed by means
f  Electron Probe Micro Analysis (EPMA). EPMA measurements were carried out
sing a Cameca SX electron probe 100 (Cameca, Courbevoie, France) operating

ith wavelength dispersive spectroscopy (WDS) for quantitative analysis. The mea-

urements were carried out at 15 kV using a beam current of 20 nA with pure
lements as standard materials. Conventional ZAF matrix correction was use to
alculate the final composition from the measured X-ray intensities. In order to
ule  out inhomogeneity, measurements of the composition of the respective phases
determined by EPMA measurements, light grey fields: three phase fields determined
 EPMA.

usually were performed at three different spots. The measured sample composition
did not depend on the location within the sample.

DTA measurements were performed on a Setaram Setsys Evolution 2400
(Setaram Instrumentation, Caluire, France) and a Netzsch DTA 404 PC (Netzsch, Selb,
Germany). Both measurement devices are operated using Pt/Pt–10%Rh thermocou-
ples (Type S) which were calibrated using the melting points of pure Sn, Au and Ni.
The  samples with a weight of approximately 20 mg were placed in open alumina
crucibles and measured employing a slow permanent argon flow. Applying a heating
rate of 5 K min−1, two heating- and cooling-curves were routinely recorded for each
sample to check reproducibility of thermal effects. The possible mass loss during
the  DTA investigations was  checked routinely and no relevant mass changes were
observed.

3. Results and discussion

3.1. Isothermal section at 500 ◦C

The isothermal section of the phase diagram is shown in Fig. 1.
The composition of the limiting phases in the three phase fields
colored in dark grey is determined by EPMA measurements. The
three phase fields in light grey have been determined by measuring
samples in the limiting two phase fields because of lack of a sam-
ple in the respective three phase field. An overview about three
phase fields and selected tie-lines measured by EPMA is given in
Table 2. A selection of images in the back scattered electron mode
(BSE) showing the microstructures of annealed samples is shown in
Fig. 2.

The Cu-poor region of the isothermal section shows Si in equi-
librium with various binary Al–Cu compounds. The binary Al–Cu

compounds in this region show very limited solubility of Si. (Al,Cu)-
� shows the highest solubility of Si with about 1 at.%. The phases
(Al,Cu)-�2, (Al,Cu)-	1 and (Al,Cu)-� do not show any solubility of
Si at all. Two  of the three phase fields in this region, {�2 + (Si) + 	1}
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Table 2
Overview about selected three- and two-phase fields at 500 and 700 ◦C determined in the present study.

Phase field Temperature Nominal composition of
the respective sample

Phase composition

Phase Al Cu Si

{(Al) + � + (Si)} 500 Al50Cu10Si40 (Al) 96.0(10) 3.0(10) 1.0(10)
� 68.0(10) 31.0(10) 1.0(10)
(Si) 0a 0a 100a

{�2 + (Si) + �} 500 Al35Cu25Si40 �2 49.7(2) 50.2(1) 0.1(1)
(Si) 0a 0a 100a

� 66.6(3) 32.4(3) 1.0(1)
{�2 + (Si)} 500 Al42Cu48Si10 �2 46.8(2) 53.2(2) 0.1(1)

(Si) 0a 0a 100a

{� + (Si) + 	1} 500 Al37Cu53Si10 � 41.0(10) 59.0(10) 0.0(10)
(Si) 0a 0a 100a

	1 42.0(10) 58.0(10) 0.0(10)
{(Si)  + 	1} 500 Al25Cu35Si40 (Si) 0a 0a 100a

	1 42.6(2) 57.3(2) 0.1(1)
{� +  (Si)} 500 Al10Cu55Si10 � 39.7(2) 0.1(1) 60.2(1)

(Si) 0a 0a 100a

{�1 + (Si)} 500 Al20Cu40Si40 �1 33.4(2) 0.6(2) 65.4(2)
(Si) 0a 0a 100a

{�′ + �1 + (Si)} 500 Al10Cu50Si40 �′ 3.0(10) 76.0(10) 21.0(10)
�1 25.0(10) 69.0(10) 6.0(10)
(Si) 0a 0a 100a

{
 + �} 500 Al10Cu80Si10 
 1.3(1) 78.5(1) 20.2(1)
�  11.4(2) 80.2(2) 8.3(1)

{
  + �1 + �} 500 Al6Cu78Si16 
 2.0(10) 78.0(10) 20.0(10)
�1 16.4(1) 73.6(1) 10.0(1)
� 14.1(1) 77.8(1) 8.1(1)

{�1 + �} 500 Al25Cu72.5Si2.5 �1 28.6(2) 69.1(1) 2.3(1)
� 17.2(1) 78.6(2) 4.2(1)

Al17Cu75Si8 �1 18.7(2) 72.8(2) 8.5(1)
�  14.6(1) 77.7(1) 7.7(1)

{(Cu)  + �} 500 Al2Cu86Si12 (Cu) 3.3(2) 87.6(3) 9.1(3)
�  0.6(1) 82.9(1) 16.5(2)

{�  + �} 500 Al3Cu82Si15 � 2.3(1) 81.1(1) 16.6(1)
�  8.5(1) 82.5(1) 9.0(1)

{
2 + �1 + (Si)} 700 Al38Cu60Si2 
2 39.6(3) 60.2(3) 0.2(1)
�1 38.3(3) 61.5(2) 0.2(1)
(Si) 0a 0a 100a

{�1 + (Si)} 700 Al30Cu60Si10 �1 33.2(3) 65.9(2) 0.9(2)
(Si) 0a 0a 100a

Al25Cu60Si15 �1 28.1(3) 68.2(2) 3.7(1)
(Si) 0a 0a 100a

{� + �1 + (Si)} 700 Al10Cu60Si30 � 1.8(1) 76.4(1) 21.8(2)
�1 19.5(2) 71.2(1) 9.2(2)
(Si) 0a 0a 100a

{� + �1} 700 Al10Cu75Si15 � 2.5(1) 76.7(1) 20.8(1)
�1 16.0(10) 74.0(10) 10.0(10)

{
  + �} 700 Al5Cu77Si18 
 2.9(1) 76.9(1) 20.2(1)
�  9.1(3) 77.2(1) 13.7(2)

Al4Cu78Si18 
 2.3(1) 77.2(1) 20.5(2)
� 6.0(2) 78.8(1) 15.2(2)

{� +  �} 700 Al3Cu82Si15 � 2.6(1) 80.9(3) 16.5(3)
�  3.6(1) 83.7(2) 12.7(1)

Al5Cu80Si15 � 4.9(1) 79.7(2) 15.4(1)
�  6.1(1) 82.2(1) 11.7(1)

{�  + �} 700 Al7Cu80Si13 � 7.7(1) 81.2(2) 11.1(1)
�  6.6(1) 79.0(1) 14.4(1)

Al12Cu77Si11 � 13.0(1) 79.1(1) 7.9(2)
�  11.8(2) 76.5(1) 11.7(1)

{�1 + �} 700 Al20Cu75Si5 �1 22.1(2) 71.8(2) 6.1(1)
�  19.2(2) 76.6(3) 4.2(1)

Al26Cu72Si2 �1 23.3(1) 75.1(1) 1.6(1)
�  28.0(1) 69.9(2) 2.1(1)

{(Cu)  + �} 700 Al18Cu80Si2 (Cu) 16.5(1) 81.8(2) 1.7(1)
�  20.1(1) 77.7(1) 2.2(2)

Al5Cu86Si9 (Cu) 5.4(2) 86.3(3) 8.3(2)

a
o
t
fi

a No considerable solubility of Al or Cu in Si.
nd {� + �1 + (Si)} could not be determined by EPMA due to the lack
f samples in the respective three phase field. However, their exis-
ence is well documented by measurements in adjacent two phase
elds (comp. Table 2).
�  4.8(2) 85.4(2) 9.8(2)
The most Cu-rich phase field with (Si) is {�1 + Cu3Si-�′ + Si}.
Phases with the composition Cu3Si show three isomorphic struc-
tures which transform very easily and therefore it was  not possible
to quench the respective phases stable at high temperature.
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the current work compared to 4.8 at.% in [35]. The solubility ranges
of (Cu,Si)-
 are in the same range in both cases (2 at.% Al compared
to 1.5 at.% Al in [35]). The phase (Cu,Si)-� shows a broader solubility
Fig. 2. BSE images of samples with the nominal composition (A) Al10Cu80Si10 (5

dentification of the respective powder-XRD pattern was done by
omparison with a sample in the two-phase region Cu3Si–(Si). Fol-
owing the binary phase diagram [25], the three phase field contains
he phase Cu3Si-�′, rather than the low temperature phase Cu3Si-
′′ or the high temperature phase Cu3Si-�.

The Cu-rich part of the isothermal section shows a more com-
licated situation dominated by extended solid solutions. The only
hree phase field determined directly by EPMA measurements is

 + �1 + �}. The limiting compounds of the remaining three phase
elds as well as their solubility ranges have been determined by
nalysis of several samples in the respective two phase regions.
he remaining three phase fields are: {(Cu) + �1 + �}, {(Cu) + � + �},

 + � + �} and {
 + �1 + �′′-Cu3Si}. A very narrow three phase field
�′ + �′′ + �1} should also be present but was not included in the
sothermal section due to reasons of clarity.

The binary compounds in the Cu-rich part of the phase diagram
how a considerable ternary solubility of Si and Al, respectively. The
hase �1 is stable up to the composition Al18Cu72.2Si9.8. �′′-Cu3Si,

 and � show a solubility of 2.4, 2 and 2 at.% Al, respectively.
In the binary, the compound (Cu,Si)-� is only stable between

70 and 839 ◦C [25]. By addition of (Al) it is stable at 500 ◦C between
l8Cu74Si8, Al14Cu68Si8 and Al17Cu78.5Si4.5. Pure Cu shows a high
olubility of Al and Si as indicated by the binary phase diagrams
4,25].

The determined three phase fields in general in good agreement
ith Riani et al. [35], although the composition of the limiting
hases is slightly different. Contrary to Riani, the phase (Cu,Si)-
 is shown as stable binary compound in agreement with recent
iterature [25].

The phase (Al,Cu)-�1 was found to be stable up to the composi-
ion Al18Cu72.2Si9.8 compared to Al14.5Cu74Si11.5 found by [35]. The
, (B) Al6Cu78Si16 (500 ◦C), (C) Al17Cu73Si10 (500 ◦C) and (D) Al7Cu80Si13 (700 ◦C).

phase with the composition Cu3Si shows a solubility of 2.4 at.% Al in
Fig. 3. Isothermal section at 700 ◦C. Black: single phase fields, dark grey: three phase
fields determined by EPMA measurements, light grey: three phase fields deter-
mined by analysis of the neighboring two phase fields, dotted black lines: tie-lines
measured by EPMA.
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Fig. 4. Powder XRD pattern of a sample with the nominal composition of
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Fig. 5. Comparison of the powder XRD pattern of a sample with the nominal com-
position Al20Cu78Si2, annealed at 700 ◦C (bottom) and re-annealed at 500 ◦C (top).
l12Cu77Si11 annealed at 700 ◦C. Note that the diffractogram was recorded in the
�-range between 10 and 120◦ , but is only shown between 35 and 80◦2� for the
ake  of clarity of representation.

ange in the binary (from 17 to 20 at.% Cu) in the work of Riani which
s not in agreement with recent literature (16–18 at.% Cu in [25]).
he phase dissolves up to 2 at.% Al in both, the current work as well
s in the isothermal section published by Riani et al. [35].

Riani et al. propose a two phase field of about 1.5 at.% width [35]
etween (Cu) and (Cu,Si)-� in the ternary phase diagram. In the
urrent work, samples with the nominal composition Al11Cu82Si7,
l13Cu81Si6 and Al15Cu80Si5 were placed in this region. X-ray pow-
er diffraction of the respective samples shows pure (Cu,Si)-� for
he sample with the nominal composition Al11Cu82Si7, and a mix-
ure of (Cu,Si)-� and (Cu) for the other two samples. Due to the
ery low amount of Cu in the samples, implied by the low intensity
f the Cu-related peaks in the diffractograms, it was  not possible
o analyze these samples properly by means of EPMA. Therefore,
he Si-poor boundary of the phase (Cu,Si)-� was estimated using
he sample Al11Cu82Si7 in the single phase field (Cu,Si)-� and the
ample Al13Cu81Si6 and Al15Cu80Si5 in the two phase field {(Cu,Si)-

 + (Cu)} with a very low Cu-content. The solubility of (Al) and
Si) in Cu were estimated based on the solubility of Al and Si in

Cu) in the binary sub-systems and tie-lines in the two phase field
(Cu,Si)-� + (Cu)}. The phase (Cu,Si)-� is stable up to the compo-
ition Al5Cu85.5Si9.5 in the work of Riani et al. [35] compared to
l8Cu84Si8 in the current work.

Fig. 6. Isopleth at 40 at.% Cu. Circles: invariant reactions, diamonds: non-invariant re
Note that the diffractograms were recorded in the 2�-range between 10 and 120◦ ,
but  are only shown between 34 and 56◦2� for the sake of clarity of representation.

3.2. Isothermal section at 700 ◦C

According to the binary phase diagram [25], at 700 ◦C Cu3Si
shows the high temperature structure �. Fine black lines in Fig. 3
indicate tie-lines as measured by EPMA analysis of different sam-
ples. These measurements allow determining the remaining three
phase fields as well as the approximate composition of the limit-
ing phases. A selection of measured tie-lines at 700 ◦C is given in
Table 2.

The solubility of Al and Cu in the binary phases is noticeable
higher than at 500 ◦C. The phase �1 is stable up to the composition
Al13Cu76Si11. The binary phase (Al,Cu)-� was not found in any of
the ternary samples. In contrast, the binary phase (Cu,Si)-� shows
a continuous solubility extending almost to the binary Al–Cu sys-
tem. The phases �, 
 and � show a solubility of 2, 3 and 5 at.% Al,

respectively.

EPMA analyses of samples in the region between (Al,Cu)-�1 and
(Cu,Si)-� indicate an additional phase with a composition between

actions, triangles up: liquidus on heating, triangles down: liquidus on cooling.
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Fig. 7. Isopleth at 10 at.% Cu. Circles: invariant reactions, diamonds: non-invar

l4Cu81Si15 and Al10Cu78.5Si11.5. Powder XRD analysis of this phase
how a very well crystallized structure not known in the limiting
inary phase diagrams. A sample with the nominal composition
l12Cu77Si11 shows (Cu,Si)-� and the unknown phase, referred to
s � from now on, in equilibrium at 700 ◦C. The powder XRD pat-
ern of the sample is shown in Fig. 4. A piece of this sample was
e-annealed at 500 ◦C for three weeks. Powder XRD analysis of
his piece shows 
, �1 and � in equilibrium. The pattern of � com-
letely disappeared. In the isothermal section at 700 ◦C, the three
hase fields {
 + � + �} and {� + � + �} are present at the Cu-rich
ide of the phase �. At the Cu-poor side of the phase, the phase
elds {�1 + � + �} and {
 + �1 + �} are present (see Fig. 3). Combin-

ng these three phase fields and the decomposition of the sample
l12Cu77Si11, two invariant reactions can be suggested between
00 and 500 ◦C: � + � = 
 + � followed by � = 
 + �1 + �. A sample with
he nominal composition of Al10Cu77Si13, located in the three phase
eld {
 + �1 + �} was annealed at 500 ◦C and subsequently inves-
igated by DTA. It did not show any thermal effect in the region
etween 500 and 700 ◦C. The lack of a thermal effect can be inter-
reted either by the fact that the heat exchange during the invariant
eaction � = 
 + �1 + � is too small to be detected by DTA analy-
is, or that it is too slow to occur at a heating rate of 5 K min−1

t all. Nevertheless, the annealing results indicate that a ternary
ompound � is formed in the ternary system between 500 and
00 ◦C. This contradicts previous authors [38] who do not indicate

 ternary compound in the system Al–Cu–Si. Determination of the
rystal structure of � will be attempted by the authors in the near
uture.

Considering the measured tie-lines and the XRD analysis of the
espective samples listed in Table 2, the remaining three phase
elds present at 700 ◦C are: {
 + �1 + �} and {(Cu) + �1 + �} as indi-
ated in Fig. 3.

Powder XRD analysis of samples with their nominal composi-
ion in the vicinity of Al20Cu78Si2 show several very broad peaks

hich can not be derived from any neighboring structure. The most

ntense peaks are at 26.2, 27.2, 44.9 and 46.2◦2�. A sample with
he nominal composition Al20Cu78Si2 annealed at 700 ◦C shows
Cu) and the additional peaks. After re-annealing of the sample at
actions, triangles up: liquidus on heating, triangles down: liquidus on cooling.

500 ◦C, (Cu) and � are present, but the additional peaks mentioned
before are still present with considerable intensity (see Fig. 5). As
cast samples in this region reach equilibrium without this phase at
500 ◦C after 3 weeks of annealing. A sample with the nominal com-
position Al25Cu72.5Si2.5 shows the three phase field {(Cu) + �1 + �}
after annealing at 500 ◦C. This may in indicate a ternary compound
which is stable at 700 ◦C but the annealing time at 500 ◦C (3 weeks)
was  not enough to re-establish the equilibrium at 500 ◦C. EPMA
analysis of samples showing the additional peaks do not indicate
an additional phase. Contrary to the peaks assigned to � in Fig. 3,
the possible ternary phase in this region does not crystallize very
well, making it very difficult to determine its structure. It should
be pointed out, that this particular part of the phase diagram is in
conflict with earlier interpretations. On the one hand, the assessed
phase diagram by Lukas and Lebrun [37] assumes a complete solid
solubility between the W-type �-phases of Cu–Si and Al–Cu, on the
other hand our results at 700 ◦C do not show any significant solu-
bility of Si in (Al,Cu)-�, a very extended (Cu,Si)-� phase field, and
a possible ternary phase very close to binary (Al,Cu)-�. This area
definitely needs additional investigations at high temperatures to
clarify phase equilibria and crystal structures.

3.3. Isopleths and ternary reaction scheme

Since the transitions 
1–
2 and �0–�1 in the binary system
Al–Cu were determined to be of higher order [3,4], the distinction
between the high temperature phases 
1 and �0 and the low tem-
perature phase 
2 and �1 in the reaction scheme is not appropriate.
Therefore the respective phases will be designated as 
1,2 and �0,1
in the following section.

The isopleth at 40 at.% Si is shown in Fig. 6. Continuous hori-
zontal lines indicate reactions determined by invariant effects in
DTA measurements. Dashed horizontal lines indicate solid state
reactions which have to be present due to adjacent invariant reac-

tions and participating three phase fields, but were not determined
experimentally. An overview of the determined and estimated
invariant reactions including the reaction temperatures as well as
the estimated composition of the participating phases is given in
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Table 3
Invariant reactions in the system Al–Cu–Si and the estimated composition of the reactants.

Reaction T/◦C Phase Composition/at.%

Al Cu Si

Max: L = �0,1 + Si 778 L 27.0 57.0 16.0
�0,1 26.0 72.0. 2.0
Si  0 0 100

U1:  L + �0,1 = 
1,2 + Si 747 L 37.0 50.0 13.0
�0,1 36.0 62.5 1.5

1,2 40.0 59.5 0.5
Si  0 0 100

U2:  L + �0,1 = � + Si 740 L 13.5 66.0 20.5
�0,1 21.0 72.5 6.5
� 15.5 73.5 11.0
Si 0 0 100

E1:  L = � + � + Si 730 L 11.0 68.0 21.0
� 15.0 72.0 13.0
�  2.0 75.0 23.0
Si  0 0 100

U3:  � + Si = �0,1 + � 579 < T < 730 � 14.0 75.0 11.0
Si  0 0 100
�0,1 21.5 71.5 7.0
� 2.0 76.0 22.0

U4:  
1,2 + �0,1 = � + Si 679 
1,2 40.0 59.5 0.5
�0,1 36.0 62.5 1.5
�  38.5 61.0 0.5
Si  0 0 100

U5:  � + � = 
 + � 500 < T < 700 � 5.0 80.0 15.0
�  6.0 79.0 15.0

 2.0 78.0 20.0
�  8.0 81.0 11.0

U6:  L + 
1,2 = �1 + Si 603 L 60.0 32.0 8.0

1,2 42.5 57.0 0.5
�1 48.5 51.0 0.5
Si 0 0 100

U7:  
1,2 + �1 = Si + 	2 599 
1,2 42.0 57.5 0.5
�1 47.5 52.0 0.5
Si  0 0 100
	2 44.5 55.0 0.5

U8:  
 + � = �0,1 + �′ 583 
 2.0 78.0 20.0
�  2.0 75.5 22.5
�0,1 24.5 70.0 5.5
�′ 1.5 76.0 22.5

U9:  �1 + 	2 = �2 + Si 579 �1 47.5 52.0 0.5
	2 45.0 54.5 0.5
�2 46.0 53.5 0.5
Si  0 0 100

U10:  L + �1 = Si + � 573 L 67.0 26.5 6.5
�1 48.5 51.0 0.5
Si  0 0 100
�  67.0 32.0 1.0

E2:  � = 
 + �0,1 + � 500 < T < 700 � 10.5 77.0 12.5

  2.5 77.5 20.0
�0,1 18.0 74.0 8.0
�  11.0 80.0 9.0

E4:  �1 = Si + �2 + � 500 < T < 573 �1 48.0 51.5 0.5
Si  0 0 100
�2 48.5 50.5 1.0
� 66.5 32.5 1.0

U11:  � + �0,1 = �′ + Si 579 � 2.0 75.0 23.0
�0,1 24.0 70.0 6.0
�′ 2.5 75.0 22.5
Si  0 0 100

P1:  
 + �′ + �0,1 = �′′ 570 < T < 583 
 2.0 78.0 20.0
�′ 1.5 76.0 22.5
�0,1 25.0 69.0 6.0
�′′ 2.0 75.5 22.5

E3:  
1,2 = � + Si + 	2 570 
1,2 42.0 57.5 0.5
�  40.0 59.5 0.5
Si  0 0 100
	2 44.0 55.5 0.5

U12:  � + 	2 = Si + 	1 557 � 40.0 59.5 0.5
	2 44.0 55.5 0.5
Si  0 0 100
	1 43.0 56.5 0.5

U13:  �′ + �0,1 = �′′ + Si 550 �′ 1.5 76.0 22.5
�0,1 24.5 69.0 6.5
�′′ 2.0 76.0 22.0
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Table 3 (Continued)

Reaction T/◦C Phase Composition/at.%

Al Cu Si

Si 0 0 100
U14:  Si + 	2 = �2 + 	1 500 < T < 558 Si 0 0 100

	2 44.5 55.0 0.5
�2 45.0 54.0 1.0
	1 43.0 56.5 0.5

U15:  
 + �0,1 = �′′ + � 400 < T < 500 
 2.0 78.0 20.0
�0,1 18.0 72.5 9.5
�′′ 2.5 76.0 21.5
�  14.0 78.0 8.0

E4:  L = Al + Si + � 522 L 80.5 13.5 6.0
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able 3. Some solid state reactions at approximately 25 at.% Al were
ot determined by thermal analysis of samples in this isopleth but
y samples in the isopleth at 10 at.% Si (see below). The invariant
eactions determined in the Al-rich part of the isopleth are well
etermined and in good agreement with the limiting binary system
l–Cu [4].  In the Cu-rich part of the isopleth, some inconsisten-

ies remain. Samples between 4 and 8.5 at.% Al show extremely
eak non-invariant effects around 512 ◦C which could not be

ssigned to any reaction. The sample with the nominal composition
u60Si40 shows two peaks with low and equal intensity at the onset

ig. 8. Partial reaction scheme (Scheil diagram) for the Al–Cu–Si system. Dashed invarian
arks  indicate missing parts of the reaction scheme.
Al 96.0 2.5 1.5
Si 0 0 100
�  68.0 31.0 1.0

temperatures 546 and 555 ◦C. Despite the fact that there are two
distinct peaks, they can only be assigned to the reaction � = �′ + (Si)
in the binary Cu–Si system.

The isopleth shown in Fig. 6 matches the isothermal sections
experimentally determined in this work at 500 and 700 ◦C as
well as the isothermal section at 400 ◦C published by Lukas and

Lebrun [37]. The high solubility of Al in the low temperature phase
Cu3Si-�′′ compared to the solubility of Al in the high temperature
phases Cu3Si-�′ and Cu3Si-� is originated in the isothermal sec-
tion at 400 ◦C. In accordance with the liquidus projection surface

t reaction: temperature not determined experimentally. Open ends with question
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ublished by Lukas and Lebrun [37], (Si) primarily crystallizes over
he whole composition range.

The isopleth at 10 at.% Si is shown in Fig. 7. The Al-rich part down
o approx. 20 at.% Al shows the same reactions like in the 40 at.%
i isopleth. Due to the low Si-content in the isopleth, the primary
rystallization fields are different, however (see Fig. 7).

The Cu-rich part of the isopleth shows a more complicated sit-
ation. The high solubility ranges of the binary compounds in this
egion as well as the thermal stabilization of (Cu,Si)-� and the exis-
ence of the ternary phase � provide a complex sequence of two-
nd three phase fields stable at 500 and 700 ◦C. The boundaries of
he phase fields corresponding to the isothermal sections are drawn
y continuous lines in Fig. 7 in the respective temperature range.
omparison of the three phase fields present at 400, 500 and 700 ◦C
hows that several solid state reactions occur in this region, but only
wo of them were determined experimentally: U11 at 579 ◦C and
2 at 663 ◦C (see Table 3). It was not possible to determine the reac-
ion temperatures of the invariant reactions U15: 
 + �0,1 = �′′ + �,
2: 
 + �′ + �0,1 = � and U3: � + Si = �0,1 + �.

Above 700 ◦C, the Cu-rich part of the isopleth shows a high
umber of thermal effects but it was not possible to construct
he isopleth and reaction scheme in this region. Additional reli-
ble information on phase equilibria at higher temperature in this
egion is needed solve this part of the isopleth.

A partial ternary reaction scheme (Scheil diagram) is shown in
ig. 8. The fundament of this diagram is the reaction scheme given
y Lukas and Lebrun [37]. New data on the limiting binary systems
4,25] as well as experimental results obtained in the current work
ere integrated in the reaction scheme. Several invariant reac-

ions indicated by dotted lines were not determined experimentally
n this work, but are required due to the existence of neighbor-
ng invariant reactions and three phase fields. Missing parts of the
eaction scheme are indicated by question marks.

. Conclusions

The largest part of the Al–Cu–Si system, in particular the isother-
al  phase equilibria at 400 and 500 ◦C and the reaction sequence in

he Cu-poor part of the system, is now well characterized. However,
n spite of the numerous experimental studies performed by dif-
erent authors, phase equilibria in the complex Cu-rich part of the
ystem at higher temperatures are still questionable and require
dditional attention. The current study revealed the existence of a
reviously unknown ternary high-temperature compound, whose
tructure has not been solved up to now. Its equilibria with the
iquid phase have to be investigated and the phase relations of
he extended solid solutions of � and � at high temperatures
hould be subject of additional investigations. Our results at 700 ◦C
aise some doubts regarding the complete solid solubility of the
-phase of Al–Cu and Cu–Si proposed previously, so an indepen-
ent study of the liquidus projection including extended primary
rystallization studies would be favorable. Last but not least, most
f the proposed solid state reactions in this area are not accessi-
le by DTA investigations and further annealing studies would be
elpful to confirm these and to better fix the respective reaction
emperatures.
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Supplementary data associated with this article can be found, in
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