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Abstract

Equilibrium phase relations in the Cu—Ti—Zr system are calculated using the Calphad approach. Thermodynamic model parameters for
the Ti—-Zr, Cu—Ti and Cu—Zr systems, previously obtained in the literature, are used. New thermodynamic descriptions for the ternary
interaction parameters of the liquid are obtained from experimental information. Additionally, the Gibbs energy of formation for the
ternary phase Cu TiZr phase is also assessed from experimental data. A new description of jhe CuTi and CuZr phases, treated as singl
phases, is developed. The parameters obtained in this assessment are later used for the calculation of selected isothermal sections and t
projected liquidus surface of this system over the entire composition range. This model allows the prediction of a series of invariant points
involving the liquid phase, at lower temperatures than neighboring binary eutectics.
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1. Introduction well with the regions of the phase diagram where the
liquid is more stable than competing crystalline phases.

The Cu-Ti and Cu—Zr systems are characterized by the The Cu-Ti and Cu-Zr systems exhibit a wide GFR
presence of a series of invariant points involving the liquid [5,6], which is consistent with the observed presence of a
phase and a series of solid solutions and inter-metallic large number of eutectic points at temperatures much
compounds (see Fig. 1, after [1] and Fig. 2, after [2]). In
both systems, the enthalpy of mixing of the corresponding 2000
liquid solutions is highly exothermic [3] and thus contri-
butes to the large stability of the liquid phase with respect  ;gg0 -
to the different crystalline phases. This large relative
stability promotes the existence of eutectic and peritectic
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points at much lower temperatureAT~400—600°C) ) 1600 7 i
than the melting point of the pure components. s
I a relatively stable liquid phase—which can be inferred £ 1400 7 i

by the presence of deep eutectics at temperatures muchs
lower than the melting temperatures of the pure com- £ 1200 - o
ponents—with a composition sufficiently far away from FCC Liq Bee
the compositions of competing crystalline phases is rapidly 1000 - -
guenched, the crystallization process can be frustrated and !
the formation of an amorphous phase is possible [4]. By
using simple thermodynamic arguments, coupled with
similarly simple kinetic concepts, it has been possible to
predict the glass formation range (GFR) for a large number 600 | | |
of binary alloy systems [4]. In general, this GFR correlates 0 0.2 0.4 0.6 0.8 1.0
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I there are high-order phases (i.e. ternary compounds)

2000 present in the system. Trying to estimate the relative
stability of the liquid phase in the central regions of the
1800 7 phase diagram without considering these ternary com-
pounds could lead to overestimating the GFR for the
1600 | ternary system.
&) Unfortunately, the ternary phase Cu TiZr has been
oq,« 1400 Li detected in the Cu-Ti-Zr system [9,10]. Thus, a more
= ! realistic model accounting for ternary interactions for the
g 1200 - liquid and other phases and a thermodynamic description
s of the Cuy, TiZr phase are needed to estimate the GFR of
= this system. In the present work, a self-consistent thermo-
1000 7 dynamic model for the Cu-Ti—Zr system was obtained
T FCC 5 o using the CALPHAD approach [11]. Binary interaction
800 I I N 3 parameters for the Cu—Ti, Cu—Zr and Ti—Zr systems were
S = HCP---- obtained from previous works [1,2,12] while ternary
600 viel9l © | ] parameters for théquid andbcc phases and new thermo-
0 02 04 0.6 08 10 dynamic descriptions for the Cu(Ti, 4r) (tetragoridl/

Mole Fraction Zr

mmm, MoSi, type) solid solution and the ternary phase

. _ . _ Cu,TiZr were determined from experimental data using
Fig. 2. Calculated Cu-Zr phase diagram, using thermodynamic assess-tha least-squares minimization module PARROT [13] in

ment by Zeng et al. [2].

the Thermo-Calc software package [14]. Using the re-

sulting thermodynamic models, some isothermal ternary

lower than the melting points of the pure components. It
can then be expected that the corresponding ternary
system, i.e. Cu-Ti—Zr would also exhibit a strong ten-
dency for amorphous solidification. Although extensive
experimental data regarding the GFR of ternary Cu—Ti—Zr
alloys has been obtained (see [7]), the studies have been

sections and the liquidus projection of the Cu-Ti-Zr
system were calculated. Additionally, the compositions and

temperatures of all the ternary invariant points involving

the liquid phase were determined.

limited to rather narrow ranges of composition. Since 2. Experimental information

experimental determination of the glass forming ability of

Cu-Ti—-Zr alloys over the entire compositional range is 2.1. Phase relationships

time-consuming and costly, a way of determining possible
GFR from a theoretical point of view is extremely attrac-
tive. Once a rough search using adequate thermodynamic
and kinetic criteria has been performed, it would then be
easier to focus the experimental effort only on the most
promising regions of system. Because of the increasing
interest in the Cu-Ti—Zr system for amorphous alloy
applications, it is important to develop a reliable thermo-
dynamic model of the system that can be further used for
calculation of the GFR.

For ternary and higher-order systems, a reliable thermo-
dynamic model can be obtained using the information
available from the lower order systems plus any ternary
experimental data available. Thermodynamic parameters
that describe binary interactions in the phases of interest
can be used to extrapolate and calculate the thermo-
dynamic properties of the higher-order systems [8]. In
many cases, ternary interaction contributions to the total
Gibbs energy of the phases can be neglected and the
thermodynamic models for the binary systems can be used
to obtain reliable predictions regarding the thermodynamic
properties of the ternary over the entire compositional
range, as well as the glass formation range of the system.
This simple extrapolation cannot be done, however, when

Woychik et al. [9] studied the phase relation characteris-

tics of the isothermal section of the Cu-Ti—Zr system at
M3The great majority of the studied compositions
corresponded to the Cu-rich region of the system. Micro-
structures of the resulting samples were analyzed using
optical microscopy. The chemical composition of the
samples was determined using electron microprobe analy-
sis.
The phase relationships at “T3vere determined by

fitting of the corresponding three-phase triangles. How-
ever, it is not reported whether the different phases within
the three-phase regions were identified using XRD or just
by simple optical quantification. The authors report that
both phases CuTi and Cu Ti (more recent studies report
the stoichiometry to ge Cu Zr [2]) present a certain
degree of penetration into the ternary system, although
there are only two data points corroborating this fact [9].
One of the dominant features oftheetli®n was

the presence of the ternary phase Cu TiZr. This phase
greatly influences the shape of the liquidus at the central
region of the phase diagram and is expected to be an

important competing crystalline phase in amorphous solidi-
fication processing involving this system. It was also
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observed that this phase enters into pseudo-binary equilib- entire compositional range. This indicated that the alloys
rium with most of the stable phases of the system at the formed a single phase in which Zr and Ti atoms could be
experimental temperatures. exchanged within the same lattice site of the unit cell. In
these XRD analyses, small amounts of a ternary phase (of
2.2, Investigation of eutectic reactions in the ternary unreported composition) in the central region of this iso-
system compositional section were detected. This ternary phase

may correspond to the Cu TiZr phase observed by

To determine any possible eutectic reactions involving Woychik et al. [9]. _ _ _
this phase, Woychik et al. [9] used the Transient Liquid From the DTA analysis [10], it was determined that by
Phase (TLP) bonding technique [15]. In this procedure, adding Zr to the'Cu'Igl pha§e, the liquidus temperature was
two phases, A and B, are brought into contact and 'educed, reaching a minimum at 36% at. and 839
assembled into a sandwich structur&/B/A, for exam- Beyond that composition, the liquidus temperature was
ple—at a temperature higher than the invariant point observed to rise again, until it reached the melting point for

involving these phases. If there were a eutectic reaction the stoichiometric composition CuzZr —996. Exother-
involving these two phases, inter-diffusion processes Mic effects were observed close to the melting range of the

would eventually lead to the formation of a liquid layer at @lloys. As will be seen from the calculations presented in

the A/B interfaces. A liquid thus formed gradually dis- this work, these effects could be due to the prempﬁapon of

appears as the inter-diffusion process continues. However Small amounts of other phases, as the section studied was

if the liquid is quenched before it disappears, the eutectic "0t @ perfect quasi-binary system.

regions can be identified in the quenched microstructure

and the composition of the liquid at the eutectic point can

be determined. Woychik et al. [9] used diffusion couples 3. Thermodynamic models

involving Cu, TiZr and either CuTi, CuZr or CuZr . The

sandwich structures were held at temperatures around3.1. Solution phases

867°C for 30 min. From these experiments, the three

eutectic reactions involving the Gu TiZr phase were The liquid phase was modeled using a single-lattice

determined: random solution model. Since all the elements comprising
. . this system form substitution&tc, hcp and bec solutions,

L!q - CUZT!ZHC”ZHCUZQ they can also be modeled using the same single-lattice

Liq — Cu, TiZr + bee + CuZr, (1) random solution model. This model takes into account the

Liq - Cu, TiZr + CuTi+ CuTi, thermo-chemical interactions between elements present in

the lattice and therefore, for all these four phases the Gibbs

Using electron microprobe analysis, the eutectic com-
9 P y energy can be expressed as:

positions for the reactions given in Eq. (1) were obtained.
Woych.ik et aI._ _[9] _reported the reactions in Eq. (1) base.d G?¢ =3 x°G¢ + RT D x? In(x*) + *G?
on optical verification of the number of phases present in i i

the quenched liquid as well as its average composition | _ nloa bbb

(using electron micro-probe analysis). Although the authors Gn= 2 _Z XX L)

mentioned the use of X-ray diffraction techniques in their Lo

analysis of the samples, no specific XRD phase identifica- where elements Cu, Ti and Zr are identified as 1, 2) &
tion procedure or results are reported. equal to 3;x” is the molar fraction of element °G?
corresponds to the Gibbs energy of the pure elemeént
the phase®G? is the excess Gibbs energy of the liquid

phase; ancll_i“fj is the binary interaction parameter between

Chebotnikov and Molokanov [10] studied the CyTi — elemgnts and]. ) , . .
CuZr, vertical region of the Cu-Ti—Zr system by prepar- Using the Redllch;Klster formalism [16], the binary
ing several alloys along the,, +x,. = 2/3 iS0-cCOMpOSi- interaction parametelr”; can be further expanded:
tional line. For each composition, a sample was annealede/,. :zk L.‘”.(x.‘” _ X!_)k
at 697°C for 200 h and later quenched in water. XRD ~'J << ~HIvA )

(2)

2.3. CuTi,—CuZr , pseudo-binary

analyses were performed both at high (297-89y and KL¢ —Kg 4+ pT 3)

room temperatures. Furthermore, DTA analysis was done "

on each of the samples for the entire temperature range As seen in Eg. (3), the binary interaction parameter can

until complete melting was detected. also vary with composition and temperature. It is easily
XRD analyses showed that the alloys had linearly recognized that the zeroth order binary interaction parame-

increasinga and ¢ unit-cell parameters—while the ratio ter corresponds to the regular solution model.
c/a decreased—as the amount of Zr increased over the The models describing the thermodynamic behavior of
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Table 1
Enthalpies of infinite solution of liquid Cu alloys [3]

Solute AI—_I, kJ/mol
Ti -9.0
Zr —67.8

the solid solution phasdsc, andhcp were not re-assessed.
The liquid and bcc phases, however, were further modified
by adding an extra term to the expression 68 ?:

by b ¢ [
E Elx X L +X X]#l#kxk#l#JLljk
i i+

(4)

whereL? |k corresponds to the ternary interaction parame-
ter.

The ternary interaction parameter can further be ex-
panded as

LY =2 xL?

t=i,j.k

(%)

This expansion is particularly useful when the Gibbs
energy function for the ternary phase is highly asymmetri-
cal. This usually arises as a consequence of the very
different values for the binary interaction parameters of the
sub-systems. In the case of the Cu-Ti—Zr system, the
Cu-—Zr interaction parameter for the liquid phase is twice
as negative as the Cu—Ti interaction; reflecting the fact that
the enthalpy of mixing of the Cu—Zr system is much more
exothermic than that of the Cu—Ti binary (see Table 1)
while the Ti—Zr interaction parameter is very small (Fig. 3
shows that Ti and Zr form almost ideal solutions in the
liquid and solid phases). Because of the asymmetrical
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Fig. 3. Calculated Ti—Zr phase diagram, using thermodynamic assess-
ment by Kumar et al. [12].
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nature of the excess Gibbs energy of the liquid phase for
this ternary system, the use of Eq. (5) permits a better
modeling of the ternary interaction energies. For a ternary
system whose corresponding binary interactions have
similar values (the ternary bcc solid solution phase), we
can ?Se a single, zeroth-order ternary pararriefgp since

2 x'=1.

3.2. Cu,Ti and CuTi phases

These two phases have relatively wide homogeneity
ranges (19.1 to 22 at.% for Gu Ti; 48 to 52 at.% for CuTi).
Accordingly, Kumar et al. [1] modeled them as if they
consisted of ideal end-members Cu Ti and CuTi consisting
of two sublattices (Cu in one sublattice, Ti in the other)
with anti-structure atoms in each of the sublattices. Using
the sublattice formalism, these phases are represented as
(Cu, Ti),(Ti, Cu), wherep=1.4 for CuTi and Cy Ti,
respectively. The Gibbs energies for these phases can be
represented by

Cu, T|_

CT|

1yCu 2yCu Cu: Cu+ Jy Cu%/ Tlt ((::u 1TII

+ yTi 2yCu ‘I(':|CII+ JyTI %/TI (chl:TlTI

+RT[ P2y InCy) +2 Ay | ()
+ yCulyTl(zyCu C i + ?y

Cu Ti:Cu
+ yCuzyTl(IYCu + jy

C Ti
In their model, [1] applied the following

G,

C Ti
T,— Cu,Ti:Ti
C Ti

Cu Cu,Ti T,‘ Ti:Cu,Ti

Kumar et al.

' constraints:

Cu Ti

GCu cu— (p+ 1)K
oGTCiL:JTiTI =(p+1K
Gy = ol t G

| (7)
i — Gk

where K was defined as an arbitrary parameter with a
value of 5000 J/mol. The expressions of the fot@/acr
correspond to the Gibbs energies for the compound
(A),(B), and are given by

0G A = AH/® — T ASP® + a°G '+ b°G [ (8)
WhereAHfAaBb corresponds to the enthalpy of formation of
the compoundAS/'=®= represents the entropy of formation;
°Gi¢" and °G." are the Gibbs energies of the pure
components in their standard reference state.

3.3. CuTi, and CuZr, phases

In their experimental work on the Cu-Ti—Zr system
Chebotnikov and Molokanov [10] determined that the
phases CuTi and CuZr form a continuous series of solid
solutions across the entirg, + X,, = 2/3 iso-composition-
al line (see Experimental section). Therefore, it was
decided to model the CuJi and CuZr as a single phase
using a two-sublattice model. Cu would occupy the first
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sublattice while Ti and Zr atoms formed a random solution for all the phases involved, rather than just adjusting the

within the second sublattice. Accordingly, the sublattice parameters until a perfect fit to the experimental infor-

notation for this phase is (Cu)(Ti, Zr) and will be mation is obtained.

identified, from now on, as CuM . The Gibbs energy for For this optimization, the different sets of phases were

this phase can be expressed in the following manner: optimized in different stages. For the CuM phase, a
positive zeroth-order interaction parameter was used to

GnCwUMZ = ZyTi OGCCL:J:BTAi2 T 2VZr (bccuu:g% allow the phase to become less stable at the central regions

+ 2R1'[2yTi |”(2yTi) + 2er In(?er)] + eXGrff“Nb (9) of the CuTi —CuZ, iso-compositional line. This was
consistent with the fact that there is a liquidus depression

where °Gc'? and °G¢.y: correspond to the Gibbs  as the producty?y,, approached a maximum. If it were
energies of the end-members CuTi and CuZr , respective-not for these overall positive interaction energies, the ideal

ly. The excess Gibbs enerdyG ", is expressed as entropic contributions to this phase (see Eg. (9)) would
ex~ CUM, K 2 K make the phase undesirably more stable in the central
G =Yr Yy Ek: LewrizlYri = ¥ar) (10)  region of thex, +x,, =0.66667 line than at the end

« . _ . members. Moreover, a compositional dependency for the
where "Le,.7;, cOrresponds to the interaction energies | cuM;  pinary interaction parameter was used to account
between Ti and Zr in the second sublattice while Cu is ¢ gpserved asymmetries in the solidus as measured by
present in the first sublattice. [10].

] As has been noted above, the liquid phase presents
3.4. Cu,TiZr phase pronounced asymmetries with regard to the excess Gibbs
_ _ ) _ energy terms corresponding to the assessed binary interac-
In their study of the isothermal section of the Cu=Ti—Zr jons with the Cu—2Zr interaction being much more nega-
system, Woychik and Massalskl [9] |den'glf|ed the ternary tive than those corresponding to the Cu-Ti and Ti-Zr
Cu,TiZr Laves phase in the central region of the phase pinaries. Due to this fact, it was decided to represent the
diagram. Since no information on its solubility limits is ternary interaction parameter as shown in Eq. (4). The
available, it was decided to represent this phase as aparameters for the liquid and the solid solution CuM were
stoichiometric  compound  (Cy) (Ti) (Z) . The Gibbs  ghiimized simultaneously using the liquidus and solidus

energy of this compound is given by data provided by [10].
0~ Cu, Tizr Cu, Tizr Cu, Tizr ref ref Once the parameters for these two phases were opti-
G = AHS=T — T ASS2 T + 2G0T+ G P P P
curTizr f f cu i mized, the invariant reaction data obtained by [9] were
+ Gy (11) used to obtain the Gibbs energies of formation for the
ternary phase Cu TiZr. In this stage of the optimization
3.5. Binary stoichiometric phases procedure, it was found that the invariant reaction

Liq — Cu, TiZr+bcc+ CuZr, could not be calculated with-
The rest of the binary intermetallic phases were modeled out compromising the consistency with the rest of the
by [1] and [2] as stoichiometric phases of the form experimental data available. In order to calculate this
(A).(B),, with Gibbs energies expressed by Eq. (8). invariant reaction it was necessary to incorporate a ternary
interaction parameter to the thermodynamic description of
the becc phase.
4. Optimization procedure After the optimization for the Cy TiZr phase was
performed, it was observed that the invariant equilibrium
Since every optimized parameter in the thermodynamic reaction involving the phasekiquid, CuTi,, CuTi and
model of a phase has its own physico-chemical meaning, Cu, TiZr was not eutectic in character, as was reported by
the quality of the optimization is strongly dependent on Woychic et al. [9]. Slight modifications to the parameter
selection of the adjustable parameters used to describe the&orresponding to the enthalpy of formation of the,Cu TiZr
phase’s Gibbs energy. In theory, the use of a great numberphase were made until the reaction in question exhibited
of adjustable parameters would lead to complete agreementhe correct character (according to experiments). However,
between the models and all the experimental information it was found that small modifications to the enthalpy of
available, provided that all the experimental data were formation of this phase resulted in relatively noticeable
consistent with each other. However, instead of being a changes in the calculated temperatures for the invariant
proper thermodynamic optimization, the process would reactions involving this phase: For example, changing the
become increasingly similar to a mere curve-fitting pro- enthalpy of formation of the Cu TiZr phase by just2
cedure. This approach could lead to serious inconsistencieskJ/mol resulted in changes to the invariant reaction
and unusual extrapolations in regions of the system nottemperatures of up te-30°C. Furthermore, the resulting
accessed through experiments. Therefore, a higher prioritytemperatures for at least two of the invariant reactions used
is usually given to obtaining a consistent model description in the optimization were above 878, which is higher
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than the actual experimental temperatures reported by
Woychic et al. [9]. As noted in the experimental section of
this work, all the experimentally determined invariant
reactions occurred necessarily at temperatures below
865°C. Calculating the correct temperature range for the
invariant reactions used in the optimization was given
more statistical weight than obtaining the correct character
of the reaction itself (which is by itself difficult to
optimize) and therefore the optimized parameters previous-
ly obtained were considered as acceptable.

Finally, the parameters obtained for all the phases
involved in the experimental data were optimized simul-
taneously, through several iterations, until a satisfactory
agreement between all the data used was achieved. Al-
though the results do not perfectly match the experimental
results used for the optimization, the resulting model
parameters constitute a consistent representation of the
thermodynamic properties of the Cu—Ti—Zr system over
the entire compositional range.

163

This lack of agreement between experiment and calcula-
tion could be explained by the relatively low Gibbs energy
of formation of the; Cy Ti compound: according to the

thermodynamic descriptions used, the tie-line between the
s CuTi and,Cy Zr phases becomes metastable with
respect to the Cu Zg —Cu Zy —Cu TiZr three-phase field.
Table 2 shows the calculated Gibbs energies of formation
for all the phases close toxhe= 0.6 iso-compositional
line.
In light of these discrepancies, one could be tempted to
re-assess the binary systems and modify the values for the
Gibbs energies of formation of some (or all) of the binary
compounds involved. However, this would in turn generate
more discrepancies within the binary systems themselves
since most of the phases involved have rather well
established thermodynamic properties. For example,
changing the Gibbs energy of formation of the Cu Ti
phase (making it more negative, s9 a Cu i =Cu Zr
two-phase field is observed) would increase the stability of

this phase with respect to the Cu-Ti liquid and CuTi
intermetallic compound, changing the phase boundaries
and invariant point temperatures involving these phases in
the Cu—Ti system. In order to adjust these changes, we
would need to modify the descriptions for the Cu—Ti liquid

5. Optimization results

5.1. Comparison with experimental isothermal sections

and CuTi intermetallic compound. This would in turn

Fig. 4 shows the calculated and experimental ternary
section for the Cu—Ti—Zr system at 783. The agreement
in most of the phase diagram is good, although there are
some important discrepancies. First, Woychik et al. [9]
have established the existence of a two-phase equilibrium
phase field between the phases,Cy Zr (in more recent
studies described as Gu Zr ) and Cu,Ti . It was found
that it was not possible to reproduce this feature of the
phase diagram without modifying the descriptions for the
Gibbs energies of formation for the binary phases in the
Cu-Ti and Cu-Zr systems, as obtained by [1] and [2].

generate discrepancies with well-established values for the

thermo-chemical properties of such phases and their
relationships with other phases in the system. This cascad-
ing effect would spread throughout the thermodynamic
descriptions of the Cu—Ti and Cu—Zr systems, implying
that probably all the phase descriptions in these systems
are incorrect, which is highly unlikely. Therefore, it
appears necessary to assess the reliability of the ex-
perimental data for the ternary system and the thermo-
dynamic parameters for the binary sub-systems through
further studies.

A possible way to test the reliability of the parameters
used in the thermodynamic description of the binaries
comprising the Cu-Ti—Zr system consists of using them to
calculate ternary phase diagrams involving a third element.
To this effect, we used the binary description for the
Cu-Ti system used in this work; the Cu—Ag description
found in [17]; and the Ag-Ti description by [18] to
calculate the ternary section at 70D of the Ag—Cu—Ti
system. Without any ternary interaction parameter incorpo-

© Two-Phase Equilibrium
@ Three-Phase Equtlibrium

< Table 2
] Calculated Gibbs energies of formation of several phases atGZ0Ref.
States: fcc and hcp
Phase AG, J/g-atom
0.1 Cu,,Zr, —14220
= R 1CP CugZr, —13460
HCP%, 0.2 BCC 4 0.6 0.8 10 Cu,, Zr,, —12975
Mole Fraction Zr Cu, TiZr —14163
. ) . . Cu,Ti, -7129
Fig. 4. Calculated vs. experimental ternary isothermal section for the cu,Ti, 7504

Cu-Ti-Zr system at 70%C.
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rated to the models—except for a zeroth order interaction
parameter for the CuM phase—the calculated ternary
phase diagram shows excellent agreement with the ex-
perimental data obtained by [19], as shown in Fig. 5.
Based on this successful extrapolation of the description
for the Cu—Ti sub-system towards another ternary system,

we could safely assume that the model parameters describ-

ing the Cu—Ti phase relations are reliable enough.

A similar approach for the Cu—Zr system would also be
desirable. Through literature search it was found that a
model for the Cu—Mg-Zr ternary system—using the same
Cu—Zr description [2] that was used in this work—has
already been developed by Haralainen et al. [20]. In their
description, Harmélainen et al. were able to successfully
model the liquidus data of this ternary system over a
limited compositional range. Additionally, equilibria be-
tween a new ternary phase (Cu MgZr) and the,Cu,,Zr
CugZr, and Cy, Zr, phases were found to be in good
agreement with experimental information. Based on this
evidence, the model parameters describing the binary
interactions in the Cu—Zr system can be considered to be
somewhat reliable, although a more complete analysis of
other ternary systems involving this binary sub-system
may be needed to establish the overall reliability of the
thermodynamic models with greater level of confidence.

If it were then assumed that all the binary compounds
have reliable thermodynamic descriptions, the only other

R. Arroyave et al. / Journal of Alloys and Compounds 351 (2003) 158-170

parameters, it may be possible to calculate equilibria
between this phase and Cu Ti , without compromising the
behavior (and description) of this phase in the Cu—Zr
system. However, there are only two data points describing
the non-stoichiometry of the phase in question, and we
determined that it was not possible to obtain a self-
consistent set of parameters for this phase. More in-
formation on this area of the phase diagram is needed if a
better thermodynamic description is to be obtained.
The other important discrepancy is the reported exist-
ence of a three-phase field involving the hgpases
CuZr —(Cu) (Ti,,Zr) with mostly Zr in the second
sublattice—apd Cu TiZr [9]. This contradicts the experi-
ments done by Chebotnikov and Molokanov [10]. As was
said above, these authors found that the lattice parameters
of the resulting crystalline phases {CuTi ) varied linearly
as Zr was interchanged with Ti within the second sublat-
tice of the phase. This linear change through the entire
compositional range ,(CuTi 5~CuZr ) could not have been
observed if a three-phase field existed actgss the
0.333 line, as reported by [9]. Instead of a linear change,
the lattice parameter measurements would have produced ¢
plateau in the region where three phases coexisted. Be-
cause of the experimental evidence provided by [10], we
believe that the three-phase regijons Cu TiZr-hgp—CuTi
reported by [9] do not correspond to an equilibrium
condition at this particular temperature.

explanation for the observed discrepancies between calcu-
lated and experimental phase boundaries would be the fact5.2. Comparison with invariant point calculations

that the Cy, Z¢ phase is non-stoichiometric, as has been
observed by [9]. This phase would then have to be
modeled with multiple sublattices, allowing for different

kinds of point defects in all the sublattices. With the proper

0.4
Mole Fraction Cu

0.6

Fig. 5. Experimental and calculated Ag—Cu-Ti Ternary Phase Diagram
at 700°C.

One of the most important kinds of experimental data in
terms of its usefulness for thermodynamic modeling is the
determination of invariant equilibrium points. The consis-
tency between experimental and calculated invariant
equilibria constitutes a good indicator of the validity of the
thermodynamic descriptions used. As noted above,
Woychik and Massalski used the Transient Liquid Phase
Bonding (TLPB) technique to determine the existence of
invariant points involving the liquid phase and the crys-
talline phases CuTi, CuZr, CuZr and Cu TiZr [9]. Table 3
presents a comparison between the calculated and ex-
perimental invariant points, including reaction tempera-
tures. One of the most satisfactory results was the success-
ful calculation of the temperatures for the invariant re-
actions. From TLPB experiments it is not possible to
determine the temperatures at which the invariant reaction
occurred. However, all the TLPB experiments occurred at

Table 3

Comparison between experimental [9] and calculated invariant points

Ternary Reaction TempC % at Cu % at. Zr
calc exp/calc exp/calc

L - CuZr+ CuZr, + Cu,TiZr 833 48.6/44.5 37.5/41.2

L - beec + CuZr, + Cu, TiZr 827 39.4/38.5 43.2/29.8

L + CuTi, —» CuTi+ Cu,TiZr 856 47.6/44.9 17.8/14.5
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temperatures between 855 and 867 In order to observe
eutectic (or peritectic) transformations upon quenching of
the TLPB diffusion couples, these invariant reactions must
have occurred at temperatures below that temperature
range. We can see from Table 3 that this is indeed what has
been calculated.

From Table 3, it is observed that the calculated com-
positions for the invariant reactions agree rather well with
experiments. The biggest discrepancy between calculations
and experiments is the nature of the invariant reaction
involving the Liquid, CuTi, CuTi, and Cy TiZr phases.
Through TLPB experiments, it was determined that this
reaction is eutectic in character. In the calculations,
however, a peritectic-type reaction is obtained. Fig. 6
shows the calculated surface for primary solidification
around the CuTi —CuTi—Cu TiZi#quid invariant re-

action. As can be seen, there exists a eutectic reaction very

close in composition and temperature coordinates involv-
ing the CuTi—Cy TiZr-Cy, Zy, kiquid phases. The dif-
ference in temperatures between the two reaction points is
just 1.3°C, while the composition for these two reactions

congruently. Calculations using the thermodynamic models

just obtained show that the congruent melting temperature
of this compound is abof€ 888is melting tempera-
ture is lower than that of any of the surrounding binary
compounds.
In their work on brazing of Ti alloys using Cu-Ti—Zr
amorphous metals, Botstein et al. [21] report the use of a
50Cu—25Ti—25Zr amorphous alloy, which corresponds to
the composition of the Cu TiZr phase. The brazing
experiments reported by these authors were performed at

90Q. Thus, the upper limit to the melting point of the
, Cu TiZr ternary phase would necessarily be around

WNOAccording to our optimization results, this further
constraint is satisfied.
Additional verification of the present assessment is the

existence of a peritectic reaction involving the, Cu TiZr

ang Cu Zr phases. This reaction was observed anc
reported by Woychik and Massalski [9] from their TLPB

experiments at temperatures below’@5®ur calcula-

tions show that this peritectic reaction occuf€at 845

is also very close. If the temperature difference between 5.3. Comparison with calculated and experimental
these two invariant equilibria went in the opposite direc- pseudo-binary section CuTi,—CuZr,

tion, however, the calculated Culi —CuTi—Cu TiZiig-

uid invariant reaction would have been of eutectic type.
Although during the optimization it was attempted to

obtain the correct type of invariant equilibrium, it was seen
that this was not possible without generating more serious
discrepancies with other experimental data.

Thanks to the experimental verification of three in-
variant points involving the Cu TiZr phase, it was possible
for Woychic et al. to establish the boundaries of the
Cu,TiZr+Liquid primary solidification phase field [9].
Since the composition Cu TiZr was within these
boundaries, it was determined that the compound melted

Fig. 7 shows the calculated and experimental [10]

pseudo-binary section,CuTi -CuZr . As can be seen, very

good agreement has been achieved between the points
describing the solidus and liquidus lines and the calculated
pseudo-phase boundaries. According to the experiments, a
minimum in the liquidus temperature is reached in the
central region of the phase diagram (33 at.% calculated v.s.
36.7 at.% experimental). At this point, the liquid phase is

stable down to 889 which compares well with the
calculated value &27°C. It can also be seen that the

calculation shows that a continuous series of compositions

based on the (Cy) (Ti, Zt) formula exist at temperatures
below 827°C. The stability of the phase CuM over the

entire compositional range from CuyTli to CuZr has been
verified experimentally.

In Fig. 7 the different pseudo-phase fields at tempera-
tures below the solidus line indicate the presence of other
crystalline phases, such bec and Cy, TiZr. It is important
to note, however, that the phase fraction of these phases

& was calculated to be generally below £0 . The presence
& of these phases in the calculated pseudo-binary section
45’ comes from the fact that it is not a strictly stoichiometric
¥ 052 composition. An exception occurs in the central region of
~ Cu,TiZr the diagram, at temperatures close to that of the minimum

in the liquidus. In this region, Cu TiZr is present in
significant fractions €0.36). The composition and tem-
perature ranges at which this phase is stable coincide with
those indicated by [10], although the ternary phase was not
identified in the experiments. In this figure, the invariant
reactions L + CuTi, -~ BCC+ Cu,TiZr (U9) and

L - CuTi, + Cu,TiZr+ BCC (E5) are also indicated at
the middle of the phase diagram. The observed presence of
Cu,TiZr in the experiments by Chevotnikov and

0 01402 03 04 05 06 07
" . Mole Fraction Zr
CuTn

Fig. 6. Calculated primary surface of solidification, temperature¥Cin
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Fig. 7. Pseudo-binary phase diagram CuTi —CuZr . Experimental pomjsafter [10].

Molokanov [10] could have been the product of either of and Cu-Zr systems) reach a minimum in the central
these two invariant reactions. regions whetg,/X; = X.,/X,=1. Second, the ideal

Close to the liquidus, thébcc phase appears to be entropy of mixing is maximized at the composition where
present when only the liquid phase is experimentally X, = Xy =X,,.
found. The calculated phase fractions for the phase, At temperatures below 8&3 the ternary phase
however, are below I0 . In what experimentally is the ,Cu TiZr precipitates and, as temperature decreases, domi-
CuTi,+Liquid phase field, thécc phase is also present. nates the central portion of the phase diagram, as can be
The phase fraction of bcc in this region is in the order of seen in Fig. 11. This ternary phase is expected to play an
107°. The presence of thecc phase in these phase fields important role in the amorphisation of alloys in the vicinity
could be an artifice of the numerical thermodynamic of the 0.5Cu—0.25Ti—0.25Zr composition. AT §Fy.
calculations using the model parameters obtained in this 9) most of the phases present in the binary phase diagrams
work. However, even ifocc was actually present in the take part in several equilibria in the Cu-Ti-Zr ternary

guantities calculated, the experimental detection of this
phase would have been very difficult due to its presence in
such small amounts.

6. Calculations using the assessed thermodynamic
models

From Fig. 8, it can be seen that the liquid phase is stable
in two well-defined regions: an elongated area parallel to
the Cu-Ti axis of the ternary compositional coordinate
system and the central portion of the phase diagram, which
is consistent with the liquidus depression observed in the
CuTi,—CuZr, compositional line as reported by Chebot-
nikov and Molokanov [10]. The elongated region parallel
to the Cu—Ti axis coincides with the location of the lowest
liquidus line (Cu-Ti binary, 0. x;; <0.4) in any of the 0.1
binary systems comprising the Cu-Ti—Zr ternary. The
liquid phase is stable in the central region of the phase ¢ X
diagram due to two factors represented in the thermo- 0 .
dynamic model used for its description: First of all, the Mole Fraction Zr
binary interaction energies (specially those for the Cu—Ti Fig. 8. Cu—Ti-Zr: Calculated isothermal section at 925
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Fig. 11 shows the surface for primary solidification.
According to this figure, all the ternary invariant reactions
occur at lower temperatures than the neighboring binary
invariant points. Thus, throughout the composition range,
adding a third element to any given binary sub-system in
this ternary increases the stability of the liquid phase
relative to neighboring crystalline phases. At Cu-rich
compositions, it can be observed that a great number of
invariant points involving the Gy Zr, compound exist.
These invariant points are mostly (tributary) peritectic in
nature. Fig. 11 shows that of the five eutectic reactions
calculated in this system, four involve the Cu TiZr phase.
These four eutectic points are deep with respect to the
temperatures of the neighboring binary invariant reactions.
As can be seen in Fig. 11, the lowest liquidus temperatures
in the Cu-Ti-Zr system lie along the; + x,, = 0.667
iso-compositional line, which is consistent with the data

o 0 o 06 g o provided by [10]. Moreover, it is interesting to note that
’ ' . ) ' the minimum liquidus point in the system seems to lie
Mole Fraction Zr : - .
_ _ exactly at the middle of the compositional range, i.e. at the
Fig. 9. Cu-Ti-Zr: Calculated isothermal section at 825 compositionxCu =Xy, =Xq; = 0.333. Fig. 12 presents the
proposed reaction scheme based on the surface for primary
section. Note, from Figs. 4, 8 and 9, that the intermetallic solidification presented in Fig. 11.

compound CuZr is stable for a limited temperature range
(~230°C), as indicated in Fig. 2.

Fig. 10 shows the calculated liquidus projection for the
Cu-Ti—Zr system. The liquidus temperature decreases a
fche amount of Cu presenj[ in the alloy is increased and The Cu-Ti-Zr system was thermodynamically assessed
increases as the Zr corner is approached. It can be seen that . T .

A In order to obtain an optimized and consistent thermo-
at a temperature between 925 and 8Z5the liquid phase . L .
. ; . dynamic description of all the experimentally-observed
field branches into two topologically non-connected re- o .
. . o ) . stable phases. A new description for the phases CuTi and
gions. The cusps in the liquidus lines hint at the presence : :
. : . . ; . 7~ CuZr, was proposed. The Gibbs energy of formation for
of several ternary invariant points involving the liquid

. . . . the ternary compound Gu TiZr was obtained and ternary
phase. Most of these invariant points also involve the . . o
ternary phase Gu TiZr. interactions for thdiquid and bcc phases were assessed.

The optimization was performed using the PARROT

module of the Thermo-Calc software. It was found that the
1.0 resulting thermodynamic optimization agreed well with the
limited experimental data available, except for some
regions of the ternary isothermal section at 703 Iso-
thermal sections and the surface for primary solidification
were calculated using the assessed models. It was found
that the liquid is more stable at the central region of the
phase diagram. More experimental work is needed in order
to obtain a more accurate thermodynamic description of

S7. Summary

0.9
8750C

the system.
Appendix A
This section contains the parameters used for the
assessment of the Cu-Ti—-Zr system. Values f&?,
0K A A A A A where i=Cu, Ti, Zr and ¢ =liq, bcc, fcc, hcp were
0 0.2 0.4 9'(’ 0.8 1.0 obtained from the SGTE database; and are not included in
Mole Fraction Zr this appendix. Parameters with a **" have been assessed in

Fig. 10. Calculated liquidus projection for the Cu—Ti—Zr system. this work, otherwise, refer to [1], [2] and [11].



168 R. Arroyave et al. / Journal of Alloys and Compounds 351 (2003) 158-170

&S PO-88T O, Ti

. OQ CuyT1,

57 CugZrs = Futectic Points
& PO / e Peritectic Points

é&, 0.6 p4, 922 o Transition Points
éo\ CuTi--- EL 855 °168§;0 A Maxima
CuygZry
0.5 US. 856 o CuZr
¢2, 968 M3, 869 ¢4, 924

Cu,TiZr

U9,835 5,827 el, 996
0.3 7~ ZAE AN ~ 7~ ~
0 0.1 02 7 03 0.4 0.5 0.6 0.7
BCC Mole Fraction Zr
Fig. 11. Surface of primary solidification, temperatures@
Table A.1. Parameters for the liquid phase, J/mol Table A.3. Parameters for CuTi gnd Cu Ti phases, J/mol
(Cu, Ti, Zr) (Cu, Ti), (Ti, Cu),
Liquid Genni— G~ G 2(—11,206+3.272T)
Ledn —19,330+7.65LT Lo +15,419
Ll 0 Lodi +15,578
2, Lig __
"tﬁ?f' +2i862855£?; 29235T (Cu, T (T Cu),
Ccu.zr - ’ . . 0~ CuTi 0~ fec 0~ hep
W Geu1i—4Gg,— G 5(—6011+2.339T)
1, Liq _ Cu:Ti Cu Ti
i B830.66:5.04565T 17,089
Ti,zr - 0, CuTi’ _
i +23,828 Heun oot
"Legniat 28,808
LG +23,828 Parameters for Cu , J/mol
(Cu), (Ti, Zr),
0GSuMe — Sl — oGNP 3(—12,131+4.688T)
0~ CuMy _ On~ fcc __ 5O~ hecp .
Table A.2. Parameters for the solid solution phases, J/mol DGgL;JT:iZi Ccu=2Gx 3(~14,634.66-1.730T)
_ Lo, +30,251
(Cu, Ti, Zr) gt —6200
BCC 2 CuTiz*
DLbcc +3389 LCu:Tl.Zr 1028
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OLEC“CZ' —4346-.1—5 489 T Parameters for Cu TiZr, J/mol
o b’ ' (Cu), (Ti),(Zr)
Lose o * —12,000 O ClpTizi - O f 0~ h 0 h
cuTLzr ' Gc:fﬂ:z: -26G gﬁ -G Tr}p - Gzr;p* 4(—19,094+5.0517T)
HCP
°|_*C‘°u°TI +16,334 Table A.4. Parameters for Cu—Ti stoichiometric phases, J/mol
0 hcpv
L +11,337 -
o S 5153 (Cu), (Ti),
Gon 26~ 6T 3(-5876)
Fcc (s e g
U I cc C|
o fee _ 9882 Goelz— 3G — 2°G TP 5(—9249+2.172T)
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°L oz +2233 0GCuTia — 249G — 0GP 7(~9748+2.278T)

Cu:Ti




R. Arroyave et al. / Journal of Alloys and Compounds 351 (2003) 158-170 169
Cu-Ti Cu-Ti-Zr Cu-Zr
989 p2 1015 pi
L+BCC-CuM, LACu, Zr, ->CuZr
865 Max1
L-=CuTivCu, Zr,,
968 e2 % 5 996 el
L->CuTitCuM, 002 | L+ QunH>Ou T+ CueZtisi | U1 L-+CuM, s BOC
-
874 L¥Cu,Ti#CuTi>Cu,Ti, P1
-
933 p3 860 L+CuTi>Cu,TCu T, = U2 968 e3
L+CuTi->Cu, 17 C L-=FCCCu,Zr
-
863 L+FCC>Cu,TwCuZr | U3
-
8% p5 679 M2 w04 o4
LiFCC-=Cu,Ti L->Cu, iZeiCu, Zr, L-=CuZri CuM,
861 L+Cu, Zr, >CuZr+Cu Tlr U4
-
257 P 860 Max3 922 p4
L+Ca, TiCu,Ti L->Cu, TiZerCuM LACu, 71, ->CuZr
856 | L+CuM,>Cu,TZr+CuTi | US
3885 er . 891 e5
1>Co,TiCu, T 855 | L+Cu,Zr>Cu, Zr, +Cu,Ti U6 LCuZe, 1 Co, Jr
-
855  L->CuTrCu,TeCu,Zr, E1
Su, TL=>Cu,Ti Zr, U7
854 L+Cu, Tiy>CuTi*+Cu, Zr, U 890 o6
- L->Cu, Zr 1 CoZr

852 | L->Cu,TwCu,Ti+Cu, Zr,, | E2

-

841 Maxd
L-=Cu, TiZr+CuZr

835 | L+CuM,>Cu,TZ#BCC | U9

-

833 | L->Cu,TZr+CuM+CuZr E4

v

845 L+CuZr,>Cu,TZr+Cu, Zr, US

v

839 | L>Cu,TZrCuZr+Cu, Zr, EI

-

835 Max5
L->Cu, TiZr+CuM,

827 | L->Cu,TZr+CuM*BCC | ES

-

Fig. 12. Reaction diagram for the surface of primary solidification.

Table A.5. Parameters for Cu—Zr stoichiometric phases, J/mol
(Cu)s (21,

'GoE -5 - 'Y
(Cu), @0,

"GCE - 1 - 146 Y
GO s o
GSZs — goG e — 30G P

Cu:Zr

gClé)ulo grzr)7 0~ fcc 0~ hej
GCu:lgr [ 10 GCu_7 Ger
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0~ CuZr _ 0Om~ fcc __ O hep
GCu:Zr G Cu G Zr
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17-(~14,220)

2-(~10,052.12-3.81598T)
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