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Preface

This work covers a small selection of binary anchaey phase diagrams and

contributes to knowledge on the systems investijate

In the ternary phase diagram Al-Cu-Si previous arglperformed a lot of work
already. Since some of this work was not conclysare investigation of this
system was the starting point of the present thdsicourse of this project,
insufficiencies in the binary subsystems becameanisvand proper investigations

of the system Al-Cu and Cu-Si were worked out first

The ternary phase diagram Al-Mo-Si has not beeestigated over the whole
range yet because of difficulties in the Al-richripaf the phase diagram, which
will be pointed out in course of this work. The ggat work is an attempt to

overcome this insufficiency.

A remark to avoid misunderstandings: since thiskwamvers already published
papers, each with its respective bibliography, theplay format was kept for the
entire work. Each main section, the Introductithe, Experimental part and every
sub-chapter of the Results and Discussion partetbier concludes with its

particular bibliography.
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Introduction

1 Introduction

Modern technology requires more than ever advameattrials for manifold
purposes, e.g. for weight saving in transport itgusnew materials in
combustion engineering or for materials for highiperature applications, e.g. in

gas turbines.

Whenever the performance of a pure material issufficient for a specific
purpose, alloying is an option to improve desiredpprties. The principle of
alloying is known for thousands of years, startivith alloying of Cu with Zn in
the Bronze Age for producing hardwearing tools aedpons. Nowadays, a huge

number of alloys is used for countless applications

A large group of important alloys are the aluminbased ones. Pure
aluminum offers many desirable properties for dédfé¢ purposes, e.g. a low
density (2698 kgn™ [1]), a high formability, corrosion resistance agléctrical
conductivity. Therefore, pure aluminum is used,drample, as foil and strip for
packaging, chemical equipment, tank cars or truoklids [2]. Alloying of
aluminum increases the applicability of the matetrtamatically.

Alloying with Si, for example, reduces the therne{pansion coefficient,
increases the corrosion and wear resistance, amiowes the casting and
machining characteristics of aluminum [3]. Usualtiie alloys used are very
aluminume-rich. During cooling, pure aluminum sdiiels until the composition of
the remaining liquid reaches the eutectic pointla®R at.% Si [4], where the
eutectic Al-Si phase solidifies. At room temperatuthe hypereutectic alloy
consists of the soft and ductile primary aluminumd ¢he hard and brittle eutectic
silicon phase [3]. Al-Si alloys usually contain etlelements like manganese, zinc
or iron for improving their properties. Due to thigh strength-to-weight ratio of
the resulting alloys and their good processabpityperties (heat treatable, good
flow characteristics [2]), they are predestined fdilization in automotive

industry [5], e.g. for engine blocks [3].
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Another important class of Al-based alloys are Ai-@lloys. They are heat
treatable and show high strength at room and edevi@imperatures and, in special
cases, good weldability [2]. Usually, these allays not resistant to atmospheric
corrosion and need to be protected [2]. Like inAh&i alloys, most of the Al-Cu
alloys used are Al-rich and contain additional edets to improve their
properties. Al-Cu alloys are used, for example,f&tigue-critical applications in

airframes [6].

For high-temperature applications in oxidizing ieowment Al-based alloys
are not suitable. Several silicides, however, gleroperties like excellent high-
temperature oxidation resistance. Among a hugetyaaf silicides, molybdenum
silicides are interesting compounds for high terapee applications. The most
important alloys in this system are Me&nd MgSis. Although pure MeSi; does
not show high oxidation resistance at high tempeeathis alloy is still of interest
for high-temperature applications due to its higkep resistance at elevated
temperature. Alloying with a few percent Boron, lewer, increases its oxidation
resistance dramatically [7]. The compound Mod#s a congruent melting point
of 2020 °C [8] and an excellent high-temperaturedatxon resistance [9].
Unfortunately, the material has several drawbatids, It exhibits pest oxidation
behaviour at intermediate temperatures in the rafd@®0 °C, a brittle-to-ductile
transition around 1000 °C [9] and a high creep-edtelevated temperature, for
example. To overcome at least some of the disadgastof the material, alloying
with e.g. aluminum is advisable. The addition of [8&ads to a new compound
Mo(Al,Si),, which does not show pest oxidation behaviour thedefore allows a
broad field of application. Molybdenum disilicidese used in high temperature
applications like turbocharger rotors, industriasdurners, high-temperature heat
exchanger, glass processing and as coating maferiaefractory metals and

carbon materials [9, 10].

Fundamental knowledge of phase equilibria and stras in the respective
alloy systems is crucial for understanding alloyopgarties and further
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improvement of alloy systems. In many cases, liteeadata are not consistent
and/or incomplete which requires additional expental investigations.

For describing phase equilibria, phase diagramsuseel. Phase diagrams are
graphical representations of the state of a matasiaa function of compaosition,
temperature and pressure. In case of a single aamipeystem, the state of a
matter usually is shown in a diagram pressureeraperature, where one figure
provides all information required. In binary phasagrams, the pressure usually

is kept constant; in a graphical representatios témperature is drawn versus the

composition.

A
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P
[AJ/[C] const.
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Fig. 1.1: Isothermal section (left) and vertical section®fikeths,

right) in a ternary phase diagram A-B-C

The graphical representation of three componertesysis more complicated
even if the pressure is kept constant. Since thphical representation of all the
binary systems combined versus temperature gétsrrabmplicated for complex
systems, different tools for illustration are us@&tiese tools are the isothermal

section (the temperature is kept constant; seelFig, the vertical section (also

-3-



Introduction

known as isopleth; the fraction of one constituentthe ratio between two
constituents is kept constant; see Fig. 1.1) aedlifuidus surface projection.
Additionally, a ternary reaction scheme, the sdechScheil-diagram is used to

describe the invariant reaction in the ternaryesyst

In the current work the systems Al-Cu, Cu-Si, Al-Suand Al-Mo-Si were
chosen as research foci. In some cases literaateedd not provide conclusive,
up-to-date information about the systems (Al-Cu,-SiuAl-Cu-Si) or a full
description of the system has not been publishédAteMo-Si). In either case,

new experiments were necessary to overcome thes#iaencies.

The following section will give a brief overview ailnt the relevant literature

data pointing out the scientific challenges inrtbgpective fields.

Due to the cumulative character of the presentediason, the following
introduction is based on the papers [11-14] presettiie Results and Discussion
section and might therefore cover redundant inféionapresented in the latter
section anyway. Formal requirements, however, deémdor a distinct

Introductionsection in this dissertation.

1.1 Thesystem Al-Cu

The Al-Cu system was investigated intensively ia pgast decades. Due to the
importance of Al-based alloys in transport industmost investigations in the
system were dealing with the Al-rich part of theapl diagram. Literature data is
available in the Cu-poor part of the phase diagaanwell but there are still some

inconsistencies left.

The major assessment including the commonly acdgptase diagram of the
system was published by Murray [15]. The phase rdiag includes 12
intermetallic compounds; seven of them are stabklevated temperatures only
(see Fig. 1.2). Since this phase diagram was phddisn 1985, it does not

represent the current level of knowledge of theesys Liu et al. published an
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improved version of the Cu-rich part in 1998 [1Rjani et al. merged the work of

Liu et al. and Murray [17]. A thermodynamic assessmms given by Saunders

[18]. A detailed overview of the system is givenRynweiser et al. [11, 13].
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Fig. 1.2: The Al-Cu phase diagram according to Murray [15]
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The structure of the pha$eAl,Cu was found by Friauf [19] in the 1920ies.

The thermal stability up to 591 °C and its solupiliange has been investigated

intensively [15, 20].

The phase with the composition AICu (designatgd has been under

investigation for a long time, too. An orthorhombstructure was found in

samples quenched from 602 °C [21] but analysisl@flg cooled samples by

Bradley [22] showed some basic differences to ttilkochombic structure. The
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author therefore suggested an allotropic transfooma;—mn, [22] and proposed
an orthorhombic or a monoclinic structure for tloevitemperature phase. El-
Boragy et al. revealed the structure of the lowgerature phase to be monoclinic
[23]. The structure of the high-temperature phasestill unknown. Preston
suggested an orthorhombic structure [21], Lukas &etirun proposed an
orthorhombic cell with the parameters a = 4.08bA; 12.00 A, ¢ = 8.635 A and
32 atoms per unit cell [24]. According to the phdssgram in Fig 1.2 [15] the
transition between the high- and the low-tempeeatpihase is a higher order

transition.

The phases; ande; are both stable at elevated temperatures onlyshod a
higher order transition (see Fig. 1.2). The stieetf &, was solved by El-Boragy
who found a NiAs-type structure with partial occtipa of interstitial positions
by applying high temperature powder X-Ray diffrant{23]. The structure aof;

is still unknown.

The region near the approximate compoungCA| ((;/(-region in Fig. 1.2)
was described by Preston [21] and Bradley [22] iaméhs soon discovered that a
high- and a low-temperature phase are presentwiink of Murray suggests a
transition temperature between 530 and 570 °C dkgygnon the composition.
Additionally, thermal effects between 373 and 480ate mentioned, too [15]. In
more recent investigations, Dong et al. found atanexof an orthorhombic face-
centered structure, an orthorhombic body-centeiredtsre and small amounts of
v-Al4Cug in as cast sample with the composition@\, [25, 26]. After annealing
at 500 °C the face-centered structure became ther rphase and the authors
suggested a transitignAl,Cuy + “ol” = “oF". The structures of the two phasgs
and {; were finally solved by Gulay and Harbrecht. A s&npvith the
composition Al,sCus7s shows a face-centered structufem@, Al;Cus-type)
designated a& [27]. & (Imn2, Al;Cws-type) was found in a sample with the
nominal composition Ak LCuss g [28]. This contradicts the findings of Dong who
allocated the face-centered symmetry to the strecatuth the lower Cu content.

The findings of Gulay and Harbrecht are not in agrent with the phase diagram
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of Murray, too, since he suggested a low tempeszaphasel, and a high
temperature phagg with a slightly higher Cu-content [15]. Gulay aHdrbrecht
found the Cu-rich phagg stable at 400 °C and the Cu-poor phasstable at 530
°C [27, 28]. The latter did not resist thermal tne@nt at 400 °C. The authors state
that entropy may provide an essential contributiorthe stabilization of thé,
phase.

In the range from 60 to 70 at.% Cu, Bradley founde¢ different phases: a
cubic ), a monoclinic and a rhombohedral phase [29]. Wiastdiscovered that
the rhombohedral phase crystallizes in the spacapgR3m and confirmed the
existence of a third phase in this region [30]. faesi and Downie did not
confirm the existence of a third phase in this agithey only distinguished
betweeny) and the cubic phase[31]. Murray did not include a third phase in
this region (see Fig. 1.2), mostly because verw stooling experiments of van
Sande et. al [32] showsy andd in equilibrium. The distinction of the phasgs
ands is very difficult due to very similar XRD patterbut it is supported by a

abrupt change in expansion coefficients frgimto & [31].

The existence of the high temperature phasevas confirmed by thermal
analysis but the two phasgsandy; can not be distinguished metallographically
[15]. The Cu-rich region of the phase diagram wagstigated by Liu et al. using
differential scanning calorimetry and high temperatX-Ray powder diffraction
[16]. The authors state that the high temperaturas@y; crystallizes cubic
(CusZng-type) and that no two phase field between the -higid the low-

temperature phase was found thus indicating a higiiger transition.

According to Murray, a high temperature phfsé formed peritectically from
liquid andp [15]. The phas@, was found by Dawson [33] metallographically and
by dilatometry, but was never confirmed. Neverthg|éMurray included it in his
phase diagram (see Fig. 1.2). Investigations byeltial. do not indicate a single
phase regiofo. A measured thermal effect at 1019 °C is integatdéb be related

to the solidification off than to the formation dio [16].
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The phase fields betwegnand (Cu) were investigated intensively and Murray
gives a detailed overview on the results in thigiae [15]. The region is
dominated by the binary phageand its decomposition t¢; and (Cu). The
decomposition temperature was found to be betwé@rabd 575 °C. This rather

huge spread can be explained by the sluggishnahks oéaction.

The low-temperature phase was found by West et al after long term
annealing experiments [34]. According to Murrayshiows a fcc structure with a

long period superlattice based ong8u and AgTi [15].

The important task in this system is to re-investgthe discrepancies between
the phase diagram published by Murray (see Fig.ahé the findings of Liu et al.
The resulting phase diagram has to include theentrrstate of knowledge on
compoundg; and(, as well. Additionally, investigations on unknowtnugtures

of high temperature phases have to be performed.

1.2 Thesystem Cu-S

The latest critical assessment of the system wase doy Olesinski and
Abbaschian [35] who gave the currently acceptedsghdiagram (see Fig. 1.3).
More recently a thermodynamic description of thetem was given by Yan and
Chang [36]. An additional overview on the systergiien by Sufryd et al. [12] as

well as by Ponweiser et al. [13].

The system contains several binary compounds, dddat the Cu-rich part of
the phase diagram, starting with phases showingnding@inal composition Gi.
There exist three different compounds with this position. At high temperature,
the phase is denoteg the compounds at intermediate and low temperatare
designatedn’ and n”, respectively. Unfortunately, this nomenclature mot

consistent in literature but used in the phaserdraggiven by Olesinski and
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Abbaschian (see Fig. 1.3). The high temperaturegaanelts congruently at 859
°C. The transition temperatures of the different&yphases vary extremely with
composition and are reported to be higher at higheicontent. The transition
temperature ofi—n’ differs between 558 and 620 °C, the transitiomgerature
of n'—n” varies between 467 and 570 °C [35], dependenthencomposition.
According to the work of Olesinski, the phasgsandn’ show rhombohedral

structuresR-3m andR-3).

1500
1400 -

1300
1200 -
1100
1000 1

900 1
800 M

700 1— (Si) (Cu)
600 B
500

Temperature [°C]

n—»

400 T T T T T T ,rll”_. T T
0 10 20 30 40 50 60 70 80 90 100

Si Cu [at.%] Cu

Fig. 1.3: The Al-Cu phase diagram according to Olesinskil ef35]

The low temperature phas¢’ is supposed to be orthorhombic [37] or

tetragonal [38]. More recently, transmission el@etmicroscopy investigations

indicateP-3m1 andR-3 as the correct space groupsi@ndn’ [39].
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The existence of the phas€Cu;sSiy is discussed intensively in literature. The
phase was first described by Arrhenius and Westgteh a possible but yet not
confirmed transition was described by Mukherjealet{38]. On the one hand,
some diffusion couple experiments do not show arigrinetallic compounds
apart from CgSi [41, 42] in the binary system Cu-Si. On the otend, diffusion
couple experiments prepared by sputter depositibowsall three expected
intermetallic phases (G8i, &, andy) [43, 44]. In other experiments, rapid
quenching did suppress the formationepbut subsequent annealing at 500 °C
facilitated its formation [45]. Riani et al. claich¢hate is stabilized by impurities
and it is not stable if sample preparation wasiedrout using very pure basic

materials [46].

The last intermetallic compound in the system stablambient temperatures is
v-CusSi. It crystallizes cubic in the Mn-type structued is formed peritectically
at 729 °C (see Fig. 1.3). Like this phase does not occur in some diffusion ecoupl
experiments [41, 42] but nevertheless it is considlea stable intermetallic

compound.

At elevated temperatures two phases are considéabte in the Cu-Si system:
B ands (see Fig. 1.3). The compoufdcrystallizes cubic a W-type structure and
forms peritectically from liquid and (Cu) at 852 .°Che structure of the
compound was described as tetragonal [38] but recent splaling experiments

by Mattern et al. lead to a hexagonal symmetry.[45]

The main uncertainty in the system is wheth@usSis is a stable phase or not.
Detailed experimental analysis needs to be perfdrineanswer this question.
Additionally, it is not certain if the hexagonalmsgnetry ofd obtained by splat
cooling [45] experiments represents the equilibristnucture of the phase. High

temperature X-ray powder analysis can help to an#vie question.

-10 -
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1.3 Thesystem Al-Cu-S

A critical assessment of the system is given byadsuknd Lebrun [24]. The
comprehensive work gives an overview about thetiiigibinary systems as well
as information on the invariant ternary phase duual;, the liquidus surface
projection is given, too. The authors state thateroary phase is present. Based
on the work of Hisatsune [47], an isothermal sectb400 °C is given by Lukas
and Lebrun [24]. A tentative reaction scheme (Safliegram) is given, too, but
the authors do not include the high-temperatureow-temperature transition
reactions of the respective phases in the Al-Cu@u¢5i system for reasons of
clarity. An overview on the Al-Cu-Si system alsogiven by Ponweiser et al.
[13].

Since there is no ternary compound reported andittegy phases in the Cu-Si
region are located in the Cu-rich part, the isati@r section at 400 °C is
dominated by three phase fields of (Si) and binrdrCu compounds [24]. The
binary phasess-Al,Cug, y-CusSi, &-CusSis and n-CusSi show significant
solubility of Si or Al, respectively. The highestlgbility range is shown by;-
Al4Cuw, which is stable up to the compositiom Alu;,Si;;. The phase-(Cu,Si),
only stable above 552 °C in the binary Cu-Si, &#ized by the addition of Al to
lower temperature and is present in the isothesealion at 400 °C. There is no
information given on the solubility of Si i&/(>-Al3Cw, m2-AlCu and6-Al,Cu
because the isothermal section given in [24] oolyecs the Cu-rich corner of the

ternary system.

Calculated isothermal sections at 500 and 600 &Cgaren by He et al. [48].
The most significant difference between these talowated isothermal sections
Is the presence @-AICu, in the isothermal section at 600 °C. The solubsitof
the binary compounds change slightly, e.g. the @hadl ,Cuw is stable up to the
composition AlsCu4Sip; at 600 °C. Due to the thermal stability @fAICu, at
600 °C, the three phase field [(CuB-AlCu,4 + v1-Al 4Cug] is present.

-11 -
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He et al. present several vertical sections anerr@aty reaction scheme, too
[48]. The reaction scheme given by the authorsediffrom the reaction scheme
given by Lukas and Lebrun [24] concerning the reactemperatures as well as

the type of reactions.

More recently, Riani et al. investigated the teynsystem [46]. The extensive
work gives detailed information on the ternary ghaguilibria and the solubility
ranges of the binary phases at 500 °C (see Fiyj. A dignificant part of this work
deals with the stability of-Cu5Sis. Riani et al. state that the phase is not stable i
the binary system but is stabilized by addition Af [46]. A more detailed
investigation on the stability afCusSis in the binary Cu-Si system is given by
Sufryd et al. [12].

Si

Fig. 1.4: The isothermal section of the Al-Cu-Si phase diaged 500
°C according to Riani et al. [46]

-12 -



Introduction

Since there is no consensus in literature on theatg reaction scheme in the
system, the main task of further investigationsusthdoe to obtain additional
information that can provide a ternary reactionesoé including the latest finding
in the limiting binary systems. Additional investigpons of isothermal sections

higher than the ones mentioned above might be tlelpf

1.4 Thesystem Al-Mo-S

The phase diagram of Al-Mo-Si is of high technotadiimportance due to the
high-temperature characteristics of several comgsun this system. A detailed
review about molybdenum disilicide, its alloys atheir properties, is given by
Vasudevan and Petrovic [49]. An overview on theMid-Si system is also given

by Ponweiser et al. [14].

The binary system Mo-Si was assessed by GokhaleAabdschian [8]. The
system contains three intermetallic compounds, eeth a very high melting
point (see Fig. 1.5). The cubic phase jBio(Pm3m, Cr;Si-type) decomposes
peritectically at 2025 °C. The compounds 48 (I4/mcm W;sSis-type) and
MoSi, (I4/mmm MoSk-type, Strukturberich designation: G)Xkhow tetragonal
symmetry and melt congruently at 2180 and 2020ré€pectively. According to
Gokhale and Abbaschian, M@Sundergoes a transition to a hexagonal high
temperature form (designated &$10Si,) at 1900 °C [8]. The authors state that
only one author, Svechnikov [50], reported a phasmesition [8]. Nevertheless,
the transition was included in the phase diagram8e to its importance in high
temperature applications, M@Sis the most intensively studied phase in the
system. Besides this phase, 8@ shows interesting properties, like a better
creep resistance than Me3b1]. Unfortunately, MgSi; exhibits poor oxidation
resistance at high temperature, which can be ingardoy 5 orders of magnitude
by adding 1-2 wt.% Boron [7].

-13-
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Fig. 1.5: The Mo-Si phase diagram according to Gokhale and
Abbschian [8]

The binary system Al-Mo was assessed by Saund2fsn3.997 (see Fig. 1.6).
According to the author, the system contains 7rinétallic compounds; two of
them are only stable at elevated temperatures. pilases stable down to low
temperatures are AIMqPm3n, CrSi-type), AjMo3z (C2/m, AlgMos-type), ALMo
(Cm Al,W-type), AkMo (P63, AlsW-type), and Al;Mo (Im-3, Al W-type) [52].
The phase AIMol(n-3m, W-type) is stable between 1470 and 1720 °C, Hase
AlgsMo3; is stable between 1490 and 1570 °C [52-54]. Theectnid
decomposition of AkMo37 could not be inhibited by quenching, thus its cuce
is still unknown. Rexer [53] suggested congruenttinge of the phase AlMo, but
Saunders replaced the congruent melting of the ephlg a peritectic
decomposition reaction [52]. The authors statestti@structure of AIMo is bcc

(cl2) and therefore it is considered as an extensioth@ Mo-rich bcc solid

-14 -
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solution into the Al-richer part of the phase degr which makes the congruent
melting of the phase thermodynamically unlikely][52

2500 1

2000 1

1500

1130°C ™

Temperature [°C]

1000 |

735°C

i <i—AlMo, 700°Clss1°d

» AlMo ——
0O 10 20 30 40 50 60 70 80 90 100

Mo Al [at.%] Al
Fig. 1.6: The Al-Mo phase diagram according to Saunders.g62]

Contrary to this assumption, Cupid et al. [55] estdtat without assuming
congruent melting of AlMo, it is impossible to calate phase equilibria in the
system Al-Mo-Ti in agreement with experimental datathis ternary system.
Therefore Cupid et al. assume congruent meltinglbfo in their version of the
binary Al-Mo system [55].
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Fig. 1.7: The Al-Mo phase diagram according to Schuster €568

The Al-rich part of the phase diagram is domindigda cascade of peritectic
reactions. Even though a detailed investigatiothis region has been performed
by Schuster and Ipser [56] in 1991, their resulid ot find their way in
Saunders” assessment [52]. Schuster and Ipseducegdour additional phases in
the binary system (see Fig. 1.7):3Mb (Cm, AlsMo-type), Ah-Mos (C2,
Al17;Mogs-type), AboMos (Fdd2, Al,oMos-type) and Ak+xyMO(1x (Pm3n, WOs-
typ). The latest investigation of the Al-rich past the phase diagram was
performed by Eumann et. al. [57] who confirmed éxéstence of the additional
binary compounds, except for &kMoux. Eumann et al. state that the phase
Al,;:Mos is stable at least down to 600 °C [57], whereakuSer and Ipser
conclude that this phase is stably only at tempeeat higher than 831 °C.
Okamoto [58] presents a phase diagram of the Aldysiem combining the
results of Rexer [53], Saunders [52] and Eumanh [57
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As mentioned above, the disadvantages of a higkpcrate at elevated
temperatures of the compound MgBave given rise to a wide field of research of
Mo-Si-based ternary alloy systems, one of themd@&hMo-Si. Since MoSi is
the most important alloy in the Mo-Si system, moegearch was done in the
vicinity of this phase. Addition of Al to Mogieads to a new ternary compound
Mo(Si,Al), (P6,22, CrSp-type, Strukturbericht designation: C40 [59]). et
addition of Al leads to the phase Mo(Si,Alyhich crystallizes orthorhombically
(Fddd, TiSix-type, Strukturbericht designation: C54 [60]). Tim®st important
compound of those three is Mo(Si,AWith the C40-structure (designated C40
from now on). In contrast to MoS(designated C1]) it does not show pest
oxidation at intermediate temperatures and thesei®rconsidered to be a more
promising material for oxidation resistance coatiag high service temperatures
[61].

Isothermal sections of parts of the ternary sysidilo-Si sometimes were the
byproduct of research on the C40 and C54 compoundssothermal at 1853 K
is given by Yanagihara et al. [62]. This work does include the phase C54 but
assumes a wide solubility range for C40. An otlsethierm including C54 was
determined at 1400 °C by Eason et al. [63]. In tiMerk, however, the
compositions of the limiting single phase fieldstbé three-phase-field [C40 +
C54 + MaSig] were only estimated (see Fig. 1.8). Calculatedhisrms between
1273 and 1873 °C were presented by Liu et al. [6Ag latter work includes a
calculated liquidus surface projection, too. Thehats predict a series of
invariant reaction in the ternary system but do giote information on the

reaction temperatures.
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Fig. 1.8: The Al-Mo-Si isothermal section at 1400 °C accogdio
Eason et al. [63]

Obviously a lot of work has been done in the systdsivlo-Si but most of it is
dealing with the Al-poor part. Since a lot of pecitic decomposition reactions of
the Al-rich binary Al-Mo-phases appear and the tecdl applicability of alloys
in this region is very limited, most researcherp $kis part of the phase diagram.
Nevertheless, a complete description of the phésgam and a liquidus surface

projection is necessary to understand the system.
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2 Experimental

For the determination of isothermal and verticattisms (see Fig. 1.1),
equilibrated alloy samples are used. To achieveilierpied samples, the
constituents have to be homogenized and the saimgtehas to be annealed at a
certain temperature for a sufficient period of tirtee reach equilibrium. To
preserve the equilibrated state of the sample tothér analysis at room
temperature, the sample has to be quenched, i.eleccovery quickly.
Unfortunately, quenching of a sample does not adwagrk. If phase equilibria at
high temperatures can not be quenched, there igpdhsibility of using high-
temperature analysis methods like high temperapareder X-Ray diffraction
(see section 3.1). In case of quenchable phasdileyidifferent analysis tools

are available for determining a phase diagram.

2.1 Light Optical Microscopy (LOM)

This method is very useful to check quickly if esspective sample is well
homogenized and qualified for further investigasiomherefore it is usually the
first analysis method applied. Additionally, thigtihod also indicates the number
of present phases and gives first information am rielting behaviour of the

alloy.

A representative part of a sample is cut, ground polished to obtain an
ideally scratch-free surface and then investigatéth the microscope. In the
current work a Zeiss Axiotech 100 microscope wasdusperating in four
different modes. In the bright field (BF) mode sopteases are distinguishable
due to their different reflectance. This mode usuplovides less information
than the other modes available on a proper lighitaljpmicroscope. In the dark

field (DF) mode, the directly reflected light frothe sample surface does not
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reach the eye. Instead, the light scattered ortcdms, holes and edges appears
bright to the observer. This mode provides infoforaton the quality of the
polishing process and it can show the differeningralue to little edges at the
grain boundaries. In the polarized imaging (PI) mathe incident light beam is
polarized and the sample modifies the plane of rg@aon according to its
optical properties. Different phases appear ineddfit colours in this mode.
Grains of the same phase with different orientatiappear in different colours,
too, but show the same sequence of colours if lueepof the sample is rotated.
Usually, samples with low symmetry affect the pialed light more than samples
showing high symmetry. The last mode used is tfferdnce interference contrast
(DIC) mode. The incident light beam is split in tlveams. If the sample shows a
height profile, the two light beams have to covéfedent path lengths and
interfere according to this difference in path lgrsg The possible height profile in
the sample originates in different hardness of phases in the sample and

subsequent different wastage rates during grindimgpolishing.

2.2 Powder X-Ray Diffraction (XRD)

This analysis method uses structural informatiotaioled by diffraction of X-

Rays to identify phases.

In the current work, the Rietveld Method [1, 2] wagplied for structural
refinement of phases using the software TOPAS TBe Rietveld Method is a
refinement technique using the least square apprtma@adapt a theoretical line

profile to the measured line profile.

The measured line profile was obtained using a &rukXS D8 Advance
Diffractometer which follows the Bragg-Brentano gesiry. The standard setting
uses Cu-K radiation and a Lynxeye silicon strip detectoru8tural information
on phases present in a sample is obtained fromatiitee, e.g.Pearson’s
Handbook of Crystallographic Dat§]. The diffraction pattern is calculated
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using the software TOPAS. The calculated diffracpattern then is tried to fit to
the measured pattern by refinement of structunamaters chosen by the user.

The most important structural parameters to beneefi are the lattice
parameters, crystal size, atomic positions, occopatactors and the atomic
displacement factors. Additionally, a preferredeatation of the crystals during
the measurement can be taken into account, e.gn @hpghase tends to form
needles. Parameters not related to the sample earfimed as well, e.g. the

sample displacement or the function describingotiekground.

The peak shape can be described by different maitteahmodels. Ideally, a
peak is a single line, but in reality peak broadgrnoccurs. The reason for peak
broadening is on the one hand the sample itselthviioes not show perfect
crystals only and, on the other hand, the instrureetup. In the current work, the
fundamental parameter Ansafiz-7] was used to describe the peak broadening
caused by the instrument setup. This method usd#sumental parameters to
describe the peak broadening instead of experithg@atiameters without any

physical meaning.

Careful adjustment and refinement of the parametenstioned above leads to
a final structure with different structural propest compared to the initial
structure model. If different phases are presentisample, additionally the
amount of the respective phase can be estimatetbimparing the area of the

peaks of the respective phases.

2.3 Electron Probe Micro Analysis (EPMA) and Scanning
Electron Microscopy (SEM)

The methods applied for precise measurement aéah®osition of phases are
EPMA and SEM in combination with EDS analysis. Batlethods use the
characteristic spectrum of X-Rays emitted by spea@toms when excited by

high-energy electrons to deduce the concentrafiaiifferent elements in a phase.
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In EPMA, wavelength dispersive spectroscopy (WDSysed for quantitative
measurement. Scanning Electron Microscopy useggmspersive spectroscopy
(EDS). Both methods require proper calibrationERPMA, calibration is done by
measuring pure elements or compounds with defin@geposition. In SEM
calibration can be done like in EPMA, too, or aternal standard is used. Both,
EPMA and SEM, use backscattered electron (BSE) imgaip find a proper spot
for the measurement on the sample surface. In B8&emphases with distinct
compositions are distinguishable because of th&ardnce in the average atomic
number. Elements with a high atomic number scattectrons have a higher
backscatter coefficient than light atoms and theesbppear brighter.

In the current work, EPMA measurements were cduoig using a Cameca SX
100 Electron Probe Micro Analyzer (Cameca, CouriMverance). Conventional
ZAF matrix correction was used to determine the position from the measured
X-Ray intensities. Calibration was done using theepelements of Al, Cu, Si and
Mo. SEM measurements were performed using a ZaipsaSh5 VP Scanning
Electron Microscope and the internal standard wsedufor the quantitative

analysis with EDS.

2.4 Differential thermal analysis(DTA)

Differential Thermal analysis (DTA) is a dynami@istlard technique used in
combination with the methods discussed before. &Siiticis still of high
importance for the determination of phase reactidansill be discussed in more
detail in the following section. Special focus Wik set on proper interpretation of
DTA measurements, because this is still a confusipgs for some researchers.

2.4.1 Basic principleand instrumental setup
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DTA is a thermal analysis method. The heat flowata from a sample is
derived from the temperature difference betweerséimeple and an inert reference

while passing through a temperature program.

The basic setup of a DTA involves a sample holteo, crucibles, a furnace, a
cooling system, a temperature controller and arde#eg device. Usually, the
analysis chamber containing the sample and theerafe is flushed with an inert
gas to avoid oxidation. Ti or Mo sometimes is uasdadditional getter material.
The analysis chamber is constructed symmetricallyickv means that the
surrounding of the sample and the reference gearakyris the same. There are a
lot of different configurations of the reaction amgers which will not be
discussed in detail here. For further informatiee B. Wunderlich: Thermal

Analysis[8].

The sample holder is equipped with two thermocaptme measuring the
temperature of the crucible containing the samitie, other for measuring the
temperature of the reference crucible. The crusitdee made from an inert
material, such as Alumina, Graphite or Tungstene Thaterial used for an
investigation is dependent on the nature of thepsanand the investigated
temperature range. The reference has to be a sgbstehich does not undergo
any transition in the temperature range of inteiaghost cases an empty crucible

is sufficient as reference material.

Calibration of a DTA setup is achieved using theasugements of melting
points of pure metals, such as Sn, Al, Ag, Au, N &t. The temperature range of
thermal effects of interest in a sample should Ghimwthe melting points of the
metals used for calibration. Additionally, the ma$she standard metals should
be in the same range as the sample mass, usudikedre 10 and 80 mg,
depending on the instrument.

To check the reversibility of reactions often am®&t heating/cooling cycle is
recorded. Sometimes thermal effects are more iatéhen because of better
thermal conductivity of the re-solidified sample tlhwithe crucible. But the
experimenter always has to keep in mind that thepsa sometimes is not in
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thermodynamic equilibrium any more and if the fasd the second heating cycle
show different effects, usually the first one isrentrustworthy.

In the current work, two different instruments weised, a Netzsch DTA 404

PC and a Setaram Setsys Evolution 2400.

The Netzsch instrument can be operated between teomperature and 1550
°C. The sample crucibles are made from Alumina #x@dsample mass used in
analysis is between 15 and 25 mg. A dynamic Argow fof 50 mimin® is
applied and a Pt/Pt-10%Rh thermocouple is used €T$p for temperature

measurement.

The Setaram instrument is a combination of theraagretry and DTA, but
the thermogravimetry mode has not been used inufrent work. In the standard
setup, the instrument can be used to temperatprés around 1500 °C. Contrary
to the Netzsch instrument, several thermocoupléyp€ S”) are connected in
series for the sample and the reference, respéctiVhis allows more sensitive
temperature measurements and thus the use of sisaiigle masses, between 5

and 20 mg.

A high temperature setup allows using the instruni@nmeasurements up to
2400 °C. Therefore the alumina furnace tube isaegd by a graphite tube; the
applied sample holder is made of tungsten and a WR&W-26%Re
thermocouple (“W5-Type”) is used. Measurementseay \nigh temperatures are
always difficult to achieve. Problems start witle ttorrect choice of the crucible.
Alumina can not be used up to 2400 °C, Tungste@raphite can react with the

sample. This has to be considered in doing higlpézaiure measurements.

2.4.2 Evaluation of DTA data

The DTA signal is derived from the temperatureatéhce between the sample
and the reference. Since the reference materia doeundergo any transition in

the investigated temperature interval and the samghamber setup is
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symmetrically, the difference in temperature betwebe sample and the

reference is derived from transitions in the samylbéen a phase transition takes
place during heating of the sample, the heat fattlme sample is used to promote
the phase transition and not to rise the tempezailithierefore the temperature of
the sample is lower than the temperature of thereete material. The difference
between the two temperature signals is recordesugetime by the instrument.

After transition to a temperature-dependent diagtaeneffects can be evaluated.
It has to be considered that different thermal a$fegesult in different shapes of

the respective signal (see below).

In Fig. 2.1 an example of a rather complicated tyidnase diagram is shown
on the bottom. The top shows the projection ofréspective DTA curves taken

on heating.

In the binary phase diagram shown in Fig. 2.1, shngle phase fields are
indicated by the Roman numeral I, two phase fialdsindicated using the Roman
numeral Il. Point 1 and 2 indicate eutectic poiatperitectic point is indicated by
point 7. Compound formation can be seen at poinTt& points 4, 5 and 6

indicate single phase solid solutions.
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reprinted fromThermal Analysis by Bernhard Wunderlich, Copyright

1990 by Academic Press 1[8]
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The DTA curve on concentration F is shown in thparpdiagram. In the first
section, no thermal effect in the sample occurs tedtemperature difference
between the sample and the reference materiadasl(y) zero. When the sample
temperature reaches the eutectic temperature,rp sfeting peak appears. This
originates from the melting of all of the solid gibbn 5 and an amount of purg n
that the composition of the melt meets exactly éhtectic composition. During
this process, the sample temperature stays (ideatlyhe eutectic temperature
resulting in a linear rise of the difference peatween the temperatures of the
sample and the reference assuming the temperatogeam is linear. After the
melting of the eutectic composition, the tempematur the sample rises again,
resulting in lowering the difference signal. Risitgmperature in the sample
results in continuous melting of pure, deading in a broad melting peak as

indicated in Fig. 2.1.

After melting of all the solid material in the sampthe difference signal
returns to its base line. Recapitulatorily it cas daid that the eutectic reaction
starts at the beginning of the eutectic peak (Qreset the melting of the sample is
finished, where the difference signal returns te llase line (in this case: peak
maximum). Consequently, these two points are tles ¢m evaluate (see Fig. 2.2).
It has to be mentioned that the liquidus peak @a bery small step in the DTA
curve, depending on the amount of liquid in the gamUsually the (exothermic)
solidification peak during cooling of the sample nisore intense. Due to
undercooling, the onset of the solidification peaklways lower than the melting

temperature on heating of the sample.

Curve E shows the melting peak of a congruentlytinielphase. The phase
does not undergo any transition before melting tiedmelting peak as shown in

Fig.2.2 should be very sharp. Peak broadening eamiy due to instrumentation
lag.

The same type of curve is shown with curve D. Thhy difference is that in

this case a eutectic mixture between 5 and 6 isimgelThis should result in a
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very sharp melting peak as well. In both cases,nB B, the onset of the
respective peak is evaluated (see Fig. 2.2).

Curve C crosses the invariant reaction 2, resulting peak with a linear slope,
before hitting the peritectic reaction 7, whichulés in an invariant effect, too.
The melting peak of this sample looks similar te thelting peak in curve E and
is evaluated similarly (see Fig. 2.2).

In curve B the peritectic decomposition of phagedlts in an invariant effect

followed by a broad melting peak due to the melohghase 4.

Finally, curve A does not cross any invariant reas. The beginning of the
broad melting peak indicates the start of the meltof phase 4, the peak
maximum represents the intersection between theetration coordinate and

the liquidus line. The correct evaluation is shawfig. 2.2.

It has to be mentioned, that thermal effects inmgvsolids sometimes show
very low intensity making it almost impossible wentify them. It is the same
case for transition of a single phase field to a phase field or vice versa if the

limiting phase boundary is very steep.

In this case, it is up to the responsibility oé texperimenter to interpret the
data in accordance with thermodynamic requiremantsexperimental results of

neighboring samples.
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A b

Fig. 2.2: Correct evaluation of the DTA curves shown in Fig 2

2.5 Structuredetermination from powder XRD data using
Simulated Annealing

Whenever the structure of a new phase has to leendieed, the experimenter
aims to find a proper single crystal and triesdlve the structure by single crystal
structure determination methods. In case of a propstal showing no twinning
and which does not contain a large amount of viglyt latoms, this approach

usually results in a proper structure refinement.

In some cases, single crystals are not accessiigleécdvarious reasons, e.g. the

structure to investigate is not stable at room tnauire and it is not possible to
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quench it. In this case, structure determinatiomgudigh temperature powder
XRD is an option. In the following section the sfiwre determination from
powder XRD data using the software TOPAS [3] iscdbesd.

2.5.1 Stepsin structure determination

A. Determining the space group

For determination of the correct space group Viels/ important to identify the
first 15 to 25 peaks which belong to the phasés trucial not to miss peaks in
this range which belongs to the structure of irgerbecause this can lead to a
completely wrong space group making it very diffido solve the structure at all.
Peak shapes are described usingftmelamental parameter Ansal3-7]. The
entirety of peaks forms peak phaseRefinement of thpeak phaseefining the
position, the area and the crystallite size ofggbaks, leads to precise positions of
the peaks. In this step, the refined crystallitee stan give a hint if the refined
peaks belong to the same phase. If this is the tasealue for the crystallite size
should be within the same order of magnitude. Big# ¢riterion has to be treated
with extreme care, especially if the peak intensgtyvery different and the
crystallite size of weak peaks is used by the smiwto fit the background.
Additionally, fixing the crystal size of all peak® an average value and
subsequent refinement can give information on wdrettihoad, overlapping peaks

are covered by a sufficient number of peaks opiek phase

The position of the peaks in the peak phase is ihmgorted in an indexing
routine {ndexing rangg With this routine, it is possible to search travais
lattices, which fit the position of the peaks. Tresults are ordered according to
their GOF (goodness of fit) and their cell volunie.none of the suggested
solutions fits the position of the peaks satisfaltoit is necessary to re-check the
identified peaks whether peaks are missing or paskspuriously imputed to the

unknown phase. For further investigation, the sofutshowing the highest
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symmetry as well as the smallest volume is thet rffloice so far. Additionally,
literature research about related compounds showongparable cell parameters

and compositions is indispensable to find a prareictural solution.

The Bravais lattice, found to be the most promiging, is now used to create a
so-calledhkl-phase This phase now bears the information about tleegroup
of the structure and the lattice parameters bus da# contain any information
about the distribution of the atoms across the oeit Refinement of thékl-
phaseonly shows if the measured powder XRD pattern lmarexplained by the
discovered structure on basis of systematic extinctand peak positions
according to the given lattice parameters. If thd-phasefits the pattern
satisfactorily, the proposed structure is then usedhe structure determination

usingSimulated Annealing

B. Structure determination by Simulated Annealing

Simulated annealing (SA), in general, is a methsedufor optimization of a

given function finding a global optimum or, at leasgood approximation to it.

Its name is based on the teannealingin metallurgy where metals undergo
defined heating and cooling programs. During a stowling process, the atoms
have a good chance to re-arrange properly andatisling crystal defects. The

structure reaches a minimum of internal energy.

This minimum of internal energy is comparable te gtobal optimum in SA.
For reaching the global optimum, in each step ef 3/ process the optimized
function is replaced by a function which is veryo&e” to the preceding one. The
probability for this replacement is dependent ore tHifference of the
corresponding function parameters and an additiezale Temperature JTalso a
reference to the annealing process in metallur@e T-factor is gradually
reduced during the annealing process, making ieraod more unlikely, that the
preceding function is replaced which leads idetdl§inding the global optimum.

The strength of this method is that an optimizettfion is replaced by a random
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function “nearby” which makes is possible to escapecal minimum and reach a

global one.

Structure determination by SA [9] is done in tteunch Kernel of TOPAS
[3]. This approach needs an input-file with all tfedevant data, including the
measured diffractogram and instrumental parameiéns file can be created
directly from the graphical mode of TOPAS.

According to the volume of the unit cell and thepested density of the
material, a number of atoms are included in theitirfie, matching the expected
composition of the phase. The number of atoms enctl is estimated based on
the assumption that every atom is located at argepesition.

In the beginning, all the atoms are located near dhigin and the atomic
coordinates are set to be refined, as well as thdéing factor. An additional
command gcc_merggis necessary in the input file for subsequenntifieation
of special positions and recognition of overlappiagpms. The indicating
parameter is calledccupation which should not be mistaken fsite occupation
in Rietveld refinement. If theccupationof one position, for example, is close to
1/2 after a SA cycle, this means that the atonmiatgosition is overlapping with

itself indicating a special position.

Starting the program leads to an output file withaéculated structure which
represents the minimum of the least square refinenihe output file shows
refined lattice parameters, atom coordinates arel réfined occupation A
graphical illustration of the final structure isostm, too, using the command
view_structure in the input file. Usually, the shogtructure is not the solution of

the structural problem.

A close look at the atom coordinates is necessapgcial positions need to be
identified by investigating the@ccupationvalues of the different positions in
combination with structural information on the spagroup given by the
International Tables of Crystallograpl$0]. If an atom tends to occupy a special

position, its coordinates need to be set to thectegaordinates of the special
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position given by thénternational Tables of Crystallograpti$0] and not refined
furthermore. Furthermore, if two different atomswshthe same value for the
occupation it is highly likely that they try to share thensa position in the unit

cell. Therefore one of these atoms has to be rethove

After removing overlapping atoms and setting at@hspecial positions, the
total number of atoms in the cell is reduced ansl toabe compensated for the
next optimization step by adding atoms. The modifeitput file serves as the
new input file for the next step. The optimizatminan input file and modification
of the output file is repeated until the resultstgicture is reasonable with respect
to atomic distribution and interatomic distanced arplains the measured pattern
satisfactorily. If this does not happen, it miglet fmossible that the selected space
group or the unit cell is wrong. Then it is necegséo go back to the

determination of the space group and reconsidefiotinger selection.

C. Structure refinement and standardization

The structure obtained by the procedure abovedbe thecked for additional
symmetry, refined by Rietveld refinement and stadidad. For standardization
and checking for additional symmetry, the prograackage Structure Tidy [11,
12] was used in the current work. Rietveld refinetmean be carried out using
TOPAS [3].
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Abstract

The phase equilibria and reaction temperaturefiensistem Al-Cu were re-
investigated by a combination of optical microscopgwder X-ray diffraction
(XRD) at ambient and elevated temperature, difféaethermal analysis (DTA)
and scanning electron microscopy (SEM). A full dggion of the phase diagram
is given. The phase equilibria and invariant reagiin the Cu-poor part of the
phase diagram could be confirmed. The Cu-rich gloiws some differences in
phase equilibria and invariant reactions compaoeithé known phase diagram. A
two phase field was found between the high tempergbhase); and the low
temperature phase thus indicating a first order transition. In thé, region of
the phase diagram recent findings on the thermabilgy could be widely
confirmed. Contrary to previous results, the twagghfield betweed andy; is
very narrow. The results of the current work intecghe absence of the high
temperaturg, phase as well as the absence of a two phasebgélceeny; andyg
suggesting a higher order transition betweeandyo. The structure ofo (1-43m,
CusZng-type) was confirmed by means of high-temperatuRDXPowder XRD
was also used to determine the structure of thie teignperature phasg-Al1sCu.
The phase is orthorhombic (space gr@mpmn) and the lattice parameters are
4.1450(1) A,b = 12.3004(4) A ana = 8.720(1); atomic coordinates are given.
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Introduction and liter aturereview

The system Al-Cu has been investigated intensideiyng the last decades,
mainly due to the importance of Al-based alloys, é@ample in aviation and
transport industry. In view of this, the main foafsnost studies in the system is
the very Al-rich part. Although a lot of work wasrk in the Cu-rich part as well,
there are still some uncertainties and inconsigerin the phase diagram present.

The major assessment of the system was done in b@8@urray [1]. His
extensive paper gives an equilibrium phase diagesnwell as manifold
information on metastable phase equilibria which apt part of the current
investigation. According to [1], the equilibrium gde diagram contains 5
intermetallic compounds stable at ambient tempszatand 7 additional
compounds stable at elevated temperature (seelFighe phase diagram given
by Murray does not represent the current levelrmvWedge about the system. A
more recent phase diagram combining the assessmhétrray [1] with new
data from Liu et al. [2] is given by Riani et @] [ Thermodynamic calculations in
the system were performed by several authors ctrateng on transition- and
ordering phenomena [4-7], as well as on atomic fitpB]. A thermodynamic
assessment is given by Saunders [9]. An overviewherAl-Cu phases described
by different authors [1, 10-21] is given in Table 1

The structure of theéd-phase with the composition Au was originally
revealed by Friauf [22] and found to be tetragoAalcording to Murray [1] the
phase is stable up to 591 °C. Additional invesioget in the region between 31
and 37.5 at.% Cu by Goedecke and Sommer [23] iteli@acomposition of 32.4
at.% Cu for6 at its formation temperature of 592 °C. The eutelme of the
reaction L = (Al) +6 ends at 32.05 at.% Cu. The widest solubility ranf¢he
phase is 0.55 at.% at 549 °C [23].

Structural investigations of the compoulCu have already been performed
by Preston [10] who found an orthorhombic structara sample quenched from
602 °C. Bradley et al. [20] investigated slowly b samples of the same

-42 -



Results and Discussion
Re-investigation of phase equilibria in the syst#&rCu
and structural analysis of the high-temperaturesphaAl, ;Cu; p 4

composition and proposed an allotropic transforomatj;— mn, on basis of
structural differences compared to the work of fresThe authors suggested
orthorhombic or monoclinic symmetry for the low teenature phase. El-Boragy
et al. [11] were able to solve the structure ofltve temperature phase which was
found to be monoclinic. The high temperature stieecis still unknown. Preston
suggested the structure to be orthorhomioP16 or oC16) [10], Lukas and
Lebrun [12] mentioned in their assessment of theCKASi system an
orthorhombic cell with lattice parameteass 4.087 A,b = 12.00 A,c = 8.635 A
and 32 atoms per unit cell. Although the suppogpd of transition reaction was
not mentioned explicitly, the assessed phase diad¢pmaMurray [1] and Riani et
al. [3] obviously suggest a transition of highed@rbetweem, andn;.

According to the assessment of Murray, the intrtidac of the high
temperature phasg ande; goes back to 1920. However, the structure,ofias
solved for the first time in 1972 by El-Boragy et §11], applying high
temperature XRD. According to the authors, thecstme ofe,-CusAl 2. is of the
NiAs-type with partial occupation of the additionalterstitial position. The
structure of the high temperature modificatsms still unknown.

The compound with the proximate compositioa@\, ((1/(; — region) was also
described by Preston [10] and Bradley [20] and feasd to show a high and a
low temperature modification. The work of Murray ggests a transition
temperature between 530 and 570 °C but mentiores o#iported thermal effects
between 373 and 450 °C as well [1]. Dong et al, 5} investigated as-cast and
annealed samples with the compositiogQA,. In the as-cast samples the authors
find a mixture of an orthorhombic face-centered amd orthorhombic body-
centered structure as well as a small amountAlf,Cu,. After annealing at 500
°C for 10 hours theoF structure became the major phase thus the authors
suggested a transitionAl,Cuw + “0l” = “oF". Electron Probe Micro Analysis
(EPMA) measurements indicated compositions of; &usss Als1.LCusg7 and
Al 39 CuUgo 4 fOr “oF” , “ol” andy-Al,Cu, respectively. The crystal structures pf
(FmnR, structure type ACu;) and{, (Imnm2, structure type ACuw.;s) were finally
solved by Gulay and Harbrecht using powder XRD [14, The composition of

-43 -



Results and Discussion
Re-investigation of phase equilibria in the syst&rCu
and structural analysis of the high-temperaturesphaAl; ;Cu; p 5

the samples for structure analysis Of (Als2sCus75) and & (Alss Luseg)
contradicts the findings of Dong et. al. [24, 23)javallocated the face-centered
symmetry to the phase with lower Cu content. Théramalysis of samples by
Gulay and Harbrecht [13, 14] reveals another cdidt@n. The assessment of
Murray shows a low temperature phdsand a high temperature phdsevith a
slightly higher Cu-content; the transition temperatis supposed to be between
530 and 570 °C. Gulay and Harbrecht, however, foilved Cu-richer phasé&
(only phase in a sample with the composition,ACus7 5) to be stable at 400 °C
[14]. The Cu-poorer phas& (only phase in a sample with the composition
Al43 LCuss. 9 Was found to be stable at elevated temperat®@® {C) and did not
resist thermal treatment at 400 °C [13]. The aglotatim that entropy provides an
essential contribution to the stabilization of th@hase.

The range from 60 to 70 at.% Cu was investigatadnsively for many
decades. Bradley [26] claimed that three differphaises are present in this
region: a cubicy), a monoclinic and a rhombohedral compound. West[@]
found the latter to crystallize in space grd®gm and confirmed the existence of a
third phase of unknown structure between the cuimd the rhombohedral
compound. Seshadri and Downie [28] claimed thatrethare only five
intermetallic phases stable in the temperature edngfween 25 and 500 °C,
namelyyq), & (described by a cubic structuré), n, and6. The separation of;
andd is supported by an abrupt change in expansiorficeeft fromy; to 3. In
the assessed phase diagram the third phase ofwnlgtaicture mentioned above
is not included since there is no consensus alisugxistence. Murray pleads
diffusion couple experiments of Funamizu et al][@8ich do not show any other
phase betweery; and 6. More importantly, very slow cooling experiments
performed by van Sande et al. [30] shpwands in equilibrium, too. These two
experiments support the non-existence of a thirdilibgum phase in the
indicated region. The existence of the high tempeea phasey, was
demonstrated by thermal analysis but the transitipnto y; could not be
confirmed metallographically [1]. Liu et at. [2] &xined the Cu-rich part of the

phase diagram by diffusion coupling, differentiahsning calorimetry and high
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temperature XRD. The authors state thatrystallizes in the GiZng-type and
they do not find a two phase field betwegrandy; thus proposing a higher order
transition between the two phases, in contradidiioklurray’s assessment [1].

According to Murray [1], quoting Dawson [31] theghitemperature phagg is
formed peritectically fromp and liquid at 1037 °C. Dawson determined the
composition and stability range @§ by metallography and dilatometry but the
findings have never been reconfirmed and the straabdf o remains unknown
[1]. NeverthelesspB, was included in the equilibrium phase diagram.1998
diffusion couple experiments performed by Liu et [@] showed a two phase
region betweerp andy, and no single phasg was found. Additionally, the
authors found only one peak in DSC measurements04® °C which they
interpreted to be the solidus of thg@hase rather than the reaction temperature of
the eutectoid transformatidia = + yo. Hurtado et al. [32] investigated the region
between 85 and 89 at.% Cu at temperatures fronta!880 °C, finding a square-
like shaped phase which has, however, not beerrowd by other authors.

The B-phase and the two-phase region betwpeand (Cu) was frequently
investigated and the assessment of Murray [1] gavésoad overview about the
results of this research. It shows that the eutgtémperature was found between
560 and 575 °C which can be explained by the stiggiss of the reaction.
Reaction temperatures between 515 and 540 °C camohsidered due to
metastable eutectoid and peritectoid reactions.

Theay-phase was first described by West et al. [33]rdulong term annealing
experiments. According to Murray, later studies feored the peritectoid
decomposition temperature to be 363 °C at 77.25 &u. According to Murray’s
assessmenty, has an ordered fcc structure with a long periqoedattice based
on CwAu and AkTi (Strukturbericht designations: pland DQ@,, respectively)
[1]. A more detailed description about investigai®f the low temperature phase
ap, including thermal analysis experiments in thigioa is given by Adorno et al.
[34].
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Experimental

The samples were prepared from Aluminum slug (489 and Copper wire
(99.95%), both supplied by Alfa Aesar, Karlsruheer@any. The Cu wire was
reduced in a kflow at 300 °C for 3 hours. The calculated amowftél and Cu
were weighted to an accuracy of 0.05 mg; the samglght usually was 1000
mg. Sample homogenization was done in an arc ferMddM-1 by Edmund
Buehler with a water-cooled copper plate and ziwonas the getter material. For
homogenization of the sample, the resulting beas twened and re-melted two
times. The occurring mass loss during this procedvas found to be below 1 %
and therefore considered not to affect the sammheposition significantly. The
resulting bead was wrapped in Molybdenum foil (999, Plansee SE, Reutte,
Austria) and annealed at 500°C under vacuum inaatzjglass tube for 24 days.
Subsequently the samples were quenched in cold wate prepared for further
investigation. Representative sections of all alsteaamples were investigated
by means of optical microscopy using a Zeiss Axibt&00 microscope. Selected
samples were analyzed by means of Scanning Eledroroscopy (SEM). The
quantitative chemical analyses were performed odesss Supra 55 VP in
combination with energy dispersive spectroscopyJEDsing the pure elements
for calibration. Measurements of the phase comijoosivere performed with a
minimum of three different spots and the resultsevaeraged.

X-ray powder diffraction analyses were performedngsa Bruker D8
ADVANCE diffractometer operating in reflection mod€u Ko, radiation,
LynxEye silicon strip detector). For selected saaphigh temperature X-ray
powder diffraction analysis was applied using artoAnPaar XRK900 reactor
chamber with an automated alignment stage. The dmhpe resolved
measurements were performed under evacuated angifror evaluation of the
resulting diffractograms, both at ambient as wsllah elevated temperature, the
software TOPAS [35] was used.

The DTA measurements were performed on a SetarasysSEvolution 2400
(Setaram Instrumentation, Caluire, France) andtasdk DTA 404 PC (Netzsch,
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Selb, Germany). The measurement devices used RPL1@%Rh thermocouples
(Type S) which were calibrated using the meltinghtsoof pure Sn, Au and Ni.
The samples with a weight of approximately 20 wege placed in open alumina
crucibles and measured under an argon flow of 5timif for the Netzsch and 20
ml-min™ for the Setaram device. Applying a heating / cupliate of 5 °@nin™,
two consecutive curves were recorded for each saniple possible mass loss
during the DTA investigations was checked routinalyd no relevant mass

changes were observed.
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Results and Discussion

Phase equilibria in the system Al-Cu

Combining results from both DTA and SEM measuresieihtwas possible to
obtain the complete description of the Al-Cu systech is plotted in Fig. 2. It
is, for the most part, in good agreement to thespltthagram of Liu et al. [2] and
Riani et al. [3] but it shows significant differeeecto the phase diagram proposed
by Murray [1]. The occurring invariant reactiongéther with the composition of
the reacting phases and the reaction temperatergiaen in Table 2, selected
SEM images taken in back-scattered electron (BS&)enare shown in Fig. 3.

The Al-rich part of the phase diagram has not beeestigated extensively in
the current study. Concerning the reaction tempezat and the phase
composition SEM and DTA measurements confirm thedifigs of previous
authors. The solubility of Cu in Al was found to B(1) at.% at 500 °C. The
lattice parameters of the phasél12, Al,Cu-type) vary froma = 6.0718(1) and
= 4.8802(1) A at 32(1) at.% Cu = 6.0613(1) ana = 4.8724(1) A at 33.6(2)
at.% Cu. The phase boundaries of the binary phiaséise Al-rich part of the
phase diagram have been determined by means of il8Edurements and are
indicated as black dots in Fig. 2.

In the region of a Cu-content of more than 50 atl§é, evaluation of phase
equilibria was more challenging. The phage\ICu andn,-AICu are supposed
to be stable around 50 at% Cu with a solubilitygenf 1 to 2 at.% Cu [1]. The
results in the current investigations, howevergeed\a shift of the composition
towards the Cu-rich side. The solubility limits thfe phase,-AlCu at 500 °C
were confirmed by SEM measurements. The Cu-poor #mel Cu-rich
composition limit were found at 51.9(5) at.% Cu ad4.8(5) at%, respectively.
XRD analysis of the samples with the nominal contjos Al ,6Cus; (Showing6
andn in equilibrium), Al7 £Cus, 5 and Al sCus3 5 (Showing single phasg) and
Al 45Cuss (showingn; plus traces of;) indicate a Cu-rich solubility limit between
54 and 55 at.% Cu which supports the SEM measursmen
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The lattice parameters fgp (MC20, AlCu-type) range from = 12.0925(1)b
= 4.1001(1),c = 6.9085(1) A,p = 55.03(1)° on the Cu-poor side ® =
12.2012(1),b = 4.0997(2),c = 7.0047(3) A angt = 54.787(1)° for the Cu-rich
side of this compound.

The phase diagrams of Riani and Murry indicateaadition temperature from
the high temperaturg;-phase to the low temperatuiig-phase at 563 °C at the
Cu-poor side and 560 °C at the Cu-rich side [1, Agcording to our
measurements the transition temperatures are 57@(8)r the Cu-poor side and
580(1) °C for the Cu-rich side. Consequently, weppse also different solid state
reactions in this area: the eutectoid decompositionn, + 0 at 574(3) °C and the
peritectoid reactiom; + {; = n, at 581(1) °C. The peritectic decomposition
temperature of the phagewas found to be 625(2) °C which is in agreemet wi
the phase diagrams mentioned above.

The region of AlICu with the supposed high temperature modificatipand
the low temperature phaggis also complex. Gulay and Harbrecht find the Cu-
rich phas€l; stable at 530 and 400 °C, but the Cu-poor pliaséble at 530 °C
and not stable at 400 °C [13, 14]. They discovehed after a heat treatment at
400 °C,(, is decomposed intg and small amounts of,. Additionally, Gulay
and Harbrecht state that at 450 °C the pliasegregates in a mixture &f and
{>. Therefore, the authors conclude that the temperabf the eutectoid
decomposition of; is between 400 and 450 °C. The present work slaosanple
with the nominal composition of ACuss exhibitingn, as major phase with very
small traces of a second phase. Comparison ofragsiteextinctions of; and{,
suggests that the second phasé;isDue to the very low amount @f in the
respective sample, SEM analysis of this sample shonly one suitable
measurement point at 56.3 at.% Cu which can begrassi to the Cu-poor
solubility limit of ;. XRD analysis of a sample with the nominal composi
Al 42 Cus7 5 shows(; [14] and some unidentified peaks (see Tab. 3)s&RD
results narrow the solubility limits @f (0F88, Al;Cu,-type) between approx. 56
and 57.5 at.% Cu. In the present investigation, Canalysis of the sample with

the nominal composition of ACuss does not show any effects related to the

- 49 -



Results and Discussion
Re-investigation of phase equilibria in the syst&rCu
and structural analysis of the high-temperaturesphaAl; ;Cu; p 11

transition of(; to {,, caused by the fact that the amountofs very small in the
sample. DTA analysis of the sample with the nomi@hposition Al, Cus7 5
shows an invariant effect at 561(2) °C which is sidared to be related to the
reaction{; + & = {3. These results do confirm the previous authors [§
concerning the stability of the low temperaturegdia which is considered to be
stable between ambient temperature and 561(2) h€.phas€, is stable up to
596(1) °C where it decomposes peritectically. Sitlte XRD results of the
sample AlsCuss show small traces @ we suggest a transition temperat{ye

{1 + 2 above 500 °C.

The solubility limit at the Cu-rich side @}/, was not accessible due to low
contrast and fine microstructure. Howewkryas found as the only phase present
in Al40Cuso, While Alsz £Cus7 5 showed.; with traces ob. Therefore, the situation
of the two phase field can be specified quite aately.

It was not possible to determine the phase bouesl&®etween the two phases
andy; by SEM measurements due to the lack of contrastpassibly very fine
microstructure. In XRD it was possible to distinguithe single phase region
(R3m, a = 12.285(1) Ac = 15.1486(1) A [15]) from the single phase regjoiiP-
43m, a = 8.7068(3) A [16]) by peak splitting and seleetiveak broadening even
though the patterns look very similar. Samples viita nominal composition
Al 40Cusp to Al37Cus3 show é as the only present phase. The samplgChk,
shows a main pattern correspondingdtplus some small extra peaks that could
not be explained by or y;. They may be caused by superstructure reflections,
corresponding to the monoclinic structure propdse@radley [26] and Westman
[27], which was omitted in the assessment of Murfay We marked the
respective area in Fig. 2 with a question mark. é/idetailed studies would be
required to confirm the existence of an additign@se. The absence of invariant
effects at 684(1) °C dedicated to the reactipr y; =6 in the sample AkCus
and Ak/Cusz can be explained by a shift of the phase field towards the Cu-
poorer region at elevated temperatures and, therefo smaller amount aof
taking part in the reaction. This leads to a smaielothermic effect and since the

respective endothermic peaks in the samplegCéo and AksCus; are already
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small the resulting effect in the sampless;sBls, and Ak Cusz might be
insufficient to observe.

The region betweem and (Cu) has been the subject of an intensiverelsen
the past and the present work does not providecantradictory information. The
solubility of Al in (Cu) as well as the upper soallitly limit of y; was confirmed by
SEM measurements. DTA analysis of samples in thpeive area show very
small thermal effects close to the solubility liroit (Cu) at 567 °C and thermal
effects related to the formation pfat higher temperature, which are indicated as
diamond shaped points in Fig. 2.

In general, solubility ranges and thermal stabilify the high temperature
compoundse; and g, could be confirmed in the present work by DTA
observations. Slight changes concerning reactionpégatures and solubility
ranges are shown in Table 2.

Since there is no consensus in literature concgrthia transition of the high
temperature phasge to the low temperature form this area is of special interest.
Analysis of thermal effects of samples in the resipe field show very weak
effects varying continuously with the compositioVe did not observe any
pointer for an invariant decomposition pf in any of the investigated samples.
Therefore we conclude that the transitiqre yo is of higher order, in agreement
with the previous obtained results by Liu et a]. [2

Structural analysis of a sample with the nominahposition Ak,Cusg confirm
the structure given foyo by Liu (1-43m, CusZng-type [2]), and reveals a lattice
parameter ofa = 8.8692(1) A at 900 °C. XRD data of the sampleselected
temperatures are shown in Fig. 4.

According to Murray [1], the high temperature phfisevas included in the
equilibrium phase diagram although its existencglccmot be confirmed. Liu et
al. [2] did not find any evidence of its existenaad consequently was not
incorporated in the assessed phase diagram of Rtaal. [3]. Results of the
present work confirm that there is no evidence hef existence ofy and all
observed DTA effects in this composition area carexplained by the formation
of the phasep andyo.
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Structural analysis of;

Up to now, the crystal structure qf was not known. Preston [10] suggested
the space groupgSmmmor Pbanand orthorhombic lattice parameters were given
by Lukas and Lebrun [12]. In the current study,wged high temperature powder
XRD data to establish a structural modelfjarMeasurements were carried out in
a temperature range from 500 to 750 °C at interofB5°C using a sample with
the nominal composition AJCuso. A selection of these diffractograms is shown in
Fig. 5. The measurements up to 550 °C show thetdéomperaturen,-phase in
equilibrium with traces of th®-phase. At 575 °C a third pattern,, appears
which is the only phase at 600 and 625 °C. Abov@ 85 onlye; is present and
significant peak broadening can be observed, itidigahe partial melting of the
powder. After cooling back the sample to 500 °C again observes, and, the
diffraction lines, however, are significantly bresd. Some unidentified peaks
of very low intensity may be attributed to oxiderfation at the sample surface
during the long stay in the non ambient device.c&ithe amount of possible

oxide is very small, further investigation was petformed.

The pattern measured at 600 °C could be successhullexed using the
orthorhombic unit cell suggested by Lukas and LeliR]. Cell refinement in
space groufcmmmyielded the lattice parametesis= 4.1450(1)b = 12.3004(4)
andc = 8.720(1) A. According to the phase diagram dis@n at 600 °C the
measured sample with the nominal compositiog@us is in equilibrium with a
small amount of liquid phase. This affects the Igasknd of the XRD
measurement, which was compensated by modelinglditicmal broad peak at
43.9(1) °D. Further details of measurement and structureneefent of then;
phase including the calculated errors of the patarsare listed in Table 3. The
refined pattern off; is shown in Fig. 6.

The structural model foij; was established by a twofold approach. Given the
similarities of the lattice parameters between rtenoclinic phasey, and the
orthorhombicns, @ortho = Bmono Dortho = @mono @NA Vortho = 1.5Vimene We tried to

develop the structural model by rearranging thematopositions of the low
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temperature phase in the orthorhombic high temperatell using the space
group C222. This approach was supported by simulated #ingeealculations
[36] using the TOPAS software [35, 36]. The atogoordinates of this structural
model were finally transformed t€mmmand standardized by applying the
program Structure Tidy [37, 38]. During the conge@u Rietveld refinement,
unusually large differences at the individual ieptc displacement factors were
observed, indicating a decrease of electron deraitgome atomic positions.
Therefore, all occupation factors were refined pefedently. The occupations of
Al2, AI3 and Cu2 were found to be significantly veed while all other sites were
found to be fully occupied within 3 esd's and wirerefore fixed during the final
refinements. The final structural model shows reabte displacement factors
and the refined overall composition;AICui4 s (equivalent to 51.2 at.% Cu) is in
excellent agreement with the Al-rich phase bounddny; (51.5(5) at.% Cu). The
structural parameters of; are listed in Table 4. More details on the crystal
structure investigation can be obtained from thechifdormationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germérgx: +497247 808666;
e-mail: crysdata@fiz.karlsruhe.de) on quoting thepaskitory number CSD
423053.

The coordination polyhedra for the 7 independersitimms ofn; are shown in
Fig. 7. Apart from the high-symmetry positions Cai3d Cu4, the coordination
figures are quite irregular with coordination numsbbetween CN = 10 and CN =
14. Interatomic distances in the first coordinatspiere are given in Table 5.

A comparison of the atomic arrangements in the tiemvperature phasg and
the high temperature phageis shown in Fig. 8. The figure shows the layer in
(001) of orthorhombigy; in comparison to the layer in (010) of the monaiclis,
l.e. both structures are projected along their tshars. All atoms shown are
situated within the mirror plane a = 0 andy = 0, respectively. The
corresponding second layer of each structure ¢sitluatz = 1/2 andy = 1/2,
respectively) shows the same atomic arrangemeftéatoy %% in [010] fom; and

in [100] forn, according to space group symmetry.
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Fig 8 shows that both structures have a commougtstal motif; i.e. a diamond
shaped unit consisting of 5 Cu- and 4 Al-atoms.sEhmotifs are arranged in a
rectangular pattern and interconnected along tbeiners in case of the high
temperature structure. In the monoclinic structinee motifs are re-arranged and
interconnected diagonally along their edges. Wiiilly one atom, Al3, is not part
of the diamond-shaped motif g, three of the seven sitesia (All, Cu2 and
Cu3) are not part of this motif.

Although the two structures are obviously relateshbuld be pointed out that it
is not possible to transform one structure into dkiger in a simple way and a
second order transition betwe@pn andr, can be definitely ruled out. This is
consistent with our phase diagram investigation ctvhclearly indicates an
invariant reaction related to the transformatiammim, to n;. As an example, the
DTA curve for the sample with the nominal compasitiAls(Cusp (used also for
the high temperature XRD) is shown in Fig. 9. Asen571 °C a sharp reaction
peak corresponding to the eutectoid formation,afccurs. This effect is followed
by the peritectic decomposition 6f(590 °C) andn; (625 °C) and finally the
liquidus effect at 804 °C.
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Summary

The current work revealed significant improvememtsthe established phase
diagram in the system Al-Cu by solving several msistencies in literature. The
Al-rich part of the phase diagram could be confidm&he phases; andn, show
a significant shift to the Cu-rich side of the phasagram and exhibit, contrary to
previously published phase diagrams [1-3], a fingter transition reaction. The
(1/C, region was re-investigated and the recent findioig&ulay and Harbrecht
[13, 14] were widely confirmed. The transition beemyy, andy; does not show a
two phase field thus indicating a higher order srfaon and confirming the results
of Liu et al. [2]. The absence of the high tempamaphasg, was confirmed.

The structure of the high temperature phasevas determined from powder
diffraction data. The phase is orthorhombic (spgimaip Cmmmn and the lattice
parameters ara = 4.1450(1) Ab = 12.3004(4) A and = 8.720(1). The structural

relations to the low-temperature compoupdare discussed.

Supplementary Material

A table with experimental data from DTA, SEM and XRs available as

supplementary material
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Table?2
Invariant reactions in the system Al-Cu accordimghie present work (bold)

compared to Murray [1]

_ Composition Temperature
Reaction Ref.
(°C)

L = (Cu) 100 1084.87 [1]

L = (Cu) +p 83.0 84.4 82.0 1032 [1]
83.0(5) 84.5(55) 820(5) 1035(5) thiswork

B =(Cu) +y1 76.1 80.3 69 567 [1]
76.0(5) 815(5) 70.0(5) 567(2) thiswork

L+B=Po 69.2 70.9 70.2 1037 [1]
reaction not confirmed thiswork

Bo=P +70 70.0 70.6 68.5 964 [1]
reaction not confirmed thiswork

v1 + (Cu) =0y 69 80.3 77.25 363 [1]

L + Bo =7vo 66.1 67.6 67.4 1022 [1]
reaction not confirmed thiswork

L=p 75 1049 [1]

1052(5) thiswork

Yo=B +71 ~69 72.8 ~69 780 [1]
reaction not confirmed thiswork
Yo="71 69.0 ~800 thiswork
65.0 874(2) thiswork
B+L =v0 69.0(5) 63.0(5) 65.0(1) 993(2) thiswork

Yo+t L=¢g 62.9 59.8 62.1 958 [1]
65.5(5) 60.0(5) 64.5(5) 960(2) thiswork

Yoter=vm1 66.0 61.4 63.9 873 [1]
reaction not confirmed thiswork

Y1+e=38 62.8 59.2 61.9 686 [1]
63.0(5) 585(5) 61.5(5) 684(1) thiswork
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Yitei=¢€ 62.5 ~61.1 ~61.1 850 [1]
64.0(5) 625(5) 62.5(5) 847(1) thiswork

g1=g+L ~59.4 ~59.4 52.2 848 [1]
59.5(5) 59.5(5) 52.5(5) 847(2) thiswork

e2+tL=m 55.0 36.3 51.8 624 [1]
545(5) 385(5) 52.0(5) 625(2) thiswork

m+L=6 59.8 32.2 32.8 591 [1]
51.5(5) 325(5) 33.5(5) 591(2) thiswork

£2=0+{ 57.9 59.3 56.9 560 [1]
reaction not confirmed thiswork
©=0+ 57505) 60.05) 56.0(5) 578(2) thiswork

G=0+6 ~59.8 56.3 ~59.8 530 [1]
reaction not confirmed thiswork
6 +5,=(  60.05) 56.505) 57.005) 561(2) thiswork

G+tm=0 55.2 52.3 55.2 570 [1]
reaction not confirmed thiswork

L=0+ (Al 171 31.9 2.48 548.2 [1]
17(1)  32.0(5) 2.5(5) 550(2) thiswork

n=n2+0 49.8 49.8 33.0 563 [1]
52.0(5) 525(5) 33.5(5) 574(3) thiswork

e2tm=0 56.5 52.4 56.2 590 [1]
reaction not confirmed thiswork
e+m =0 56505 53.04) 55505 597(1) thiswork
G+mi=m2 54505) 52505) 53.5(5) 580(1) thiswork

m=n2+4 ~52.3 ~52.3 55.25 560 [1]
reaction not confirmed thiswork

L = (Al) 0 660.452 [1]
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Table3

Structure refinement of;-Al15Cu

Compound AlCy;

Number of formula units per unit cell 15

Space group Cmmm

a{A} 4.1450(1)

b {A} 12.3004(4)

c{A} 8.720(1)

Cell Volume {A3} 444.53(3)

Number of atoms in the cell 30

Calculated density (g/cm3) 4.93(1)

Diffractometer Bruker AXS D8-Advance
Radiation, wavelength {A} Cu Ka, 1.5406

Peak shape function Fundamental parameter approach
Number of refined parameters 32

Rwp / GOF 3.88/1.34

Texture Spherical harmonics érder
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Table4

Atomic coordinates, site occupancies and displao¢faetors fomi-AlCuss

Site
multiplicity
Atom x/a y/b zlc Occ. B
Wyckoff

letter
Cul 8n 0  0.1828(3) 0.1514(4) 1 1.0(2)
Cu2 4j 0 0.152(1) 1/2 0.70(1) 2.1(3)
Cu3 2c 1/2 0 1/2 1 1.1(2)
Cud 2a 0 0 0 1 1.4(2)
All 8n 0 0.336(1)  0.338(1) 1 0.9(2)
Al2 4k 0 0 0.304(2) 0.68(2) 1.0(3)
Al3 4i 0 0.375(1) 0 0.84(2) 1.0Q3)

Yisotropic displacement factor as defined by Fiscied Tillmanns [39].
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Table5

Relevant interatomic distances (A) fprAICu (3.6 A coordination sphere)

Atoms distance coordination
number
Cul 1Al 2.4824 12
2 A3 2.5597
1 AI2 2.6134
2 All 2.6396
1AI3 2.7132
1Cu4 2.6073
1Cul 2.6404
2Cul 2.6512
1Cu2 3.0626
Cu2 4 All 25171 14
2 Al2 2.5322
2 All 2.6698
2 Cu3 2.7916
2Cul 3.0626
2 Cu2 3.1785
Cu3 4 All 2.4692 12
4 Al2 2.6851
4 Cu2 2.7916
Cu4 4 Al3 2.5770 10
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2 Al2 2.6523
4 Cul 2.6073
All 1Cu3 2.4692 13
1Cul 2.4824
2 Cu2 2.5171
2Cul 2.6396
1 Cu2 2.6698
1Al 2.8413
2 Al2 2.9080
2 All 2.9583
1AI3 2.9790
Al2 2 Cu2 2.5322 12
2Cul 2.6134
1Cu4 2.6523
2 Cu3 2.6851
4 All 2.9080
1 AI2 3.4143
Al3 4 Cul 2.5597 11
2Cu4 2.5770
2Cul 2.7132
2 All 2.9790
1 AI3 3.0631
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Fig. 1: The Al-Cu phase diagram according to Murray [1]
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Fig. 22 The AI-Cu phase diagram determined in the presentkwwith

experimental data points.
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50um 20um

Fig. 3: BSE pictures of samples with the nominal compaosifio AlgoCuyo [(Al) +

E)], B: Als;Cus7s [6 + T‘|2], C: AlpnLCus [C_,l + 93 (traces)]
and D: AbsCuys [y1 + (Cu)]
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Fig. 4. High-temperature X-Ray powder diffraction of a sénwith the nominal
composition A§;Cugs. 25°C:yy, 750°C:y1, 900°C:yo and traces gb
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Fig. 5: High-temperature X-Ray powder diffraction of a sénwith the nominal
composition A§Cuso. 500°C:11 and traces dd, 600°C:n;, 750 °Ce,, 500°C:np,
traces of6 and an unidentified peak (xX) maybe due to oxidsatidote that the
diffractograms were recorded in thé-ange between 10 and 120°, but are only

shown up to 44 °C for the sake of clarity of reprdation.
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Fig. 7: The first coordination sphere of the different atpasitions inn;. Black:
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Fig. 8: Comparison of the (100)-plane of the high tempeeaphase); and the
(010)-plane of the low temperature phgse Black: Cu, White: Al
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Abstract

Cu-Si phase equilibria have been investigated atpositions greater than 72
at% Cu by X-ray diffraction, optical and electromtcroscopy, electron probe
microanalysis and differential thermal analysis.

The general aspects of the phase equilibria alreapgrted in literature have
been substantially confirmed, but selected comjposianges and the nature of a
few invariant equilibria have been modified. Infarar stability ranges of th@,

d andn phases have been slightly modified as well as éeatpre and nature of

the invariant equilibria related to tlye>d transformation.

Stability of thee-(CwsSis) phase has been especially investigated concluding
that it is thermodynamically stable but kineticalighibited by nucleation
difficulties which become especially effective wheamples are synthesised in
very high purity conditions.

Crystal structure and composition ranges of theh Higmperature3 and &
phases, despite difficulties by the non-quenchigbdf these phases, have been

investigated by different methods including higmperature XRD.
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Introduction

Cu-Si is a key system for several applicationsmfrioaditional silicon bronzes
to catalysis [1], microelectronics [2] and, moreenetly, Li-ion batteries [3, 4]. On
the other hand, Cu-Si phase equilibria, though longstigated, are still known
with insufficient detail and affected by some unamties, especially about the
equilibria involving theB-(Cu,Si),8-(Cu,Si) and-CusSiy phases. For this reason
a re-investigation of the Cu-rich part of the phdsgram has been performed.

A comprehensive critical assessment of the Cut&liure data up to 1982 was
carried out by Olesinski and Abbaschian [5], whesgnted an assessed version
of the phase diagram mainly based on experimeetallts by Rudolfi [6] and
Smith [7, 8, 9]. Equilibria among (Cui-(Cu,Si) andy-(Cu,Si) were especially
investigated by Andersen [10], Hibbard et al. [a&§l Hopkins [12].

The Cu-Si intermediate phases are located in theidBupart of the diagram,
between 5 and 25 at% Si. The only congruent mekmmpound, CBi, is an
intermediate solid solution with a small compositimnge (23-25 at% Si) and a
melting point of 859°C. For this phase three atipic modifications denoted as
n-CusSi at high temperature,’-CusSi at intermediate temperature, afidCusSi
at low temperature have been reported in literatiiewever, there are
uncertainties about the three crystal structuredbe®g [13] investigated the
crystal structure of G&i precipitates on a Si surface by transmissioctiea
microscopy (TEM) and came to the conclusion thas¢hphases are electron
compounds based on a trigonally deformed bcc &ttibich probably contains a
large number of vacancies. The structure was dgtdabt identified as an
hexagonal distortion of a bcc lattice [14, 15] &ulberg [13] confirmed that this
may result when only strongest reflections are iclemed. Moreover he [13]
concluded than-(Cu,Si) has a disordered structure, whie(Cu,Si) andn’-
(Cu,Si) are ordered superstructures with(Cu,Si) being a two-dimensional
long-period superlattice originating from periodissplacements im’-(Cu,Si).

Additionally, then”-(Cu,Si) superstructure is expected to vary witimposition.
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More recently Mattern et al. [16] refined time(Cu,Si) crystal structure on the
basis of high temperature XRD measurements. Thee sauthors observed, in
samples annealed at 500°C, the appearance of suparse reflections ascribed
to the formation of the)”-(Cu,Si) phase, but they were not able to solve th
structure.

Three additional high temperature disordered sdaalutions have been
identified in the Cu-Si system=(Cu,Si), Mg-type, reported at 552-842°C and 11-
14.5 at% Sif3-(Cu,Si), W-type, reported in a small temperatut@s5(852°C) and
composition (14-17 at% Si) range, an{Cu,Si), reported at 710-824°C and 17.5-
19.5 at% Si, the structure of which was first ingléas tetragonal by Mukherjee

et al. [17] and then refined as hexagonal by Matf&6].

Finally, two phases were reported to be stable dtawroom temperaturey-
(Cu,Si) (also denoted as £3i), having thecP20 3-Mn crystal structure, forming
peritectoidally at 729°C and stable in a narrow position range (17.2-17.6 at%
Si), ande-Cuy5Sis, (sometimes denoted as Sy a line compound at 21.05 at% Si
forming peritectoidally at 800°C. The-CusSiy crystal structure was first
identified as cubic with a body centred lattice Arhenius et al. [14] and by
Morral et al. [18]. Subsequently Mukherjee [17] abed more X-ray reflections
than Morral et al. [18] and concluded that the adtice should be cubic but not
bcc. Finally, Mattern et al. [16] refined the stiwre according to a body centred

Bravais lattice, claiming, however, to be in agreatwith [17]
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Experimental

Samples have been prepared separately by the gro@enhova and in Vienna,
in particular with respect to the investigation tbé stability ofe-CusSis (see
below). In Vienna the samples were prepared fromppeo wire (99.95 and
99.999%, Alfa Aesar) and Silicon lump (99.9999%faAResar). The samples,
each with a total weight of 1000 mg, were prepdrgdirc-melting the elements
under an argon atmosphere on a water cooled coppér with a tungsten
electrode and a zirconium piece as oxygen getterortler to obtain proper
homogenization, the sample beads were turned owkrexrmelted at least two
times. The weight loss during sample preparatiacgss was smaller than 0.5
mass% and was considered not to affect the sangplgasition considerably.
After preparation the samples were placed in alamnacibles or wrapped in Mo-
foil and sealed in quartz glass tubes under vacudepending on the sample,
annealing was carried out at temperatures betw@@nahd 810 °C for three
weeks.

In Genova the samples were prepared from coppeat $86.999%, Newmet
Kock, Waltham Abbey, UK) and silicon granules (39.8lewmet Kock,Waltham
Abbey, UK). The preparation in the arc furnace wessame as in Vienna. The
samples were placed in high purity alumina crualdewrapped in degassed Mo-
foil and sealed in quartz glass tubes under an Miagmosphere. The annealing
took place at temperatures between 500 and 780r°thhie periods ranging from
a few days to several weeks.

In both cases the samples were quenched in cokel watl prepared for further
analysis.

The experimental investigation was carried out gigiowder X-ray diffraction
(XRD) analysis, light optical microscopy (LOM), stang electron microscopy
(SEM) equipped with electron probe microanalysiBNEA-EDX) and differential
thermal analysis (DTA).
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For powder X-ray analysis a Bruker D8 ADVANCE systé = 250.0 mm),
equipped with a copper X-ray tube (operated at ¥040 mA) and a LynxEye
position sensitive detector (PSD) was used in Biaiggntano reflection setting.
The high temperature powder X-ray diffraction waalized with an Anton Paar
XRK900 reactor chamber in combination with an awdted alignment stage. The
samples were smoothly ground in an agate mortapegsgsed as approx. 0.5 mm
thick layers (15 mm diameter) on the Macor sampi&ldr. The temperature-
resolved measurements were performed under evaccaelitions (< 5 Pa) from
500(5) to 810(10) °C at different intervals dep&gdon the sample. At each
temperature the system was equilibrated for 10bwaiore a continuous scan over
the range 10-100° 62with a physical resolution of 0.0103%.2An overall
counting time of 2.5 h was performed. The resulttiffractograms for the
ambient and the high temperature measurements evaleated using TOPAS
software [19].

Polished sections of the annealed samples wergsaabby LOM using a Leica
DM 4000 M and a Zeiss Axiotech 100 microscope. Toenposition of the
coexisting phases and the overall composition ef samples were determined
using SEM (Zeiss EVO 40) equipped with an energgpelisive X-ray
spectroscopy (EDX, Oxford INCA Energy 300). SEM gimay in backscattered
electron (BSE) mode was performed as well. QuamigaEDX analyses were
carried out using an acceleration voltage of 20akM a counting time of 50 s
using a cobalt standard in order to monitor beameat, gain and resolution of
the spectrometer. The measured compositions waedlyficorrected for ZAF
(atomic number, absorption and fluorescence) efferting pure elements as
standards. The standard deviation for each elemastestimated at 0.5 at.% for
phase analysis and at 1.0 at.% for global analysis.

DTA measurements were performed on a Setaram Sé&igghition 2400
(Setaram Instrumentation, Caluire, France) andtasdk DTA 404 PC (Netzsch,
Selb, Germany) using open alumina crucibles andleymg a slow permanent
argon flow. A sample mass of approximately 20 mg wsed for the experiments.

The possible mass loss during the DTA investigatiaas checked routinely and
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no relevant mass changes were observed. Usingtadneate of 5 Kmin-1, two
heating and cooling curves were recorded for eashpk. The Pt/Pt10%Rh
thermocouple (Type S) of the DTA instrument wasbcated at the melting

points of pure Sn, Au and Ni.
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Results

Stability of e-Cu35Sis

The equilibrium Cu-Si phase diagram assessed bgirBk and Abbaschian
[5], based on literature data prior to 1984, inelsietCuwysSiy as an equilibrium
phase forming peritectoidally at 800°C frapaCusSi andd-(Cu,Si). After that,
several authors investigated both stability andhfdron kinetics of this and other
Cu-Si intermediate phases, mainly by studying saclate reactions either in

diffusion couples or between thin or thick flmstb& constituent elements.

A number of investigations [20, 21, 22] on Cu-Sfulion couples, reacted at
different temperatures between 250 and 550 °C,rtegpdhe formation of Gi$i
but not ofy-(Cu,Si) ande-CusSis. Similar results were obtained by Levin et al.
[23]. They annealed at 470 °C several diffusionptesi between Cu and Sk
(Cu,Si) and Si, Cu ang(Cu,Si), Cu and (4%i, respectively. Analysis revealed
the formation of only CiBi in the first two couples, while in the other two
couples Cu penetrated along $héCu,Si) and CgSi grain boundaries caused the
fragmentation of the reaction area.

The influence of impurities (especially phosphojous the reaction kinetics in
Cu-Si diffusion couples was investigated by Van Lewal. [24, 25]. They
considered thay-(Cu,Si) ande-Cu;5Siq could be absent either for kinetic reasons
(which means that the layers are present in prieciput are too small to be
observed) or because of impurities (e.g. phosp®radnich change the phase
diagram in such a way th&(Cu,Si) ore-CusSiy are not involved any more.
Based on their observations they concluded thangb@u diffusion iny-(Cu,Si)
and e-Cu;sSiy about 1000 times slower than in Sy the virtual absence of

(Cu,Si) ance-CuysSiy is mainly due to kinetics and not to impurities.

Solid state reactions between thin or thick filnfstloe constituent elements

were also investigated. Stolt et al. [26] prepa®@u bilayers by deposition on
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thermally oxidized silicon wafers of 100 nm Si legydollowed by Cu layers of
appropriate thickness in order to obtain the ddsicemposition. After heat
treating the bilayers at different temperaturesvben 200 and 750°C, they found
that in all cases GBi was the first phase formed, wh#eCuwsSi, was never
formed except in the sample at 20 at% compositidrere it resulted from the
reaction between G8i andy-(Cu,Si).

Cu-Si bilayers (100 nm Cu layers deposited on théynoxidized silicon and
followed by Si layers of different thickness, betme40 and 120 nm) were
prepared by Shpilewsky et al. [27]. Some of themenseibjected to implantation
of Ar ions. By comparing implanted and non-implahsamples after annealing at
different temperatures between 100 and 700 °C diserved that-CuisSiy is
only formed in implanted samples where the maxindemsity of implanted Ar is
close to the Cu/Si interface. They concluded th#tation of e-CwsSiy during
irradiation and subsequent annealing may then béuwed to a change in
thermodynamic and kinetic parameters of phase foomaon ion implantation
[27].

Yang et al. [28] deposited Cu layers on a Si(1Q@M)state in three different
ways: by physical vapour deposition (PVD), by ioeain assisted deposition
(IBAD) and by a combined method consisting in atlBAD film followed by a
thicker PVD layer. Samples were investigated be#ord after annealing at 300
°C. It was found that-Cu;sSis never forms in the PVD samples (which include
only y-(Cu,Si) and CgBi) while it is formed in IBAD samples (even before
annealing) and in combined samples, only after aimg at 300 °C. So they
concluded that nucleation behaviource€u;5Si, is the key factor determining the
formation of this phase.

On the other hand, Chromik et al. [29] investigattérmodynamics and
kinetics Cu-Si multi-layers obtained by sputteradternate Cu and Si thin films
on a NaCl substrate. Sputtering rate was contrafleztder to form samples with
different stoichiometries (those of the Cu-Si inmtediate phases) and layer

modulation (between 5 and 160 nm). After removimg NaCl substrate samples
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were subjected to repeated DSC measurements ians py heating them at 10-
20 °C/min up to 330-380°C, annealing 10-20 min ahhtemperature and
cooling. They used high purity elements (99.999 s¥%@s but unquantified
contamination by Ar, H, O, N during sputtering wext excluded [30].

They found that, upon initial heating, £3i appeared first, while-Cu;5Si, and
y-(Cu,Si) were formed at higher temperature (> 250°ey were not able to
obtaine-CwsSis single phase samples and for this reason they narable to
evaluate its enthalpy of formation.

Moreover, Gillot et al. [31], while studying kines of the reactions between
CuCl and Si, SCa, SjFe, SpAl,Ca, SiAlgFeCa at 200-300°C, obtained Cg,
(Cu,Si) and CgSi phases, but netCu;5Sis.

Finally in a recent work by part of the presenthaus [32], dedicated to the
investigation of the 500°C Al-Cu-Si phase equikira few Cu-Si binary samples
at thee-Cu;5Siy composition were also investigated. Samples wanehesized by
arc melting under Ar atmosphere with zirconium pge@s oxygen getter from
silicon granules (99.99 mass%) and copper shee©499mass%). As cast
samples placed inside high purity alumina crucildeslegassed Mo foils were
enclosed under vacuum in silica ampoules and aeddal generally one month
at 500, 700 and 780 °C. Both as cast and annealeglss did not showe-
CusSiy, while it was readily formed in a sample synthediZzrom lower purity
(99.98 mass%) copper.

Experiments independently performed by the groupVienna provided
different results. For this reason the authorsdistito merge all the results and
start a common investigation of the Cu-rich parttled system, with a special
attention to thee-CuisSiy phase and the experimental procedures or conglition
which can promote or prevent its formation. Manynpkes were prepared and
exchanged between the two laboratories in orderdss-check results and take

advantage from the complementary instrumentation.
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As for the formation o€-CusSis, we observed thatvwas not formed

al) in as-cast samples, cooled inside the arcmgditirnace,

a2) during cooling in DTA at different cooling rategenerally between 0.5
and 10 °C/min (with one exception discussed lat@oat b3),

a3) in samples prepared with high purity compomd@inents and annealed
for different times (from 4 up to 90 days) in newghh purity and smooth
containers of alumina or degassed molybdenum,

ad) in selected samples prepared with componemtegits contaminated by
small quantities of other metals (such as Fe and@a annealed for different

times in new high purity and smooth alumina corgesn

However, we observed thatwas formed

b1l) in samples prepared with lower purity comporeements,

b2) in most samples prepared with high purity congm elements and
annealed for different times (from 5 hours to 2@sjan recycled high purity
alumina or non degassed molybdenum containers,

b3) in one sample cooled in DTA at 5 °C/min. TheA)dlot was similar to
those obtained for similar samples except for gdareak in the cooling curve
at about 660 °C, which could be ascribed to then&dion of e-CusSis Iin
significant under-cooling conditions,

b4) in samples intentionally contaminated with catygby sealing them

under air (instead of vacuum) prior to annealing.

Selected samples, either with or witha+sCu;sSis, were analysed for the
presence of light elements such as C, H, N andii®) us Perkin Elmer 2400
Series Il CHNS/O System Elemental Analyzer. Betw8eand 14 mg of sample
material was burned off at a temperature betweefh 8@d 980 °C. The
combustion products were analyzed by gas chromepbgr and quantitatively
evaluated. Neither significant quantity of suchnedéts was observed nor

significant difference between samples with andhaute-CusSiy appeared.
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All our observations suggest that in the prepassdpdes:

— Contamination by light elements is very low and haioly not
enough to explain a thermodynamic stabilisatioregtabilisation of the
phase. However it is not excluded that they cagcathe kinetics.

— Contamination by small quantities of other metagy.( Ca, Fe)
seems not directly related to the formatior-@u;sSis.

Moreover:

— Growth rate seems not the main responsible ge€u;sSis
formation: it was not formed in selected samplésré8 months annealing,
but it appeared in other samples after only 5 heating at 500°C.

— The observation tha-Cu;sSiy was either formed or not formed in
samples prepared by the same procedure and in emplyaidentical
conditions suggests that nucleation may be resplendor the phase
formation. Actually nucleation rate may be favourbg small, not
controllable quantities of compounds formed by tiglkements (such as
oxides, carbides, etc. acting as nucleation seadd) by large under-

cooling.

Then, it may be concluded, also in agreement withstnof the available
literature information, that-CusSiy is most probably thermodynamically stable,

but kinetically inhibited, mainly due to nucleatidifficulties.

High temperature phases3 and &

Thep-phase
According to the assessed phase diagram [S}-please Ifn-3m, W-type) with

composition between 82.8 and 85.8 at.% Cu is swggptisbe stable between 785
and 852 °C. The authors in [5] refer to the workIsdwa [33] (written in
Japanese), but do not give any detailed informatiothe performed experiments.
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In the present study, the authors tried to contlmmstructure of-(Cu,Si) from
samples with the nominal compositiongbiis3 and Cys 1Siise These samples
were annealed at 810 °C for 21 days and subsegugmhched in water. X-ray
powder diffraction analysis showed single phag€u,Si) for CysSiie3 and a
mixture of y-(Cu,Si) andk-(Cu,Si) for Cuy41Shss Thus it was not possible to
preserve th@-phase by quenching.

In order to confirm the structure ¢¥(Cu,Si), additional samples with the
nominal composition Gl ¢Sie.4and CuyyoSiie.owere annealed at 810 and 500 °C,
respectively, then quenched in cold water and lyrehalyzed by means of high
temperature powder X-ray diffraction. Sampleg{#ii6.0 was analyzed at room
temperature and at 550, 650, 700, 750 and 800« sdme temperatures were
chosen to analyze the samples while cooling dowre Tfesults of the high-
temperature X-ray powder analysis of this sampées@wown in Table 1. At room
temperature the sample showgCu,Si) as major phase and traces of (Cu).
Between 550 and 700 °C the diffractograms sheg®u,Si), traces of (Cu) and an
increasing amount ok-(Cu,Si). This is in good agreement with the praubs
stability range ofk in the assessed phase diagram. At 750 °C additpmraks
appear which disappear again at 800 °C and arenaskto be related to thie
phase (see below). These peaks were fitted witlathematical model so they do
not contribute to the calculated errof,RThe measurement at 800°C shdivs
(Cu,Si), (Cu) anak-(Cu,Si). When cooling down the sample, at 750 K€ game
peaks, which are assumed to be relataitfgbase, reappear. At 550°C a different
set of peaks appears which does not match anyeahtlrmetallic compounds in
the system and might be due to oxides formed duhedong stay in the sample
chamber. Contrary to expectations, a small amolithtef-phase was still present
at room temperature, although initially it was paotssible to quench this phase.
Thus, the assessed formation temperature as wiikasystal structure of tHe
phase could be confirmed by the high temperatureD Xé&periments. The
observed inconsistencies are most likely due tfasearoxidation of the powder
particles during the experiment. The shift in cosipon (the sample should be

single phas@ at 800 °C but it was found to contginandx) is probably due to
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the preferred oxidation of Si yielding a shift tows the Cu-rich side. The
stabilization off to room temperature after the experiment may laéscelated to
interaction with oxygen.

In order to improve the results by accelerating leating process, sample
Cus3eShes annealed at 810 °C, was analyzed at room temperand then
immediately heated up to 810 °C, where every 30utes a total of 6
measurements was performed. Table 2 shows thetgestil some of the
measurements. At room temperature the sample sh@s,Si) as major phase
and traces ok-(Cu,Si) are still present. It was again not pdssib quench3-
(Cu,Si). The measurements at 810 °C show @rl@u,Si) in equilibrium withk-
(Cu,Si); no extra phases or peaks occur. Betwefirgt and the  measurement
no alteration occurs and therefore only these tveasurements are shown in
Table 2. After cooling down the sample, trace§-0€Cu,Si) still remain present.

Thus, the high temperature XRD experiments confirenrange of existence as

well as the crystal structure of tBephase as given in [5].

Thes-phase
A sample with the nominal composition £&5hs s was prepared to study the

formation of 6-(Cu,Si) by means of high temperature XRD. The danwas
annealed at 780°C for 21 days and quenched inwatdr. Then it was analyzed
by XRD at room temperature, subsequently heated&@°C where it was
analyzed six times by high-temperature XRD. Finatlyvas cooled to room
temperature where another diffractogram was takKé® results are shown in
Table 3. At room temperature the sample is formgdlmost purey-phase -
(Cu,Si) is found in traces. After heating up to 7&D), the pattern does show
neither y-(Cu,Si) nore-(Cu,Si). We were able to describe major parts haf t
pattern with the structural model f&(Cu,Si) as given by Mattern et. al. [16] with
the lattice parameters a = 4.094(1) A and ¢ = §D0A, (compared to 4.036 A
and 4.943 A in [16]). Nevertheless several peaksaie unexplained. The most
intense peaks are at 43.62(1p “@nd 43.94(1) °@ the other peaks show very
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little intensity. It has to be mentioned that theak at 51.521(1) ®matches the
position of the (020)-reflex af-(Cu,Si) as given by Mattern et. al. [16], but &sv
not possible to fit the peak intensity with the kabt model. Five more
measurements were taken at the same temperatuid) dd not differ from the
first except for a broad peak at 30.81(1p “@hich appears at the second
measurement and does not change position or ityentil the last measurement.
The results of the sixth measurement are shownainleT3, too. After cooling
down, a final measurement was taken at room teriyperaMajor phase is again
v-(Cu,Si),«-(Cu,Si) is present in traces and, against expeosd-(Cu,Si) is still
present, too. Several peaks remain unexplainedTaele 3) which are probably
due to oxide formation.

A comparison of the diffractogram of guSiigs at 780 °C and G oSiiso at
750 °C (Table 1) shows that the observed additipeaks in Table 1 correspond
to those observed in @uSiigsand can be considered to represendtpbase.

The situation can thus be summarized as followsjomparts of the high
temperature diffractogram of guSihgs at 780 °C can be explained by the
application of the hexagonal structural model gin®n Mattern [16], but the
observation of several additional peaks that appear disappear at the same
temperature suggest that the structural modebd fiernot fully correct. However,

we were not able to find a unit cell explainingrafilexes observed far.

Phase diagram

More than 50 samples have been prepared and addlysevestigate Cu-Si
phase equilibria in the 72 to 100 at% Cu compasitenge. Many of them have
been exchanged between the two laboratories i ¢odeross-check results and
to take advantage from the use of the best instntatien available in both labs.
A selection of the most significant and represévgatesults obtained in this work
is reported in Table 4. Other results have beemiodtd which confirm those

reported in Table 4 without adding new informatitilese have been omitted for

-90 -



Results and Discussion
Experimental investigation of the Cu-Si phase diagat x(Cu)>0.72;
p 16

brevity. Thanks to these results, stable and nadibesCu-Si phase equilibria have
been determined. They are presented and commentked following.

Stable phase equilibria

The equilibrium phase diagram is shown in Fig. 8e@o the composition of
binary compounds in the system the current workm#ed to a Cu-content of
more than 72 at.%. The phase diagram presentdismbrk does confirm the
general aspects of the phase diagram assessedebynsBi and Abbaschian [5].
However, several details concerning reaction teatpegs, reaction types and
homogeneity ranges of selected phases have beeifiadoén overview of the
samples used for determining the phase diagramadmg a list of the relevant
reaction temperatures is shown in Table 4. An aeanof the invariant reactions
according to this study is given in Table 5.

Based on EPMA and SEM measurements, the composititre CySi phases
(m, 0" andn”) has been determined ~1 at.% richer in Si compévethe previous
phase diagram version. According to DTA measuresm#rg transition from-
CusSi ton’-CusSi occurs at 555 °C in the Si-rich side and at 820n the Cu-rich

side of CySi. It was not investigated if the= n’ transition is of first or second

order so the transition is drawn as dotted lineilaimto the phase diagram given
by Olesinski and Abbaschian [5]. Two different mecof sample 22 with the
nominal composition Gy Skys were annealed at 500 (equilibrium betwegn
and Si) and 650 °C (equilibrium betwegrand Si) and then quenched in water.
The powder X-ray diffraction of both samples shaxactly the same pattern and
the DTA measurements show the same effects atamme semperatures. This
indicates that it was not possible to quench tighdemperature phasgCusSi.
DTA analysis of the samples show very small therefé¢cts related to the
transition betweem’ andn. In sample 19 with the nominal composition;£3p,
the effect was too small to be observed at all.

For the e-CusSiy phase the stoichiometric composition 764dSi; 05 Was
assumed, instead of the analytical compositions€3b; s resulting from the

average of the SEM measurements. The stoichionaingosition is still within
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the statistical spread of the SEM measurementstlzgr@ is no indication of a
change in composition in this line compound.

The equilibrium betweenr-CusSiy and CySi is shown in Fig. 4 where a
microphotograph of sample 20 (at 78.0 at% Cu) dfgér h annealing at 780 °C is
reported. The large and rounedCusSiy crystals are due to the high temperature
annealing. The peritectoidic formation @fCusSi; is confirmed by the
microphotograph reported in Fig. 5. It shows sampl€79.5 at% Cu) after 720 h
annealing at 500 °G-CuwsSiy, the darker phase, has grown from &hgu,Si) +
n-(Cu,Si) eutectic. Subsequently, during quencheaff;u,Si) transformed intg-

(Cu,Si) without any appreciable change in compasiti

The two invariant reactions L= & and L= § +n are very close concerning
their reaction temperature. Nevertheless, the Imgmber of samples showing
these reactions allows the determination of thetieas temperatures of 821 and
818 °C, respectively, with reasonable margins ofreiThe first heating curve in
the DTA measurement of sample 14 with the nomirahmosition CgpSixo
situated in the two-phase field+ y is shown in Fig. 6. Three invariant effects
including the transition = & + n at 817 °C are labelled. Fig. 7 shows the first
heating curve of sample 10 with the nominal compasiCu3Siiz. The peak with
an onset temperature of 821 °C represents theiamtaeaction L 4 = 6.

Previously, the transition frord-(Cu,Si) toy-(Cu,Si) was described to be of
peritectoidic type at 729 °@ k = y) and of eutectoidic type at 710 °€¢ y +
€) [5]. According to the DTA-measurements in theserd work the transition
temperature is essentially the same at both siflélseo-phase, so the authors
assumed a congruent transformatigr=(d) and two eutectoidic reactions at 735

°C as indicated in Fig. 3. The DTA curve showing tlist heating of sample 8

with the nominal composition @8iis is shown in Fig. 8 indicating the reaction

=vy+xat 734 °C.
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The formation of thegg-phase in the reactiop = « + & is found in various
samples. Furthermore it was possible to determaveral non-invariant effects
connected with the crossing of phase boundariesivimg the g-(Cu,Si) andk-
(Cu,Si) high temperature phases, so the respeptnase boundaries could be
fixed quite accurately. As an example, the DTA eunf sample 8 with the
nominal composition GgSii4 is shown in Fig. 8. The invariant reactions L u)C

= B at 849 °C an@ + (Cu) = « at 842 °C show again a very small temperature

difference but the two effects are well separateDTA curves.

Since it was not possible to detect the reactionptrature of the invariant

reactionk = y + (Cu) and the authors of the current work did fiot any

contradicting results, the temperature (552 °C) #émel composition of the
reactants are taken from Olesinski and Abbaschign $imilarly, equilibria

related to then" = n' transformation, not detected in this work, weceepted

from literature [5].

Metastable phase equilibria

Several samples prepared in the composition rargaer-CusSis should be
stable did not show the phase, but resulted toobstituted byn-(Cu,Si) andy-
(Cu,Si) in various proportions, depending on thebgl composition. In such
samples the composition ¢f(Cu,Si) in metastable equilibrium witi(Cu,Si) at
500°C resulted to be about 20 at% Si, which meansta2 at% richer in Cu than
in the stable phase diagram. On the other hanatdhgosition ofn-(Cu,Si) in
metastable equilibrium witir(Cu,Si) at the same temperature resulted to betabo
23.5 at% Si, only 1 at% richer in Si than in theb& phase diagram. It was not
possible to determine experimentally the metastablélibria betweer-(Cu,Si)
andn-(Cu,Si), due to the non-quenchability of tB€Cu,Si) phase. Presumably
the composition range of tlee(Cu,Si) phase is also increased in the Cu rich sid
wheng-CuysSiy is suppressed.
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Conclusions

Cu-Si phase equilibria have been investigated atpositions greater than 72
at% Cu. Stable phases and phase equilibria alregglyrted in literature have
been substantially confirmed in their general teenbut selected composition
ranges and the nature of a few invariant equilibage been modified on the basis
of our experiments. In particular stability rangéshe -(Cu,Si),5-(Cu,Si) andy-

(Cu,Si) phases have been slightly modified as agltemperature and nature of
the invariant equilibria related to tlye= & transformation.

Stability of thee-(CwsSiy) phase has been especially investigated concluding
that it is thermodynamically stable but kineticalighibited by nucleation
difficulties which become especially effective wheamples are synthesised from

very high purity elements using high purity cruetl

Investigation of crystal structure and compositioanges of the high
temperatureB-(Cu,Si) ands-(Cu,Si) was particularly difficult, due to the non
qguenchability of these phases. Stability rangeswietermined mainly by DTA,
while high temperature XRD was used to investigatgstal structures. The
structure off-(Cu,Si) was confirmed, while fai-(Cu,Si) some uncertainties still

remain.
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Tables
Tablel
High-temperature X-ray powder diffraction of a sdapith the nominal

composition Cgly oSiz6.0, annealed at 500°C.

lattice parameters additional

amount
T(°C) phase ) (R) reflections Ry
c °D
25 v 99(1) 6.2210(1) 3.64
(Cu)  1(1) 3.622(1)
550 v 85(1) 6.284(1) 4.096
(Cu)  14(1) 3.6595(1)
K 1(1) 2.5881(1) 4.2253(1)
650 v 58(1) 6.296(1) 4.104
(Cu)  3(1) 3.6674(1)
K 39(1) 2.5940(1) 4.235(1)
700 v 43(1) 6.3011(1) 4.221
(Cu)  1(0) 3.6684(1)
K 56(1) 2.598(1)  4.2371(1)
750 (Cu)  2(1) 3.676(1) 5.17
K 89(1) 2.604(1)  4.2401(1)
B 8(1) 2.894(1)
35.85(1) 8
36.54(1)
43.51(1)
43.90 (1)
44.34(1) 3
800 (Cuy  3(2) 3.6815(1) 3.53
K 62(1) 2.6064(1) 4.248(1)
B 35(1) 2.9234(1)
750 (Cuy  3(2) 3.676(1) 5.03
K 85(1) 2.6032(1)  4.2403(1)
B 12(1) 2.8932(1)
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35.90(1)
36.55(1)
43.51(1)
43.90(1)
44.35(1)
550 (Cu) 2(2) 3.661(1) 4.707

B 12(1) 2.8741(1)

Y 11(1) 6.2835(1)

K 74(1) 2.591(1) 4.2245(1)
26.84(1)
36.05(1)
37.20(1)
39.60(1)
51.92(1)

25 B 15(1) 2.5624(1) 4.184(1) 5.47
9(1) 6.2223(1)

K 76(1) 2.847(1)
27.15 (1)
36.50(1)
37.60(1)
39.43(1)
50.31(1)

& amount calculated on basis if the peak area ixXtRay powder diffractogram

by TOPAS [19]

P Peaks are assumed to be related to the formatite 8-phase
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Table2
High-temperature X-ray powder diffraction of a sdmmith the nominal
composition CpseSiss annealed at 810 °C. Only the first and the sixth

measurements at 810 °C are shown, the other fourodlehow any significant

difference.
lattice parameters
Temperature amount
phase A) Rup
°C (%)
c
25 Y 98(1) 6.2225(1) 3.37
K 2(1) 2.5605(1)  4.1831(1)
810 B 91(1) 2.9215(1) 4.64
K 9(1) 2.6064(1)  4.248(1)
810 B 90(1) 2.922(1) 457
K 10(1) 2.6061(1)  4.2493(1)
25 B 4(1) 2.8455(1)
y 80(1) 6.2205(1) 4.19
K 16(1) 2.5615(1)  4.1836(1)
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Table3

High-temperature X-ray powder diffraction of a gden with the nominal
composition Cgh sSihgs annealed at 780 °C. Only the first and the sixth
measurements at 780 °C are shown, the other fourodlehow any significant

difference.

lattice parameters additional
Temperature amount
phase (A)

reflections Ry,
°C (%)

c ()
25 Y 99(1) 6.2233(1) 3.56
€ 1(1) 9.836(1)
780 %) 100 4.094(1) 5.01(1) 5.46
36.40(1)
38.54(1)
43.62(1)
43.94(1)
48.58(1)
49.34(1)
51.53(1)
75.10(1)
780 5*) 100 4.095(1) 5.01(1) 5.56
30.81(1)
32.38(2)
36.42(1)
38.55(1)
43.50(1)
43.90(1)
48.56(1)
49.32(1)
51.41(1)
75.05(2)
25 %) 5(1) 4.0296(1)  4.926(1) 5.19
Y 93(1) 6.2213(1)
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K 2(1) 2.562(1) 4.1824(1)
32.63 (1)
37.58(1)
44.40(1)
50.20(1)

*) 5 according to the structural model of [16]
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Table5

Invariant reactions as determined in this work.

Reaction Temperature Phase Composition
(*C) (at.% Cu)
L+ (Cu)=p 849+2 L 84.0(5)
(Cu) 89(a)
B 85.8(5)
(Cu) +B =« 839+2 (Cu) 89 (a)
B 85.5(5)
K 87.5(5)
L+B=35 821+2 L 80.8(5)
p 83.5(5)
5 82.5(5)
L=n+3 8183 L 80.2(5)
n 76.8(5)
o 82.3(5)
L = (Si) +n 807+2 L 70 @)
(Si) 0 (b)
n 74 (a)
nto=¢ 800+2 n 76.5(5)
5 81.5(5)
€ 78.9(5)
p=38+x 781+2 B 83.8(5)
o 83.0(5)
K 85.8(5)
S=g+y 73542 5 82.1(5)
€ 78.9 (b)
Y 82.2(5)
d=y+x 73442 8 83.1(5)
Y 82.5(5)
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K 86.8(5)

n+e=1q 618+3 n 75.8(5)
€ 78.9 (b)

n 75.8(5)

nN+e=n" 570 (a) n 75.6(5)
€ 78.9 (b)

n’ 75.6(5)

n = (Si) +n’ 555+3 (Si) 0 (b)
n 74 (a)

n 74 (a)

k=7 + (Cu) 552 (a) K 89 (a)
Y 83 (a)

(Cu) 90 (a)

n =n"+(Si) 467 (a) (Si) 0 (b)
n 74 (a)

n” 74 (a)

a) value from literature [5]
b) stoichiometric composition
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Fig. 1: Comparison of high temperature X-ray diffractogsaat a sample with

the nominal composition GBiip obtained at different temperatures.
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Fig. 2. Powder X-ray diffractogram of a sample with thenmmal composition
Cl.181_58i18_5 at 780°C
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Fig. 3: Equilibrium phase diagram of the Cu-Si system betw@0 and 100 at%
Cu with experimental data points from DTA measureisie
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100um EHT = 20.00 kv Signal A = QBSD Date :13 Apr 2011
WD =12.0 mm Mag= 500X Time :13:50:54

Fig. 4: Microphotograph of sample 20 (78.0 at% Cu) aftéd hZannealing at 780
°C. Dark phase is GBi and bright phase isCu;5Sia.
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10pm EHT = 20.00 kv Signal A = QBSD Date :9 Jul 2010
WD =12.0mm Mag= 1.12KX Time :17:16:43

Fig. 5: Microphotograph of sample 15 (79.5 at% Cu) aftéd Fannealing at 500
°C. Dark phase is-Cu;5Sis and bright phase is(Cu,Si).
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Fig. 6: First cycle of the DTA measurement of sample l4hwite nominal

composition CpbSizo
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Fig. 7: First cycle of the DTA measurement of the samflenth the nominal

composition CgsSiz7
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Fig. 8: First cycle of the DTA measurement of the sampli® the nominal

composition CpgSii4
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Abstract

The phase equilibria and invariant reactions in #ystem AI-Cu-Si were
investigated by a combination of optical microscopgwder X-ray diffraction
(XRD), differential thermal analysis (DTA) and ei@mn probe micro analysis
(EPMA). Isothermal phase equilibria were invesggatwvithin two isothermal
sections. The isothermal section at 500 °C covessathole ternary composition
range and largely confirms the findings of previphsise diagram investigations.
The isothermal section at 700 °C describes phas#ileta only in the complex
Cu-rich part of the phase diagram. A new ternamppoundt was found in the
region between (Al,Cu); and (Cu,Si)r and its solubility range was determined.
The solubility of Al ink-CuSi was found to be extremely high at 700°C. In
contrast, no ternary solubility in tiephase of Cu-Al was found, although this
phase is supposed to form a complete solid sol@emording to previous phase
diagram assessments. Two isopleths, at 10 and.%0Sif were investigated by
means of DTA and a partial ternary reaction schd®eheil diagram) was
constructed, based on the current work and thestldtedings in the binary
systems Al-Cu and Cu-Si. The current study shoves the high temperature
equilibria in the Cu-rich corner are still poorinderstood and additional studies

in this area would be favorable.

-118 -



Results and Discussion
New investigation of phase equilibria in the systdaCu-Sj

p3

1. Introduction and literaturereview

Due to its importance in industry, the ternary sgstAl-Cu-Si has been heavily
investigated over the last decades. Al-Cu-Si allases for example, of growing
importance for automotive industry due to its ligaight. The ternary alloys show
higher strength than Al-Si alloys and their coropsresistance is better than in
Al-Cu alloys [1]. For designing ternary alloys miitty specific requirements,
fundamental understanding of the phase relatiossauna solidification behavior
is essential. The Cu-rich corner of Al-Cu-Si anerewf the binary subsystems
Al-Cu and Cu-Si, is highly complex. Despite variaisdies of phase equilibria
the ternary system is still not fully understootiefefore we decided to perform a
new re-investigation of the entire ternary systéndetailed literature review of
existing phase diagram information on AI-Cu-Si atsl binary subsystems is

given below.

1.1 The binary Al-Cu system

The latest complete assessment of the system Al&xudone by Murray [2].
His work describes the equilibrium phase diagraoh iovides some information
on metastable phase equilibria as well. Accordmiylurray, the system contains
12 intermetallic compounds, 7 of them are only Istatt elevated temperatures.
More recently, phase diagram investigations haen Iperformed by Liu et al. [3]
and Ponweiser et al. [4]. Riani et al. [5] publdlephase diagram combining the
results of Murray and Liu. In the Cu-poor phasegchm all the authors agree
very well. The binary compouridAl,Cu shows a composition around 33 at.% Cu
and crystallizes tetragonally [6]. It decomposesteetically between 590(1) [4]
and 592 °C [7]. At the composition of around AlQinase equilibria are more
complicated. In the 1930ies, Preston [8] found amavhombic structure in a
sample quenched from 602 °C. Slowly cooled samiplesstigated by Bradley et
al. [9] proposed an allotropic transformation ALu-n;— AlICu-n,. Based on the

comparison with the work of Preston, an orthorhammin monoclinic structure
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was suggested for the low temperature phase. Eggo[10] showed that the
structure of the low-temperature phase was monioclinMurray does not
explicitly mention the order of the transition frotme high- to the low-
temperature phase but according to the phase diagnzen in [2] he assumes a
higher order transition. Investigations by high-parature X-ray diffraction
worked out recently by the authors revealed thectire of the high-temperature
ni-phase to be of themmmtype (Al sCu-type) [4]. Based on differential thermal
analysis (DTA) as well as structural analysis, Peiser et al. [4] indicate that the
transitionn;— ) is a first order transition.

Compounds with the proximate composition AlI3Cudevaliso found to show a
high- and a low-temperature modification [8, 9]. uivhy suggests a transition
temperature between 530 and 570 °C depending afdimposition of the phase.
Dong et al. [11, 12] investigated annealed andass-€amples with a composition
of Al;Cuw. The as-cast samples exhibit a mixture of an onibmbic face-
centered and an orthorhombic body-centered strei@nd a minimum amount of
v-Al4,Cuy. After annealing at 500 °C the orthorhombic faeetered structure
became the major phase. The authors therefore stegge transition-Al,Cu +
“ol” = "oF’. EPMA measurements indicated compositions 0f3 A& use g,
Als; Lusg7 and AbgCusps4 for oF, ol and y-Al,Cu, respectively. In the
assessment of Murrayol” is labeled(; and ‘OF" is labeled (. Gulay and
Harbrecht determined the structureso{Fmn®, structure type ACw) [13] and
& (Imn2, structure type ACuws) [14]. Contrary to Dong et al., Gulay and
Harbrecht dedicate the face-centered structuréddophase with the higher Cu-
content. Additional thermal analysis showed that-riCh phasel; (sample
composition Al Cus75) is stable at 400 °C [13] and the Cu-poorer phase
(sample composition A Luss g is stable at elevated temperatures (530 °C) and
does not resist thermal treatment at 400 °C [14]sTs not in agreement with
Murray who describes a low temperature phliasand a high temperature phdse
with a slightly higher Cu-content [2]. As mentionaabove, the transition
temperature is supposed to be between 530 and EB700ur own new
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investigations find}; not to be stable at 500 °C, indicating a transitemperature
(> =3 + 12 above 500 °C.

The high temperature phasgsande, were determined by Stockdale [15], the
structure ofe, was found to be hexagonal [10]. The structurehefet-phase,
stable at elevated temperatures, is still unknolre order of the transitiogy-¢;

Is not mentioned specifically in literature but ating to established phase
diagrams it is a higher order transition [2, 4].

The region between 60 to 70 at.% Cu shows accotdifdurray two different
compounds stable at room temperatwend v, [2], while a third phase with
unknown structure was not included in the assessih#m to non-consensus in
literature. The structure af was determined by Kisi and Brown [16} was
revealed by Arnberg and Westman [17]. The high &napre structurg, was
investigated by Liu et al. who found a bcc struetof the CeéZns-type. The
assessment of Murray proposes a two-phase fieldeleetyO andyl based on the
work of Hisatsune [18, 19]. Liu et al. investigatih@ Cu-rich part by differential
scanning calorimetry (DSC), high-temperature X-diffraction and diffusion
couples and did not find a two-phase field betwggandy; thus proposing a
higher order transition between the two phasess Timding was confirmed
recently by Ponweiser et al. [4].

The assessment of Murray claims that a high tenyrerghase0 is formed
peritectically fromp and liquid at 1037 °C. The phase was determineDdyyson
[20] metallographically and by dilatometry measuees but has, according to
Murray, never been reconfirmed. New diffusion ceugkperiments of Liu [3] did
not confirm the existence ofy either. Additional investigations by DSC
measurements revealed only an effect at 1019 °Chaikirather connected to the
solidus of B than the eutectoid reactidiy = B + yo. This interpretation was
confirmed by Ponweiser et al. [4].

The two-phase region betwe@nand (Cu) was heavily investigated and the
assessment of Murray [2] gives a broad overviewutlbe results of this
research. The temperature of the eutectoid readtieny; + (Cu) was found
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between 560 and 575 °C which can be explained bysthggishness of the
reaction.

The ap-phase, stable below 363 °C [2]. According to Myisaassessment;
has an ordered fcc structure with a long periocedagiice based on Cu3Au and
Al3Ti. Adorno et al. [21] give a more detailed degton of the phase..

An overview about the invariant reactions in theteyn 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 systemil was assessed by

Murray and McAlister extensively [22].

1.3 The binary Cu-Si system

The system Cu-Si has been investigated intensivelthe last decades. A
critical assessment was done by Olesinski and Atbiias [23] giving an
extensive overview about the work done in solid Bapagid solutions as well as on
metastable phases reported in literature up to 1®80ies. A more recent
thermodynamic description of the system has beeendby Yan and Chang [24],
experimental investigations with focus on the Girrpart have recently been
performed by Sufryd et al. [25]. An overview abtie invariant reactions in the
system is given in Table 1.

The binary compounds are all formed in the Cu-palt of the phase diagram,
starting with CygSi. This phase shows three different modificatioie high-
temperaturey-phase, an intermediate phageand the low temperature phasgé
It must be noted that the nomenclature of the gha@senot consistent in old
literature. The high temperature phase melts cargly at 859 °C and the
transition temperatures between the phases diftgrlyhwith composition. The
transition temperature off to n’ takes place between 558 and 620 °C, the
transition temperature betweghandn” differs between 467 and 570 °C, for the
Cu-poor and Cu-rich side, respectively. Accordingite assessed phase diagram,

the phaseg andn’ [26] show a rhombohedral structurg-8m andR-3) whereas
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n” is orthorhombic [26] or tetragonal [27]. Solbefd6] claims thaty’ has an
ordered superstructure amd exhibits an long-period superstructure which is
derived from then’-structure by periodic displacement. The high-tenapure
phasen shows a disordered structure. More recent trarssoms electron
investigations by Wen and Spaepen indi¢a@ml andR-3 as space groups fqr
and ' [28]. Rapid quenching experiments performed byttela et at. [29]
confirm the structure type of

The existence of the phase with the nominal contiposCusSis;, designated,
is widely discussed in literature. The assessmaitided the phase in the stable
binary phase diagram [23], even though previoubastfound different results.
The phase was described first by Arrhenius and §vest[30], Mukherjee et al.
described a possible phase transition around 60WHKICh was not confirmed.
Diffusion couple experiments showed only one ingallic phase, Cu3Si [31,
32]. The authors suspected retarded nucleatiohefther phases. By contrast,
thin film diffusion couple experiments prepared sputter deposition exhibit all
three expected intermetallic compounds,;&ue and y [33, 34]. Rapidly
guenched samples do not shewut after subsequent annealing at 500¢°8
present [29]. In their study about the ternary AI-&I system Riani et al. claim
that ¢ is stabilized by impurities and not present in biwary if very pure basic
materials are used [35]. This conclusion was hadérdrawn by the same authors
in a recent study of the Cu-Si binary system byn@lugt al. [25]. The authors
conclude that the formation efis only inhibited kinetically but that the phase i
stable in the binary Cu-Si system [25].

The third intermetallic compound stable at low tengpure is Ci5i,
designated ag. It is cubic, showing thf-Mn structure, and it forms peritectically
at 729 °C [23]. Although the phase does not ocausome diffusion couple
experiments [31, 32], the phase is consideredestatithe indicated temperature.

Three phases are reported to be stable at eleiatgueraturek, p ands. The
phasex forms at 842 °C and decomposes eutectically at®®852I'he compound
crystallizes hexagonally in the Mg-type structu28,[29].p forms peritectically
from (Cu) and liquid at 852 °C and decomposes tdatigally intos andy at 785
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°C. It crystallizes cubic in a W-type structure [28ccording to the assessment of
Olesinski and Abbaschian, the phasérms peritectically fronf3 and liquid at
824 °C and decomposes at 710 °C eutectically it@and y [23]. New
investigations by Sufryd et al. [25] indicate a garent transformation fromto &
and two eutectoidic reactions at 735 °C. High-terapge X-ray diffraction
experiments performed by Mukherjee et al. descrthecphase as tetragonal [27].
Splat cooling experiments of Mattern et al. [29deo the hexagonal symmetry

P63/mmc but the structure could not be confirmeddognt investigations [25].

1.4 The ternary system AI-Cu-Si

The first investigations of the whole system haveerb performed by
Matsuyama [36] and Hisatsune [18]; a critical assesnt is given by Lukas and
Lebrun [37]. The authors give an overview about present phases in the
binaries as well as information invariant ternaguigbria including a liquidus
surface projection. According to this assessment,tearnary compounds are
present. An isothermal section at 400 °C basedhenwtork of Hisatsune [18]
together with a tentative reaction scheme (Schégrdm) completes the
assessment.

The largest part of the ternary system is domindtgghase equilibria with
(Si), since binary phases only occur in the Cu-pent and there are no ternary
phases reported. At 400 %Al Cuy shows the highest solubility into the ternary.
The phase is stable up to the approximate compaosifil;?Cu;,Sii;. The
compounds-Al4Cuy (~1 at.% Si),y-CusSi (~2 at.% Al),e-CusSiy (~2 at.% Al)
andn”-CusSi (~5 at.% Si) show solubilities, too [37]. Thaseno information
given on the solubility ofi/(>-Al sCuw, n2-AlCu andf-Al,Cu since the isothermal
section given by Lukas and Lebrun only covers thetisn with a Cu-content
higher than 60 at.%. The three phase fields irCilrgich corner present at 400 °C
are: {(Cu) + (Al,Cu)y; + (Cu,Si)x}, {(Cu,Si)-n" + (Al,Cu)-yl + (Cu,Si)«},
{(Cu,Si)-¢ + (Cu,Si)n” + (Cu,Si)«}, {(Cu,Si)-¢ + (Cu,Si)n” + (Cu,Si)v} and
{(Cu,Si)+y + (Cu,Si)x + (Cu)} [37].
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Additional isothermal sections at 500 and 600 °€ @given by He et al. [38].
According to He et al. the three phase fields m @u-rich corner present at 500
°C are: {(Cu) + (Al,Cu)y1 + (Cu,Si)«}, {(Cu,Si)-n + (Al,Cu)+y1 + (Cu,Si)e},
{(Cu,Si)-¢ + (Al,Cu)+y; + (Cu,Si)x}, {(Cu,Si)-¢ + (Cu,Si)y + (Cu,Si)x} and
{(Cu,Si)«y + (Cu,Si)x + (Cu)}. The solubilities change slightly compartedthe
isothermal section at 400 °C. The phasél,Cu for example is stable up to the
composition Al15Cu74Sill. At 600°C, the additiotlalee phase field {(Cu) +
(Al,Cu)-B + (Al,Cu)-y1} appears, where (Al,CU)-shows a solubility of about 4
at.% Si. Both at 500 and 600 °C, He et al. allo¢hte binary phase G8i to
CusSin, which is contradicting to the binary Cu-Si syst@8, 29, 39].

He et al. also present several calculated versieations and a Scheil diagram
which differs from the one proposed by Lukas antirue [37] concerning the
reactions temperatures as well as the reactioedf. itSurther thermodynamic
measurements and assessments have been perfornvadidys authors [1, 40-
44].

The latest experimental investigation was done bgniRet al. [35]. The
extensive study consists of an isothermal sectibrb® °C and a detailed
description of the existence efCwsSis in the binary and ternary system. As
mentioned above, Sufryd et al. [25] give a mormitkd study on the-CusSiy
phase, which is considered to be stable in therpir@@onsidering the findings of
Sufryd et al.[25] the isothermal section given bgrRR et al. [35] shows the same
three phase fields like described by He et al. @8jough the solubility ranges
especially for (Cu)x-Cu;Si andy;-Al,Cug are quite different.
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2. Experimental

The samples were prepared from Aluminum slug (9269 Copper wire
(99.95%) and Slicon lump (99.9999%), all supplied Aifa Aesar, Karlsruhe,
Germany. For cleaning from oxides, the Cu wire waated in a kflow at 300
°C for approximately 3 hours. The calculated amswitaluminum, copper and
silicon were weighted to an accuracy of 0.05 mgn8a homogenization was
done in an Edmund Buehler MAM-1 arc furnace withaer-cooled copper plate
and zirconium as a getter material. The resulting svas turned and re-melted
two times for homogenization. In order to prevesdations with the quartz glass
surface, the resulting bead was wrapped in Molybderoil (99.97%, Plansee
SE, Reutte, Austria) before placing it in a quatass tube. The ampoules were
sealed under vacuum and placed in a muffle furf@ac28 days. After annealing,
the samples were quenched in cold water and prégareurther investigation.
The occurring mass loss during the whole samplpgvetion procedure usually
was below 1% and therefore not considered to affeetsample composition
significantly. Representative sections of the aletegaamples were investigated
by means of optical microscopy using a Zeiss Axibtd00 microscope. For
phase determination, X-Ray powder diffraction asislywas performed using a
Bruker D8 ADVANCE Diffractometer operating in refion mode (Cu K;
radiation, Lynxeye silicon strip detector). For kwsdion of the resulting
diffractograms the software TOPAS [45] was used.

Selected samples showing three phases in powdeayXaRalysis or two-phase
samples required for the definition of specificlirees were analyzed by means of
Electron Probe Micro Analysis (EPMA). EPMA measuesits were carried out
using a Cameca SX electron probe 100 (Cameca, €wnidy France) operating
with wavelength dispersive spectroscopy (WDS) faamitative analysis. The
measurements were carried out at 15 kV using a lwearant of 20 nA with pure
elements as standard materials. Conventional ZAfixmeorrection was use to
calculate the final composition from the measureda¥ intensities. In order to

rule out inhomogeneity, measurements of the contipaosiof the respective
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phases usually were performed at three differentsspfhe measured sample
composition did not depend on the location witlie sample.

DTA measurements were performed on a Setaram Sé&gghition 2400
(Setaram Instrumentation, Caluire, France) andtasdk DTA 404 PC (Netzsch,
Selb, Germany). Both measurement devices are tepersing Pt/Pt-10%Rh
thermocouples (Type S) which were calibrated usiregmelting points of pure
Sn, Au and Ni. The samples with a weight of apprately 20 mg were placed in
open alumina crucibles and measured employing \a permanent argon flow.
Applying a heating rate of 5 -Kin-1, two heating- and cooling-curves were
routinely recorded for each sample to check repribdity of thermal effects.
The possible mass loss during the DTA investigatiaas checked routinely and

no relevant mass changes were observed.
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3. Reaults and Discussion

3.1 Isothermal section at 500°C

The isothermal section of the phase diagram is shaw Fig. 1. The
composition of the limiting phases in the three gghfields colored in dark grey
are determined by EPMA measurements. The threeedleds in light grey have
been determined by measuring samples in the ligittho phase fields because of
lack of a sample in the respective three phasd.fidh overview about three
phase fields and selected tie-lines measured by AFRMgiven in Table 2. A
selection of images in the back scattered electrmide (BSE) showing the
microstructures of annealed samples is shown inZig

The Cu-poor region of the isothermal section sh&wsn equilibrium with
various binary Al-Cu compounds. The binary Al-Cumgmunds in this region
show very limited solubility of Si. (Al,Cu- shows the highest solubility of Si
with about 1 at.%. The phases (Al,Gy)-(Al,Cu)-{; and (Al,Cu)é do not show
any solubility of Si at all. Two of the three phds#ds in this region, . + (Si) +
G} and {6 + y; + (Si)} could not be determined by EPMA due to thek of
samples in the respective three phase field. Homeweir existence is well
documented by measurements in adjacent two phelds {comp. Table 2).

The most Cu-rich phase field with Si ig;{+ CwSi-n’ + Si}. Phases with the
composition CgSi show three isomorphic structures which transfeary easily
and therefore it was not possible to quench thpeas/e phases stable at high
temperature. Identification of the respective powdRD pattern was done by
comparison with a sample in the two-phase regiogSE{5i). Following the
binary phase diagram [25], the three phase fieldtasns the phase @S-,
rather than the low temperature phaseSty”’ or the high temperature phase
CusSi.

The Cu-rich part of the isothermal section showsae complicated situation
dominated by extended solid solutions. The onledhphase field determined

directly by EPMA measurements is ¢ y; + x}. The limiting compounds of the
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remaining three phase fields as well as their sliiybranges have been
determined by analysis of several samples in tBpedive two phase regions.
The remaining three phase fields are: {(Cuh# «}, {(Cu) + y +«}, {e +y +«}
and {& + y; + n"-CusSi}. A very narrow three phase fieldy{+ n” + y1} should
also be present but was not included in the isothesection due to reasons of
clarity.

The binary compounds in the Cu-rich part of the sghaiagram show a
considerable ternary solubility of Si and Al, resipeely. The phase; is stable up
to the composition AkCuz,Sigs. n"-CusSi, € andy show a solubility of 2.4, 2
and 2 at.% Al, respectively.

In the binary, the compound (Cu,&i)s only stable between 570 and 839 °C
[25]. By addition of (Al) it is stable at 500 °C teeen AkCuy4Sis, Al14CUssSig
and AL/CuzgsSiss. Pure Cu shows a high solubility of Al and Si adicated by
the binary phase diagrams [4, 25].

The determined three phase fields in general irdgogreement with Riani et
al. [35], although the composition of the limitipghases is slightly different.
Contrary to Riani, the phase (Cu,8i)s shown as stable binary compound in
agreement with recent literature [25].

The phase (Al,Cuy; is was found to be stable up to the composition
Al15Cu7, Sig g compared to Al sCur4sSiis found by [35]. The phase with the
composition Cu3Si shows a solubility of 2.4 at.% Wl the current work
compared to 4.8 at.% in [35]. The solubility rangéqCu,Si)€ are in the same
range in both cases (2 at.% Al compared to 1.5 #1%n [35]). The phase
(Cu,Si)y shows a broader solubility range in the binargr{frl7 to 20 at.% Cu)
in the work of Riani which is not in agreement witétcent literature (16 to 18
at.% Cu in [25]). The phase dissolves up to 2 &l% both, the current work as
well as in the isothermal section published by Retral. [35].

Riani et. al. propose a two phase field of abobt dt.% width [35] between
(Cu) and (Cu,Si)e in the ternary phase diagram. In the current wesdmples
with the nominal composition AICUsSi;, Al13CusiSis and AksCugeSis were

placed in this region. X-Ray powder diffractiontbe respective samples shows
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pure (Cu,Sik for the sample with the nominal compositiom 8lug;Si;, and a
mixture of (Cu,Sij and (Cu) for the other two samples. Due to they Jew
amount of Cu in the samples, implied by the lovemsity of the Cu-related peaks
in the diffractograms, it was not possible to amalyhese samples properly by
means of EPMA. Therefore, the Si-poor boundaryhaf phase (Cu,Sg-was
estimated using the sample;&us;Si7 in the single phase field (Cu,Si)and the
sample Al3CugiSis and AksCugeSis in the two phase field {(Cu,SR-+ (Cu)}
with a very low Cu-content. The solubility of (A#dnd (Si) in Cu were estimated
based on the solubility of (Al) and (Si) in Cu imetbinary sub-systems and tie-
lines in the two phase field {(Cu,Sy)+ (Cu)}. The phase (Cu,S¥4s stable up to
the composition AlI5Cu85.5Si9.5 in the work of Riaatial. [35] compared to

AlsCuwssSis in the current work.

3.2 Isothermal section at 700 °C

According to the binary phase diagram [25], at 7G0CwSi shows the high
temperature structurg Fine black lines in Fig. 3 indicate tie-linesmasasured by
EPMA analysis of different samples. These measun&ralow determining the
remaining three phase fields as well as the apprata composition of the
limiting phases. A selection of measured tie-liae300 °C is given in Table 2.

The solubility of Al and Cu in the binary phasesiaiceable higher than at 500
°C. The phase; is stable up to the composition1£Cu6Sii;. The binary phase
(Al,Cu)- was not found in any of the ternary samples. Intreast, the binary
phase (Cu,Sij} shows a continuous solubility extending almosthi binary Al-
Cu system. The phaseg ¢ andy show a solubility of 2, 3 and 5 at.% Al,
respectively.

EPMA analyses of samples in the region betweenC{ky1 and (Cu,Si)
indicate a second phase with a composition betw&&Cu81Sil5 and
Al10Cug5Sii 5 Powder XRD analysis of this phase show a very ergbtallized
structure not known in the limiting binary phasagtams. A sample with the
nominal composition AbCuw7Si;; shows (Cu,Sie and the unknown phase,

referred to as from now on, in equilibrium at 700 °C. The powddRD pattern
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of the sample is shown in Fig. 4. A piece of tlample was re-annealed at 500 °C
for three weeks. Powder XRD analysis of this pist®wse, y; and x in
equilibrium. The pattern of completely disappeared. This indicates a eutectoid
decomposition oft = ¢ + y; + k between 700 and 500 °C. A sample with the
nominal composition of AlCu7Sii3, located in the three phase field € y1 + «}
was annealed at 500 °C and subsequently invedlidgatdDTA. It did not show
any thermal effect in the region between 500 ar@dl @ The lack of a thermal
effect can be interpreted either by the fact thest heat exchange during the
eutectoid decomposition=¢ +y + « is too small to be detected by DTA analysis,
or that it is too slow to occur at a heating r&té &-min™” at all. Nevertheless, the
annealing results indicate that a ternary compounsl formed in the ternary
system between 500 and 700 °C. This contradictgique authors [38] who do
not indicate a ternary compound in the system AlStuDetermination of the
crystal structure of will be attempted by the authors in the near fitur

Considering the measured tie-lines and the XRD yarslof the respective
samples listen in Table 2, the remaining three glii@$éds present at 700 °C are:
{v+x+h {e+ty+h {yatx+th {e+y1+1} {e+y1+n}and {(Cu) +y1 +
K} as indicated in Fig. 3.

Powder XRD analysis of samples with their nominaimposition in the
vicinity of Al,Cu;sSi, show several very broad peaks which can not bieeter
from any neighboring structure. The most intensekpare at 26.2, 27.2, 44.9 and
46.2 °D. A sample with the nominal composition,4CusSi;, annealed at 700 °C
shows (Cu) and the additional peaks. After re-alnmgaf the sample at 500 °C,
(Cu) andk are present, but the additional peaks mentionémrdare still present
with considerable intensity (see Fig 5). As castas in this region reach
equilibrium without this phase at 500 °C after 3ek& of annealing. A sample
with the nominal composition ACu;, sSi> 5 shows the three phase field {(Cu) +
v1 + «} after annealing at 500 °C. This may in indicateeanary compound which
is stable at 700 °C but the annealing time at 30@3 weeks) was not enough to
re-establish the equilibrium at 500 °C. EPMA anslysf samples showing the

additional peaks do not indicate an additional phasdicating very small
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precipitates. Contrary to the peaks assigned ito Fig. 3, the possible ternary
phase in this region does not crystallize very welbking it very difficult to
determine its structure. It should be pointed ¢t this particular part of the
phase diagram is in conflict with earlier interpteins. On the one hand, the
assessed phase diagram by Lukas and Lebrun [3dimnassa complete solid
solubility between the W-typg-phases of Cu-Si and Al-Cu, on the other hand our
results at 700 °C do not show any significant sititylof Si in (Al,Cu)-B, a very
extended (Cu,Six phase field, and a possible ternary phase vesedo binary
(AlL,Cu)-B. This area definitely needs additional investigagi at high
temperatures to clarify phase equilibria and chatactures.

3.2 Isopleths and ternary reaction scheme

Since the transitions-e; andye-y1 in the binary system Al-Cu were determined
to be of higher order [3, 4], the distinction beérnehe high temperature phases
andyo and the low temperature phaseandy; in the reaction scheme is not
appropriate. Therefore the respective phases willidésignated as , andyp 1 in
the following section.

The isopleth at 40 at.% Si is shown in Fig. 6. Gamdus horizontal lines
indicate reactions determined by invariant efféct®TA measurements. Dashed
horizontal lines indicate solid state reactions aihhave to be present due to
adjacent invariant reactions and participating éhphase fields, but were not
determined experimentally. An overview of the deteed and estimated
invariant reactions including the reaction tempened as well as the estimated
composition of the participating phases is givenTable 3. Some solid state
reactions at approximately 25 at.% Al were not aeteed by thermal analysis of
samples in this isopleth but by samples in theletbpat 10 at.% Si (see below).
The invariant reactions determined in the Al-ricirtpof the isopleth are well
determined and in good agreement with the limitigary system Al-Cu [4]. In
the Cu-rich part of the isopleth, some inconsisescemain. Samples between 4
and 8.5 at.% Al show extremely weak non-invaridfeats around 512 °C which

could not be assigned to any reaction. The samjitethe nominal composition
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CuesoSigo shows two peaks with low and equal intensity at dhset temperatures
546 and 555 °C. Despite the fact that there arediatinct peaks, they can only be
assigned to the reactign=n’ + (Si) in the binary Cu-Si system.

The isopleth shown in Fig. 6 matches the isotherseations experimentally
determined in this work at 500 and 700 °C as welth& isothermal section at 400
°C published by Lukas and Lebrun [37]. The highubdity of Al in the low
temperature phase €3i-n” compared to the solubility of Al in the high
temperature phases £3in’ and CySi- is originated in the isothermal section at
400 °C. In accordance with the liquidus projectgnface published by Lukas
and Lebrun [37], (Si) primarily crystallizes ovéetwhole composition range.

The isopleth at 10 at.% Si is shown in Fig 7. THei¢h part down to approx.
20 at.% Al shows the same reactions like in theadd® Si isopleth. Due to the
low Si-content in the isopleth, the primary cryktation fields are different,
however (see Fig 7).

The Cu-rich part of the isopleth shows a more ciosap#d situation. The high
solubility ranges of the binary compounds in thegion as well as the thermal
stabilization of (Cu,Si)} and the existence of the ternary phasprovide a
complex sequence of two- and three phase fielddestst 500 and 700 °C. The
boundaries of the phase fields corresponding tasthithermal sections are drawn
by continuous lines in Fig. 7 in the respective iemature range. Comparison of
the three phase fields present at 400, 500 and@@bows that several solid state
reactions occur in this region, but only two of rthewere determined
experimentally: U1l at 579 °C and E2 at 663 °C ($able 3). It was not
possible to determine the reaction temperaturdiseoinvariant reactions U15:+
Yo1=1m"+x, P2ig+n' + yp1=mand U3 + Si =yp 1 +1.

Above 700 °C, the Cu-rich part of the isopleth se@ahigh number of thermal
effects but it was not possible to construct tloplisth and reaction scheme in this
region. Additional reliable information on phaseudifgria at higher temperature
in this region is needed solve this part of th@lsth.

A partial ternary reaction scheme (Scheil diagrasnghown in Fig. 8. The

fundament of this diagram is the reaction schenvergiby Lukas and Lebrun
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[37]. New data on the limiting binary systems [&] 2s well as experimental

results obtained in the current work were integtate the reaction scheme.

Several invariant reactions indicated by dottededinwere not determined

experimentally in this work, but are required daedhe existence of neighboring

invariant reactions and three phase fields. Mispiaugs of the reaction scheme are
indicated by question marks.
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4. Conclusions

The largest part of the Al-Cu-Si system, in patacuhe isothermal phase
equilibria at 400 and 500°C and the reaction secgi@m the Cu-poor part of the
system, is now well characterized. However, in espaf the numerous
experimental studies performed by different authqguisase equilibria in the
complex Cu-rich part of the system at higher terapges are still questionable
and require additional attention. The current stuelyealed the existence of a
previously unknown ternary high-temperature compluvhose structure has not
been solved up to now. Its equilibria with the lgjphase have to be investigated
and the phase relations of the extended solid isokitof « and B at high
temperatures should be subject of additional ingasbns. Our results at 700°C
raise some doubts regarding the complete solicdbgdjuof the B-phase of Al-Cu
and Cu-Si proposed previously, so an independadysif the liquidus projection
including extended primary crystallization studiesuld be favorable. Last but
not least, most of the proposed solid state rea&tio this area are not accessible
by DTA investigations and further annealing studigsild be helpful to confirm

these and to better fix the respective reactiorpaatures.

Supplementary material

A table with experimental DTA data is availablesapplementary material.
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Table3
Invariant reactions in the system AI-Cu-Si and ¢éséimated composition of the
reactants
Composition / at.%
Reaction T/°C Phase
Al Cu Si
Max: L =yo1+ Si 778 L 27.0 57.0 16.0
Yo 26.0 72.0. 2.0
Si 0 0 100
UL L +vy01= 610+ Si 747 L 37.0 50.0 13.0
Yo.1 36.0 62.5 1.5
€12 40.0 59.5 0.5
Si 0 0 100
U2:L+y01=06+Si 740 L 13.5 66.0 20.5
Yo.1 21.0 72.5 6.5
) 155 73.5 11.0
Si 0 0 100
El.L=6+n+Si 730 L 11.0 68.0 21.0
) 15.0 72.0 13.0
n 2.0 75.0 23.0
Si 0 0 100
U3:6+Si=yp1+n 579<T<730 14.0 75.0 11.0
Si 0 0 100
Yo.1 215 71.5 7.0
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n 2.0 76.0 22.0
Ud:g1o+v01=0 + Si 679 €1,2 40.0 59.5 0.5
Yo.1 36.0 62.5 15
d 38.5 61.0 0.5
Si 0 0 100
US:L+g12=m1+Si 603 L 60.0 32.0 8.0
€1,2 42.5 57.0 0.5
n1 48.5 51.0 0.5
Si 0 0 100
U6G:e12+Mm1=Si+{ 599 €1,2 42.0 57.5 0.5
n1 47.5 52.0 0.5
Si 0 0 100
G 44.5 55.0 0.5
U7:e+n=7y01+7M 583 € 2.0 78.0 20.0
n 2.0 75.5 22.5
Yo.1 24.5 70.0 5.5
n 15 76.0 22.5
UB:m+G=n2+Si 579 1 47.5 52.0 0.5
G 45.0 54.5 0.5
n2 46.0 53.5 0.5
Si 0 0 100
U9:L+n=Si+0 573 L 67.0 26.5 6.5
n 48.5 51.0 0.5
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Si 0 0 100

0 67.0 32.0 1.0

E2:t=g+yp1+x 663 T 10.5 77.0 12.5
€ 2.5 77.5 20.0

Yo.1 18.0 74.0 8.0

K 11.0 80.0 9.0

E4:n1=Si+n2+60 500<T<573 1 48.0 51.5 0.5
Si 0 0 100

n2 48.5 50.5 1.0

0 66.5 32.5 1.0
Ullin+yo1=n"+Si 579 n 2.0 75.0 23.0
Yo.1 24.0 70.0 6.0

n 2.5 75.0 22.5

Si 0 0 100
Plie+n' +vo1=7m" 570<T<583 ¢ 2.0 78.0 20.0
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Yo.1 25.0 69.0 6.0
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E3:e12=0+Si+{ 570 €1,2 42.0 57.5 0.5
d 40.0 59.5 0.5

Si 0 0 100

G 44.0 55.5 0.5

U12:8 +{ = Si+{ 557 d 40.0 59.5 0.5
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Si 0 0 100
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Fig. 1. Isothermal section at 500 °C

Black: single phase fields, dark grey: three pHedds determined by EPMA
measurements, light grey fields: three phase fidletermined by analysis if the
neighboring two phase fields, black lines: tie-imeeasured by EPMA
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Fig. 22 BSE images of samples with the nominal composi#dnAl;0CugoSiio
(500 °C), B) AbCursSiis (500 °C), C) Al7CursSiio (500 °C) and D) AlCUgoSh3
(700 °C)
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Fig 3: Isothermal section at 700 °C
Black: single phase fields, dark grey: three pHasdds determined by EPMA
measurements, light grey: three phase fields dé&tednby analysis of the

neighboring two phase fields, black lines: tie4imeeasured by EPMA

- 149 -



Results and Discussion
New investigation of phase equilibria in the systdaCu-Sj

p 34
80,000 1 =

— ]
= 60,000 1
E ]
o
S, ]
__é‘ 40,000 1
n ] K
C
2 ]
< 20,000 |

] kK kT

1t T t &t K T K 171

0 ] ) 4 ?‘l J T A ,,\c
40 50 60 70 80
°20

Fig. 4: powder XRD pattern of a sample with the nominamposition of
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Fig. 5: Comparison of the powder XRD pattern of a sampiid whe nominal
composition A}Cu;sSip, annealed at 700 °C (bottom) and re-annealed @60
(top). Note that the diffractograms were recordethe ®-range between 10 and
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Fig. 6: Isopleth at 40 at.% Cu.
Circles: invariant reactions, diamonds: non-invariaeactions, triangle up:

liquidus on heating, triangles down: liquidus omloay

- 152 -



Results and Discussion
New investigation of phase equilibria in the systdaCu-Sj

p 37
1200 { TR TN SN T [T ST SN SN N AN TN Y SN SN NN SO TN TN TN AN TN TN ST SN (N SN SN TR N ST TN TN WY TN (Y WY SO SO TN MY ST
1100 L =
('_D| N+Yo4
_g 1000 " =
€ 1
g Yo Yo, 82+(Si)
;—ED* 900 &, +(Si) L
g 800 Ci*(Si) . L
= N, +(Si) L+(Al)
Cu L
i \V4 S
K+t — ] v
600 8 8 = L+(Si)
D\ T D 7+ W W I B O | ¥ (i /) 2
500 - '\V A I S
Cu+y— T 0+(Si) .y
uty—1 n+(Si) (AN+(Si)
400 T T T T LENE A |

30 ‘ 40 50 60 70 80 90
5+(Si
Y5 Alat.%]

Fig. 7: Isopleth at 10 at.% Cu.
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Fig. 8: Partial reaction scheme (Scheil diagram) for th€A-Si system.
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Abstract

The ternary Al-Mo-Si phase diagram was investigaigda combination of
optical microscopy, powder X-ray diffraction (XRDjifferential thermal analysis
(DTA), electron probe microanalysis (EPMA) and suag electron microscopy
(SEM). Ternary phase equilibria were investigatethiw two isothermal sections
at 600 °C for the Mo-poor part and 1400 °C for Me-rich part of the phase
diagram. The solubility ranges of several phasekiding MoSp (C11,) as well
as Mo(Si,Aly with C40 and C54 structure were determined. Thearyi high
temperature phase Mo was found to be stabilized at 600 °C by additdrsi.
DTA was used to identify 9 invariant reactions dhds constructing a ternary
reaction scheme (Scheil diagram) in the whole caitipm range. A liquidus
surface projection was constructed on basis ofd¢hetion scheme in combination
with data for primary crystallization from as-castmples determined by SEM-

measurements.
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Introduction

Structural materials with high temperature oxidatresistance are needed for
many applications today, including for example gabine engines [1] missile
nozzles and industrial gas burners [2]. A detaitediew about molybdenum
disilicide, its alloys and their properties comghreth aluminides and ceramics
for high temperature application is given by Vastaeand Petrovic [1].

Given the excellent properties of molybdenum digl, the system Mo-Si-
system is of high technological importance. It wassessed by Gokhale and
Abbaschian [3]. In the first investigations of plasquilibria in this system [4]
three intermetallic phases were described;3i¢Pm-3n, cP8, CrSi-type), M@Si,
and MoS; (I4/mmm tI6, MoSk-type). Later it was found that M8i, actually
shows the composition M8i; (14/mcm t132, SgWs-type) [5]. The authors also
claimed that MoSiundergoes a transition from a low-temperaturaggmnal form
(a-MoSip) to a high-temperature hexagonal forfAMoSi;) at around 1900 °C.
Later investigations in the quasi-binary system M@&®d TiS} indicate, that the
mentioned transition of Mogidoes not occur in the binary [6]. The hexagonal
form of MoSk is supposed to be metastable which explains whgcurs in rapid
cooling [7]. For the present investigation theagtmnal form(I4/mmmtl6, MoSk-
type) was considered to be the only stable modiinaof MoSk.

MoSi, has a high potential as material for high tempeeatstructural
applications because of its high melting point 0€) [3] in combination with
low density (6.24 gm [8]) and a high oxidation resistance. Nevertheladsigh
creep rate at elevated temperatures has inhibitedi@ range of application for
this compounds but gave rise to a wide field okaesh in MoSi-based alloys
[2]. The compound MgSis, shows also interesting properties, like a beatteep
resistance than Mog|9] but it has poor oxidation resistance at higimperatures.
Undoped M@Si; shows pest oxidation at 800 °C but its oxidatiesistance can

be improved by 5 orders of magnitude by addingwlt% Boron [10].
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The AI-Mo binary system was assessed by Saundetf dhd contains,
according to this author, 7 intermetallic phasedds (Pm-3n, cP8, CrSi-type),
AIMo (Im-3m, cl2, W-type), AksMo3z; (unknown structure), AMoz (C2/m,
mC22, AlsMos-type), ALMo (Cm mC30, Al,W-type), AkMo (P63, hP12, AlsW-
type), and AlzMo (Im-3, cI26, Al ,W-type). AIMo and AésMos; are stable only
at elevated temperatures and were reported by REX¥r The eutectoid
decomposition of AkMo37 could not be inhibited and thus the author didgiee¢
any structural information. Although Rexer suggdsge congruent melting of
AlMo, Saunders replaced it by a peritectic decornimrs because of
thermodynamic reasons. Contrary to the assesdmyedaunders, calculations of
Cupuid et. al. [13] indicate congruent melting tbe phase AlMo, as suggested
by Rexer [12].

The results of Schuster and Ipser [14] who invaséid the Al-rich part of the
binary system, did not find their way into Saund@ssessment. These authors
introduced four additional compounds to the binsygtem: AlMo (Cm, mC32,
AlsMo-type), Ah7;Mos (C2, mC84, Al;Mogstype), Ab.Mos (Fdd2, o216,
AlMos-type) and Ak:+yMo1 (PmBn, cP8, WOs-type. For AtMo, two
additional high temperature modifications wereadtrced: AiMo(h”") (P3, hP60)
and AkMo(r) (R-3c, hR12). Eumann et. al. re-evaluated the Al-rich partl a
confirmed the existence of the phases introduce8dhuster and Ipser [14] with
exception of Ak«yMo.x. The temperatures of the invariant reactions were
slightly corrected (see Table 1) and the phaseid, was found to exist at 600
°C as well, although this was not confirmed by ulfbn couple experiments at
630 °C [15]. Okamoto [16] presents a phase diagcambining the results of
Rexer [12], Saunders [11] and Eumann [15].

The binary Al-Si system is a simple eutectic systath limited solid solubility
in Al and Si [17]. A complete list of the binaryviariant reactions used in this
study can be found in Table 1.

The ternary system Al-Mo-Si has been investigateditie past forty years to
overcome some of the disadvantages of MoBie addition of Al lead to a new
ternary compound Mo(Si,Al) with CrSp-type structure (Strukturbericht
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designation: C40) [18]. Further replacement of $iA lead to the TiSktype
structure (Strukturbericht designation: C54) whichms peritectically from C40
and the liquid [19]. In the current study the Stukericht designations will be
used to indicate the phases Mp8VioSk-type, C13), Mo(Si,Al), (CrSi-type,
C40) and Mo(Si,AR (TiSi,-type, C54).

Most research activities in the ternary system wkgaling with properties of
C40 due to its importance for technical applicataom its advantages compared
to C1k. For example, contrary to C11C40 does not show pest oxidation at
intermediate temperature. Therefore, C40 is comsteto have definite
advantages over CJ Xfor oxidation resistance coatings at service &Enafpres up
to about 1673 K [20]. Some of these papers shothésmal sections of the phase
diagram as a byproduct, e.g. by Yanigahara eR1l4t 1853 K. However, their
suggestion does not include C54 but indicates a wsmlubility range for C40.
Eason et. al. [22] gave an isothermal section B0T€ including the C54-phase,
but only estimated the composition of the limitegmpounds in the three phase
field [C40+C54+M@Si3]. The investigation of the M&is-phase — designated as
T1-MosSiz by the authors — revealed a solubility up to 2.% Al [22].

Liu et.al present calculated isotherms between 1#%#81873 K as well as a
predicted liquidus surface projection [8], incluglifinary Al-Mo compounds
from Al;Mo to AlMos, with exception of AIMo. A list of the invarianeactions
predicted by the calculation of the liquidus suefg@eojection is given in Table 2;
no reaction temperatures are given by the authors.

The current work shows a systematic study of plegsdibria at 600 and 1400
°C as well as the reaction scheme and the liqusdusce projection to establish a
comprehensive scheme about phase equilibria actiaes in the system Al-Mo-
Si.
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Experimental

The samples were prepared from Aluminum slug (9409 Slicon lump
(99.9999%) and Molybdenum wire (99.95%), all suggliby Alfa Aesar,
Karlsruhe, Germany. The oxide at the surface ofylldénum was removed by
abrasive paper, followed by cleaning with acetohlee calculated amounts of
silicon and molybdenum were weighted to an accucddy05 mg; the aluminum
was weighted to an accuracy of 1 mg (see belowg. SEHmples were melted in an
arc furnace with a water-cooled copper plate ancbmium as a getter material.
Due to the high difference in the melting point wilybdenum (2890 K)
compared to aluminum (933.52 K) and silicon (1683 [R3], achieving
homogeneity was a challenge. Melting of all threenponents at once and re-
melting the reguli three times lead to remainingcps of pure molybdenum inside
the sample, so a different approach was chosen.

Flat aluminum pieces (between 20 and 240 mg depgrah the sample) were
placed on the copper plate, covered with small bodypnum pieces and melted
two times at power. The resulting bead was melbg@ther with the rest of the
aluminum and the silicon and re-melted two times fwmogenization.
Significant weight loss was considered to be duewaporating aluminum and
was tried to compensate by adding up to 50 mg ettraminum for a 1000 mg
sample. Electron probe microanalysis (EPMA) of sespsed to determine the
isothermal sections, however, sometimes showed ifisgm change of
composition and therefore it was not possible i@stigate consistent isopleths.
Determination of phase composition was not affected

Samples annealed at low temperature (550 — 60@ve@ placed into alumina
crucibles, sealed into evacuated quartz glass alep@nd annealed in a muffle
furnace. The samples were heated up to 800 °Cskureng good homogeneity,
slowly cooled to 600 °C and annealed for 21 dayterAuenching in cold water,
the samples were cut into several pieces and ahlgy powder-XRD, optical
microscopy, differential thermal analysis (DTA) aB&®MA. Due to the number

of peritectic reactions in the Al-rich part of tWd-Mo phase diagram, several
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samples were not well equilibrated and thereforé cansidered in further
investigations.

Samples in the Mo-rich part of the phase diagramewealed under an argon
atmosphere in tantalum crucibles and annealed @® € for 96 hours. The
samples were quenched in a water cooled steel lvasser argon. For the
determination of the liquidus surface projectiorvesal as-cast samples were
analyzed by Scanning Electron Microscopy (SEM).

Powder-XRD was performed using a Bruker D8 Advamuéractometer
operating in reflection mode (Cukadiation, Lynxeye silicon strip detector); the
patterns were analyzed using TOPAS software [24]isRed sections of the
annealed samples were investigated by optical sgogy using a Zeiss Axiotech
100 microscope. To determine the composition ofitlemtified phases, EPMA
measurements were carried out on selected samgileg @ Cameca SX electron
probe 100 (Cameca, Courbevoie, France) operatitiy wavelength dispersive
spectroscopy (WDS) for quantitative analysis. Theagsurements were carried out
at 15 kV using a beam current of 7 nA with puremaats as standard materials.
Conventional ZAF matrix correction was use to cktaithe final composition
from the measured X-ray intensities. SEM measurésneere performed on a
Zeiss Supra 55 VP operating with energy dispersipectroscopy (EDS) for
quantitative analysis using the pure elements &ibation. The composition of
the respective phases usually was measured atdhferent spots and it did not
depend on the location within the sample.

DTA measurements were performed on a Setaram Sé&igghition 2400
(Setaram Instrumentation, Caluire, France). Théegysan be operated at a low-
temperature setup using an alumina sample holded &t/Pt10%Rh
thermocouples (Type S) and a high temperature setup a tungsten sample
holder and a W-5%Re/W-26%Re thermocouple (Type W)oth cases alumina
crucibles were used. For calibration of the low penature setup the melting
points of Sn, Au and Ni were used, the high tempeeasetup was calibrated
using the melting points of Au, Ni and Pt. A hegtirate of 5 Kmin and an

argon flow of 20 mmin™ were applied in both cases.
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Results and discussion

Isothermal section at 600 °C (550 °C)

Previous investigations in the Al-Mo-Si system Haekn dealing with phase
equilibria at higher temperature than the preseworkwand thus avoiding
complicated phase equilibria in the Al-rich corradrthe system. The current
study refers to the work of Schuster and Ipser Hsl]imiting binary system for
the investigations of Al-rich alloys.

The isothermal section at 600 °C constructed orbtdses of XRD and EPMA
measurements is shown in Fig. 1. Three phase fiatdsindicated by gray
triangles, the nominal composition of samples usedEPMA investigations are
indicated by black circles; open circles repressarples only investigated by

XRD. The microstructure of selected samples is shiowFig. 2.

Due to the binary eutectic in the Al-Si system Ar£1 °C the liquid phase was
found in the corresponding region of the phaserdiag An additional sample in
the three phase field [(C40)+(Al+(Si)] was anndalat 550 °C to avoid
equilibrium with the liquid and define this phaseld separately. This sample is
indicated by a square in Fig. 1. The compositiohthe phases in the different
three phase fields are given in Table 3.

In the XRD-analysis of the samples;&dM01sSi» s and AlsMo,,Si; difficulties
occurred during the identification of the phasehviite approximate composition
AlgiMo13.8Sip.2. According to the phase diagram of Schuster asdr|ghis phase
is Al;7Mo4 which is stable at 600 °C [14], while accordinggemann it could be
Al,oMos as well as Al;Mo4 [15]. EPMA measurements (see Table 3) showed for
this particular phase similar compositions withhre tlimits of error for both
samples. Considering this fact, the phase with @pproximate composition
AlgiMo1g sSip 2 Was interpreted to be AMo, although the identification by XRD

was only tentative. This interpretation is in ackrce with both, the phase
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diagram published by Schuster and Ipser as weleaphase diagram by Eumann
et. al.

According to the present investigation,; Mo shows the widest solubility
range up to 7.2(1) at.% Si at 600 °C with latticergmneters varying from
7.5815(5) A in the binary [25] to 7.5439(1) in tleenary. The solubility in AMo
(0.9(1) at.% Si), AlMo4 (0.4(1) at.% Si) and AMos (2.3(1) at.% Si) is much
smaller. The X-ray powder pattern of a sample wviith nominal composition
AlgsMo01,Sis representing the three phase field of.;®Mo, AlsMo and C40 is given
in Fig. 3. As expected, Mo does not show any sigaiit solubility in (Al) or (Si),
respectively.

In the binary Al-Mo system the phase;Mlo does only exist in the temperature
range from 942 to 1177 °C [14]. In the present wddur samples show this
phase at 600 °C thus implying a stabilization & ghase by addition of silicon.
The solubility ranges at 600 °C from 2.4(3) to ®)0at.% Si and the lattice
parameters vary from a = 5.2554(2) A, b = 17.7841 = 5.2245(2) Ap =
100.49(1)° to a = 5.2431(2) A, b = 17.763(1) A=c 5.2200(2) A and =
100.967(4)°, respectively, compared to a = 5.26%(5b = 17.768(5) A, ¢ =
5.225(5) A andp = 100.88(6) ° [26] for the binary compound.

The ternary compound Mo(Si,Al(C40) shows a wide solubility range, from
35.8(1) at 600 °C to at least 57.3(1) at.% Si & B5. The lattice parameters vary
from a = 4.7151(4) A, c = 6.564(1) A to a = 4.644%1A and ¢ = 6.5483(1) A,
respectively. The exact situation of the phasedfig40+C13+(Si)] was not
determined, so this tentative phase field is pdméh a dotted line in Fig. 1 and
the solubility of Al in MoS; (C11,) remains unclear.

Isothermal section at 1400 °C

The isothermal section at 1400 °C is shown in BigThree phase fields are
indicated by gray triangles, the nominal compositiof samples used for
determination of the composition of the respecfwmases is indicated by black

circles; open circles represent samples in the givase fields. Due to the high
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annealing temperature it was — despite the additbrup to 50 mg excess
aluminum to cover the expected loss - difficult dbtain samples with the
requested composition. The phase equilibria weegnagetermined by means of
EPMA and XRD. The sample with the nominal compositiAl;7M035Sizs has
obviously shifted its composition during sampleganation but the three phase
field [C54+C40+M@Sis] was identified without doubt. A list of the phase
compositions of the various samples can be founBainle 3; the microstructure
of selected samples is shown in Fig. 2.

At 1400 °C, homogeneity of the samples was easilgidished and it was also
possible to determine the solubility range of thelC The Mo-content of the
phase deviates slightly from the ideal compositb33.3 at.% for all the ternary
Mo(Si,Al),-phases, but this may also be due to a minor sytierarror in the
ZAF matrix correction used by EPMA analysis. Thaiting ternary composition
of C11, is Als gM034.5Sis2 g and the lattice parameters change from a = 3.2064(
and ¢ = 7.8478(8) A [27] in the binary to a = 3.2q4) A and ¢ = 7.8839(1) A at
its solubility limit.

Compared to the work of Eason [22], the current kwehows the same
expected three phase fields. The solubility rarayesdifferent, especially in the
three phase field of [C54+C40+N®is] where Eason did not place a sample. The
authors estimated the phase compositions to h#184:Sis (C54), Ak/M033Siso
(C40) and AlpM0eoSizo (M0osSis). In the current work the compositions of the
limiting phases were found to besAMMO033.oSibg 3 (C54), Ak dM034.5Sisz.9 (C40)
and Ak sMoe; 5Sisz 3 (M0sSis). The X-ray powder pattern of a sample in thigéhr
phase field is shown in Fig. 5.

According to Gokhale and Abbaschian, there is ntseasus about the binary
solubility range of MgSi; and the authors assume a homogeneity range between
60 and 63.2 at.% Mo [3]. In the current invesiigat EPMA measurements
reveal a range from AkgMO0e2.0Sis7.6 t0 Al12 gV 0g1.1Si60 fOr the Mo-poor side of
the ternary MgSis-phase. These results indicate that the actual geneaty range
of the M@Siz-phase in the binary system may be smaller thannasd by
Gokahle and Abbaschian.
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EPMA and XRD analysis of samples with the nominamposition of
Al15MogeSis, Al1gM0geSiip and AkMogeSiys indicate a complete series of solid

solutions between the two isostructural binaryyalélMos; and MgSi.

Ternary phase reactions and the liguidus surfagjegion

The determination of the ternary phase reactionthensystem Al-Mo-Si was
performed by DTA analysis of samples situated andfiferent three phase fields
at 550, 600 and 1400 °C, respectively. The measemtsof samples annealed at
550 and 600 °C were carried out to a maximum teatpex between 900 in the
Al-rich part and 1500 °C in the Al-poor part of tphase diagram. Two heating
and two cooling cycles at 5-#in”, respectively, were performed starting 50 °C
below the annealing temperature of the respecavepte. The samples annealed
at 1400 °C were analyzed by applying the high-teaipee DTA equipment. Due
to the possible reaction of a partially liquid saenpvith the crucible, the
measurements were performed only until the firattien peak occurred. In these
cases it was not possible to determine the liquieoperature of the samples.

Due to the cascade of peritectic reactions in tHeioh corner at low
temperatures, the phase equilibria determined @t°60and the amount of heat
exchanged in the occurring invariant reactionsha tespective sample, it is
approvable to assume that all the invariant reastabserved involve the liquid
phase. Based on this assumption, the invariantioeacand the composition of
the reactants estimated based on the isothermi#rseare given in Table 4. The
composition of the phases involved in the invariaghctions was estimated
considering the location of relevant three phaskldi at lower temperature, the
information on melting behaviour in the binary €mss and the information on
primary crystallization. Futhermore the compositafrthe liquid in the invariant
reactions was chosen to yield a realistic coursthefliquidus valleys and fulfil
the requirements of the respective type of reaatmmcerning the composition of

the participating phases.A corresponding reactibree is shown in Fig. 6.
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The two invariant reactions, U3 and U4, were intied for a full description
of the reaction scheme, but they were not detemhex@erimentally. The three
phase field [AIMo+AlsMo+Al17Moy], represented by the sample;#dM015Si; 5,
participates in U3, but no recognizable invaridifeéa was found up to 1207 °C,
which might be due to the fact thats®o-fraction in the sample is very small and
therefore the small thermal effect of its meltirgn ot be observed.

The reaction P2: L+C40+AV03=Al,Mo at 1218 °C involves the three phase
field [L+Al sM0+AlgMog] which is not connected to any of the ternary tieas in
Fig. 6. According to the phase diagram of Schusteo, additional compounds,
AlzMo and Alz+xMo0(1-x) — the latter not confirmed by Euman et. al. [154re
formed in the binary system Al-Mo which do not ocau the isothermal section
at 600 °C. The three phase field [L+#Mo+AlgMo3] is supposed to undergo
further ternary invariant reactions with these @sadut due to lack of
experimental data in this region of the phase diagit was not possible to
determine these reactions.

The reaction U5: L+C54=AMo03+C40 involves the three phase field
[C40+C54+AEMos] which was not observed experimentally but obvipeists
in a very narrow composition area. Both reactiddg, and U8, take place at
around 1507 °C and it was not possible to sepd#natéwvo reaction temperatures.
It can be assumed that the composition of thediguithe two reactions is very
similar. The three phase field [L+M@\I,Si)+AlsMo3] connected to the invariant
reaction U8 is drawn with an open end in the reactscheme in Fig. 6.
Considering the phase equilibria in the binary exystAl-Mo, it is possible that
this phase field undergoes invariant reactions linmg AIMo and AlsMoszy
which were not found in any of the investigated p® and are probably
restricted to a very limited composition area ie thcinity of the binary system.

The temperatures of the occurring invariant reastiovere combined with
literature data for the binary phase diagrams amgestigations of primary
crystallization of as-cast samples to construatj@dus surface projection within
the whole phase diagram which is shown in Fig. e Tiquidus valleys separate

the different fields of primary crystallization arade indicated by solid lines;
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arrows are directing towards the lower temperafiline. composition of the liquid
in the respective invariant reactions is listed able 4 and is represented by black
dots connecting the liquidus valleys in Fig. 7. eTtotted lines indicate the
isotherms between 600 and 2600 °C. It must be esigdth that most of these
isotherms are only extrapolated based on binanyidiegs temperatures and the
observed invariant reactions because in the cumenk liquidus temperatures
were not determined above 1500 °C. However, isotken the Al-rich corner of
the primary crystallization field of C40 are basedthe liquidus temperatures of
5 samples in this area.

According to our study, the liquidus valley betwedbga invariant reactions P3
and U9 shows a maximum. This assumption was backeah the one hand by
analyzing a sample with the composition2M0333Sis4 7 (@annealed at 1400 °C)
by DTA. It shows the first effect at 1925 °C whighhigher than the reaction
temperatures of U9 (1917 °C). On the other hamgltlaximum is a consequence
of the congruent melting behaviour of the C40 phak&h was confirmed by
microstructure analysis of as-cast alloys.

The congruent melting phase C40 forms a quasi pisgstem with MoSi
(C11,), which melts congruently in the binary. The quaisiary eutectic between
these two phases represents a maximum in the liguicilley between the
reactions U6 and U9. The reaction U6 was not deteekxperimentally due to the
very narrow composition of [C40+CgdSi]. Table 5 gives an overview of
primary crystallization observed in as-cast samplegch were investigated by
metallographic and SEM analysis.

A few selected microstructures are given in Figst®wing the primary
crystallization of Mg(Al,Si) (A), MosSi; (B), C54 (C) and C40 (D). Picture (C) is
of special importance for verifying the position thfe (very narrow) primary

crystallization field of C54.
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The analysis of a binary sample with nominal contpms of M033.3Siss.7
cooled from the liquid state showed only @Bhd not the hexagonfiMoSi,,
presumptive C40, thus confirming the non-existeate¢he latter in the binary

Mo-Si system.
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Summary

The phase equilibria in the system Al-Mo-Si wergdgtd at 600 °C for the Mo-
poor part and at 1400 °C for the Mo-rich part. A06°C, Ak,Mo shows the
widest solubility range with up to 7.2(1) at.% $he solubility of Si in AlMo
(0.9(1) at.% Si), AlMo4 (0.4(1) at.% Si) and AMos (2.3(1) at.% Si) is much
smaller. The phase Mo which exist in the binary only at elevated temagperes
is stabilized at 600 °C by addition of Si and sh@asolubility range from 2.4(3)
to 6.0(1) at.% Si at 600 °C.

At 1400°C phase equilibria between Mp$MoSk-type, C13), Mo(Si,Al),
(CrShk-type, C40), Mo(Si,Al (TiSi,-type, C54) and their neighbouring phases
AlgMos, MosSiz and Mo(Al,Si} were investigated. The results in the current work
show the same three phase fields as found by Ha2bibut the solubility ranges
differ significantly.

In combination with data from the binary it was gibse to determine the
ternary reaction scheme (Scheil diagram) contairitrgy 9 invariant reactions
determined by DTA measurements between 574 and iQ1and 4 additional
invariant reactions which were not determined expentally. Additionally, two
maxima at temperatures higher than 1917 °C andaai dpnary eutectic between
Cll, and C40 were introduced. In combination with pmiynarystallization
analysis the liquidus surface projection was eshbtd, showing — besides
remaining uncertainties in the Al-rich corner amdtihe vicinity of AIMo and
AlgsMo3; — the primary crystallization fields of (Al), (SiAloMo, C11,, C40,
C54, AkMo3, MosSiz Mos(Al,Si) and (Mo).
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Table?2

Invariant reactions predicted by Liu et. al [8]

Type Reaction
U L + C11, = C40 + M@Siz
P L + C40 + M@Siz = C54
U L + C54 = C40 + AlMo3
E L = MosSiz + C54 + AgMo3
E L = MosSis + Mos(Al,Si) + AlsMog
U L + AlgsMos7 = Mos(Al,Si) + AlsMogs
U L + (Mo) = AlgsMos7 + Mos(Al,Si)
U L + AlgMo3 = C40 + AlMo
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Table5

Primary crystallization observed in different astcalloys

Primary crystallizing
Nominal sample composition

phase
Al25M070Sis (Mo)
Al 45MO050Sis Mos(Al,Si)
Al 40M050Sii0 Mos(Al,Si)
Al 30M050Sizg MosSis
Al 20M050Sizo MosSi3
Al50M040Siio MosSi3
Al 45M040Sii5 MosSi3
Al 40M040Siro MosSi3
Al 30M040Sizo MosSi3
Al 20M040Sig0 MosSi3
Al 15M040Siss MosSi3
Al 10M040Siso C40
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Al56M034Si10 MosSis
Al5:M034Siy5 MosSis
Al 46M034Sixg MosSiz
Al 37M034Sixg MosSis
Al 65M030Sis AlgMos
AloM030Siio C54
Al55M030Siss C54
Al'50M030Siz0 C40
Al 40M030Siz0 C40
Al35M030Siss C40
Al 20M030Siso C40
Al70M025Sis AlgMos
Al soM020Si0 C40
Al'50M020Sis0 C40
Al 20M020Sis0 C40
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Fig. 1. Partial isothermal section of the Al-Mo-Si systatr600 °C.

Open circles: nominal composition of the sampléaclocircles: samples used for
determination of the three phase fields; black sguadditional sample annealed

at 550 °C to avoid equilibrium with liquid.
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Fig. 22 BSE images of samples with the nominal composi#nAlgMosSis
(annelaed at 600 °C), B) AM0,3Sis7 (annealed at 550°C), C) &Mo030Si;0 and

D) Al0Mo020Sigo (both annealed at 1400 °C).
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£ 20,000 == .

10,000 i n '

’ > O O molo
O
\JJGP_JLJ Sl 2o S

14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
20 [°]
Fig. 3: X-ray powder pattern of a sample with the nomimaimposition
A|83M0125i5
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Mo

80
AlMo,?® / © © © Mo,Si

Fig. 4: Partial isothermal section of the Al-Mo-Si systat1400 °C.

circles: nominal composition of the samples; blackles: samples investigated

by EPMA
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Fig. 5. X-ray powder pattern of a sample with the nomimaimposition

Al37M035Sizs
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P3 1619
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U9 1917
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U8 ~1507
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p 1034
L+Al,Mo=Al,,Mo,

p 964
L+Al,,Mo,=Al,,Mo,

p 846
L+Al,Mo,=Al,Mo

L+Mo,Si,=C54+Al,Mo,

U5 1218<T<1507
L+C54=Al,Mo,+C40

|
U7 ~1507 [AlMo +Mo,Si.+Mo (AL.Sh)]

C54+Al.Mo.+Mo.Si

e 1900
L+C11,+Mo,Si,

P2 1218

U6 <1400
L+C11,=C40+S
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e 831 ‘ 4
Al,,Mo,=Al, Mo, +Al,Mlo
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-

Al,Mo+Al,Mo+Al,,Mo,

U2 824

L+Al,Mo=Al,Mo+C40

[AiMo+ALMo+Ca0]

P1718
L+Al,Mo+C40=Al,,Mo

p
L+Al,Mo=Al,,Mo

p 661

Al,Mo+Al, Mo+C40

L+Al,,Mo=Al

Al-Si

1
U1632
L+Al,,Mo=Al+C40

I Al+Al ;M0+C40 I

u

e 577
L=Al+Si

E1574
L=Al+C40+Si

Al+Si+C40

e 1400
L=C11,+Si

Fig. 6: Ternary reaction scheme (Scheil Diagram) for Al-Bio

Dashed three phase field: not determined experatignt
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Fig. 7. Liquidus surface projection of Al-Mo-Si includinfields of primary
crystallisation. Solid lines: liquidus valleys; ted thick lines in the Al-rich
corner: liquidus valleys not confirmed experimelytaldotted thin lines:
isotherms; full circles: invariant points, openct#s: maxima, crosses: nominal

composition of samples used to determine the liggglrface
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Mo, (Al Si)E>

[Mo,(ALSi)E>

Fig. 8. BSE images of samples with the nominal composkipAl ,0M05Siio, B)
Al 45MO4OSi15, C) A|60M03oSi10 and D) AboMOgoSieo. The marked phased indicate
the primary crystals.
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4 Summary

Fundamental understanding of phase equilibria antares in alloy systems
is crucial for proper materials design. Therefodetailed research in alloy
systems is necessary to clarify discrepancies teralure data and obtain

information on so far unexplored fields.

The current work provides a detailed investigatbrihe alloy systems Al-Cu,
CusSi, AI-Cu-Si and Al-Mo-Si, both in phase equildbrand structural analysis.
The systems were investigated using light opticadrascopy (LOM), scanning
electron microscopy (SEM) in combination with ED®daelectron probe
microanalysis (EPMA), powder X-Ray diffraction (XRIat ambient and at

elevated temperature and differential thermal asigl{DTA).

The currently accepted phase diagram of Al-Cu dussrepresent the actual
state of knowledge in the system. In the presemtkwdetailed experimental
analysis lead to an improved phase diagram exhgpitew phase equilibria. The
existence of the high temperature ph@gs@as not confirmed and the transition of
the high temperature phaggto the low temperature phaggwas found to be a
higher order transition. Additionally, it was pddsi to determine the structure of
the high temperature phasg-AlisCu Cmmm Al;;Cu-type) using high
temperature XRD in combination with Simulated Animga Comparing the
structure of the high temperature phasend the low temperature phageand
considering the high heat exchange during the itransn, = n; measured by
DTA, the present study states, that this transitéaction is a first order reaction.

In the system Cu-Si, the phas€uwsSis in the binary was confirmed to be an
equilibrium phase. An extensive number of experimenggest though, that the
formation of the phase could be inhibited kineticdlue to nucleation difficulties.
Additionally, the phase equilibria in the Cu-ricarpof the phase diagram were
investigated. Phase equilibria and stable phases wenfirmed in the main.

Selected compositions and a few invariant reactienge been modified, e.g. the
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stability ranges of-(Cu,Si), 8-(Cu,Si) andn-(Cu,Si) and the nature of thye= 6
transition. The structure of the high-temperatunasep-(Cu,Si) €12, W-type)
was confirmed by high-temperature powder XRD; sameertainties concerning

the structure of the high-temperature ph&ag¢€u,Si) are still remaining.

The system Al-Cu-Si was re-evaluated. An isothersealtion at 500 °C over
the whole composition range as well as an isothesex@ion at 700 °C covering
the Cu-rich part of the phase diagram was invetgdyaAt 700 °C, a new ternary
compoundr, which decomposes t(Cu,Si), yo,1-(Al,Cu) andx-(Cu,Si) between
700 and 500 °C, was discovered. Although two igbglat 40 at.% and 10 at.%
Si were investigated, solid state reactions inGherich part of the phase diagram
remain still unclear. However, a partial reactiocheme (Scheil Diagram)

including invariant reactions in the Cu-poor paasvestablished.

Due to complicated phase equilibria in the Al-riglrt of the phase diagram,
previous investigations in the Al-Mo-Si system wao# dealing with this area. In
the present work, an isotherm at 600 °C in the Morpart of the phase diagram
and an isotherm at 1400 °C in the Mo-rich part wewestigated. At 600 °C, the
three phase fields in the Mo-poor region were daeiteed for the first time. The
phase AJ;Mo shows the highest solubility of Si (7.2(1) at.&#)d the binary high
temperature phase Mo is stabilized at 600 °C by addition of Si. AtQ4°C the
three phase fields determined do confirm previouslirigs, although the
solubility ranges differ significantly. It was paske to determine the ternary
reaction scheme containing 9 invariant reactiondgdi#fonally, the liquidus
surface projection, showing some uncertaintieshim Al-rich corner and near
AlMo, was determined. It shows the primary crystallion fields of (Al), (Si),
Al1;,Mo, C11, C40, C54, AiMos, MosSis Mos(Al,Si) and (Mo).
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5 Zusammenfassung

Fundamentales Verstandnis von Phasengleichgewichteh Strukturen in
Legierungen ist fur die Materialentwicklung von Bes Bedeutung. Die
detaillierte Erforschung von Legierungssystemen Iser notwendig um
Diskrepanzen in Literaturdaten zu beseitigen unidrinationen tber bislang
unerforschte Gebiete zu erhalten.

In der vorliegenden Arbeit werden die Legierungssy®e Al-Cu, Cu-Si, Al-
Cu-Si und Al-Mo-Si beziglich ihrer Phasengleichgdwe und Strukturen
untersucht. Die Systeme wurden mit Hilfe von optescMikroskopie (LOM),
Elektronenstrahlmikroskopie (SEM) in  Kombination tmiEDS und
Elektronenstrahlmikroanalyse (EPMA), Pulverrontgérektometrie (XRD) bei

niedriger und hoher Temperatur und Differentialtbamalyse (DTA) untersucht.

Das gegenwartig akzeptierte Phasendiagramm vonuAéi@@spricht nicht dem
aktuellen Wissensstand. In der vorliegenden Arb@ihrten detaillierte
experimentelle Untersuchungen zu einem verbessBtiasendiagramm das neue
Phasengleichgewichte zeigt. Die Existenz der Hooperaturphasgl, wurde
nicht bestatigt und der Ubergang zwischen der Houoperaturphase, zur
Tieftemperaturphasey; wurde als Ubergang hoherer Ordnung identifiziert.
Weiters wurde die Struktur der Hochtemperaturphgsl ; sCu Cmmm n-Al ;.
sCu-Typ) mit Hochtemperatur-XRD in Kombination miin&ilated Annealing
aufgeklart. Vergleich der Strukturen der Hoch- Uneftemperaturphasen und
M2 unter Berucksichtigung des Warmeumsatzes bei devahdlungn, = n; bei

der DTA-Messung zeigt, dass ein Ubergang ersten@rg erfolgt.

Im System Cu-Si konnte nach umfangreichen Experiemedargelegt werden,
dass die PhaseCu;sSiy eine Gleichgewichtsphase ist. lhre Bildung kardogh
aufgrund von Problemen bei der Keimbildung kindtigehemmt sein. Zusatzlich
wurden die Phasengleichgewichte im Cu-reichen Te$ Phasendiagramms

untersucht. Im GroRRen und Ganzen wurden die Phkseimgewichte bestatigt.
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Bestimmte Zusammensetzungen und einige invarianéakt®nen wurden
modifiziert, z.B. die Stabilitdtsbereiche v@na(Cu,Si), 8-(Cu,Si) andn-(Cu,Si)
und die Umwandlung = 6. Die Struktur der Hochtemperaturph@séCu,Si) €12,
W-Typ) wurde bestétigt; Unsicherheiten bleiben bdgr Struktur vom-(Cu,Si).

Weiters wurde das System AI-Cu-Si neu erforschmeHsotherme bei 500 °C
Uber den gesamten Zusammensetzungsbereich untésetherme bei 700 °C im
Cu-reichen Teil des Phasendiagramms wurden untarsBei 700 °C wurde eine
neue ternare Verbindung gefunden, die sich zwischen 700 und 500 °G-in
(Cu,Si),y0.1-(Al,Cu) andk-(Cu,Si) zersetzt. Obwohl zwei Isoplethen bei 496a
und 10 at.% Si untersucht wurden, bleiben die Festpnumwandlungsreaktionen
im Cu-reichen Teil des Phasendiagramms unklar. credear es maoglich, ein
partielles Reaktionsschema (Scheil Diagramm) derianten Reaktionen im Cu-
armen Teil aufzustellen.

Aufgrund der komplexen Phasengleichgewichte im eMiten Teil des
Phasendiagramms Al-Mo-Si haben frihere Untersuatuingliesen kaum
berticksichtigt. In der vorliegenden Arbeit wurdesothermen im Mo-armen
Bereich bei 600 °C und im Mo-reichen Teil bei 14@ untersucht. Bei 600 °C
wurden die Phasengleichgewichte erstmals bestidiatPhase AbMo zeigt mit
7.2 at.% die hochste Loslichkeit von Si. Die binBi@chtemperaturphase Mo
wird durch Zugabe von Si bei 600 °C stabilisierei B400 °C werden die
Dreiphasenfelder aus friheren Untersuchungen bgst@doch unterscheiden
sich die Loslichkeiten signifikant. Es war mogliakgs ternare Reaktionsschema
mit 9 invarianten Reaktionen aufzustellen. Zuséleli wurde die
Liquidusprojektion bestimmt. Diese zeigt einige Idherheiten im Al-reichen
Bereich und in der N&he von AIMo, jedoch konntene dprimaren
Kristallisationsfelder von (Al), (Si), AfMo, C11, C40, C54, AIMo3, MosSis
Mos(Al,Si) and (Mo) bestimmt werden.
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Supplementary material

Appendix A

Re-investigation of phase equilibria in the system Al-Cu and structural

analysis of the high-temperature phase #,-Al, sCu
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New investigation of phase equilibriain the system Al-Cu-Si

thermal analysis (DTA)
sample
. invariant other liquidus on liquidus on
composition _ _
effects effects heating cooling
547(1)
CusoSiao 555(1) 987(1) 978(1)
804(1)
512(2)
. 579(1) . :
Al 4CUsgSiso 728(1) 549(1) not determined not determined
777(1)
AlsCussSi >81(1) 770(1) 1020(1) 1014(2)
UssSi
5L Us50la0 732(1)
512(1)
_ 580(1)
AlsCussSiso 550(1) 1019(1) 1009(1)
729(1)
751(3)
Al75Cus2 551 580(1) . .
not determined not determined
40 730(1)
. 580(1) 512(2)
AlgCus,Sigo 1028(1) 1019(2)
728(1) 550(1)
AlgsCus; sSi 580(1 513(2
SoT @) @) not determined not determined
40 729(1) 550(2)
512(1)
. 550(1)
Al 10CUsSig0 579(1) 1035(1) 1028(2)
727(2)
744(2)
551(1)
Al11:CwgSigo 579(1) 731(1) 1042(1) 1038(1)
746(1)
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735() 753(3)
AlClarSio  741(0) 760(2) 1046(2) 1043(1)
550(1)
Al 1,CeSio 745(1) 1048(1) 1042(1)
765(1)
Al 1sClsSiso 724(1) 1046(1) 1046(1)
774(1)
Al16CtnSino 757(0) 1073(4) 1084(3)
Al1CWaSio 764(1) 1053(1) 1047(1)
Al7oClucSio 776(0) 1054(2) 1058(2)
Al>1CUssSino 768(1) 1056(1) 1050(1)
AlClaiSio  746(1) 77002) 1063(2) 1050(2)
Al>sClaSio  570(3) 749() 1064(4) 1051(1)
ApCuSio & 450 1056(1) 1053(1)
604(2)
— 572(0)
Al 30CecSiao 724(1) 1045(5) 1045(1)
605(1)
AlsClossin T a3 1051(5) 1059(1)
605(1)
Al.CleSio  575(2) 521(1) 10182) 1014(2)
AlsCuisSio  522(1) 568(2) 1009(3) 1012()
AlsCuicSio  522(1) 961(4) 957(1)
AlssClesSio  523(1) 552(1) 978(2) 977(1)
AloSio  578(2) 947(4) 937()
ClooSiio 885(1) 983(1) 979(2)
Al2sClor 5 824(1) 963(1) 956(1)
o 868(2)
AlsClesSizo 799(1) 948(2) 947(1)
895(1)
Alo Cles Si 758(3) 931(1) 928(1)
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10 775(3)
892(3)
_ 667(2)
Al75Cug2 5Si
740(2) 931(1) 926(2)
0 888(2)
_ 705(1)
Al10CUgeSiio 936(1) 930(1)
884(1)
Al 806(2
12'5_Cu77'5s 663(2) @) 930(1) 926(1)
10 868(1)
Al 15U75Si10 864(1) 927(1) 924(1)
Al17Cu3Si 847(3) 920(1) 915(1)
|
17CUz3olio 885(3)
_ 582(2) 542(2)
Al 13CU728|10 908(3) 909(2)
907(29 814(2)
Al 20CuSiio 744(1) 913(1) 906(2)
Al 30CUsSiio 774(3) 852(1) 842(1)
Al
32_§0u57_5s 756(2) 818(3) 815(1)
l10
Al 35CUssSi 079(1) 757(2) 802(2) 796(1)
|
35CUs59l10 748(1)
535(3)
_ 557(2)
Al 37CUs3Siio 571(3) 792(1) 777(1)
749(2)
712(3)
Al 40CUsoSI 290(2) 748(1) 766(1) 746(2)
[
40 Uspol10 609(2)
_ 579(4)
Al 42CWwgSiio 600(1) 739(2) 733(1)
604(1)
Al 45CwysSi °73(1) 725(1) 714(1)
|
450 UssOl10 605(1)
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AlscClaoSh 57302
soClooSh @) 682(2) 744(4) 705(1)

0 601(1)

— 574(0)
Al 5:CUssSino 633(1) 720(5) 690(3)

603(1)
AloecCloSiho  577(4) 706(2) 662(19
Alo:ClosSiho  521(2) 574(2) 688(4) 639(1)
AlgzClSiho _ 520(1) 573(1) 547(3)
AlocSi >77(1) 591(1) 583(1)

|
0= 583(2)
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Appendix B: Permissionsfor prints

Am 19.07.2011, 14:04 Uhr, schrieb Parker, Kerry $EDXF) <Kerry.Parker@elsevier.com>:
Dear Norbert,
Thermal Analysis, 9780127656052, 1990, Wunderlicfigure only

As per your email dated 18th July 2011, Elseviex i@ objection to granting its permission for
you to use the aforementioned material subjeatitalsie acknowledgement to the source as
follows:

Reprinted from Publication title, Vol number, Autfs), Title of article, Pages No., Copyright
(Year).

However we haven't been able to locate the confeadhis title in our archives so we are unable
to confirm that we are the legal copyright holdefrshis material. Therefore it is important that
you also obtain permission from the author(s) ptdouse. If any part of the material to be used
(for example, figures) has appeared in the origidalication with credit or acknowledgement to
another source, permission must also be soughtthatrsource.

Kind regards
Kerry

Kerry Parker :: :: Rights Associate
Global Rights Dpt :: :: Elsevier Ltd

Tel: +44 1865 843280
Fax: +44 1865 853333
Email: kerry.parker@elsevier.com

From: norbert.ponweiser@univie.ac.at [mailto:notlpemweiser@univie.ac.at]
Sent: 18 July 2011 20:49

To: Rights and Permissions (ELS)

Subject: Obtain Permission

This Email was sent from the Elsevier Corporate \8ié
and is related to Obtain Permission form:

Product: Customer Support

Component:  Obtain Permission

Web server: http://www.elsevier.com

IP address: 131.130.27.5

Client: Opera/9.80 (Windows NT 5.1; U; de¢$0/2.9.168 Version/11.50

Invoked from:
http://www.elsevier.com/wps/find/obtainpermissiomfocws_home?isSubmitted=yes&navigateX
mlFileName=/store/p65idstarget/act/framework_sufipbtainpermission.xml

Request From:

Mag. Norbert Ponweiser
University of Vienna
Waehringer Strasse 42
1090 Vienna
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Vienna, Austria

Contact Details:

Telephone: +43-660-7635146
Fax: +43-1-4277-9529
Email Address: norbert.ponweiser@univi@gc.

To use the following material:

ISSN/ISBN: 0-12-765605-7
Title: Thermal Analysis
Author(s): Bernhard Wunderlich
Volume: 1

Issue: 1

Year: 1990

Pages: 174 - 174

Article title: Thermal Analysis

How much of the requested material is to be used:
I only need this one figure for my thesis.

Are you the author: No
Author at institute: No

How/where will the requested material be used: [hased]

Details: The figure used in the introduction of thgsis. Proper citation of the book mentioned
above is self-evident. Since it is for academic us®pe you can grant me permission to use the
figure without charges.

Additional Info:

[acronym]
-end -

Elsevier Limited. Registered Office: The Boulevdrdngford Lane, Kidlington, Oxford, OX5
1GB, United Kingdom, Registration No. 1982084 (Eamgl and Wales).

Am 19.07.2011, 20:30 Uhr, schrieb Bernhard WunderiWunderlich@chartertn.net>:
Dear Mr. Ponweiser:

The figure you requested to use in your thesis:

Bernhard Wunderlich — Thermal Analysis

ISBN 0-12-765605-7

Copyright © 1990 by Academic Press, Inc.

Page 174, Fig 4.23 PHASE DIAGRAMS 1. General desiom

is also part of the illustrations which | use wheaching my course "Thermal Analysis of
Materials" and | gladly give you permission to ltse

In the last version of the course, the figure Hamnged slightly, so | include the last figures, to
give you an easily copyable file. In case you aterested in the text to the figures, see: B.
Wunderlich, Thermal Analysis of Materials. A compugassisted lecture course of 36 lectures.
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Updated and changed to newly developed presentstiitware, published via the Internet (2005-
2007). Available by downloading through the intersites: http://www.scite.eu (under ‘Books and
more’), http://athas.prz.rzeszow.pl (under ‘Teaghinand http://www.evitherm.org/index.asp
(from their home page, go to ‘Thermal analysis &danetry’).

Good luck with your thesis,

Bernhard Wunderlich

Professor emeritus, from the

University of Tennessee, Knoxville (UTK)
and Rensselaer Polytechnic Institute (RPI)
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