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Introduction

1. Introduction

The use of metals and alloys can be traced badiadhiof human’s history. The
application of copper and the development of ileya started in the Chalcolithic and
the oldest archeological discoveries in this respetce dated eight thousand years B.C.
Based on the use of genuine copper, gold and silwdghe Bronze age from 2200 to
1200 B.C. the usage of bronze as an alloy staiited.development and utilization of
tools and weapons of iron and steel characteriedrtin Age from 1200 to 450 B.C.
During the centuries of course the demands andapipéication range of metals and
alloys changed and increased a lot. Nearly no fielour modern society can get along
without metals: they are of essential use in inesst transport industries, household,
medicine and other areas. In the last decades ifmeission about sustainable and
renewable energy production was getting more ana nmaportant and the finding and
processing of applicative new materials is esskemtithis respect. The usage of metals
and alloys not only as catalysts, coating mateaal$ energy storage materials play an
important role in these developments. Intermetadlioys are receiving extensive
research activities at the present time in viewhef possibilities for their application,
particularly at high temperatures, as high strengtierials in oxidizing or corrosive
environments [1]. They offer the advantage of cecanand certain of the beneficial
mechanical characteristics of metals. The advanta#gatermetallics over ceramic
materials is their behaviour at high temperaturasesthey show yielding and stress-

relieving characteristics [2].

The research of the present work is dedicated &s@ldiagram investigations in the
ternary systems Al-Co-Si and Al-Si-V. Co and V & transition metals and the
ternary systems of these metals with aluminum drbis are of significant importance
for many technical applications. In metallurgicedde aluminum-silicon alloys are used
to produce cast parts mainly for automotive indudttigh performance light metals are
required to increase fuel efficiency of transpgrstems and to reduce environmental
pollution which is being considered seriously indam society. Hypereutectic Al-Si
alloys have been regarded to be a potential sutesfior cast iron, which has been used
widely for wear resistant components in the autéaveoindustry [3]. Because of their

excellent castability, it is possible to produckatde castings, even in complex shapes.
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Additives of other metals like copper, manganesegpmium, molybdenum, cobalt,
zirconium, iron or nickel enhance the charactarssbf the work pieces like toughness
and machinability. Copper for example is addednicréase the strength and fatigue
resistance and titanium additives refine the gsae. Adding iron also strengthens the
work pieces but the ductility decreases drasticalig additives of cobalt, nickel and
molybdenum maintain the ductility. Aluminum-silicatioys with iron and nickel have
particularly good resistance to high-temperaturdewar steam [4-6]. Vanadium-
additives to AdeSiy films improve their corrosion- and electromigratieesistance, as
well as their plasma etchability [7]. Vanadium atl alloys have received moderate
attention during the past 30 years, primarily du¢heir potential for high-temperature
applications such as nuclear-fusion reactors, gasification units, and gas turbines.
Vanadium melts at 1910 °C and can be alloyed readith aluminum, chromium, and
titanium to achieve low densities without severdggpressing the melting temperature.
Of additional interest are the promising mechanpcaperties of these alloys at elevated
temperatures [8]. Because of its superconductthigybinary phase SiMvas subject of
several investigations [9-11]. Cobalt-silicon-alaomn alloys have been investigated as
cathode material of the lithium ion battery and tharging and discharging capacity is
about two times of the common graphite electrodd. [t TiAl based alloys show good
corrosion resistance and due to their high tempezatrength in combination with low
density they are promising materials for aerospawd automotive applications [13].
TiAl/Ti sSi; alloys are used as composite materials [14]. Nb&ded superalloys show
good oxidation and corrosion resistance, as wedxasllent high temperature and creep
strengths. For the development of an analogousriaktiee FgAl intermetallic is under
investigation [1]. Iron disilicide{-FeSp) is one of the most promising thermoelectric
candidates, due to its high Seebeck coefficiemt,dost, high oxidation resistance, non-
toxicity, and high working temperatures. It is afgomising as an important candidate
for silicon-compatible devices in optoelectronicheology. Beside other elements
aluminium-additives improve the thermoelectric pdjes of the3-FeSp [15]. Alloying
additions of vanadium to 3FAI-Si eutectic alloys, which have promising high-
temperature mechanical properties, improve thettilily at room temperature. Similar
research was done with Al-Fe-Si alloys adding vamadto improve the mechanical

properties at elevated temperatures [16].
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There is a great interest coming from very différeelds of applied science and the
role of the respective systems as key systemshidevelopment of different highly
developed alloys and materials is obvious. A fuldl @onsistent description of ternary
alloys of aluminium and silicon with the 3d trammit metals forms an important basis

for future work in these fields.

Alloy phase diagrams describe the state of a nmtslem in order to characterize
compounds and phases dependent of temperaturesupgesnd composition. In
metallurgy they are important to comprehend sotdtfon processes and to understand
the microstructure of a sample, which influences gmoperty of a material. Phase
diagrams are crucial in industries to develop nélays for specific applications, to
improve fabrication of alloys into useful shaped atesign. They are necessary to
control heat treatment schedules for the produatiotiesired mechanical, physical and
chemical properties, and to improve product predbitity [17]. Various aspects of
phase equilibria are employed in the industrialcpssing of materials. They are
intended to function in useful applications like leeg, soldering, contacting of

semiconductors and surface layers.

The very first binary phase diagram was the Fg=Fdiagram and was published by
Robert-Austen in 1897 [18]. This diagram was notegpuilibrium diagram since it

lacked compatibility with the equilibrium reverdiby inherent in the thermodynamic
constraints codified by Gibbs. Three years latel 990 the thermodynamically valid
equilibrium Fe-FeC diagram was published [18]. Since this time nwusrresearch

activities have been done to determine binary,amgrrand multi component phase
diagrams. Because of the large number of relevaaise diagrams (~4000 binary
systems and ~100000 ternary systems, etc.), oneragine the efforts which have to
be done in this field [18].

Another important method beside the experimentabcgss in phase diagram
determination is the thermodynamic modeling anduwation of phase diagrams. This
method is especially important for higher ordertsys when experimental results are
difficult and complex to gain. The CALPHAD methadg]culation of Phase Diagrams)
is a critical assessment and thermodynamic optimizeof binary and higher order

systems. Knowledge of the equilibrium state islihsis for any successful simulation
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of processes and transformations [19]. For eadvaet phase in a respective system
the Gibbs energy G as a function of the intensiagables p, T, and;xs needed. The
minimum of G for the system, and thus the phaselibga, can be calculated by
minimization procedures. Starting point of all ed#tions and simulations of course
must be an assessment of reliable experimental dateerning phase diagram
determination as well as thermodynamic data. Attesmie develop high-quality
databases are in progress but concerning the segleaumber of compounds that
become of interest each year, far from completengéssimprove the application of
thermodynamics and phase diagrams to solve modaterials problems, experimental
research activities are extremely important [20].
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2. Phase Diagram Determination

Phase diagrams are visual representations of #te ef a material as a function of
temperature, pressure and composition of the d¢aesti components. Generally two-
component (i.e. binary) phase diagrams are preseaatteconstant pressure and their
graphical representations are quite clearly arrdnge only one figure. The precise
construction of a ternary phase diagram requireseethtypes of graphical

representations: isothermal sections, vertical izest and the liquidus surface
projection. Additionally a reaction scheme, calfecheil-diagram, including all binary

and ternary invariant reactions can be designethdtier understanding of the partially

quite complicated circumstances.

The most common and traditional method for phaagrdm determination is the usage
of equilibrated alloys. This method was used is thiork for determining the Al-Co-Si
and the Al-Si-V phase diagrams. In the Al-Co-Siteysthe diffusion couple technique

was applied additionally.

Working with equilibrated alloys, a phase diagranconstructed by preparing alloys of
the required constituents, heat treating at theuesigd temperatures to reach
equilibrium states, and then identifying the phagdter quenching the microstructure
and the composition of the present phases are meghsund the solubility of other
elements in a phase is detected. Dynamic methoglsused to determine liquidus
temperatures, solidus temperatures, solubilityslirend other phase transition lines.
When a phase transition occurs in an alloy, itssp@ and chemical properties, phase
composition, and/or structure will vary. Based tis tfact several techniques were
utilized in this work to determine the ternary phadiagrams. They included
metallographic investigations, X-ray powder diftian (XRD), electron probe
microanalysis (EPMA) and differential thermal arsady (DTA). Metallographic
investigations were carried out by means of opticatroscopy as well as using
scanning electron microscopy (SEM). By analyzing tbmperature, composition, and
property changes associated with phase transitmrescan construct phase boundaries
according to the phase rule [21]. The phase rul@ibbs relates the physical state of a
mixture with the number of substances of which st domposed and with the

environmental conditions imposed upon it.
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For the isothermal sections one intersects theatgrphase diagram at a certain, fixed
temperature horizontally. This temperature is redchy an equilibrium annealing
procedure after preparing an alloy by melting tbeaponents together or by using other
reaction routes like pressing a powder pellet & tomponents. To ensure that the
samples reach the equilibrium state the alloyskepg at a definite temperature for a
certain time and homogenization is achieved throddfusion. Since the diffusion
coefficient increases greatly with temperature,hiibat treatment temperature should be
raised as high as possible to assure good homagemz However the temperature
must be at least 50 °C below the solidus temperatdy the subsequent quenching
process the alloys are cooled to room temperateng fast and it can be assumed that
the equilibrium state is frozen due to the verywsldiffusion time at this low
temperature. By means of light optical microscoRD- and EPMA- measurements
the present phases in each sample can be deterrhioedll phases are quenchable and
in this case in situ methods like high temperaXiR® can be applied.

Light optical microscopys a very useful method to examine whether anyaowell

homogenized and it is recommended to check ths$ fiefore carrying on the work.
Optical microscopy indicates how many phases a kaogntains and the polarization
mode gives first information about the crystal stuwe of the phases. The
microstructure of a sample provides the researehttr information on the melting
behaviour of the alloys. In fact optical microscopgs a very important tool in former
times and many phase diagrams were determinechguérge impact on this method.
Excellent knowledge and good experience of cousseessential for the correct
conclusions and interpretation, since the infororatyetting from optical microscopy

are quite limited.

In this work a Zeiss Axiotech 100 microscope wasdufor optical microscopy. The
microscope is equipped for four different modesbraght field (BF) image is an
ordinary magnification of the sample and gives infation about the number of present
phases and about the grain size. For primary dligstigon studies the BF mode is
essential. In the dark field (DF) mode the lighaulveirradiates the surface at low angle
and only non horizontal surfaces are reflected. €hetrast is caused by surface
structures like cracks, holes, grain boundaries emdajh surfaces. On polarization

imaging (PI) the beam is polarized by the polariZérthe sample surface the beam is
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modified according to the optical properties of thaterial. Polarizing surfaces can be
identified by rotating the sample relative to thecident beam. Phases with low
symmetry usually polarize strongly while phaseshwiigh symmetry do not show
polarization. In this way some limited informati@out the crystal structure of the
phases can be gained. In the differential intenfegecontrast (DIC) the incident
polarized beam is separated into two parts. Acogrdo the height difference at the
samples surface they have different optical patigtie After passing the analyzer they
interfere according to the difference in height.ribg the grinding and polishing
process soft phases are removed stronger thanphasgs which can be displayed by
the DIC mode. A Sony DSC-S75 digital still camessitshed to full zoom was

employed to take pictures.

In X-ray diffraction (XRD)-measurementsie can identify the present phases due to
their different crystal structure. Since the ceftgmeter of a phase changes when atoms
are substituted at certain positions in the crystraicture one can get information about
the solubility of the other elements in the respecphase. The software TOPAS [22],
which was used for refining the X-ray patterns ipragram based on the Rietveld-
refinement-method. The Rietveld method uses a Isgsares approach to refine a
theoretical line profile until it matches the measliprofile [23, 24]. The height, width
and position of the reflections of the X-ray paitean be used to determine different
aspects of the materials structure like cell patameomain size or site occupation.
With structure information given in literature (e.dPearson’s Handbook of
Crystallographic Data [25]) the program calculatesheoretical pattern and phase
identification is accomplished by comparing thekseand relative intensities from the
investigated specimen with those calculated byptiogram. In case of the presence of
several phases relative amounts can be estimatedrbparing the refined area of the
respective patterns. The other essential applicaifoXRD is the determination of the
crystal structures of new phases. This was the icatbe ternary Al-Si-V system where

a new ternary phase was discovered. The powdesrpaif this phase was indexed and
the comparison with structural models allowed theppsal of the crystal structure
which could be confirmed by Rietveld refinement.dibnally and to affirm this

suggestion single crystal measurements for strectatermination were performed.
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For powder-XRD a Bruker D8 Advance DiffractometethiCu Ka radiation was used.
The majority of the measurements were carried oiih \@ Lynxeye silicon strip
detector, but for the Co-rich samples an energpeaig@ve Solx detector was used
because of fluorescence. The measurement modavfotlee Bragg-Brentano geometry.
The instrument works /20 reflection mode where the autosampler rotateshiey t
angeld, while the detector simultaneously rotates By Zingle crystal diffraction data
were collected on a NONIUS four circle diffractomreequipped with a CCD detector

and a 30Qum capillary optics collimator (Mo tube, graphite mo@hromator).

The characteristic spectrum of X-rays emitted leydifferent elements in the specimen
after excitation by high energy-electrons is usedlbtain quantitative or qualitative
compositional information about the sampleglectron probe micro analysis (EPMA)
The exact compositions of the present phases camdasured precisely and phase
boundaries which terminate single-, two- and thpkase fields are constructed on the
basis of these measurements. In EPMA measuremeitgelemgth dispersive
spectroscopy (WDS) is used for quantitative analyBnergy dispersive spectroscopy
(EDS) is also possible for measuring the phase ositipn but the accuracy is not as
good as in WDS. Similar to light optical microscoggditional information concerning
the microstructure is provided by this method. Dhaek scattered electron images come
from the difference in the average atomic numbeaah point in the sample, thus they
carry compositional information. Contrast mechanfsmsecondary electron imaging is

predominately the surface topology of the sample.

In this study the majority of the EPMA measurememse carried out on a Cameca SX
electron probe 1000 (Cameca, Courbevoie, Franced W8DS for quantitative analysis
at 15 kV using a beam current of 20 nA. Conventia#F matrix correction was use
to calculate the final composition from the meadukeray intensities. Some of the
samples were measured on a Jeol JXA 8600 Supermsibg EDS for quantitative
analysis. The measurements were carried out atv1&nkl 20 nA. Conventional PRX
matrix correction was applied. To examine as cashptes for studies concerning
primary crystallization and for the characterizatiof the diffusion couples, SEM
(scanning electron microscopy) measurements weredaut on a Zeiss Supra 55 VP
equipped with an EDX detector. For all EPMA and SEdasurements pure aluminum,
cobalt, silicon and vanadium were employed as st@hohaterials.
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The isothermal sections provide a basis for théicadrsections or isopleths, where the
phase diagram is cut at a constant compositiotidipresent research the amount of the
transition metal, i.e. vanadium or cobalt was kapistant. To gain information on the
ternary invariant reactions, phase stability anditinge behaviour of intermetallic
compounds the sample and a reference are subjectedemperature program in the
differential thermal analysis (DTARIl phase transitions or reactions taking pladew
heating or cooling an alloy, are connected witheattexchange, which is recorded by
the DTA-instrument. When a phase transition takasein the sample that involves
release of heat, the sample temperature raisesotatltypabove that of the reference
resulting in an exothermic peak. Conversely, asiteon accompanied by adsorption of
heat reduces the temperature of the sample compmatbdt of the reference, leading to
endothermic peaks. At invariant thermal effects timperature of the sample stays
constant until the reaction is completed. In thiedkof reactions the extrapolated onset
temperature is evaluated. In ternary phase diagmaasly three different invariant
reactions involving the liquid phase occur: thenéey eutectic, peritectic and transition
reactions. Furthermore monotectic and metatectariant reaction can occur in ternary
systems. Ternary eutectoid and peritectoid reastime solid-state reactions and no
liquid phase is involved. Because of the small amaf heat which is exchanged in
solid-state reactions they are hard to detect irADileasurements. In equilibrium
reactionsAG=0 which means thaiH=TAS and the change of enthalpy which affects
the heat effect in the DTA is connected with therge of the entropy. In general
liquid/solid reactions show highé&xS and therefore highekH than pure solid state
reactions. Another reason for the difficulty to ekt solid-state reactions in DTA-
determination is that the reaction is sluggish beeaof the slow diffusion in the solid.
On the one hand a higher heating rate has positipact on the sensitivity and as a
consequence on the height of the signals. On ther diand it influences the resolution
in time and the separation of the effects, neghtiva this study DTA-measurements

were carried out with a heating rate of 5 Krhin

Beside invariant reactions non invariant reactitake place when a phase boundary is
crossed during heating and cooling, respectively.nbn invariant reactions the
temperature at the end of the effect is appraiedmportant non invariant effect is the
liquidus temperature after which the alloy has swelcompletely. In Figure 1 an

invariant, a non invariant and a liquidus effecsh®wn in a schematic DTA-curve.
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DTA

T: extrapolated T T
onset

\

non invariant liquidus
invariant effect effect on heating
N
7
Temperature

Figure 1: Schematic DTA-curve

For the interpretation of the DTA-measurements éssential to know which phases are
present before heating. The first effect observedithree phase field gives most
significant information at which temperature thguid is formed first and an invariant

four phase reaction takes place in the respedineztphase field.

In another step these invariant reactions are naetstd graphically to gain information
on the occurrence of the respective reaction withim ternary phase diagram. The
reaction is projected to an isothermal sectiomatréaction temperature and the vertical
and isothermal occurrence of the reaction is aegustFor this projection the
composition of all reacting phases must be defifdsk composition of solid phases
which don’t show nameable solubility dependencénvi@mperature is fixed by their
solubility measured by EPMA. In case of the ligpithse and for phases with changing
solubility, the composition must be estimated tanga reasonable sequence of
reactions. The amount of material which is conwérdearing a reaction, of course
influences the heat exchange and consequentlyrdzed the peak. This fact, in turn
depends on the sample composition. In a ternargeptc reaction for example one
phase decomposes completely while heating. In pleawhich contains a huge amount
of this phase lots of energy is necessary to relhd the difference in temperature of
the sample and the standard will be observed. @mwther hand, only small effects are

detected at the edge of a reaction.

It can be assumed that a sample after the anngaloogdure is in equilibrium and the
effects observed in the DTA curve reflect equilioni effects. After first heating this

situation changes and often metastable thermattsffare observed in the second

10
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heating cycles. Therefore, mainly thermal effects fost heating of the annealed
samples are used for the evaluation of the DTA.datether important fact is that
supercooling can occur when cooling an alloy, esfigovhen the crystal structure is
complex and the formation of the crystal seed retcally hindered. For this reason,
the same effects occur at lower temperatures wioating a sample. During the
evaluation of DTA data to construct a phase diagita@se considerations must be kept

in mind.

In this study DTA measurements up to a maximum t¥atpre of 1490 °C were
performed on a DTA 404 S or on a DTA 404 PC (NéizSelb, Germany) using open
alumina crucibles and employing a slow permanegorarflow. The Pt/Pt10%Rh
thermocouples (type S) of the DTA instrument weakbcated at the melting points of
pure Al, Au and Ni. High temperature DTA measuretaefabove 1490 °C) were
carried out on a Setaram Setsys Evolution 2400gusavered alumina crucibles within
a slow permanent argon flow. The W5%Re/W26%Re tbeouple (type W5) was
calibrated at the melting points of pure Au, Ni &td

The liquidus projection is a top view of the phdsegram, similar to a topographic map
where the temperature replaces the elevation. ©hgasitions of the liquid phase of
all binary and ternary invariant reactions are tglbtand connected by liquidus valleys.
These valleys separate the different fields of pryncrystallization: cooling an alloy
with a definite composition after total melting oocertain phase will solidify first. The
investigation of as cast samples without anneaitep gives evidence on primary
crystallization. From this information conclusioalsout the run of the liquidus valleys
can be drawn. Not all as cast samples give unarabgyinformation but efforts in this
respect complete the information needed to coriséinud to interpret a three component
phase diagram.

A diffusion couples an assembly of two materials in such intimaietact that each
diffuses into the other. The couple is subjectetiglh temperature to promote thermal
interdiffusion to form solid solutions and intermit compounds. If two solid
materials are in contact at a sufficiently high pemature, interdiffusion will occur.
Depending on the nature of the starting materigis\perature and annealing time, a

new concentration distribution of the elementseisup. If the materials are completely

11
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miscible at that temperature, the concentratiofilpsoare more or less smooth without
any discontinuity. If, however, they are only palifi miscible or if they react to form
new phases, discontinuities in the concentratiafilps occur which are closely related
to the phase diagram of the system [26]. In almbsttructural applications containing
heterogeneous materials system diffusion is ulpgsitat elevated and even in many
cases at ambient temperature, depending on theiahagstems. An understanding of
this process is crucial in a wide variety of reshaffields, ranging from bulk
applications as in composite materials or coatittgyery thin metallization film in
microelectronics [27]. In metallurgy many physicatocesses are controlled by
diffusion, e.g. homogenisation, non-martesitic $farmation, precipitation, oxidation
and sintering. In coating and finishing techniqties interaction between base metal
and applied metal at elevated temperatures mustden. This knowledge is important
in respect to corrosion and in various brazing amiding processes. The diffusion
coefficient may supply much information on fundatamphysical and thermodynamic
phenomena, like point defects in crystals and toeynamic activities of the
components [26]. In this study however, diffusia@efficients were not investigated but
information concerning the phase diagram was gaifiech the diffusion couple

experiments.

The use of diffusion couples in phase diagram egiis based on the assumption of
local equilibria at the phase interfaces in theudibn zone. This implies that an
infinitesimally thick layer adjacent to the intec&ain such a diffusion zone is effectively
in thermodynamic equilibrium with its neighbouritgyer on the other side of the
interface. In other words, the chemical potengati¢ity) of species varies continuously
through the product layers of the reaction zonelsa®lthe same value at both sides of
an interphase interface and the total system irchviiiffusion occurs cannot be at
equilibrium. During the annealing time, equilibriulmetween the endmembers is
established and in the diffusion zone layers died#nt phases according to the phase
diagram are formed. The thickness of the layerdapgrtional to the square root of the
reaction time. In binary diffusion couples, prowddthat thermodynamic equilibrium
was reached completely during the reaction timegryevintermetallic compound
according to the phase diagram at a respective dexiyge must be formed. The
diffusion zone morphology, which develops durindidsstate interaction in a ternary

couple, cannot be predicted so easily and is defimetype, structure, number, shape

12
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and topological arrangement of the newly formedsplaThe resulting microstructure
of the reaction zone can be visualized with theadithe so-called diffusion path. This
is a line on the ternary isotherm, representingltices of the average composition in
planes parallel to the original interface throughthe diffusion zone. Naturally, the
diffusion path in a ternary system must fulfil tteev of conservation of mass. If no
material is lost or created during the interactittrgn the diffusion path is impelled to
cross the straight line between the end-membetiseofeaction couple (so-called mass

balance line) at least once [28].

13
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3. Literature Review

Since a ternary phase diagram is inevitably comuett its binary subsystems, good
knowledge of the binary phase diagrams is esseanliterature studies in this respect
are significant. Therefore the following literatuseirvey will start with the binary

systems Al-Co, Al-Si, Al-V, Co-Si and Si-V. Afterwds the existing literature data

concerning the ternary phase diagrams Al-Co-SiAlr8i-V will be discussed.

3.1.The binary Al-Co system

Phase equilibria in the Al-rich part of the Al-Cgstem are complex and were discussed
controversially in the past decade [29-31]. Théedénces in these studies refer to the
Al-rich part of the phase diagram. In total, sewdffierent phases have been found to
exist in the Al-Co system: GAlg [32], a bundle of three different phases atAlg;
stoichiometry designated o-@d 13 [33], m-CaAl 13 [34, 35] and h-CgAl 3 [30], CoAk
(decagonal quasicrystalline) [36, 37], 8Bb; [38] and finally the extended phase field
of (CoAl) with B2 structure [39]. Godecke and EHNNng80] reported the phase
m-CaAl13 to be formed in the peritectoid reaction h48lo+Al3Co= m-Al;Co at
1090 °C. Grushko et al. [29, 31] suggest the petiteeaction h-AlsCo;+L=m-Al13Co,

at 1093 °C. In [30] the 0-AdCo, phase is the Al-richest and m14Co, the Al-poorest

of the three different AkCo, phases. In Grushkos work h14Co, is the Al-richest and
0-Al13Caq, the Al-poorest phase. The differences in thesedtwdies are only small and
in this study we refer to the work of Godecke atiddt. In Figure 2 the entire binary
phase diagram is shown as a combination of datoefdecke and Ellner [30] for the
Al-rich part and data of Massalski [40] from 45&tcobalt. The partial phase diagram
given by Godecke and Ellner [30] was used as reteran the Al-rich part of the

system and the enlargement between 22 and 28.5Cat.B&shown in Figure 3.
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Figure 3: Enlargement of the Al-rich part of the Al-Co phase diagram according
to [30].

The crystal structure data of the phases are showiable 1. The shape of the large
phase field of (AlCo) is noticeable since it istdéafrom 47 to 58 at.% Co at 600 °C, but
reaches its highest expansion at 1400 °C betweéen &t 78.5 at.% Co. Invariant

phase reactions of the Al-Co system are listedabld 2 together with the composition
of the involved phases.
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Table 1: Structural information on binary phases inthe Al-Co subsystem.

Phase Composition / at.% St:;géure Zir?]rsgln S&&:JC; Ref.
Al ~0 Co Cu cF4 Fm-3m [40]
AloCos 18.1 Co own mP22 P2,/a [32]
h-Al13Coy 24.3-24.5 Co Q& 13 mC34 C2/m [30]
m-Al13Coy 24.6-24.7 Co own mCl102-7.2 Cm [34, 35]
0-Al13Coy 24-24.4 Co own oP102 Pmr2; [33]
Al3Co 25.6 Co -- decagonal, quasicrystalline  [36, 37]
AlsCo, 28.6 Co own hP28 P6s/mmc [38]
AlCo ~48-78.5 Co CsCl cP2 Pm3m [39]
e-Co 84-100 Co Mg hP2 P6s/mmc [40]
a-Co ~97-100 Co Cu cF4 Fm:3m [40]
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Table 2: Invariant phase equilibria in the binary subsystem Al-Co.

Composition of the involved

Phase reaction Phases / at.% T/°C Ref.
L=Al+Al oCo, 0.5Co 0Co 18 Co 657 [30]
L+0-Al13C0=Al¢Co, 10.4 Co 24 Co 18 Co 974 [30]
h-Al13Co=0-Al;3Co+m-Al;3Co ~24.45 Co ~24.4 Co ~24.6 Co 1083 [30]
h-Al;3Co+AlsCo= m-AlsCo ~24.5 Co ~254Co ~24.65Co 1090 [30]
L+h-Al13C0=0-Al;3C04 15.8 Co 24.4 Co 24.1 Co 1092 [30]
L+Al3Co=h-Al;3Coy 19.8 Co 25.3 Co 24.5 Co 1127 [30]
L+AlsCo,=Al3Co 22 Co 28.05 Co 25.4 Co 1153 [30]
L+(AlC0)=AlsCo;, 23.5Co 47 Co 28.1 Co 1183 [30]
L=(AlCo)+(a-Co) 81 Co 78.5 Co 84.4 Co 1400 [40]
L=(AICo) 50 Co 1640 [40]
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3.2.The binary Al-Si system

The binary Al-Si phase diagram, which can be seeRigure 4, is a simple eutectic
system. The eutectic reaction L=Al+Si takes plade 5&7+1 °C, the eutectic

composition is 12.2 at.% Si. There is a very limisolubility of Si in Al and nearly no

solubility on Al in Si. The crystal structure daththe phases are shown in Table 3.
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Figure 4: Binary Al-Si phase diagram according to 40].
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Table 3: Structural information on binary phases inthe Al-Si subsystem.

Phase Composition / at.% SUUELTE PEEIEEN - SRt Ref.
type symbol group

Al ~0 Si Cu cF4 Fm3m  [40]

Si ~0 Al C (diamond) cF8 Fd-3m [40]

3.3.The binary Al-V system

The binary sub system Al-V was investigated repHatand, amongst others, it is given
in Massalski’'s Handbook of Binary Alloy Phase Diagis [40]. A detailed review of
the Al-V system was given by Murray [41]. In thendiy Al-V system five different
phases have been found to exist:¥b, AlssV7, Al23V4, AlsV and AkVs. The crystal
structure data of the phases are listed in Tabl®©m.the basis of microstructure
observation, XRD and thermal analysis Carlson et[42] determined the phase
diagram for the whole composition range. They itigesed the system at temperatures
of 600 °C and above. Considering the change ofctieparameter of bcc-(V) they
determined the phase boundary of the solid solutibrAl in V. They found 42.0
at.% Al at 600 °C, 43.5 at.% Al at 800 °C, 45.%@#\l at 900 °C and 46.0 at.% Al at
1000 °C, respectively. Furthermore they suggestedtiseable homogeneity range for
the phase AVs although precise data are missing in this respdchter and Ipser [43]
investigated the system at 630 °C and 1050 °C aedsuored significant differences
concerning the invariant reaction temperatures fidd compounds were found to melt
peritectically. Only two of the phases, ¥l and AkVs, show a small homogeneity
range. According to their measurements the soligtiso of Al in V reaches 48.5 at.%
Al at 1050 °C. Recently, Gong et al. [44] perfornaethermodynamic reassessment of
the system including the results of [42] and [4@]their optimization. The assessed
phase diagram is shown in Figure 5. According ®rtbalculations, in comparison to
Richter and Ipser the Al content in (V) decreadieghty to 46.5 at.% Al at 1050 and
39.0 at.% Al at 500°C, respectively. The maximurtulsitity of Al in bcc-V is reached
at the temperature of the peritectic decomposivbrAlgVs and was found to be
between ~54 [42] and ~50 [43] at.% Al. The Al-V pbadiagram, which is shown in
Figure 6 is a combination of the data of Richted fser [43] for the Al-rich part and of
Massalski [40] and Gong [44] for the V-rich partable 5 gives a summary of the

invariant phase reactions together with the contjposof the involved phases.
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Table 4: Structural information on binary phases inthe Al-V subsystem.

Phase Composition / at.% St{;g;ure erirsgln gﬁ)icpe Ref.
Al ~0-0.3V Cu cF4 Fm3m [40]
Al21V> 8.7-89V own cF184 Fd-3m [32, 43]
Al 45V~ 134V own mC104 C2/m [30, 43]
Aly3Vy 14.7V own hP54 P6s/mmc  [34, 35, 43]
AlgV 25.0-26.1 V ALTi t18 [4/mmm [33, 43]
AlgVs 36.5-39.4V CeiZng cl52 [4-3m [36, 37, 43]
V 51.5-100 V W cl2 Im-3m [38, 43]

Table 5: Invariant phase equilibria in the binary subsystem Al-V.

Phase reaction Compo;Ei;l):e(;f /tgﬁ(;:] HBITEE T/°C Ref.
L+Al 21V o=(Al) 0.09V 8.7V 0.3V 665 [41, 43]
L+Al 42V 7=Al1V > 0.1V 13.5V 8.7V 690 [41, 43]
L+Al 23V 4=Al45V7 0.13V 148V 135V 730 [41, 43]
L+Al3V=Al 23V, 0.22V 25V 14.8V 736 [41, 43]
L+Al gVs=Al 3V ~20V ~34V ~25V 1270 [43]
L+(V)=AlgVs ~33V ~50 V ~38.5V 1408 [43]

@ Phase composition

® Reaction temperature
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3.4.The binary Co-Si system

The binary Co-Si phase diagram shown in Figure hibite five intermediate
compounds [40]: Co&iCoSi anda-Co,Si are stable to room temperatuneCo,Si and
CoSi show a small homogeneity range but Ga&is found to be a line compound. Two
additional high temperature phasd%,Co,Si and CgSi were reported in the system.
The existence of3-Co,Si was recently confirmed by Baldan et. al [45]t ls crystal
structure was not determined up to now, neither twasrystal structure of G8i. The
structures of all other compounds are given in $ds Handbook of Crystallographic
Data [25]. Crystal structure data and referencesgaren in Table 6 and the binary
invariant reactions are listed in Table 7. The psa€oSi, B-Co,Si and CoSi melt

congruently at 1640, 1334 and 1326 °C, respectively
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Figure 7: Binary Co-Si phase diagram according to40].
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Table 6: Structural information on binary phases inthe Co-Si subsystem.

Literature Review

Structure

Pearson

Space

Phase @ Composition / at.% type symbol group Ref.
a-Co 0-16.4 Si Cu cF4 Fm-3m [40]
e-Co 0-18.4 Si Mg hP2 P6s/mmc [40]
CosSi 25 Si -- -- -- [40]
a-Co,Si ~32-34 Si own oP12 Pnma [40]
B-Co.Si 32-35.8 Si -- - - [45]
CosSi 49-~52 Si FeSi cP8 P2,3 [40]
CoSp 66.7 Si Cak cF12 Fm-3m [40]
Si ~100 Si C (diamond) cF8 Fd-3m [40]
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Table 7: Invariant phase equilibria in the binary subsystem Co-Si.

Composition of the involved

Phase reaction Phases / at.% T/°C Ref.
CosSi=e-Co+a-Co,Si 25.0 Si 18.1 Si ~32.6 Si 1193 [40]
L+e-Co=CaSi 23.1Si 18.4 Si 25.0 Si 1204 [40]
L+a-Co,Si=CasSi 24.4 Si ~32.6 Si 25.0 Si 1214 [40]
B-Co;Si=a-C0,Si+(CoSi) 35.1Si ~34 Si 49.0 Si 1238 [40]
L+(a-Co)=¢-Co 16.5 Si 21.4 Si 17.5 Si 1250 [40]
L=CoSp+Si 78 Si 66.7 Si ~100 Si 1259 [40]
L=(CoSi)#3-Co,Si 39.7 Si 35.8 Si 49 Si 1286 [40]
L=(CoSi)+CoS} 61.8 Si ~52 Si 66.7 Si 1310 [40]
L+B-C0o,Si=a-C0o,Si ~31 Si ~32.6 Si ~33 Si ~1320 [40]
L=CoSh 33.3Si 1326 [40]
L=PB-Co,Si 66.7 Si 1334 [40]
L=(CoSi) 50 Si 1460 [40]
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3.5.The binary Si-V system

The binary Si-V system shows four intermediate conmals [40]. These phases are
SiV3; SkVs, SkVs (high temperature phase) and\SiBeside tetragonal 8fs, also
hexagonal SVs was found to exist but this phase is considerdoketgarbon stabilized
[46, 47] and therefore it does not belong to theaty phase diagram [40]. Crystal
structure data and references are given in Tablt#he3,phase diagram is shown in
Figure 8. According to Jorda and Muller [48] SiNas a noticeable homogeneity range
from 21.5 to 24.8 at.% Si at 1800 °C and melts coewgtly at 1925 °C [48]. Savickij et
al. [10] measured the solubility of S§Mo be 24.3-24.7 at.% Si at 800°C. Recently
Zhang et al. [49] gave a thermodynamic reassessofetiite entire Si-V system and
calculated the maximum solubility of Mo be 20-25 at.% Si at 1837 °C. At a
temperature of 900°C the solubility decreases cetalyl. The assessed phase diagram
is shown in Figure 9. Zhang et al. [49, 50] invgsted the thermodynamic stability of
SisVe which was still in question. In addition, they domed experiments and
thermodynamic calculations to determine the euigictalecomposition temperature of
SisVg to be 460 °C rather than 887 °C as reported edoyeMilanese et al. [51].
Milanese et al. [51] studied the diffusion-conteallgrowth of vanadium silicides by
means of diffusion couples and they calculated dlo@vation energies for these
silicides; they scale well with the melting poirdé the compounds. Sf and SiVs
which were found to be line compounds melt congilyeat 1677 and 2010 °C,
respectively [40, 52]. The invariant binary reantdrom literature are listed in Table 9

together with the respective references.
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Table 8: Structural information on binary phases inthe Si-V subsystem.

Phase Composition / at.% St{;gteure erirsgln Srﬁjcpe Ref.
SiV; 0-7 Si CgSi cP8 Pm3n [40]
SisVs 37.5Si SiWs t132 14/mecm [40]
SisVe ~45 Si TiGes ol44 Ibam [40]

SV 66.7 Si CrsSi hP9 P6,22 [40]
SizVs stabilized by heteroatoms B3 hP16 P6s/mcm [45]
Table 9: Invariant phase equilibria in the binary subsystem Si-V.

Phase reaction Compo;i;ig:ezf /t2§oi/? veliEe T/°C Ref.
L=Si,V+(Si) ~95 Sj 66.7 Si ~ 100 Si 1393 [52]
L=SisVe+SiV ~59 Si 45.4 Si 66.7 Si 1640 [47]
L+Si3Vs=SisVe ~57 Si ~37.5Si ~45.4 Si 1670 [47]
L=SiV3+(V) ~ 13 Si ~7Si ~19 Si 1870 [46]
L=SiV3+SikVs ~29 Si ~25.5 Si ~37.5Si 1895 [46]
L=SiV3 ~25Si ~ 25 Si -- 1925 [46]
L=SisVs ~375Si ~37.Si5 - 2010 [47]
L=Si,V 66.7 Si 66.7 Si - 1677 [40]
SisV=SkV+Si3Vs -- -- -- ~ 460 [51]
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3.6.The ternary Al-Co-Si system

Phase equilibria in the ternary system Al-Co-Si guée complex. A large number of
structurally complex compounds were found in theigth corner while the Co-rich part
of the system is dominated by extended solid smughases. An early assessment of
the Al-Co-Si system was given by Schmidt-Fetzer] [&3d is based primarily on the
experimental investigation of German [54]. Accodglito this report, five ternary
compounds have been found to exist in an isothesmation at 600°C. Two of the
phases,0 (CoAl34Sis+y) and B (CoAl14Shkhx) adopt simple crystal structures. The
structures of the other three compoungs(CogAlssSit7), & (CossAl44Sis) and

€ (Co30Al 42Sihg) were not investigated by German [54]. Later, shistem Al-Co-Si was
studied by Richter and Tordesillas Gutierrez [&5]three isothermal sections at 600 °C
(equilibria with Si), 800 °C (for alloys up to 50.% Co) and 900 °C (for alloys with
more than 50 at.% Co). The isotherms of their stwmdire shown in Figure 10. In their
investigation the previously reported compoundsewsonfirmed (but with noticeable
deviations in composition) and two additional compads designated asand @ were
found to exist in the Al-rich part of the systemherl crystal structures of
X (CoAl2,Sizey) [56], ¥ (COgnAlaztySirzy) [57], @ (COwonAl23Sio-2y) [58] and e
(CosAl 11xSis+x) [59] were reported in the following years, whilee structure o®
(Cos2Al 45Sk3) is incommensurably modulated [55] and has nohlveported up to now.

Information on the crystal structure of the ternemynpounds is compiled in Table 10.
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Figure 10: Ternary Al-Co-Si phase diagram accordingo [55].
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Table 10: Structural information on the ternary phases in the Al-Co-Si system.

Structure Pearson Space

Phase Composition type symbol group Ref.
a, 1l Al 3.,C03Sigx Gelrs cl40 Im-3m [53]
B, 12 Al 1.4 C0;Sip« Al3Ni; hP5 P-3ml [53]
Y, T3 Al 43+yC0194Sl10.y own mC296+ C2lc [57]
0, 4 Al 40.5.44032 5512224 5 own mC*, modulated [55]
€15 Al 1,C0osSis own mP92 P2/c [59]
X, 16 Al7.:4C0sSip« own mC26 C2/m [56]
@17 Al 25,C0101:Si7 own oP168 Pnma [58]

The B-phase crystallizes in hexagonalsWi, structure, which is a vacancy ordering
variant of the cubic CsCI structure of AlCo. Thetation is visualized in Figure 11. The
magenta dots stand for the mixed position of Al &énd the occupation depends on
the composition. In comparison to the cubic strieecin the hexagonal AlNi, structure
every third Co-position is missing which is symhkeli by yellow dots. Although a
continuous transition between the two structureesyps not known up to now, it is
possible that such a transition exists in certases. The two-phase field between AlCo
and the beta-phase is rather small at 800 °C (Y. so it appears to be possible that

this gap is closing completely at higher tempeesgur
In a recent phase diagram compilation by Ragha&éh ¢onsidering the new data of

Richter and Tordesillas Gutierrez [55], the phassighationtl-t7, instead ofu-@ is

suggested, so both designations are given in Tidble
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3.7.The ternary Al-Si-V system

Literature information concerning the ternary ARBisystem is rather scarce. An
assessment of available data is given in [61f ibased primarily on the experimental
investigation of Gebhardt and Josef [62] and MU[&B]. Gebhardt and Josef [62]
investigated the AIl-Si-V system up to 6.7 at.% V iogans of optical microscopy,
X-ray powder diffraction (XRD) and differential theal analysis (DTA). They
proposed a partial liquidus surface projection tigal sections and a partial Scheil
diagram. The schematic partial liquidus surfacgegutmn is shown in Figure 12 [62].
In Table 11 the invariant ternary reactions repblig Gebhardt and Josef [62] are listed
together with the composition of the reacting peagecording to their investigations
Al,V, and AbsV,4 solve about 0.3 and 1.5 at.% Si, respectively,redee AlsV; does
not show any solubility of Si. Miller's [63] invegations in the V-rich part of the
ternary system concern the superconducting bindase Si¥ and its ternary solid
solution Ah.SikV3. The partial isothermal section at 1000 °C pressbrih Figure 12
shows the solubility of Al in Siyto be 3.5 at.%. No ternary Al-Si-V phases werentbu

so far.
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Table 11: Ternary invariant phase reactions in Al-$V according to [62].

Reaction T/°C Phase Composition / at.%
Al \Y Si
U1: L+SkV=(Al)+(Si) 583 L 88.6 0.1 11.3
SV 3.1 47.0 49.9
(Al) 98.3 0.2 1.5
(Si) 0.5 0.5 99.0
U2: L+Al23V4=(Al)+SiV 624 L 89.2 0.2 10.6
Alx3Vy 76.1 23.9 --
(Al) 98.2 0.2 1.6
ShV 3.1 47.0 49.9
U3: L+AlpVo=(A)+Al 53V 4 640 L 95.3 0.2 4.5
Al 1V, 84.0 16.0 --
(Al 98.0 0.3 1.7
Aly3Vy 76.1 23.9 --
U4: L+AI3V=Al 23V 4+ShV 643 L 89.7 0.3 10.0
AlV 61.1 38.9 --
Aly3Vy 76.1 23.9 --
ShV 3.1 47.0 49.9
U5: L+AlsV7=Al o Vo+AI 3V, 656 L 96.05 0.35 3.6
AlsV7 77.8 22.2 --
Al V, 84.0 16.0 --
Aly3Vy 76.1 23.9 --
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The aim of the thesis presented here is a contoibaif experimental data in the ternary
Al-Co-Si and Al-Si-V systems and the determinatidrthe ternary phase diagrams.

In the Al-Co-Si system two isothermal sections @@ and 1200 °C in the Co rich part
were studied. Diffusion couple experiments werdqgrared in the system. On the one
hand common solid-solid diffusion couples wereiedrout, on the other hand couples
were tried were the contact formation was done Isplal-liquid interface. Amongst

other findings, these studies brought informatiartize relation between AlCo and the
B-phase. Besides, based on DTA-measurements ofes sérsamples prepared in the
study of Richter and Tordesillas Gutierrez [55]yesal vertical sections have been
derived which led to a reaction scheme of the ernt@rnary system and a liquidus

surface projection.

The AI-Si-V system was investigated at four diffgresothermal sections at 500, 620,
850 and 1300 °C. The ternary phas€AloeSih.4V) was discovered and the crystal
structure of this phase was determined by meamowiler XRD and additionally by
single crystal XRD. Based on DTA-measurements feertical sections were
constructed, revealing a reaction scheme as waell lagiidus surface projection of the

entire ternary system.
In the course of this study in the binary Al-V ssta new compound was found to
exist, but until now it is not clear if the phaseai low temperature phase or a metastable

one. So far it was not possible to determine tlgstat structure.

The results of this thesis were published in fesearch papers [64-67].
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4. Experimental

4.1. Preparation of Ternary Al-Co-Si Alloys

The ternary Al-Co-Si alloys were prepared from ahwm rod (99.999%, Alfa Aesar,
Karlsruhe, Germany), silicon lump (99.9999%, Alfasar, Karlsruhe, Germany) and
cobalt pieces (99.9% Alfa Aesar, Karlsruhe, Germanke surface of the cobalt pieces
was cleaned mechanically with a steel brush. Caledlamounts of the elements were
weighed to an accuracy of 0.05 mg and arc meltea water-cooled copper plate under
an argon atmosphere. Zirconium was used as a ge#tarial within the arc chamber.
The ingots with a total mass of 1000 mg were retedebne to three times for good
homogenization. Subsequently all alloys were weidhback in order to check for
possible mass losses. The total mass losses vesrénkn 1 % and can be considered to
be negligible. For the investigation of the isothal section at 1050 °C a series of
seven samples were placed into alumina crucibléschwvere sealed into evacuated
quartz glass ampoules and then annealed at 105 t@o weeks. Putting the samples
into alumina crucibles was necessary to avoid r@aaif the Al containing samples
with the quartz glass during annealing. After thnemling time the samples were
quenched in cold water. The microstructure of v€grrich sample was very fine,
which prevent accurate EPMA-measurements. Thereforenhance the microstructure
nine samples for the isothermal section at 1200M&e heated up to 1400 °C and
cooled slowly to 1200 °C in the induction furnaeddse equilibrium annealing. These
samples were sealed into evacuated Ta-cruciblegated at 1200 °C for one week and
then quenched in a water cooled container. Afterefuilibrium annealing process all
samples were separated into several pieces, whiete wivestigated by optical
microscopy, EPMA, SEM and XRD.

4.2.Preparation of the Diffusion Couples AlCo/Si, AlCoL0,Si, Al/CoSk and
Al/CoSi

For the diffusion couple end-members AlICo, CoSiS@nd CgSi the same metals
were used as described before. The ingots withah nwass of 3 g were prepared in the
arc furnace. Since AlCo, CoSi and CgBielt congruently they were melted only once
in the arc furnace. The 9i alloy was re-melted four times and subsequearityealed

at 1000 °C for one week, since it does not melgoaently. XRD-analysis proved that
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all end-members were homogeneous. The alloys dsas¢he pure silicon were cut to

plan parallel pieces, ground and polished.

For the diffusion couples AICo/Si and AlCo/£ the polished end-members were
stacked and the required pressure was appliedwatbhts between 2.5 and 3 kg. The
couple AlICo/CgSi was annealed at 1050 °C for 100 hours, the eodpCo/Si at
900 °C for 200 hours. To avoid oxidation the animgalvas carried out under dynamic
vacuum. The cooling after the respective reactiore twas done by a cooling rate of
600°C per hour.

In the common diffusion couple technique both enaiimers are solid during the whole
experiment and due to the weight adjusted to tHishel endmembers the contact is
established. In this study we also tried diffustoniples were the contact was formed by
a solid-liquid interface. The relatively low melginremperature of Al was utilized in this
respect: for the diffusion couple Al/CoSi flat piece of pure aluminium was put into an
alumina crucible and a CgSpiece was put on it. This ensemble was sealed anto
quartz glass ampoule under vacuum. To connect thendl the CoStpiece the
ampoule was put into the furnace at 680 °C (i.evalthe melting point of Al) for 20
minutes and then quenched with cold water. For AH€oSi couple the alloy was
embedded into Al-powder>(98 %, Neu-Ulm, Germany). For contact formation the
pellet was heated in the arc furnace for a secdmdhamade the aluminium melt. The
couples were annealed at 550 °C for five weeksncjusd and prepared for further
investigation. In this respect one has to keep indnthat the contact formation was
done via a solid-liquid interface, which makes ihterpretation of the results difficult

and they deviate from the normal principles oféalolid diffusion.

4.3. Preparation of Ternary Al-Si-V Alloys

The preparation of the Al-Si-V alloys followed imiqciple the method of the Al-Co-Si

samples described in the previous chapter. Therityagf samples was prepared from
aluminum slug (99.999%, Alfa Aesar, Karlsruhe, Gany), silicon lump (99.9999%,

Alfa Aesar, Karlsruhe, Germany) and vanadium pie@%7%). For some samples
vanadium slug (99.8%, Alfa Aesar, Karlsruhe, Gery)amas used. To remove oxides
at the vanadium surface it was treated with dilutgdrochloric acid for some minutes

in the ultrasonic bath. After rinsing it with watand acetone it was dried for some
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minutes at 120 °C. A series of samples at 10 andt20 V was prepared and annealed
at 500 °C. Subsequent investigations showed thtablh@f these samples were well
equilibrated, as they contained unsolved piecgaucé vanadium. Therefore a different
annealing procedure was applied for selected samplemprove the equilibration.
These samples were heated up to 750 °C after dtmghand then cooled down slowly
to the respective annealing temperature of 620rfi@l@ying a cooling rate of 7 Kh
An additional sample series at 35, 50 and 65 at.%va¢ annealed at 850 °C. For
investigations at higher temperatures another seoie samples were sealed into
evacuated Ta-crucibles, annealed at 1300 °C fomarek in a permanent Ar-flow and
then quenched in a water cooled container. Afterefjuilibrium annealing all samples
were prepared for further investigation by meanspifcal microscopy, EPMA, SEM,
XRD and DTA.
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5. Results and Discussion

5.1.The Al-Co-Si system

The results in the Al-Co-Si system include isotharsections at 1050 and 1200 °C in
the Co-rich part, diffusion couple experiments anel results of DTA-measurements.
The latter led to fourteen vertical sections, actiea scheme and a liquidus surface

projection of the entire ternary system.

5.2.1.Isothermal sections at 1050 and 1200 °C

The results of our experimental investigation & fample series annealed at 1050 and
1200 °C are shown graphically in Figure 13 andghase compositions determined by
EPMA in the various two- and tree-phase fields lsted in Table 12. The large,
Y-shaped ternary homogeneity range of (AlCo) désdiby Richter and Tordesillas
Gutierrez [55] at 900 °C extends to a more trapkzbiaped phase field at higher
temperatures. Similar to the isothermal sectio®C °C [55] the solubility of Al in
CoSi is considerable (11.6 at.%) while the soltpilin a-Co,Si is rather small
(1.9 at.%). The phase G&i was not found in the investigated samples and is
considered to have nearly no solubility in the &eynsystem. The high temperature
phase3-Co,Si is not stable at 1050 and 1200 °C. In the foltgatext and in all Figures
the phas@&-Co,Si is denoted as G8i.
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T=1050 °C

0 T =1200 °C

Figure 13: Cobalt-rich part of the isothermal sectons through the ternary
Al-Co-Si phase diagram at 1050 and 1200 °C. Phasengpositions determined by
EPMA are depicted as black dots and nominal compasons of the samples are

shown as crosses.
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Table 12: Phase composition in various samples araded at 1050 and 1200 °C determined by EPMA.

Nominal sample T/°C Phase field Phase composition by EPMA/at.%
composition  of annealing by XRD Al Co Si
Al;C07Siz3 1050 [(AIC0)+CoSi] (AICo) 9.9(1) 71.2(5) 19.9(5)

CoSi 1.7(3) 67.2(5) 31.1(4)
Al 1;C0s5Sis 1050 [(AIC0)+CaSi] (AICo) 18.7(3) 63.2(2) 18.1(2)
CoSi 1.8(3) 66.4(4) 31.8(4)
Al 21C0s3Sips 1050 [(AIC0)+(CoSi)+CeSi] (AICo) 26.0(1) 53.5(1) 20.5(1)
(CoSi) 11.6(4) 50.0(4) 38.4(7)
CoSi 0.7(2) 66.3(1) 33.0(2)
Al 26C047Sip7 1050 [(AIC0)+(Co0Si)] (AICo) 30.8(1) 45.7(2) 23.5(2
(CoSi) 10.5(3) 49.3(1) 40.2(2)
Al,C05Siss 1050 [(AIC0)+(a-Co)+CaSi]  (AICo) - - -
(a-Co) -- -- --
CoSi -- -- --
Al 14C050Sir7 1050 [(AIC0)+(CoSi)+CeSi] (AICo) -- -- --
(CoSi) -- -- --
CosSi -- -- --
Al 3:C045Siz4 1050 [(AlIC0)+(CoSi)] (AlCo) -- - --
(CoSi)
Al 1,C050Sig 1200 [(AIC0)+(a-Co)] (AICo) 15.5(1) 74.5(1) 10.0(1)
(a-Co) 9.0(1) 83.7(1) 7.3(1)
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Nominal sample T/°C Phase field Phase composition by EPMA/at.%
composition  of annealing by XRD Al Co Si
Al 1,C050Sig 1200 [(AIC0)+(a-Co0)] (AICo) 21.0(1) 73.1(1) 5.5(1)
(a-Co) 12.8(1) 83.4(1) 3.8(1)
Al;C050Si13 1200 [(AIC0)+(a-Co)] (AlCo) 9.5(1) 75.5(2) 15.0(2)
(a-Co) 5.6(1) 83.1(1) 11.4(1)
Al;C07Siz3 1200 [(AIC0)+CaSi] (AICo) 9.2(9) 72.2(8) 18.6(9)
CoSi 1.8(4) 66.9(6) 31.3(3)
Al 1,C055Sin4 1200 [(AIC0)+CQaSi] (AICo) 15.7(6) 63.9(3) 20.4(5)
CoSi 1.9(2) 66.4(3) 31.7(6)
Al 25 Coy75Sip7 1200 [(AIC0)+(Co0Si)] (AICo) 29.9(3) 46.8(3) 29.9(3)
(CoSi) 11.4(2) 49.2(4) 39.4(3)
Al ,,C045Sizs 1200 [(CoSi)+] (CoSi) 8.8(1) 49.3(1) 41.9(1)
B 25.8(1) 42.2(2) 32.0(2)
Al 1,C056Sip7 1200 [(AIC0)+(CoSi)+Ce5i] (AICO) -- -- --
(CoSi) -- -- --
CaoSi -- -- --
Al 2;C053Sing 1200 [(AIC0)+ (CoSi)+CeBi] (AICO) -- --
(CoSi) -- --
CaoSi -- -- --

-- not measured due to fine microstructure
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Not all of the samples prepared in the two isottarsections could be properly
measured by EPMA due to the very fine microstrietiprecipitation) in some of the
alloys. Powder XRD measurements of these sampldgmed their phase composition
to be consistent with Figure 13. The three-phaald f(AlCo0)+(CoSi)#] was not found
in any of the investigated samples, but its posittmuld be established quite well
considering the measured data at the surroundimgptvase fields. The three-phase
field [(AlC0)+(CoSi)+CaSi] was determined by EPMA by a sample with the imain
composition A}1Cos3Sizs annealed at 1050 °C. At 1200 °C we were not ablegasure
the exact phase compositions by means of EPMAweutould fix the position of the
three-phase field by means of the two samples w#hth nominal compositions
Al14C05¢Si7 and AbiCos3Sizg, both show the presence of the three phasesimXR®
pattern (compare Figure 13).

The most serious problem encountered in theseosscis the exact position of the
three-phase field [(AlIC0)®(-C0)+CaSi]. In samples with the nominal composition
Al7Co;5Siig and AkCosoSiis we found (AlCo), ¢-Co) and CgSi by means of XRD-
analysis. However, considering the results of Dfeistigations discussed in section
5.2.3, we believe that the true position of the¢hphase field [(AIC0)€(-C0)+CaSi]

is shifted towards Al-poor compositions as shownFigure 13. According to this
interpretation the observation afCo and CgSi in these samples is a consequence of
precipitations upon cooling connected to the strolmgnge of the solubility limit of Si

in (AlICo) with temperature. On the basis of our Dfeasurements we estimate that
the solubility of Si in (AIC0) reaches its maximwemtension at the ternary transition
reaction L+(AlCo0)=@-Co)+CaSi between 1200 and 1230 °C. We estimate the
maximum solubility of Al and Si in (AlICo) to be AdCo,Sii7s at 1050 and
Al35C076Six0 5 at 1200 °C, respectively. Keeping the results wf D TA-measurements
and our interpretation in mind, the attempt to ewleathe microstructure of the samples
at 1200 °C by cooling them slowly from 1400 to 1206fore annealing was
counterproductive. In fact we found the sampleseated at 1050 without previous
temperature-treatment better crystallized than ghmple series at 1200 °C. This is
visualized in Figure 14. These two BSE images omhm@as with the nominal
composition Al;Cos5Si4 Were annealed at 1050 and 1200 °C, respectivalgoring

to XRD-measurements both samples contain similaousmts of AICo and C&i. The

sample annealed at 1050 °C exhibits well separatgstals of the two phases and the
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composition could be measured by EPMA. The sampieaed at 1200 °C in contrast
shows very fine microstructure between larger algstf CoSi.

1200 °C’

™ . A\ 2 .Si 3 -”‘-‘
Al,Co,Si,, 15.0kV  X1400 10pm [ Al,Co.Si,, 15.0kV  X1500 10pm

Figure 14: Comparison of BSE images of samples aramled at 1050 and 1200 °C.
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5.2.2.Diffusion Couples

The results of the diffusion couple AlCo/Si annédad¢ 900 °C are shown in Figure 15
and Figure 16. The micrograph of the cross sedtidrigure 15 exhibits well separated
phases which were formed during the reaction tisecording to the results the
diffusion path is: Si-CoSia-B-(AlCo)-x-(AlCo)-AlCo. The composition of the
measurement points are listed in Table 13. Oniteedlance it was not clear whether
there is a continuous change in composition betvileef-phase and the solid solution
of (AIC0). In a second attempt we tried to enhatiee resolution to differentiate the
very similar composition of these two phases. i ¢nlarged section in Figure 15 the
phase$ and (AlCo) show different contrast in the BSE imaglso the measurements
of the compositions prove that there is a defidiféerence between the phadésnd
(AlCo). The insular formation of the phageis in agreement with the fact that the
diffusion path leaves (AlCo0), proceeds yoand returns back to (AICo). In this very
region the mass balance line is crossed by thadilifii path which is a basic necessity
in this method. In Figure 16 the measured compmsstiare plotted onto the isothermal
section at 900 °C based on data listed in [55]wsidg the liquid-solid equilibria which
will be discussed in section 5.2.3. In comparisof55] the composition of the liquid
phase was changed according to our new resultspfidse equilibria determined by the
diffusion couple technique are in perfect agreemetit the phase diagram determined

from bulk samples.
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AlCo/Si 20.0kV 50 um

Figure 15: Back-scattered electron image of the redion zone of the AlCo/Si
diffusion couple annealed at 900 °C for 200 hourd'he data points correspond to

the measured compositions listed in Table 13.
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Co

T=900 °C

()
o
—

at.%

The data points corespond to the measured

Figure 16: Measured compositions (blue crosses) fathe diffusion couple AlICo/Si.

compositions listed in Table 13 and the diffusiongth is marked by red arrows.
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Table 13: Composition of the measurement points ithe
diffusion couple AlCo/Si annealed at 900 °C determed by EPMA.

Phase composition by EPMA/at.%

Point Phase Al Co Sj
1 CoSp 8.6 33.0 58.4
2 8.5 33.0 58.5
3 8.7 32.7 58.6
4 a 23.7 29.4 46.9
5 23.6 29.6 46.8
6 23.7 29.8 46.5
7 24.0 29.6 46.4
8 B 22.9 37.3 39.8
9 22.9 36.8 40.3
10 24.8 37.3 37.9
11 28.3 37.3 34.4
12 26.4 38.4 35.2
13 27.0 38.9 34.2
14 (AlCo) 30.7 39.9 29.5
15 32.0 40.0 28.0
16 34.1 41.3 24.6
17 34.4 40.4 25.2
18 40.6 43.1 16.3
19 X 61.4 30.9 7.7
20 61.5 30.5 7.7
21 (AlCo) 43.7 43.9 124
22 47.8 45.2 7.0
23 47.6 45.6 6.8
24 AlCo 49.1 50.7 0.2
25 49.6 50.4 0.0
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On the basis of the diffusion couple at 1050 °Cfauend out that the diffusion path
between the two end-members AlCo andSias quite easy to interpret. From Soit
leads to the solid solution of Si in (AICo) and snid pure AlCo. In Figure 17 a
micrograph of the respective couple can be seen thed compositions of the
measurement points are listed in Table 14. Theaoonéquilibrium (AICo)/CeSi
corresponds well to a tie-line in our isothermailt®en shown in Figure 13.

10
) }
;
11 12:)
AlICo/Co,Si 15.0 kV  X1100 25 um

Figure 17: Back-scattered electron image of the retsion zone developed in the
AlCo/Co,Si diffusion couple annealed at 1050 °C for 100 host The data points
correspond to the measured compositions listed inable 14.
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Table 14: Composition of the measurement points ithe diffusion
couple AlCo/CaSi, annealed at 1050 °C determined by EPMA.

Phase composition by EPMA/at.%

Point Phase

Al Co Si
1 AlCo 50.5 49.4 0.1
2 50.9 49.1 0.0
3 50.7 49.1 0.2
4 (AICo) 28.7 54.5 16.8
5 30.8 53.6 15.6
6 26.2 56.0 17.8
7 26.4 55.7 17.9
8 26.1 55.8 18.1
9 27.8 55.0 17.2
10 CaSi 0.8 65.8 33.4
11 1.3 65.8 32.9
12 0.3 65.4 34.3

In Figure 18 cross sections of the diffusion coupl&CoSk annealed at 550 °C are
shown. The micrographs illustrate three differerdgaa along the reaction zone. The
detected phases and the measured phase compoartoimsquite good agreement with
the isothermal section at 600 °C reported eartigf.[However, as contact formation in
this diffusion couple was done at a liquid-solitenfiace, it is somewhat ambiguous to
talk about local equilibria in the diffusion zonadaalso solubility effects cannot be
ruled out. In Figure 18 (a) the endmember GaSiseparated by a very fine, not
measurable dark layer from tlagohase. This layer can be seen better in Figurgh)8
and (c) and it was measured to be Si there. Neslesb, the Si layer was not formed
over the whole area continuously to a sufficienargity but Si precipitates are found
over a wide range in the diffusion zone. Si grares spread in the-matrix adjacent to
thee-layer, as well as in the 4Co,-matrix adjacent to the-layer. The respective areas
marked in Figure 18 (b) indicate the existencehef three phase fields [fo+Si+g)
and [Si#+@ which is in good accordance to the phase diagrdime overall
composition Alg L£0,7.8Si34 Of the very fine spotted area in Figure 18 (ayesponds to

a mixture of Si, AICo, andg located in the particular three phase field.
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2 air a7 Vg,

Al/CoSi, 20.0 kV

(C) ‘ Si CoSi,

Al/ICoSi, 20.0kV X460 20um

Figure 18: Three different areas of the reaction zwe of the diffusion couple

Al/CoSi,; annealed at 550 °C for five weeks (back-scatteredectron images).

54



Results and Discussion

According to our experimental observation we caerpret the diffusion path to be:
CoSp-Si-e-@-Si-AlgCo-Al. In Figure 19 the measured compositions of foemed
diffusion zones together with the diffusion patke ahown in the isothermal section. In
Table 15 the respective compositions are listedwéder, the fact that contact
formation in this diffusion couple was done at quid-solid interface allows just a
preliminary interpretation of the data and the wifon path as shown in Figure 19 is
only tentative.

Table 15: Composition of the measurement points ithe
diffusion couple Al/CoSk, annealed at 550 °C determined by SEM.

Phase composition by EPMA/at.%

Point Phase

Al Co Si
1 CoSp 0.2 32.5 67.3
2 Si 1.6 0.8 97.6
3 € 47.8 24.6 27.6
4 [0) 60.8 22.4 16.8
5 mixture 48.2 17.8 34.0
6 AlgCo, 79.7 17.2 3.1
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T=550 °C Co
40 . . P
) A N s .
Al,Co ),: e V/‘.!’(K F < /\ COS|2
A[1300 3 "_\ \A\ \
Al,Co, = A ’ \\g‘\"\

WAL e WA \\
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at.% Si

>

Figure 19: Measured compositions (blue crosses) amutoposed diffusion path (red arrows) for the diffusion couple Al/CoSj. The data

points correspond to the measured compositions lestl in Table 15.
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The analysis of the diffusion couple Al/CoSi yialistinct results. Three different
cross sections of this couple are shown in Figl@rardtl it is striking that no exact layers
were formed, but widespread grains of the diffeprdses. As mentioned already in the
experimental section the alloy was pressed intpé«der and the whole assembly was
heated very short in the arc furnace. This procedumd impact at least on the
composition of the outer endmember and we foundxaune of Al+AlgCo, instead of
pure Al on the edge of the couple. Similar to tbapte Al/CoSj the contact formation
was done by a solid-liquid interface, which makhs interpretation difficult and
ambiguous. Adjacent to CoSi, over the major parthef couple 3 was formed. The
B-layer | followed by layers formed keyandy. This would suggest the diffusion path to
be CoSiB-e-y-AlgCo,. On the other hand in Figure 20 (c) one can satetiies phase is

in direct contact to CoSi, which is contradictooythe isothermal section at 600 °C,
where CoSi was measured to be in equilibrium witBd CoSp andf3, but there is no
three phase field of [CoSste]. In other areas of the diffusion zokewas formed
adjacent to the CoSi endmember. Especially in Ei@@ (b) one can see that Co%ig
andy were formed in layers quite nicely and that thera direct contact between CoSi,
0 andg, indicating the existence of the three phase {€Si+c+d]. The microstructure
we gained from the diffusion couple Al/CoSi doe$ match to the isothermal section at
600 °C and we think that no local equilibrium wasied. Longer annealing time might

support the formation of an equilibrium situatiatarding to the phase diagram.
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X102  100pm

Al/CoSi,

Figure 20: Three different areas of the reaction zwe of the diffusion couple
Al/CoSi annealed at 550 °C for five weeks (back-sttared electron images).
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5.2.3.Ternary phase reactions and liquidus surfgm®jection

The ternary phase reactions in the system Al-Ce&ie studied by DTA analysis.
These measurements as well as sample preparatrenmnwedone in the course of this
study, but only the evaluation of the data. Toifyahe very complex ternary system,
samples situated in fourteen different verticaltises at constant Co contents of 5, 15,
22, 24, 25, 26, 28, 30, 35, 40, 50, 60, 66.7 an@t Co were investigated and the

corresponding samples are shown in Figure 21.

Co
0 100
Annealing
10 90 Temperature
® 900°C

/\/\.\/\ ® 800°C
30 70 ® 600 °C

0 ~.
0 10 20 30 40 50 60 70 80 90 100 Si
at.% Si

Figure 21: Samples in the Al-Co-Si system measurdxy means of DTA.
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Two heating- and cooling- cycles were performeeéach measurement in order to test
if equilibrium conditions can be reestablished withthe samples at the selected
heating/cooling rate of 5 K niih Starting temperature was 600, 800 and 900 °Ghiee.
respective annealing temperature. The maximum tethpe reached in these
experiments was 1500 °C. Metastable thermal effgete observed in many samples in
the second heating cycles. The experimental datasptor thermal effects shown in
Figures 22-27 (circles and crosses) thus represaitly DTA results obtained on first
heating of the annealed samples. The liquidus gdlmangles) were evaluated from the
heating- and cooling-curves, respectively. The Itesaf our DTA-experiments are
given in Table 16. Although most of the sectione abt completely covered with
experimental data points, the full sections aresgiin Figures 22-27 for the sake of
clarity. Altogether, twenty-seven invariant fourgse equilibria were derived from
these data. In addition the two maxima L=(AlICp)and L=(AlCo)+(CoSi) and the
congruent melting point o8 were identified. Twenty-one different invariantacéion
temperatures could be determined directly in DTAasuements. The other reactions
were proposed and the respective temperatures egtimated. A summary of these
invariant phase equilibria including the reacti@mperatures and the approximate
compositions of the involved phases which weresseskbased on a combination of all
available experimental data (XRD, EPMA and DTA)gisen in Table 17 A ternary
reaction scheme consistent with our experimentllte as well as with the rules of
equilibrium thermodynamics is proposed in the Satieigram shown in Figure 28. We
found one ternary eutectic reaction, nineteen iiansreactions and seven ternary

peritectic reactions.
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Table 16: Experimental results of the thermal analgis in the Al-Co-Si system.
All samples were measured in Alumina crucibles at &eating rate of 5 K/min.

Temperature / °C

Nominal sample compositior Annealing Invariant effects Other effects Liquidus on heating Liquidus on cooling
Al goC0sSis 600, 21d 576 625 862 856
AlgoC0sSizs 600, 21d 575 687 767 742
Al7oCosSi5 600, 21d 575 727 762 744
AloC0sSiss 600, 21d 573 730 838 824
Al 45C0sSiso 600, 21d 574,734 767 1055 1052
Al 35C0sSigo 600, 21d 573, 735 795 1158 1144
Al75C015Si10 600, 21d 572 719, 918 980 942
Al 60C015Sips 600, 21d 737 787 865 837
Al50C015Sizs 600, 21d 734, 799 857 866
Al 40C015Sig5 600, 21d 735, 801, 850 927 998 993
Al 3,C015Sis3 600, 21d 795, 851 964 1072 1063
Al 25C0;5Sis0 600, 21d 846, 974 1050 1140 1134
Al 15C015Sis7 600, 21d 845, 974 1113 1200 1196
Al135C015Si71 5 600, 21d 842, 972 1156 1238 1229
Al;C0;5Sizg 600, 21d 970 1207 127 1276
Al74C0xSiy 800, 28d 908 1127 1111
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Temperature / °C

Nominal sample compositior Annealing Invariant effects Other effects Liquidus on heating Liquidus on cooling
Al70C0,.Sig 800, 28d 885 1084 1069
AlsC02,Sil, 800, 28d 742,887,948 833,0000 1030 1015
AlC02Sii6 800, 28d 733 818,0000 971 919
Al 46C02Sis, 800, 28d 796, 851 740,0000 970 973
Al gC0p4Sig 800, 28d 887 952, 1065 1100 1084
Al64C04Sis2 800, 28d 894, 943, 743 818, 970 1043 1043
AloC04Sise 800, 28d 955, 741 968 1033 1010
Al56C04Sino 800, 28d 909, 736, 967 992
Al 55C05Sin0 600, 21d 969, 908 893 1030
Al 45C0p5Sizs 600, 21d 846, 917 910 1080 1063
Al 30C05Sigs 600, 21d 843, 982 972 1104 1094
Al 23C05Sis, 600, 21d 846, 971 1010 1178 1148
Al 10C05Siss 600, 21d 970 1178 1244 1228
Al70C06Sis 800, 28d 1034 1122, 1145 1190
Al 66C06Sig 800, 28d 953, 1027 1104 1145
Al 52C06Si12 800, 28d 957, 952 1055 1164 1125
AloC06Si14 800, 28d 963 1045 1123
Als5gC06Siis 900, 21d 960 1030 1101 1110
Al5gC06Sit6 800, 28d 966, 917 1033 1110
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Temperature / °C

Nominal sample compositior Annealing Invariant effects Other effects Liquidus on heating Liquidus on cooling
Al 54C06Sin0 800, 28d 910, 966 1001 1099
Al50C06S 04 800, 28d 910 960 1098 1097
Al 45C0r6Size 900, 21d 911 949 1100
Al 46C0x6Sizg 800, 28d 907 1099 1092
Al 44C06Siz0 900, 21d 910 1082
Al 15C06Siz2 800, 28d 911, 847 953 1112 1098
Al ggC08Sisy 800, 28d 1072, 1030 1113, 1145 1302 1231
Al64C0p8Sig 800, 28d 954, 1065 986, 1104 1296 1243
AloC028Sis2 800, 28d 959 1066 1252 1234
Al56C08Site 800, 28d 960 921, 1032 1250
Al 5,C08Sin0 800, 28d 909, 967 998 1191
Al 46C08Sing 800, 28d 907, 921 952 1195 1159
Al 14C08Sing 800, 28d 912 1196 1134
Al 66C030Sis 800, 42d 1129, 1157 1588
Al5gC030Sis2 800, 42d 1064, 961, 949 1074 1330 1308
Al54C030Sii6 800, 42d 957 925, 1026 1335 1325
Al50C030Siz0 800, 42d 964 918, 997 1298 1272
Al 4,C030Siog 800, 42d 908 946 1248 1225
Al 35C030Si32 800, 42d 907 962 1232 1218
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Temperature / °C

Nominal sample compositior Annealing Invariant effects Other effects Liquidus on heating Liquidus on cooling
Al 35C030Sizs 900, 21d 907 939 1207 1196
Al 25C030Sis5 900, 21d 980 940 1189 1182
Al 0C035Sis 900, 21d 1070, 1120, 1152 1517 1503
Al55C035Si10 900, 21d 1067 1118, 1110 1511 1510
Al50C035Si15 900, 21d 1044 1429 1427
Al 45C035Sin0 900, 21d 1012, 1245 1435 1426
Al 40C035Siz5 900, 21d 1226, 958 926 1386 1375
Al 35C035Si30 900, 21d 1230 922, 943
Al 30C035Si35 900, 21d 908, 922 1315 1305
Al 25C035Si40 900, 21d 956, 972, 1047 1279 1275
Al 0C035Sis5 900, 21d 980 933, 1247 1265 1245
Al 15C035Si50 900, 21d 983, 1223 1270 1266
Al 10C035Sis5 900, 21d 1226 1263
AlsC035Siso 900, 21d 1285 1312 1277
Al 30C040Siz0 800, 28d 1413
Al 34C040Size 800, 28d 1450
Al 35C050Sii5 900, 28d
Al 30C050Siz0 900, 28d 1364, 1487
Al 55C050Sizs 900, 28d 1408
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Temperature / °C

Nominal sample compositior Annealing Invariant effects Other effects Liquidus on heating Liquidus on cooling
Al 20C050Siz0 900, 28d 1414 1477 1471
Al 15C050Sizs 900, 28d 1417 1438
Al 10C050Sis0 900, 28d 1420 1450
AlsC050Siss 900, 28d 1470 1446
Al 35C050Sis 900, 28d
Al 30C050Si10 900, 28d 1459 1459
Al 25C050Sii5 900, 28d 1300, 1415
Al 20C050Siz0 900, 28d 1381 1444 1441
Al 15C050Sizs 900, 28d 1238 1303 1380 1374
Al 10C050Siz0 900, 28d 1221 1289 1327 1311
AlsC050Si3s 900, 28d 1221 1291
Al 28 AC066.7Ss 900, 28d 1400
Al 23 056 Siio 900, 28d 1430
Al 15 L£056 /Sits 900, 28d 1317, 1403
Al 13 L0856 7SI 900, 28d 1452 1449
Alg 3C0s6.Sis 900, 28d 1287, 1244 1336 1328
Al 20C075Sis 900, 28d 1386 1416 1414
Al 15C075Sii0 900, 28d 1342 1376 1374
Al;10C075Siis 900, 28d 1299 1329 1327
AlsC0;5Sizo 900, 28d 1251 1266 1263
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Table 17: Ternary invariant phase reactions in theAl-Co-Si system determined by DTA.

Reaction T/°C Phase Composition / at.%
Al Co Si
E: L=Al+Al oCo,+Si 574 L ~87.0 ~1.0 ~12.0
Al 100 0.0 0.0
AlgCo, 78.0 18.0 3.0
Si 0.0 0.0 100
U: L+@=AlCo+Si 735 L ~68.0 ~6.0 ~26.0
0] 55.0 24.5 20.0
AloCo, 74.0 18.7 6.6
Si 0.0 0.0 100
U: L+y=AlgCo+@ 740 L ~70.0 ~7.0 ~23.0
y 60.1 25.6 14.3
AloCo, 4.7 18.5 6.6
[0) 54.9 24.6 20.5
U: L+e=Si+p 795 L ~62.0 ~10.0 ~28.0
€ 45.3 26.3 28.4
Si 0.0 0.0 100
[0) 54.9 24.6 20.5
U: L+a=Si+e 845 L ~56.0 ~12.0 ~32.0
a 30.0 29.9 42.1
Si 0.0 0.0 100
(3 44.4 26.2 29.4
U: L+Al3Co=AlyCot+y 885 L ~73.0 ~13.0 ~14.0
Al;Co 72.0 25.4 2.6
AloCo, 4.7 18.7 6.6
y 59.5 25.5 15.0
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Reaction T/°C Phase Composition / at.%
Al Co Si
U: L+B=a+e ~908 L ~53.0 ~20,0 ~27,0
B 26.8 37,4 35,8
a 30.4 30,1 39,5
€ 45.3 26,4 28,3
P: L+y+e=@ 909 L ~58.0 ~18.0 ~24.0
Yy 58.0 26.0 16.0
€ 46.6 26.4 27.0
[0) 54.9 24.6 20.5
U: L+d=y+e ~910 L ~56.0 ~20.0 ~24.0
0 44.0 32.0 24.0
Yy 56.5 26.0 17.5
€ 48.0 26.0 26.0
P: L+3+0=¢ ~912 L ~54.0 ~21.0 ~25.0
B 27.0 37.0 36.0
o 44.0 32.0 24.0
€ 47.5 26.0 26.5
Ua: L+0-Al;3Co=Al3Co+AlCo, [ 885>T<974 L ~84.0 ~12.0 ~4.0
0-Al15Coy 76.5 23.5 0.0
AlsCo 73.0 25.0 2.0
AlgCo, 80.8 18.2 1.0
U: L+x=Al;Co+y 952 L ~63.0 ~20.0 ~17.0
X 60.2 30.8 9.0
Al;Co 71.5 25.5 3.0
y 59.0 26.0 15.0
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Reaction T/°C Phase Composition / at.%
Al Co Si
P: L+o+x=y 954 L ~61.0 ~21.0 ~18.0
0 43.5 32.0 24.5
X 59.2 30.8 10.0
y 59.0 26.0 15.0
U: L+(AIC0)=0+x 965 L ~59.0 ~23.0 ~18.0
(AlCo) 33.0 40.5 26.5
o 42.5 32.5 25.0
X 61.0 31.0 8.0
U: L+CoSp=Si+u 970 L ~370 ~18.0 ~45.0
CoSp 4.1 33.3 62.6
Si 0.0 0.0 100
a 22.2 29.8 48.0
P: L+CoSp+p=a 980 L ~40.0 ~20.0 ~40.0
CoSp 6.4 34.5 59.1
B 17.7 39.5 42.8
a 24.5 30.0 45.5
U: L+AlsCo=Al3Co+x 1030 L ~68.0 ~21.0 ~11.0
AlsCo, 69.5 28.5 2.0
AlsCo 715 25.5 3.0
X 60.5 30.5 9.0
P: L+(AIC0)+AlsCo=x 1067 L ~67.0 ~23.0 ~10.0
(AlCo) 42.0 45.0 13.0
AlsCo, 68.5 28.5 3.0
X 60.5 30.5 9.0
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Reaction T/°C Phase Composition / at.%
Al Co Si
Ub: L+h-Al13Co=Al3Co+0-AlisCao, [ T<1092 L ~82.0 ~17.5 ~0.5
Al3Co 74.0 25.0 1.0
0-Al1:Coy 76.5 23.5 0.0
Pa: L+-Co+CoSi =CaSi [0 1214<T<1230 L ~0.05 ~75.7 ~24.25
e-Co 0.05 82.0 17.95
Co.Si 0.45 68.0 31.55
CaosSi 0.1 74.75 25.15
Uc: L+(a-Co)=-Co+CaSi [ T<1230 L ~0.25 ~75.05 ~24.7
(a-Co) 0.1 85.0 14.9
e-Co 0.1 82.0 17.9
CoSi 0.5 68.0 315
Ud: L+(AlCo)=(a-C0)+CaSi O T<1230 L ~1.5 ~75.5 ~23.0
(AlCo) 4.0 76.0 20.0
(a-Co) 2.0 83.0 15.0
Co.Si 2.0 66.7 31.3
U: L+(CoSi)=CoSj+f3 1220 L ~20.0 ~35.0 ~45.0
(Cosi) 5.0 50.0 45.0
CoSp 6.0 34.0 60.0
B 17.0 40.0 43.0
U: L+(CoSi)=(AlCo)+CaSi 1230 L ~4.0 ~70.0 ~26.0
(Cosi) 9.0 50.0 41.0
(AlCo) 23.5 53.5 23.0
CoSi 1.0 67.0 32.0
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Reaction T/°C Phase Composition / at.%
Al Co Si

P: L+(AlIC0)*H3=0 1230 L ~50.0 ~28.5 ~21.5
(AICO) 34.0 41.0 25.0
B 27.0 38.0 35.0
o 42.0 33.0 25.0

Ue: LH3-Co,Si=(CoSi)+CaSi [ 1230<T<1286 L ~1.5 ~65.0 ~33.5
B-Cao,Si 0.0 66.7 33.3
(CoSi) 1.0 50.0 49.0
CaoSi 0.5 66.7 32.8

U: L+(AIC0)=(CoSi)#3 1385 L ~21.0 ~44.0 ~35.0
(AlCo) 30.5 43.5 26.0
(CoSi) 11.5 49.0 39.5
B 26.0 42.5 315

Max1: L=(AlICo)+{3 O T>1400 L ~26.5 ~41.5 ~32.0
(AICo) 31.0 45.0 24.0
B 24.0 40.0 36.0

Max2: L=(AlCo)+(CoSi) 1415 L ~18.0 ~50.0 ~32.0
(AICo) 27.0 50.0 23.0
(CoSi) 12.0 50.0 38.0

* Reaction not determined experimentally
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Results and Discussion

In a very narrow composition- and temperature rdvegeveen 908 and 912 °C there is a
cascade of four invariant reactions and the exap@mtion of them in the DTA
measurement was not possible. The ternary phases 9, €, @ and X decompose
peritectically at temperatures between 909 and 2230hef3-phase melts congruently
at a temperature above 1400 °C, but the exact mgeftoint was not measured due to
determination limits at these high temperaturespiwe the assumption of a congruent
melting point of3, as cast samples were investigated in the composiinge of the

B-phase. The results do not show any evidence fiteptc melting behaviour d3.

The interpretation of the ternary phase reactia@@s the binary Co-Si system was quite
complicated: in the vertical section at 60 at.%v@measured unambiguously invariant
effects at 1230 °C in samples situated in the tpreese field [(AIC0)+(CoSi)+(C&Si)].
This reaction we interpreted to be L+(CoSi)=(AICGpSi. Based on this reaction we
propose that the transition reaction L+(AlIC@=Co0)+CaSi takes place underneath
and the three phase field L+(AlCopt-Co) evolving from this reaction leads to the
binary eutectic reaction L=(AlCo)&(Co) at 1400 °C. Consequently below 1230 °C
and very near to the binary Co-Si system the ttiamsreaction L+¢-Co)=-Co+CaSi
and the peritectic reaction E4€0o+CaSi =CgSi connect the ternary system with the

binary Co-Si system.

All liquidus values determined by DTA were combinetth literature data for the
limiting binary phase diagrams to yield a liquidsigrface projection of the whole
system. The corresponding diagram in Figure 29 shibe liquidus isotherms between
700 and 1600 °C as dotted lines. The liquidus ysltbat separate the different fields of
primary crystallization are shown as solid lineshwarrows indicating the direction
toward lower temperature. The compositions of theidl phase in the various ternary
invariant reactions listed in Table 17 are showncasles in Figure 29. To gain
additional knowledge on the primary crystallizatemveral samples were analyzed after
DTA-measurement, but these investigations havebeain successful. The samples
crossed several invariant reactions when cooliogvlgl in the DTA and the primary
solidification cannot be seen. Samples directleratirc melting could bring better
results but these attempts have not been done.odnwve gained sufficient liquidus

temperatures by the DTA-measurements to constnediquidus surface projection.
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The liquidus surface is dominated by the two Idrglels of primary solidification of the
high melting compound (AICo) and of Si. The primarystallization fields of (Co$9),
(CoSi),B and @-Co) show a considerable dimension. In the Al-golner of the phase
diagram the fields of primary solidification of thearious phases change within a
narrow composition range. One of the two maximafeuand to exist is situated in the
saddle between the (AICo) afidprimary crystallization field, the other maximum i
located between the (AICo) and (CoSi) primary algation fields. The latter
maximum can be interpreted as quasi-binary eutectgction L=(AIC0)+(CoSi)
(cf. Figure 27 (a); section at 50 at% Co). The pothaximum L=(AICo0)# is a result of
the reaction scheme and we estimate the temper&dulie above 1400 °C. The
proposed congruent melting point®fvas not determined exactly but it is estimated to

be around the composition AC040Siz4 at a temperature of approximately 1450 °C.
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Results and Discussion

5.2.The Al-Si-V system

The results in the Al-Si-V system include isotheksections at 500 and 620 °C in the
Al-rich part and at 850 and 1300 °C in the V-ricipart. In course of these studies the
new ternary phasewas discovered. Vertical sections at 10, 20, 35%hat.% V were
investigated by DTA-measurements leading to a i@asicheme and a liquidus surface
projection of the entire ternary system. In FigB@eall investigated samples are shown
with the respective annealing temperature. For dbestruction of the isothermal

sections only selected samples were determineddansiof EPMA measurements.

Annealing
Temperature
e 500 °C
X 620 °C
@ 850 °C

950 °C
® 1300°C
R
* o
50 °

0_.
Al 0 10 20 30 40 50 60 70 80 90 100 S|
at.% Si

Figure 30: Investigated samples in the Al-Si-V sysin.
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5.2.1. Isothermal sections at 500 and 620 °C

The partial isothermal sections at 500 and 620 6@stucted based on XRD and
EPMA measurements are shown in Figure 31 and Fi@2e respectively. The
corresponding compositions in the different phas&l$ are given in Table 18. The
solubility of the other elements in (Al) and (Sgrcbe considered to be insignificant.
The phase equilibria in the V-poor part of the ghdsmgram differ from those given by
former authors. Gebhardt and Josef [62] proposad Aly3V, is the phase with the
highest solubility in the ternary and that;A; does not show any solubility of Si.
Correspondingly, the authors found,M, in equilibrium with SjV and proposed the
existence of the three-phase fields [(Al)3Ms+SkbV] and [AlsV+Al 23V 4+SkV].
According to our own investigations however,,#M; is the phase with the highest
solubility for Si (up to 3.7 at.% at 620 °C), amg,a consequence, this phase is found in
equilibrium  with  SpV. The three-phase fields [(Al)+AV,+SkV] and

[Al 3V+AI 45V 7+SkV] were found at 500 as well as at 620 °C. The su®n of Al by

Si in monoclinic AlsV; causesa change of the lattice parameters from
a=25.604(14) Ab=7.6213(13) A,c=11.081(12) A and R =128.92° in the binary
[25] to a=25.5395(12) Ab=7.6331(4) A,c=11.0433(7) A and R =128.979(3)° in
the limiting solubility. For the hexagonal phasg\VSiwhich was found to dissolve up to
8.5 at.% Al, the cell parameters increase feom4.562(3) A and = 6.359(4) A [25] in
the binary toa = 4.6054(1) and = 6.4276(2) at the ternary composition limit. We di
not find relevant solubility of Si in A}V, and AbsV4: Al;1V, was not found in any of
the ternary samples and even the sample with ablgt0% Si (Ao sSiosVs7) contained
no Al;V,. Thus the tree-phase field [(Al)+AV2+AlssV,] does not show any
significant extension in the ternary..AV, was found in a sample with 0.5 at.% Si, but
not in a sample with 1.0 at.% Si (cf. Table 18). &tended illustration of the phase
equilibria in the vicinity of the binary Al-V syste is shown in Figure 32 (b). The
composition of the liquid phase occurring in thetsm at 620 °C (Figure 32) was not
determined by EPMA, but only estimated based orbthary Al-Si phase diagram and
our liquidus surface projection (see section 5)2.9herefore the tie triangles
[L+(Si)+Si,V] and [L+(AD+Si,V] are shown in dashed lines in Figure 32. In Fey88
BSE images of samples annealed at 500 and 620 6@irsdy the three-phase fields of
[(AN+(Si)+SiyV], [(Al)+AI 45V 7+SkV]and [AlsV+Al 45V 7+SikV] are given.
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Figure 31: Partial isothermal section through the ASi-V system at 500 °C.

Crosses: nominal composition of the samples invegéited by EPMA.
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at.% Si

Figure 32: Partial isothermal section through the ASi-V system at 620 °C.
Crosses: nominal composition of the samples invegéited by EPMA.

(b) Enlargement of the Al-rich corner.
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Table 18: Phase composition in various samples ihé Al-Si-V system annealed at 500 and 620 °C deteimed by EPMA.

Nominal sample compositio Tt . Phase field FIESE SRmpesa (2 EPMA IS
of annealing Al Si V
. (Al) 100 0.0 0.0
AleoStoV10 500  [(A)+(Si)+ShV] (Si) 0.0 100 0.0
S,V 8.4(1) 58.0(1) 33.6(1)
SiLV 8.5(2) 57.3(4) 34.2(4)
Al 7cSi1oV 20 500 [A|3V+A| 45V7+Si2\/] Al 45V 839(1) 26(2) 135(1)
AlsV 73.7(2) 1.2(1) 25.1(1)
Aler.sSizsV 10 >00 [(Al)y+AlssV7] A(|/:§/7 851.(()3(21) 0.07.?1) 139%()(1)
AlySiaVao (Al) 100 0.0 0.0
620  [(AD+AlV7+SiV] Al V7 82.2(3) 3.7(1) 14.1(3)
SipV 8.5(2) 57.3(4) 34.2(4)
AlsV 73.2(1) 1.4(1) 25.4(1)
Al76SiioV20 620  [AkV+Al 5V +ShV] Al 4sV7 82.3(1) 3.7(2) 14.1(1)
SipV 8.5(2) 57.3(4) 34.2(4)
Algs SipsVias 620 [ALV+AI 23V ] Alsv y _ B
205 Al 84.4(2) 0.5(1) 15.2(2)
o e G osn mo
Al o Sio Vg7 600 [(A+Al4V ] Aﬁ/:gh 821.(2)(22) 3.05'?1) 13(?60(2)

-- not measured due to fine microstructure
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—— 200 um BSE 15 kV

Figure 33: BSE images of the samples (a) #&6i0V10 annealed at 500 °C,
(b) AlgoSiioVi0annealed at 620 °C and (c) Ab ShoV20 annealed at 620 °C.
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5.2.2.Isothermal section at 850 °C

Phase equilibria at 850 °C were studied in thec#t-part between 35 and 100 at.% V
and the resulting partial isothermal section isvahon Figure 34 together with the
nominal composition of the samples in the respectiwee and two phase fields.
Table 19 shows the exact phase compositions detedrin the various three phase
fields of the isothermal section at 850 °C. Simitar the section at 620°C, the
composition of the liquid was not measured by EPli#t estimated according to
liquidus data for the adjacent binaries and acogrdd our liquidus surface projection
of the ternary system (see section 5.2.5.). The staging difference of our section to
previous phase diagram versions is the existenca éw ternary phase with the
approximate composition ASi; 4V. This phase was found in equilibrium with Xl
SV and S4Vs. Details on the crystal structure of this phasegaven in section 5.2.4.

The solubility limit of Al in SpV at 850 °C was determined to be 5.4 at. % and is
considerably lower than the solubility at 620 °C5(&t.% Al). AkV, AlgVs, and SiVs
show minor solubility in the ternary (in the ord€rl-2 at.%). The phasesSi does not
show any noticeable solubility of Al and the thpgease field [SNV+SisVs+SisVe] is
restricted to a very small area adjacent to tharirsi-V system (Figure 34). The
maximal solubility of Al in Si\§ was measured to be 6.6 at.%. AlthougivVSwas
reported to be a line compound in the binary, wenébconsiderable differences in the
V-content of SiVs in different ternary samples. Thus we decidedetinvestigate the
composition limits of binary $Vs. In the two binary samples with the nominal
composition S Vs93 and SisVes annealed at 850 °C we found the phase ranging
between 61.3 and 63.2 at.% V. The homogeneity rah&V s can also be seen by the
slight variation of the cell parameters in the tfferent two-phase fields [Si#SisV 5]

and [SgVs+SisVg]. The cell parameters of V-rich and V-poor tetnago SgVs
determined by powder XRD age= 9.4245(1) Ac=4.7573(1) A anéh = 9.4305(1) A,
c=4.7538(1) A, respectively. In the V-richer paré wbserved the three phase fields
[AlgVs+SiV3+SiVs] and [AlkVs+SiVs+(V)] and the large two phase region of
[SiV3s+(V)]. Samples located in the two phase field [Sif¥)] exhibit a very fine
microstructure which makes the measurement of thraposition of the respective
phases by means of EPMA impossible. In XRD-measengsnthe presence of the
phases Siy and (V) were measured unambiguously and the @athrpeters of the

phases were deterimend by Rietveld refinement. Megdaw was applied to get
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information about the composition of the solid s of Al in (V) in order to fix the
tie lines shown in Figure 34. For this purposedék parameters of pure vanadium [25]
and of AlsVss (sample AdoSiioVeo) were used for linear interpolation. Since the
solubility of Si in (V) is very small the variatioof the cell parameter can be attributed
only to the substitution of the V-atoms by Al-atonhs Figure 35 the corresponding

graph can be seen.
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Figure 34: Isothermal section through the Al-Si-V gstem at 850 °C. Diamonds:

nominal composition of the samples investigated dyPMA.
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Table 19: Phase composition in various three-phagields of the Al-Si-V system annealed at 850 °C datmined by EPMA.

Phase composition by EPMA / at.%

Nominal sample compositior Phase field Al S| vV
_ Al 72.6(3) 1.9(4) 25.5(2)

Al 5SiysVao s [Al V+SbV4] Si,V N B __
T 19.5(1) 46.6(1) 33.9(1)
AluSiVae AlV 72.0(3) 1.8(4) 25.6(4)
[Al 3V+SigVs+T] SizVs 1.8(4) 37.2(4) 61.0(5)
1 20.1(3) 45.9(4) 34.0(2)
Si,V 5.4(2) 60.8(3) 33.8(1)
Al 16Si50V 40 [Si2V+Si3V5+T] SizVs 17(4) 39. 1(4) 592(3)
1 19.1(1) 47.2(2) 33.7(1)
Si,V 3.1(2) 62.5(3) 34.4(2)
Alg 7Sizs.3Vss5 [Si2V+Si3V5+Si5V6] SizVs 01(1) 387(3) 602(2)
SisVe 0.0(1) 45.5(3) 54.5(2)
AlV 71.6(5) 0.6(4) 27.8(6)
Al 30SiboVs50 * [A| 3V+AI 3V5+Si3V5] AlgVs 595(5) 09(2) 396(3)
SiaVs 1.8(4) 35.2(4) 63.0(4)
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Phase composition by EPMA / at.%

Nominal sample compositior Phase field Al S; vV
AlgVs 55.3(4) 1.7(1) 43.0(5)
Al 15513V 30 [A| 8V5+S|V3+SI3V5] SiV3 39(4) 230(1) 731(5)
SiaVs 1.8(1) 35.2(1) 63.0(1)
AlgVs 55.9(2) 1.2(1) 42.9(2)
(V) 44.9(3) 0.3(1) 54.8(2)
Al 30SisVes . SiV3 - - -
[SiVs+(V)] ) ) ) )
Al 16SiioVso . SiV3 - -- --
[SiVa+(V)] ) ) ) )
AlsSiigVas . SiV3 - -- --
[SiVa+(V)] W) B ) )

* annealed at 950 °C
-- not measured due to fine microstructure
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Figure 35: Determination of the Al-concentration in(V) for two-phase samples

using lattice parameter interpolation according toVegard’s law.
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In the binary Si-V system Savickij et al. [10] meesd the solubility of Siyto be
24.3-24.7 at.% Si at 800°C. Recently Zhang et 48] [gave a thermodynamic
reassessment of the entire Si-V system and cadcuthe maximum solubility of Si/
to be 20-25 at.% Si at 1837 °C. At a temperatur®@d°C the solubility decreases
completely. Our results indicate that also the tyinphase Siy exhibits certain
extension at 850 °C, and not to be so narrow likang et al. [49] calculated in their
assessment. So we used the phase boundaries giv&avickij et al. [10] in our

sections at 850 °C and 1300 °C as binary reference.

Beside tetragonal $i's we found traces (1-5 at.%) of hexagonaMgi(MnsSis-type) in
the ternary samples as well as in the binary Siavh@es. It is well known, that
MnsSis-type phases may be stabilized by heteroatomshasidvas also found to be true
for binary SiVs [40]. In presence of heteroatoms (e.g. O, C, B) ¢hese phases bind
the atoms in a performed cavity within their crystaucture and are stabilized strongly
that way. In this respect we assume that oxygeruiitigs are responsible for the
formation of the hexagonal $$5 phase. Most likely, these oxygen impurities are tiu
interstitially solved oxygen in the V used for sdenpreparation. Since we found the
interstitially stabilized Nowotny phase also in thi@ary Si-V samples it can be ruled
out that it is stabilized by Al.
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5.2.3.Isothermal section at 1300 °C

The results of our measurements at 1300 °C are rshowFigure 36 and the

corresponding compositions determined by mean$dA are listed in Table 20.
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Figure 36: Isothermal section through the Al-Si-V gstem at 1300 °C. Diamonds:
nominal composition of the samples investigated dyPMA.
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Table 20: Phase composition in various samples dfé Al-Si-V system annealed at 1300 °C determined lBPMA.

Nominal sample compositior of ;n/nc;zczjlling Phase field SEEE com%)smon 2 EgiMA /at.%v

AlgVs 56.4(5) 2.0(2) 41.6(4)

Al 40Si10V 50 1300 [AkV5+SizVs+(V)] SizVs 3.5(2) 33.7(2) 62.8(2)
(V) 45.2(4) 1.6(2) 53.2(7)

SiV3; 4.7(1) 21.5(2) 73.8(1)

Al 10SibsVes 1300 [SiVs+SiEVs+(V)] SizVs 4.1(2) 32.8(4) 63.1(2)
(V) 42.2(3) 1.4(2) 56.4(2)

Al2,SigVes 1300  [SiV3+(V)] SiV3; 6.2(1) 19.1(1) 74.7(2)
V) 32.0(1) 1.7(2) 66.3(1)

Al SiV 7, 1300  [SiV3+(V)] SiV3 6.1(6) 18.4(9) 75.5(8)
V) 24.6(1) 1.8(1) 73.6(1)

Al 16SiioVso 1300 [SiVs+(V)] SiV3; 5.3(4) 17.8(9) 76.9(7)
) 13.5(1) 2.1(1) 84.4(1)
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In contrast to the isothermal section at 850 °C cane see, that the three phase fields
[AlgVs+SEVs+(V)] and [SiVa+SkVst(V)] exist. This result is in accordance with the
work of Miiller [63], who determined the V-rich paot the ternary Al-Si-V-system at
1000 °C. Annealing experiments were done to continat our results at 850 and at
1300 °C are equilibrium situations and that a sebld transition reaction
SikVs+(V)=AlgVs+SiVs takes place above 850 °C. On the one hand the lsamp
Al15Sh3Ve, annealed at 850 °C exhibiting the phasegVAl SiVs and SiVs was
annealed at 1180 °C for three weeks. SubsequentrERbasurements proved that the
three phases Sy SkVs and (V) were formed. On the other hand a sampth the
same overall composition annealed at 1300 °C amefibre exhibiting the phases SV
SikVs and (V) in large grains, was annealed at 850 °C $even weeks.
XRD-measurements of this sample however did dtitivs the same phases. With the
assumption that the respective reactiogVSt(V)=AlgVs+SiVs is hindered kinetically
due to long diffusion distances in the course nsttwture of the sample, the same
sample was powdered, pressed to a pellet and agaaled at 850 °C for five weeks.
After this procedure the phaseg¥k was formed and (V) was not longer found. In an
attempt to further specify the temperature of tbkdsstate transition reaction, the
sample AlgSiigVso was annealed at 950 °C directly after arc meltihgghowed the
phases AlVs, SkVs and (V), indicating the equilibrium above the s#@ion reaction.
The two situations after annealing at 850 °C and 95 are shown in Figure 37. By
means of DTA-measurements we tried to determineexaet reaction temperature but
since solid-state reactions generally show onlylisheat effects and the transition is
presumably very slow, this was not possible. Caréig) our measurements and the

results given in [63] we conclude that the reactakes place between 850 and 950 °C.
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P 2N
.T=850 °C. =" N
50pm @ Al Si,,V,,

Figure 37: Back scattered electron image of the sgrtes AlisSi3Vez and AlyeSiioVso
annealed at 850 and 950 °C.
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5.2.4.Crystal structure of (Alp ¢Siy 4V)

The composition of the new compound was determibgdmeans of EPMA and
corresponds to the chemical compositiop g8y 4V. The structure was determined from
powder data. A sample with the nominal composi#bm ;Siss sV 338 Was annealed for
four weeks at 850 °C, ground and pressed to atpdllas pellet was annealed for
anothertwo weeks at the santemperature. The powder pattern of this sample was
successfully indexed using the TOPAS software i8] yielded an orthorhombic cell
with the cell parameters= 8.0856(1) Ab = 4.6921(1) A and = 8.4954(1) A. Based

on the observed cell parameters, the atomic coatesnof TiSi (Fddd oF24) [68] was
chosen in the starting set for subsequent Rietvefitiements. The refined powder

pattern is shown in Figure 38.
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Figure 38: X-ray powder pattern of a sample with tle nominal composition AlgSisssV3zs Black line: measured pattern, gray line:

calculated pattern, dark gray line: difference.
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For additional single crystal XRD, a sample witle thominal composition AdV10Si14
i.e. within the primary crystallization field af (compare next section) was prepared in
the arc furnace. It was subsequently cooled sldvdgn 1150 to 1000 °C applying a
cooling rate of 0.1 Kmih in order to grow single crystals suitable for stume
determination. Unit cell parameters were obtaingdldast-squares refinements of
20 values. Corrections for Lorentz polarization anosaption effects (multi-scan
method) were applied. The crystal structure wasesbby direct methods in the space
group Fddd and subsequently refined using the SHELXS and SHE®Q7 program
packages [69-71]. The results are compiled in T@Blke and 22. Further details of the
crystal structure investigation were deposited ime tFachinformationszentrum
Karlsruhé' under the depository number CSD 420729. The fiedinement was
performed with neutral atomic scattering function$ V [position 8@&)] and
Al:Si = 3:7 [position 16€)]. It is to be mentioned that this allocation iasbd on the
chemical composition and on crystal chemical carsitions. Due to the special atomic
coordinates, a trial refining the crystal structwm@ngly with VV atoms at position 1€)(
and Al:Si = 3:7 at position 8] converged amazingly & = 0.022 andvR2 = 0.051
[Uiso = 0.0107(2) for both sites without restriction] ialin is only moderately increased

as compared to the correct refinement (Tables d12an

! 76344 Eggenstein-Leopoldshafen, Germany, (fax: {247-808-666; e-mail:
crysdata@fiz.karlsruhe.de)
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Table 21: Single crystal X-ray data-collection
and structure refinements of AbeSiy 4V.

Empirical formula Ab6Sir.aV
Crystal system, space group Orthorhombk24 /Fddd
Cell dimensions

alA 8.091(3)

b/A 4.697(2)

cl/A 8.501(3)
v/IA3 323.1(1)

peac/ g cmi; g (MoKa) / mm* 4.37;6.9

z 8

Crystal dimensions / um 60 x 90 x 40
number of images; rotation angle per image / ° @22;

scan mode (at 13 distinetangles) @-scans

scan time / s/°; frame size / pixels 195; 62k576
detector-to-sample distance / mm 30
measured reflections 5329
unique reflectionsn); reflections withF, > 40(F,) 181; 154

Rint = 20OF-F2(mean) k2 0.028
extinction parameter 0.0098(9)
R1 =X (00F,FOF0) / £F, (181; 154 reflections) 0.019; 0.015
WR2 = EW(Fo>-F2)? | SOWF, Y2 0.041

GOoOF = E[W(Fo>-FA? / (n-p)}°° 1.054
maxA/c; number of variable parametep ( <0.001; 10
final difference Fourier map / éA -0.34 to +0.37

" RL =(00F-OF D) / =F,
" WR2 = PW(FA-FA)? 1 20OWF, M2
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Table 22: Fractional atomic coordinates and displaement

parameters of Al goSip4V. Origin at -1.

Wykoff Site X . U..
letter symmetry y equiv
M 16(e) 2.. 0.45912(3) 0.125 0.125 0.0075(1)
\% 8(a) 222 0.125 0.125 0.125 0.0081(1)

M=0.3Al+0.7Si
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A graphical representation of the structure is giweFigure 39. The crystal structure of
AloeSip 4V consists of close-packgreudehexagonal layers parallel to (001). Atoms in
neighbouring layers are centred above or belowMid and M-M bonds within the
layer, short V-V contacts are avoided within aslhaslbetween the layers. Four of these
symmetrically equivalent layers form a translatfmeriod (stacking sequence ABCD).
In this structure type the coordination number ofalld V is 10 which can be seen
clearly in Figure 39 (b). Each M position (M = Al 8i, respectively) is aligned with the
V position in three different bond lengths of 2 X260 A, 2 x 2.7069 A and 1 x
2.6995 A, respectively. Additionally, the M positigs coordinated by M atoms with
bond distances of 2 x 2.4139 A, 2 x 2.7106 A and 2.6920 A. The V position is
coordinated by the M atoms with three different ddengths of 4 x 2.4160, A, 4 x
2.7069 A and 2 x 2.6995 A, respectively. Nowotng][ihvestigated the crystallization
behaviour of transition metal silicides and found that there is a connection between
the crystal structure and the valence electron eatmation (VEC). According to his
study silicides with VEC between 4.52 and 5.0 adbpet tetragonal MoQistructure
type. Decreasing the VEC the hexagonal £s8iucture is favoured between 4.01 and
4.67 VEC. VSj is an example for this crystal type with a VEC4022. From 4.02 to
4.21 VEC the silicides crystallize mainly in thehlmrhombic TiSi-type and the fact
that the phase with VEC=4.13 exhibits this structure type fitgyavell to this theory.
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5.2.5.Ternary phase reactions and liquidus surfgm®jection

The ternary phase reactions in the system Al-Sievenstudied by DTA at medium and
high temperature in four vertical sections at canstV contents of 10, 20, 35 and
50 at.% V. For regular DTA measurements two heatigugd cooling- cycles were
performed in each measurement in order to testqtfilierium conditions can be
reestablished within the samples at the selectedirtygcooling rate of 5 K mih
Starting temperature was 500, 620 and 850 °Chieerdspective annealing temperature.
The maximum temperature reached in these expersm@at 1490 °C. Metastable
thermal effects were observed in most samples é sicond heating cycles. The
experimental data points for thermal effects shawrrigures 40 and 41 (large and
small circles as well as crosses) thus represemlynBTA results obtained on first
heating of the annealed samples. The liquidus gdlnangles) were evaluated from the
heating- and cooling-curves, respectively. The Itesaf our DTA-experiments are
given in Table 23. Although minor parts of the gats are not completely covered with
experimental data points, the full sections areigiin Figures 40 and 41for the sake of
clarity.

Altogether, 13 invariant four-phase equilibria weerived from these data. A summary
of these invariant phase reactions including therayed reaction temperatures and the
approximate compositions of the involved phasesciwlwere assessed based on a
combination of all available experimental data (XREPMA and DTA) is given in
Table 24.

The ternary phase reactions proposed by Gebhaddi@seph [62] differ strongly from
our data concerning temperatures and interpretatidhe results. One should keep in
mind that Gebhardt and Joseph mainly determined tteta by means of cooling
experiments, only some of their samples were medsusing DTA and they report of
small temperature effects. The fact that they deitezd different phase fields at 500 °C

results in the different interpretation of the data

In our study it was possible to determine all imar reaction temperatures
experimentally; the sole exception is the tempeeatf U2: L+Ab;V,=(Al)+Al 45V~

which was not found experimentally due to the v@nall existence range of the phase
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Al,V,. This temperature was estimated to be ~664 °C.tiEmsition reaction Uand
the peritectic decomposition of AV; (P1l: L+AkV+Si,V=Al4sV;) which was
determined to be at 745 °C can be seen in Figuf@2)0which is an enlargement of the
very Al rich part of the vertical section at 1Patv. In some samples of the vertical
section at 20 at.% V we observed small thermalceffevhich we did not find in the
corresponding region in the vertical section atal@o V. These effects do not exhibit
any trend allowing rationalization in terms of aquéibrium reaction. Until now it was
not possible to process a proper hypothesis toagxpghese effects. However, we
believe that they are not corresponding to any liguim reaction in the phase
diagram, as they are always small and their pasitio the ternary sections is not
consistent with the rest of the experimental da®; they are found between the
invariant reaction P1 and U4 in the section at 2% &/, but not in the same region at
10 at.% V. In DTA measurements of the samplgo3ioVso we found only one
invariant effect at 1390 °C. The effect correspagdio the invariant reactions U6 at
1224 °C is missing. However, the reaction U6 wassueed in other samples in the
vertical sections at 20 and 35 at.% V as well ahénsample AbSizoVso (see figures 40

and 41), unambiguously.
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Figure 40: Vertical sections in Al-Si-V at (a) 10 8% V and (b) 20 at.% V. Large
circles: invariant thermal effects; triangles up: liquidus on heating; triangles

down: liquidus on cooling; small circles and crosse other thermal effects.
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Table 23: Experimental results of the thermal analgis in the Al-Si-V system.

All samples were measured in alumina crucibles at heating rate of 5 K/min.

Temperature / °C

Nominal sample composition Annealing Invariant effects Other effects Liquidus on heatin¢ Liquidus on cooling
AlgeSi1V 1o 620, 14d 733 654 1175 1172
Alg7.55hb 5V 10 500, 21d 646, 746 1176 1150
AlgsSisV 1o 500, 21d 640, 745, 979 1090 1189
Algs Stz sV 10 500, 21d 870, 643, 749, 979 1060 1286
Al goSitoV10 500, 21d 644, 745, 871 1030 1143
Al76Si14V10 620, 14d 1099
Al75SiisV1o 620, 14d 1118
Al70SioV 10 500, 21d 580 1259 1229
Al 0SizoV 10 500, 21d 576 659 1352 1328
Al50SisoV 10 500, 21d 576 823 1418 1402
Al 40SisoV 10 500, 21d 576 985 1449 1432
Al 30SisoV 10 500, 21d 575 1123 1495
Al 20Si7oV 10 500, 21d 578 1234 1509 1505
Al 10SigoV 10 500, 21d 577 1323 1490 1478
SigoV 10 500, 21d 1378 1481
Al7755k8V 20 500, 21d 743, 1219 1130 1342
Al75SisV 20 500, 21d 740, 868, 979 1210 1228 1362 1351

109



Results and Discussion

Temperature / °C

Nominal sample composition Annealing Invariant effects Other effects Liquidus on heatin¢ Liquidus on cooling
Al70SioV 20 500, 21d 744, 873, 980 1155, 821 1435 1422
Aleg5Si11.5V20 620, 21d 741, 879, 979 1121, 822 1455
Alg7.5512.5V20 620, 16d 742,871, 975 1054, 821 1457
AlgsShisV 20 620, 21d 744, 858, 973 812 1453 1451
AlgoSioV 20 620, 21d 745, 864, 974, 1141 809 1486 1486
Als5SizsV 20 620,21d 636, 747, 866, 975, 1140 1254, 815 1483 1478
Al50Siz0V 20 620, 21d 644, 747, 870, 1148 1340, 828 1451 1443
Al 46SisoV 20 500, 21d 577 1446 1445
Al 36SisoV 20 500, 21d 577 840 1514
Al 26SisoV 20 500, 21d 577 1080
Al 16Si70V 20 500, 21d 576 1265
SigoV20 500, 21d 1388
Al6oSisV 35 950, 14d 1247 1375
Al51SiaV3s 850, 28d 966, 1226
Al 26Si7V35 850, 28d 965, 1219
Al 4,Si»V3s 850, 28d 966 1086
Al 46SisV 35 950, 14d 964 1067
Al30SizsV 35 850, 28d 964, 1149 1389
Al20SissV 35 850, 28d 961, 1128, 1525
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Temperature / °C

Nominal sample composition Annealing Invariant effects Other effects Liquidus on heatin¢ Liquidus on cooling
Al 14Si51V 35 850, 28d 1130,
Al 13Sis2V 35 850, 28d 1142
Al 10SissV 35 850, 28d 1126
Al 40ShoVso 950, 14d 1390
Al 30Six0Vs50 950, 14d 1396
Al 20Si30V50 950, 14d 968, 1210 1275
Al 10Si10Vs0 850, 28d 1157 1013
Al 15Sip3Ve2 high temperature DTA 850, 15d 1574
Alp7Siys3Vss high temperature DTA 850, 15d 1635
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Table 24: Ternary invariant phase reactions deterrmed by DTA in the Al-Si-V system.

Reaction T/°C Phase Composition / at.%
Al Si Vv
E1: L=(A)+(Si)+ShbV 577+1 L ~87.75 ~12.15 ~0.1
(Al 100 0 0
(Si) 0 100 0
SV 8.6 58.1 33.3
U1: L+Al4sV7=(Al)+SiV 64343 L ~92.0 ~6 ~2
Al4sV7 82.5 3.5 14
(Al 100 0 0
SkV 7.7 59 33.3
U2: L+Al2Vo=(Al)+Al 45V7 ~664 L ~99.3 ~0.5 ~0.2
Al Vs, 91.3 0 8.7
(Al 100 0 0
AlysV7 85.6 0.7 13.7
U3: L+AI3V=Al 23V 4+Al 45V 7 733+1 L ~99.2 ~0.2 ~0.6
AlzV 74.5 0.5 25
Alo3Vy 84.8 0.4 14.8
AlysV7 85.6 0.7 13.7
P1: L+AlLV+ Si;V=Al 45V7 74515 L ~93.3 ~3.6 ~3.1
AlzV 73.4 1.3 25.3
SkV 6.6 60.1 33.3
Al 4sV7 82.2 3.7 14.1
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Reaction T/°C Phase Composition / at.%
Al Si Vv
U4: L+t=Al3V+SipV 866+7 L ~87.0 ~7.5 ~5.5
T 19.5 47.2 33.3
AlzV 73.4 1.3 25.3
SkV 5.3 61.4 33.3
U5: L+SkVs=AlgV+1 976+3 L ~87.0 ~5.5 ~7.5
SkVs 2.0 38.6 59.4
AlzV 73.0 2 25
T 19.5 47.2 33.3
P2: L+SpV+SisVs=t 1140+7 L ~74.0 ~14 ~12
SkV 4.0 62.7 33.3
SkVs 2.0 38.6 59.4
T 19.5 47.2 33.3
U6: L+AlgVs=Al3V+SizVs 122442 L ~83.2 ~1.8 ~15.0
AlgVs 56.6 14 42.0
AlzV 73.0 2.0 25.0
SikVs 2.0 38.6 59.4
U7: L+(V)=AlgV5+SizVs 1390 L ~60.5 ~4 ~35.5
V) 44.5 0.5 55.0
AlgVs 55.6 14 43.0
SkVs 1.7 35.3 63.0
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Reaction T/°C Phase Composition / at.%
Al Si \Y

U8: L+ SiV3=SiVs+(V) 1574 L ~35.0 ~10.0 ~55.0
SiV3 5.0 22.0 73.0
SikVs 1.7 35.5 63.0
V) 44.5 0.5 55.0

U9: L+SkVe=ShV+SizVs 1635 L ~9.0 ~54.0 ~37.0
SisVg 0.0 45.5 54.5
SkV 0.2 65.8 34.0
SikVs 0.5 37.5 62.5

U: SkVs+(V)= AlgVs+SiVs 850<T<950 AlVs 55.5 1.5 43.0

annealing experiments; not V) 45.0 0.5 54.5

measured by DTA Sy 4.0 23.0 73.0
SkVs 0.5 37.5 62.5
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High temperature DTA was used to measure the taatypes of invariant phase
reactions higher than 1490 °C. For this purposepsesnn the respective three phase
fields [SiVs+SikVs+(V)] (AlsSiaVey) and [SpV+SisVs+SisVe] (Alg7SiygaVss) were
heated in high temperature DTA with a heating ot K min™. Starting temperature
was 1400°C. In order to avoid a possible reactibrthe liquid with the alumina
crucibles, the measurements were stopped aftefirttevisible effect and not heated
further to the liquidus temperatures. These measemés allowed to determine the
invariant reactions in the V-rich part at elevatemnperatures. A ternary reaction
scheme (Scheil diagram) is shown in Figure 42 ligllidus values determined by DTA
were combined with literature data for the limitibghary phase diagrams to yield a
liquidus surface projection within the entire intigated composition range. The
corresponding diagram in Figure 43 shows the ligsicsotherms between 600 and
1900 °C as dotted lines. It should be emphasized,the isotherms between 1500 and
1900 °C are estimates, as no liquidus temperatlege 1490 °C were determined. The
isotherms reflect information on the binary meltitgmperatures and information on
invariant ternary reaction temperatures. The ligsigalleys that separate the different
fields of primary crystallization are shown as ddlines with arrows indicating the
direction toward lower temperature. The composgiohthe liquid phase in the various
ternary invariant reactions listed in Table 24 slvewn as circles in Figure 43. The three
invariant reactions E1, U2 and U3 can be seen lgleéarFigure 43 (b) which is an
enlargement of the very Al rich part of the liqusdsurface projection. In order to reach
additional information about the compositions oé tiquid phase taking part in the
invariant four phase reactions and to constructlithedus surface projection, as cast
samples at various compositions were investigabegpfimary crystallization and the
sample compositions are shown in Figure 43 as diésn An overview of all
investigated as cast samples is given in Table a2fether with information about
primary solidification. The sample ABisV1p was not measured after arc melting but
after DTA-measurement i.e. it was heated and suiesgly cooled slowly with a
cooling- rate of 5 Kmit. In Figure 44 the primary crystallization of;8i can be seen
as white grains in the BSE image of the respedaraple. This confirms the extension
of the SgV5 crystallization field towards the Al-rich cornefrtbe phase diagram.

In Figure 45 BSE images of as cast samples in different primary crystallization

fields are shown. The liquidus surface projectisndominated by the huge primary
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solidification field of S§Vs. In Figure 45 (a), a sample is shown near thadugivalley
which leads from P2 to U9. The white crystals wereasured to be $§Ms. In Figure

45 (b) the white grains of §Mg are the primary crystallized phase and the narrow
solidification field of this high temperature phase represented by the sample
AlsSiseV30. Figure 45 (c) shows a sample in the primary atiization field of (V). The

as cast sample &8Si;;Vs7 shown in Figure 45 (d) exhibits Sj\as primary crystals.
Together with the as cast sample;78I19Vs3 located directly on the liquidus valley
between U7 and U8 it offers valuable informatiomatbthe composition of the liquid

phase taking part in the transition reaction U8.
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Figure 43: Liquidus surface projection of Al-Si-V including fields of primary
crystallisation. Solid lines: liquidus valleys; doted lines: isotherms; circles:

invariant points; triangles: investigated as castamples.
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Table 25: Primary crystallization investigated fromas cast samples.

Nominal sample composition Primary crystallization
Al75SisV 20 after DTA-measurement 3%
Al76ShaV 10 T
Al15Sia4 V538 SiVs
Al 5Si44 5V 53 SikVs
Al 15Si35V50 SikVs
Al 4755128V 50 (V)
Al 30Si1oVeo SiVs;
Al15Si>3Ve2 SikVs
Al 30SizsVs5 SiVs
Al 40SisVs5 (V)
Al 16Si10Vgo V)
Al2:SiV 72 SiVs;
Al 2gSiaoV 30 SkVs
Al22SisgV 30 SikVs
Al5SisgV 39 SisVs
Al 43SiVso (V)
Al 38Si12V50 SkVs
Al 37Si10Vs3 SikVs/ (V)
Al 32Sig1Vs7 SiV3
Al21Si17Ve) SiVs
Al7Sh3Vgo SiVs;
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Al Si,V,, BSE 20kV

Figure 44: Back scattered electron image of a sampl with the nominal
composition AksSisVo after cooling with 5 Kmin™. White grains: primary crystals
of SI3V5

BSE 20kV
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Figure 45: Back scattered electron images of as d¢asamples with the nominal
compositions (a): AbsSisgV3zo, (b): AlsSiseV3e, (C): AlasSiVse and (d): AlzSiiiVsy.
Primary crystals are highlighted.
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5.3.The new binary low temperature compound AlV
Beside ternary alloys, binary samples were prepanedinvestigated to check literature
data of the binary limiting systems. In the couo$dhis study we discovered a new

binary AIV compound at lower temperatures.

The sample preparation of the binary Al-V alloysliahe sample characterization in
principle followed the method of the ternary Al-&i-samples described in the
experimental section. Samples with the nominal amsitpn AlgVse, annealed at 620
and 500 °C, respectively, showed significantly efiéint X-ray powder patterns
(Figure 46). While the pattern observed for 620883 identified as a mixture of Als
and the solid solution of Al in bcc-V, the samplenealed at 500 °C showed a
completely different pattern which could not bentiged with any known crystal
structure in the Al-V system. However, the patteshowed strong peaks near to the
peaks of bce-(V) pointing to some relations to gimple structure. In Figure 47 a BSE
image of a sample with the nominal compositiogo¥o annealed at 500 °C is shown.
The composition of the new binary compound wasrdeted by means of EPMA and
corresponds to the chemical compositioRoAk)V 1004y Beside the main phase AlV,
small amounts of the darker phaseg\Al can be seen. For the latter phase the
composition was measured to be 60.2(5) at.% Al 49@(5) at.% V by means of
EPMA.
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Figure 46: Comparison of the X-ray powder patternsof samples annealed at
620 °C (dashed line) and 500 °C (solid line).

Figure 47: Back scattered electron image of a sangl with the nominal

composition AlsgVso annealed at 500 °C.
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The sample containing the new AlV-phase was ingastd by DTA in order to

determine the transition temperature, but no nabte effect was found in the
temperature range between 500 and 620 °C. In otdedetermine the exact
decomposition temperature, different annealing tmaprres (590, 560, 545, 540, 535
and 530 °C) were applied; the annealing time wasdks. At 535 °C we observed the
best pattern; i.e. the (V) main peak (011) at adodd.5 ° (B) was not visible as

dominant peak. Starting from 540 °C, the (V) (Opé&ak started to grow and at 590 °C
the pattern was completely converted to simple Bdwus we concluded that the
formation temperature of the new phase is below“®10The crystals isolated from the
sample annealed at 535 °C were of low quality amalcc not be used for structure
determination. In order to gain single crystals &iructure determination several
attempts were made to improve the crystal qualitg gize: a sample which was
annealed at 535 °C was oscillated around the hgpiotdecomposing temperature of
540 °C several times. The respective temperatwwgram can be seen in Figure 48. A
similar procedure was successfully used to growablé single crystals in a pure
solid-solid reaction in the Al-Ni-Si-system [73]n Ithe current case, however,
subsequent single crystal measurements indicated the sample was crystallized
insufficiently and showed mosaic like crystallizati Therefore structure determination

was impossible.

Figure 48: Temperature program for the oscillation annealing used for the

improvement of crystal quality.
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In another attempt we tried to use iodine as clyzs#ion aid. For this purpose the
coarsely powdered sample and about 10 mg, afdre put into a quartz glass tube
which subsequently was evacuated and sealed. Reaking in the muffle furnace two
different procedures were applied. On the one lisottiermal annealing at 535 °C for 6
weeks was performed. These samples again exhititsaic like crystallization of the
new phase, not suitable for single crystal XRD. ©kiger annealing experiments were
done using a temperature program which can beis€Eable 26. The temperature was
risen over the decomposition temperature up to BBQwith the aim to gain better

crystallization on slow cooling.

Table 26: Temperature program with I, as crystallization aid.

Segment | Temperature | Cooling-/ heating rate| Duration
Heating 560 °C 1 K/min
Cooling 535 °C 1 K/min
Isothermal 100 h
Heating 560 °C 1 K/min
Cooling 535 °C 1 K/min
Isothermal 100 h

Figure 49 shows a comparison of the XRD patterna sAmple annealed regularly at
535 °C and a sample annealed witlas crystallization aid with temperature program.
As can be seen, also the useofvas not successful to form high quality crystald a
cycling between 560 and 535 °C even yielded inctimaplete decomposition of the new
phase into (V) and AVs. Given the slow kinetics at this rather low tengpere, long
term annealing experiments have been done at 4&®&3®H °C with crystallization aid
for 5 months. After the annealing at 535 °C AlV was longer found and the sample
annealed at 450 °C exhibited the three phases AW,and AkVs. These results
provide the hypothesis that AlV is a metastablesphavhich is formed from (V) with
around 50 at.% Al obtained after the initial arcltimg step. AIV is formed on
annealing at low temperatures as intermediate tadti@sphase Through long term
annealing it decomposes to the equilibrium phadg¥sfand (V), but only when the
temperature is high enough for diffusion. The diftun is to slow at 450 °C to
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decompose the phase totally after 5 months. At°&38e faster diffusion provides the
decomposition of AlV and AVs and (V) are formed.
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Figure 49: Comparison of the X-ray powder patternsof samples after annealing at
535 °C (solid line, X-ray measurement was done witmonochromator) and after

cycling between 560 and 535 °C using; las crystallization aid (dashed line).
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As we were not able to prepare good single crystadstried to determine the unit cell
of the phase from powder data. Indexing of the pawshttern of the sample annealed
at 535 °C was performed using the TOPAS softwad. [Pue to the rather low
crystallinity of the compound (the domain size mefi with a fundamental parameter
approach was 26 nm), the diffraction peaks wereerabroad, and the distinction of
partly overlapping peaks was not always unambigudius most suitable result
indicates the phase to be of tetragonal symmetssiple space group $42 with the
cell parametera = 10.8450(7) A and = 4.3755(2) A, respectively. The cell parameter
for bcc-(V) at the same composition at higher terapges was determined to be
a=3.0692(1) A. This value is associated to the geltameters of the suggested

tetragonal cell by the factoy2 for c and by the factogx/i , for a, respectively. This

indicates a possible superstructure relation tcsiimple bcc structure and a more or less
diffusionless transformation between bcc-(V) and there suggested tetragonal
structure of AIV is probable. In Table 27 the pmsis and intensities of the observed
peaks are listed together with the Miller indicesl @he theoretical positions of the
diffraction lines of the tetragonal cell. With feaxceptions, the peaks match very well
with the theoretical position. For four peaks twiffedent h k | are listed because of
ambiguity. Although the cell proposed here is quétasonable given the cell parameter
relations to bcc-(V), the solution should still beken with some caution, as the
crystalline quality of the investigated samples we sufficient for unambiguous

indexing.

Single crystal measurements will be essential tmicture determination but up to now
attempts with regard to gain suitable single cigskave not been effective. Maybe
TEM measurement can provide further informationttoa crystal structure even with a

sample which is not pure of AlV.
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Table 27: Result of the indexing of the powder
pattern of a sample annealed at 535 °C.

Obs. Position /@ Area hkl Theor. Position /@
18.31 2.65 210 18.28
27.41 4.28 211 27.43
32.99 2.96 311 33.16
36.60 4.97 321 36.21
37.03 3.41 420 37.04
39.33 35.81 041 39.05
40.09 13.06 411 39.96
41.15 68.16 002 41.23
41.59 102.10 430 41.60
42.13 82.93 012 42.10
42.57 78.47 510 42.47

421 42.59
44,61 23.37 022 44.63
56.80 9.77 422 56.62
630 56.91
58.22 39.63 541 58.38
60.23 22.62 550 60.30
64.60 22.69 442 64.58
70.07 10.78 313 70.05
73.92 16.13 043 73.70
660 74.13
75.35 25.51 750 75.32
821 75.41
75.74 80.89 712 75.67
76.06 50.93 423 76.09
77.49 23.04 722 77.45
79.41 32.32 513 79.64

128



Summary

6. Summary

6.1. Summary (English)

The thesis presented here was performed in theseaira larger research project with
the aim to clarify the phase equilibria of ternaygtems of the 3d transition metals with
aluminum and silicon. As a contribution to this jeat phase diagram investigations

were carried out for the two ternary systems Al&i@nd Al-Si-V.

The ternary AI-Co-Si system was described quitel vel literature concerning

isothermal sections at 600, 800 and 900 °C. Sesmraity compounds have been found
to exist in the Al-rich part. So far the system wead investigated by thermal analysis
and no information on the melting behaviour of teenary phases were available.
Based on existing literature data and with the ammdescribe the entire ternary
Al-Co-Si system, two isothermal sections in the ri@b- part of the phase diagram at
1050 and 1200 °C were investigated. By means of Idieasurements of samples
covering the whole system, 14 vertical sections,dt5, 22, 24, 25, 26, 28, 30, 35, 40,
50, 60, 66.7, and 75 at.% Co were constructed. €l megstigations yielded a liquidus
surface projection and a reaction scheme (Schagyrdm) of the complete ternary
system. We found the ternary compourdsy, o, €, @ andx to melt peritectically

whereas the phadg melts congruently. Additionally, diffusion coupievestigations

were performed in the system. The two couples ABCahd AlCo/CgSi annealed at

900 and 1050 °C, respectively are in excellentegent with the isothermal sections at
the respective temperatures and the diffusion pathre developed. Contact formation
in the couples Al/CoSiand Al/CoSi at 550 °C were done by a liquid-satittrface and

the interpretation of the results are therefore aswtight forward. Nevertheless,

diffusion paths also in these couples could be gseg.

Literature in the Al-Si-V system was scarce ane@meid mainly to the very Al-rich part.
Besides, an isothermal section at 1000 °C in threeWpart was given. In course of the
present study the ternary system was investigatedathermal sections at 500 and
620 °C in the Al-rich part, and at 850 and 1300ifiGhe V-richer part. The ternary
compoundt was discovered and its chemical composition wassured to be
Al eSip4V. The powder pattern of this sample was succdgsfulexed and yielded an
orthorhombic TiSi-type cell Fddd oF24) with the cell parameteis= 8.0856(1) A,
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b=4.6921(1) A and = 8.4954(1) A. These results could be confirmedibgle crystal
XRD. By means of thermal analysis the ternary commgowas measured to melt
peritectically at 1400 °C. The ternary system wagestigated in four vertical sections
at 10, 20, 35 and 50 at.% V by DTA measurementsgéiadetailed information about
the position of the liquidus valleys several ag sasples were investigated concerning
primary crystallization. A combination of all dayeelded a liquidus surface projection

and a reaction scheme of the entire Al-Si-V system.

In this work, beside ternary alloys, binary samplesse prepared and investigated to
check literature data of the binary limiting systerand in the course of this study we
discovered a new binary AlV compound at lower terapges. By means of annealing
experiments between 450 and 560 °C with and withoystallization aid several
attempts to produce the phase pure for indexingptihveder XRD or to gain single
crystals for single crystal measurements were dBoe.until now these efforts failed
and we consider the phase to be metastable. Mayladl area electron diffraction
(SAED) in TEM measurement could provide furtheomfiation on the crystal structure

of this binary phase.
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6.2. Zusammenfassung (Deutsch)

Die hier vorliegende Arbeit wurde im Laufe einesi@gren Forschungsprojektes
durchgefuhrt. Ziel dieses Projektes war die Untensang von Phasengleichgewichten
von ternaren Legierungssystemen der 3d-Ubergang#iememit Aluminium und
Silizium. Als Beitrag zu diesem Projekt wurden dibasendiagramme der ternéren
Systeme Al-Co-Si und Al-Si-V untersucht.

Uber das ternare Al-Co-Si-System waren in der hitar bereits isotherme Schnitte bei
600, 800 und 900 °C beschrieben. Sieben ternargeRhm aluminiumreichen Teil des
Phasendiagrammes sind bekannt. Thermische Analysdewn dem System bislang
noch nicht durchgefiihrt, weshalb es keine Inforaregn Uber das Schmelzverhalten der
terndren Verbindungen gab. Um das gesamte ternbaseRdiagram aufklaren zu
konnen, wurden im Zuge dieser Arbeit zwei isothe®ohnitte im kobaltreichen Teil
bei 1050 und 1200 °C untersucht. Basierend auf IMessungen von Proben, die den
gesamten Bereich abdecken wurden 14 vertikale 8ehwei 5, 15, 22, 24, 25, 26, 28,
30, 35, 40, 50, 60, 66,7 und 75 at.% Co konstruigigse Untersuchungen fuhrten zur
Liquidusoberflache und zu einem ReaktionsschemagiEbiagram) des gesamten
terndren Systems. Laut unserer Messungen schmelieeriernédren Verbindungen
a,y, 0, € @ undx peritektisch, die Phadé schmilzt hingegen kongruent. Zusatzliche
wurden Diffusions-Paare im Al-Co-Si-System unterdu®ie beiden Diffusions-Paare
AICo/Si und AICo/CgSi, welche bei 900 beziehungsweise 1050 °C zur freak
gebracht wurden, stimmen mit den entsprechendehesuen ausgezeichnet lberein
und die Diffusionswege konnten ermittelt werdeni Ben beiden Diffusions-Paaren
Al/CoSi; und Al/CoSi, die bei 550 °C getempert wurden, veuder Kontakt Gber eine
fest-flissig Zwischenschicht gebildet, weshalb ldigerpretation nicht so klar wie bei
den klassischen Diffusions-Paaren. Dennoch werdech ahier Diffusions-Wege

vorgeschlagen.

Literaturdaten Uber das ternare AIl-Si-V-System wanar und bezogen sich
hauptsachlich auf den aluminiumreichen Teil. Danelvar ein isothermer Schnitte bei
1000 °C bekannt. Im Zuge dieser Arbeit wurden irlSAV-System isotherme Schnitte
bei 500und 620 °C im aluminiumreichen Teil und B50 und 1300 °C im

vanadiumreicheren Teil untersucht. Die terndre Wehlng t wurde entdeckt, deren

Zusammensetzung alsAbi; 4V bestimmt wurde. Das Pulverdiffraktogramm der Rhas
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wurde indiziert und fuhrte zu einer orthorhombisthéelle des TiSHTyps Fddd,
0F24) mit den Zellparametern a = 8,0856(1) A, b 292H1) A und c = 8,4954(1) A.
Dieses Ergebnis wurde mit Einkristalldiffraktomettbestatigt. Es wurde festgestellt,
dass sicht peritektisch bei 1400 °C zersetzt. Im Al-Si-V-Smst wurden 4 Isoplethen
bei 10, 20, 35 und 50 at.% V mittels DTA-Analysemgssen. Zusatzlich wurden
Proben direkt nach dem Lichtbogenschmelzen bezuglRrimarkristallisation
untersucht. Durch die Kombination aller Ergebnigaegden eine Liquidusoberflache
und ein Reaktionsschema (Scheil-Diagram) fir desamée ternare Al-Si-V-System

entwickelt.

Um binare Literaturdaten zu tberprifen, wurden mafe dieser Arbeit neben ternéaren
Legierungen auch binare Proben untersucht. Im Zlegsen wurde im binaren Al-V-
System die neue Phase AIV bei niedrigeren Tempematuentdeckt. Durch
Gluhversuche zwischen 450 und 560 °C mit und ohnistdlisationsmittel wurde
versucht, die Phase rein herzustellen, um Pulveaitbmetrie oder
Einkristallmessungen durchfiihren zu kdnnen. Bisharen diese Versuche jedoch
vergeblich und wir nehmen an, dass es sich um gietastabile Phase handelt.
Vermutlich kdnnten TEM-Messungen weitere Informaéin Uber die Kristallstruktur

dieser bindren Phase bringen.
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