Determination of the CoTi Congruent Melting Point and
Thermodynamic Reassessment of the Co-Ti System
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New experimental results and a thermodynamic re-evauation of the Co-Ti system are presented.
Using differential thermal analysis (DTA) and a visua observation-of-melting (VOM) technique, the
~220 K inconsistency in melting temperature in the literature for the B2 (CoTi) phase is resolved.
The congruent melting point is determined to be 1776 = 5 K. The revised B2 melting temperature,
along with other critically reviewed thermochemical and phase-equilibria data from the literature, are
used to reassess the thermodynamic description of the Co-Ti system. As aresult, a self-consistent set
of optimized Gibbs-energy expressions for all CoTi phases is obtained.

[. INTRODUCTION

COBALT and titanium are important components of
many industrial alloys. Information on phase equilibria and
thermochemistry in the Co-Ti system is essential for the
development of thermodynamic databases of Co- and Ni-
based superalloys. Such databases™ are important for proc-
ess modeling; e.g., solidification, homogenization, transient
liquid-phase bonding, and /' precipitation. In addition to
superalloy applications, a new class of Co/Ti multilayer
magnetic devices and neutron polarizers is emerging,?3
and Co/Ti metallization on Si chips is being developed for
electronic devices* These latter applications make knowl-
edge of the Co-Ti system an important tool for predicting
intermetallic phase formation and stability during industrial
processing. Therefore, an accurate experimental and thermo-
dynamic re-evauation of the Co-Ti system is necessary.

The phase diagram eval uated by Murray,® with all experi-
mental data, is shown in Figure 1. The diagram contains
two groups of phases. (1) the disordered solutions: liquid,
A3 (Co- and Ti-rich hep), Al (Co-rich fcc), and A2 (Ti-rich
bec) terminal solid solutions; (2) plus five intermetalics:
L1, (CosTi), the C36 (Co,.,Tiy—y) and C15 (Co,Ti) Laves
phases, B2 (CaTi), and the NiTi,-type compound (CoTiy).
The B2 is the only intermediate phase forming congruently
from the liquid. Its maximum melting temperature is uncer-
tain, with reported T,, values varying between 1593 and
1811 K.[6-14

This article reports an experimental determination of the
B2 melting point and a new thermodynamic assessment of
the Co-Ti system, utilizing standard CALPHAD (Calcula-
tion of Phase Diagrams) procedures and packages.[*2%

[I. THE B2 MELTING-POINT EXPERIMENTS

A. Literature Overview

Among the most important issues in the system is the
inconsistency in the melting-temperature data for the B2
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phase. The following maximum melting temperatures are
reported in the literature (from the lowest to the highest):
1593 K18 1623 K, 1722 K8 1773 K,[® 1799 K,[9 and
1811 K'Y (refer also to Figure 1). The ~220 K range of
the experimental T,, values might be associated with two
factors. The “upper-limit” data, which potentialy overesti-
mate the B2 melting temperature, might be linked to contam-
ination of samples with oxygen (or other interstitial
elements), which is known to stabilize cobalt-titanium inter-
metallic phases.[*¥l Indeed, Pet’kov and Kireev(*¥ reported
anew high-melting-point Ti-rich phase close to the B2 com-
position that was never confirmed to exist in other studies.
Similarly, other high-temperature T,, data were obtained
using low-purity titanium with a Ti massfraction of 95 pct.[®!
The “lower-limit” T, datal®”1 might be linked to inhomoge-
neity of the B2 aloys: the first appearance of liquid in
possibly “off-congruent melting-point” compositions might
have mistakenly been assigned to congruent melting. Butler
et al.l¥ observed that in their material, the maximum B2
melting point did not actually correspond to that for an
equiatomic Co:Ti composition, being dightly on the Co-
rich side.

Thermodynamic assessments of the Co-Ti system reported
in the literature®>>-1% are based on different choices of the
B2 melting point (Table I). The uncertainty of the actua T,
value makes it difficult to adopt any particular assessment
for modeling and alloy process development. To eliminate
this uncertainty, we performed melting experiments in the
vicinity of the B2 stoichiometric composition by two inde-
pendent methods: differential thermal analysis (DTA) and a
visual observation-of-melting (VOM) technique.

B. Experimental Procedures

Three ~8 g aloy samples were prepared by electron-
beam melting of approximately equiatomic amounts of high-
purity Co (99.95 pct) and Ti (99.995 pct) on a water-cooled
Cu hearth in vacuum (10~° Pa). The samples were homoge-
nized at 1473 K for 140 hours in ultrahigh-purity (UHP)
argon, which was additionally purified by flowing through
a Ti-gettering furnace. To further protect the alloys from
oxidation during the heat treatment, samples were stacked
together and wrapped in atitanium foil. Prior to the anneal -
ing, the furnace was repeatedly evacuated and flushed
with Ar.
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The annealed samples were ground into 10 X 10 X 4
mm bars, with each face metallographically polished and
examined. Optical microscopy (OM), X-ray diffraction
(XRD), and scanning el ectron microscopy/energy-dispersive
X-ray spectroscopy (SEM/EDS) were used to verify the
homogeneity and to determine the actual Co:Ti composition
of each sample. The EDS measurements were performed
using elemental standards on unetched metallographically
polished samples. The accuracy of the EDS analysis was
established to bewithin 0.3 at. pct* Ti by obtaining atitanium

*Hereafter, theabbreviation “at. pct” isused to expresstheatomic fraction
of an element (as a percentage).

content between 66.6 and 66.9 at. pct Ti for the CaoTi, (66.7
at. pct Ti) phase. Chemical analysis of the annealed samples
for oxygen, nitrogen, and carbon was measured commer-
cialy according to ASTM Test Methods E1447, E1019-94,
and E1019-94, respectively.

To determine the melting behavior of the CoTi aloys,
DTA and VOM techniques were employed. The DTA was
carried out using alumina crucibles and W-WRe thermocou-
ples. The DTA runs were performed in pure Ar and in 95
vol pct Ar-5 vol pct H,. There was no difference noted.
The heating and cooling rates were +0.08 and —0.33 K/s,
respectively. Onset and peak temperatures were noted for
the melting and solidification processes.
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Fig. 1—All experimental data (symbols) compared to the Co-Ti phase
diagram evaluated by Murray!™ (solid and dashed lines).

For the VOM experiments, samples weighing 0.3 to 0.5
g were cut from the CoTi bars and suspended on a tungsten
wire inside of a high-vacuum furnace. Alloy melting was
observed through the furnace window with a10 times magni-
fication telescope during heating in 2to 3K increments, with
a 180 to 300 second holding time to allow for temperature
equilibration. Two temperatures were noted during the VOM
experiments: the temperature for the appearance of liquid
at the sample edges and the temperature for sample collapse
to a liquid-like sphere on the supporting tungsten wire.
Selected DTA and VOM samples were characterized by
metallographic, XRD, and SEM methods.

Nickel metal of 99.995 pct purity (T, = 1728 K) was
used as a standard for temperature calibration of both the
DTA and VOM systems. The accuracy of both methods was
estimated to be =5 K (total uncertainty).

C. Experimental Results

1. Characterization of samples prior to thermal
analysis

After electron-beam melting and thermal annealing of
aloys and before proceeding with the melting-point experi-
ments, the CoTi aloys were analyzed for homogeneity and
composition. According to the results of OM, XRD, and
SEM, all three samples (hereafter referred to as samples |
through I11) appeared to be single-phase, homogeneous
aloys with average grain diameters of 1 to 2 mm. An XRD
analysis confirmed that the alloys have the B2 structure with
|attice parameters close to those from the literature (e.g., a
= 0.2992 = 0.0003 nm for dloy Il, as compared to the
JCPDS data® with a = 0.2986 nm). The SEM/EDS compo-
sition measurements were taken in different locations of
the metallographic section at different positions in severa
grains. The averaged results were as follows: samplel, 48.1
a. pct Ti (0,1 = 0.6 for n = 11); sample Il, 49.4 at. pct
Ti (01—, = 0.6, n = 6); and samplelll, 50.4 at. pct Ti (on-1
= 0.4, n = 6), where o;,_, is the standard deviation for the
n measurements. Commercial chemical analysis confirmed
that the contamination of the ingots with O, N, and C was
minimal (0.07, 0.01, and <0.01 at. pct, respectively) and,
therefore, had an insignificant effect on the B2 melting
behavior.

2. Thermal Analysis

The DTA curves for samples | through Il are shown in
Figure 2. All curves are for the first melting of the homoge-
nized samples, so that solidification segregation was not

Tablel. Review of Current Assessments: List of Models Used and Calculated B2 Properties
Models
Laves A'Hes (B2)
Reference Liquid, A1, A2, A3 L1, C36 C15 B2 CoTi, Tm (B2) (K) (kJ/mol-of-atoms)
5 DS SL LC LC SL LC 1598 -333

15 DS LC — LC LC LC 1796 —42.2

16 DS SL — LC — — — —

17 DS SL SL SL SL LC 1709 —

18 DS LC — LC LC LC 1700 —40.5

19 DS MSL SL SL MSL LC 1728 —40.9
This work DS MSL SL SL SL, MSL LC 1774 —42.2

Models: DS—disordered solution; LC—Iline compound; SL—sublattice; and MSL—modified sublattice (order-disorder).
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present. Thus, the curves show irregularities due to the col-
lapsing sample in the DTA cup. On heating, all three curves
were free of thermal arrests except for those associated with
solidug/liquidus effects. This fact confirms that within the
limits of the DTA sensitivity, the compositions of all three
sampleslieinside of the homogeneity range of the B2 phase.

Tablell summarizesthe onset and peak temperatures asso-
ciated with the alloy melting and solidification, as extracted
from the DTA scans. It is also noted that during melting,
heating was terminated at ~1785 K, before full restoration
of the baseline, due to temperature limitations of the DTA.
Since al the peaks occur at temperatures lower than 1785
K, they are not artifacts of power shut-down.

The onset temperature on heating and the peak tempera
ture on cooling should provide upper and lower bounds,
respectively, for the solidus temperature for each alloy. Simi-
larly, the onset temperature during cooling and the peak
temperature on heating should provide lower and upper
bounds for the liquidus temperature, respectively. These
ranges are listed in Table I, in the two columns entitled
“Summary, T, and Ts.” It isnoted that the temperature differ-
ence between the onset and peak of the DTA runs during
melting was generally double the value for pure Ni. Thus,
the peak temperatures on melting are a better estimate of
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Fig. 2—DTA curves of the Co-Ti alloys: | (48.1 at. pct Ti), Il (49.4 at. pct
Ti), and 111 (50.4 at. pct Ti). Horizontal arrows identify heating and cooling
curves. Vertical arrows indicate solidus and liquidus thermal arrests; the
vertical diamond arrow (sample I, cooling curve) identifies the peritectic
reaction: B2 + liquid —» C15.

the liquidus than the onset temperature on cooling. There-
fore, the T, values chosen for the optimization of theliquidus
were taken to be the highest value of the range. The Tg
values from Table Il were not used in the optimization,
because they are considered to be less accurate than the
liquidus values.

The VOM “first observation of melting” temperatures
given in the last two columns of Table Il are within 8 K of
the selected solidus temperatures from the DTA measure-
ments. As is clearly seen in Figure 3, showing sample |
quenched at T = 1733 K, the liquid phase only occurs at
the grain boundarieswhere melting is alwaysinitiated, while
the bulk of the sample remains intact. Similarly, the VOM
“collapsing” temperatures fall between the selected liquidus
and solidus temperatures for each alloy, in agreement with
the notion that collapse would be expected before melting
is complete.

3. Characterization after thermal analysis
Postsolidification microstructural analysis was performed
on samples | through 111 after VOM and DTA to identify

Fig. 3—SEM image of sample | equilibrated at 1733 K: partial melting at
the grain boundaries is clearly visible (note scratches from polishing on
the intact surface).

Tablell. Co-Ti Alloy Measured Temperatures from DTA and VOM with Summary of Liquidus (T.) and Solidus (Ts) Values
(in Kelvin)
DTA
Heating Cooling Summary VOM
Number At. Pct Ti (o) Tonset Tpeak Tonset Tpeak T Ts Thirst meit Tcollapse
I 48.1 1733 1774 1758 1731 1758 to 1774 1731 to 1733 1733 1753
(0.6) 1774*
0 49.4 1739 1775 1761 1739 1761 to 1775 1739 1733 1753
(0.6) 1775*
11 50.4 1741 1776 1763 1739 1763 to 1776 1739 to 1741 1733 1753
(0.4) 1776*

*Values used for the optimization.
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Fig. 4—XRD pattern of sample | after the DTA run: arrows indicate pres-
ence of the C15 phase; *residual alumina reflections (from the crucible
material).

the composition corresponding to the B2 congruent melting.
Two fundamentally different solidification paths occur for
the aloys, depending on their composition relative to this
congruent point. Initial compositions on the Co-rich side
will contain cobalt enrichment of the remaining liquid as
solidification proceeds, with the possible formation of the
C15, C36, L1,, and Al phases. On the contrary, alloys on
the Ti-rich side yield Ti-rich compositions on solidification,
possibly forming CoTi, and/or A2 phases.

The XRD and SEM/EDS anayses have unambiguously
confirmed that aloys | and Il are on the Co-rich side, and
aloy Il is on the Ti-rich side, of the congruent melting
point. The XRD pattern of sample | (Figure 4), in addition
to the B2 reflections, shows two peaks corresponding to the
strongest reflections of the C15 phase. Accordingly, sample
| has an additional thermal arrest at 1513 K on its DTA
cooling curve (Figure 2), which likely corresponds to the
peritectic reaction: B2 + liquid — C15. Thisvalue compares
to thevalues of 1506 and 1523 K determined for thisreaction
by Pet’ kov and Kireevi*™ and by Zakharov and Livshitz.[?2
Figure 5(a), for alloy 1, shows that compositional segrega-
tion is clearly visible, with solidified liquid enriched with
Co and the formation of C15 (Co,Ti) particlesin the lighter
areas. Similar segregation results were observed for aloy 1.
Figure 5(b), for alloy 111, al'so shows compositional segrega-
tion, but with solidified liquid enriched with Ti and the
formation of A2 particles in the darker areas (no CaTi,
particles were found in aloy 11, perhaps due to the small
temperature range of the CoTi, liquidus and a failure to
nucleate during quenching). The different segregation pat-
terns in alloys | and Il vs dloy Il strongly support our
conclusion that the congruent melting composition is close
to the stoichiometric composition and lies between 49.4 and
50.4 at. pct Ti.

The combination of the DTA and VOM results clearly
indicates that the previously determined values in the range
of 1600 K for the B2 congruent point are incorrect. The
newly determined B2 liquidus temperatures and composi-
tions near the congruent melting point, as summarized in
Table Il and shown in Figure 1, were next used in the
thermodynamic assessment of the Co-Ti system.

I11. THERMODYNAMIC MODELING

A. Evaluation of the Experimental Data

A summary of the experimental dataavailable for the Co-
Ti system, along with the investigative techniques used, is
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Fig. 5—Cross-sectional back-scattered SEM microphotographs of (a) sam-
ple Il solidified from 1753 K: dark matrix is B2 phase (49.5 to 49.8 at.
pct Ti), lighter areas at the grain boundaries are enriched with cobalt (34
to 42 pct Ti), and bright particles are Laves (C15) phase; and (b) sample
111 solidified from 1783 K: light-gray to gray matrix is B2 phase (49.6 to
49.9 at. pct Ti); dark particles are Ti-rich A2 solid solutions with 89 to 94
at. pct Ti.

given in Table Ill. The last column indicates whether the
data were selected for the present thermodynamic assess-
ment. The evaluation of the Co-Ti system by Murray®
includes publications until 1983. Since 1983, no experimen-
tal information has been published on phase equilibria, but
there were severa studies published on thermochemical
properties, which are included in Table I11.

1. Phase Diagram

All of the phase-diagram data from the literature and the
experimental results obtained in this work are shown in
Figure 1. Ti-rich liquidus (>50 at. pct Ti) data are very
scarce, with no experimental points for compositions above
75 at. pct Ti. Asdiscussed in Section 11-A, the most contro-
versial data are for the maximum melting point of the B2
phase, with the discrepancy being likely associated with
aloy contamination by the interstitial elements (O, C, and
N) and with the off-congruent composition issues. As
described in Section 11-C, we have minimized the potential
effects on the T,, value by conducting experiments in a
controlled ambient atmosphere and by monitoring the overall
composition and the contamination levels in processed Co-
Ti aloys. We found that the maximum melting temperature
of 1776 = 5K corresponds to the near-stoichiometric com-
position. This T,, value is only 35 K lower than the highest

METALLURGICAL AND MATERIALS TRANSACTIONS A



Tablelll.

Summary of Thermochemical and Phase Diagram Experimental Data

Type of Experimental Data Method At Pct Ti T Range (K) Reference Data Used
T (B2) and solvus (B2) XD, TA 45 to 53 650 to 1600 6 yes*
Tm (B2) ND 48 300 to 1650 7 no
T, (B2) TA 50 1773 9 yes
Tm (B2) TA 50 1450 to 1800 10 yes
Liquidus, solidus, (A1, C36, C15, B2), nonvariants TA 0to 53 1400 to 1800 8 yes*
Solidus, liquidus, solvus (all but A2), nonvariants MH, TA, XD 0 to 100 950 to 1800 11 yes*
Liquidus, solidus (A1) TA, MP 10to 25 1450 to 1650 16 yes*
Liquidus, solidus, solvus (A1, L1,, C36), T, (A1) MG, TA, MH, MT, XD 0to 45 450 to 1800 22 yes*
Solvus (al phases) MPB, MT, XD 0to 100 950 to 1450 21 yes*
Solvus (A1, L1,), nonvariants CA, MH, MT, XD 0to 25 750 to 1500 23 yes
Solvus (A1, L1,) MP, XD 0to 20 850 to 1400 24 yes
Solvus (CoTiy) MT, XD 66 to 68 900 to 1300 36 yes*
Solvus (B2) XD 40 to 55 1273 39 yes
Solvus (B2, CoTi,, A2), nonvariants MT, TA, XD 50 to 100 950 to 1350 48 yes
Solvus (L1,) XD 20to 25 1273 49 yes
Solvus (C36) XD 28 to 31 1273 50 yes
Solvus (C15) XD 32to 34 1273 51 yes
Solvus (A2) DL, MH, MT, XD 90 to 98 1000 to 1250 52 no
Solvus (A2) M 95t0 100 1000 to 1150 53 yes
Solvus (A2, hep), eutectoid EM 93 to 100 950 to 1150 54 yes
T. (AL) MG 0to 10 1150 to 1400 55 yes
T. (Al) MG 0to 10 1150 to 1400 56 yes
AH (L1y) M 25 1300 26 yes
A™*H (liquid) CL 0to5 1823 28 yes
A™XH (liquid) CL 0 to 50 2000 29 yes
A™*H (liquid) MS 0to 90 1850 to 2020 31 no
A™*H (liquid) CL 0to 40 1873 30 yes
A™H (B2, C36) CL 33, 50 1432, 1490 57 yes
A'H (B2) CL 50 1030 58 yes
A™H (B2) CL 50 1067 59 yes
AH (B2) CL 50 1477 60 yes
C, (B2 CL 50 50 to 300 61 yes
Tm (B2) TA, VO, XD, MP 48 to 51 1600 to 1800  this work yes

*Partial dataset used in the optimization; CA—chemica analysis, CL—calorimetry, DL—dilatometry, EM —electromagnetic measure-
ments, IM—indirect method, MG—magnetic measurements, MH—microhardness, MP—microprobe analysis, MS—mass spectrometry,
MT—metallography, ND—neutron diffraction, TA—thermal analysis, VO—uvisua observation of melting, and XD—X-ray diffraction.

reported B2 melting temperature,*¥ but is more than 180
K higher than the “low-limit” T,, data.[67

Literature data on the solubility limits of the B2 phase
on the Co-rich side at T > 1400 K are also uncertain. The
phase boundary was found to be 41.8 at. pct Ti at 1413 K24
using the electron probe microanalysismethod, vs 45 to 46 at.
pet Til®1 value determined from XRD and metallographic
analyses. In our assessment, higher weight was assigned to
the latter sets of data by lannucci et al.l¥ and by Pet’kov
and Kireev,™ due to their use of direct high-temperature
XRD observations of the one- and two-phase fields in the
vicinity of the B2 homogeneity region. Lower weight was
assigned to all of the datasets from van der Straten et al.l?4
because of their overestimation of the A1 solvus boundary,
as discussed in the next paragraph.

The homogeneity ranges of the A2, CoTi,, C15, C36, L1,,
and A1 phases are well defined in the literature, with two
exceptions. The first is the uncertainty associated with the
(C15 + C36) two-phase field, which is difficult to measure
accurately due to the very narrow compositiona gap (<1
at. pct) between the coexisting Laves phases.!?t! The second
is the uncertainty associated with the low-temperature A1
phase boundary. A gradual reduction of thetitanium terminal
solubility in the Al phase with decreasing temperature,

METALLURGICAL AND MATERIALS TRANSACTIONS A

reported by van der Straten et al.!®! and Zakharov and
Livshitz,1?? is contradicted by the abrupt change in the A1
solvus line below ~1173 K, according to Fountain and
Forgeng!®® and Takayama et al.?1 A systematic study!>¥
has demonstrated that the anomaly in the Ti solubility in
Al istypical for the Co-M systems (M = Al, Mo, Ti, and
W) and is caused by the para-to-ferromagnetic transforma
tionsin the A1 phase. Therefore, the “gradual” Ti solubility
datal®?? in the Al phase at T < 1100 K were excluded
from the assessment in favor of the retrograde A1l solvus
data below this temperature.l®?4 The estimates of the A1l
phase boundary by Fountain and Forgeng® and by
Takayama et al.[?l (Figure 6) differ by about 3 at. pct.
Fountain and Forgeng'® employed a direct XRD observa-
tion of one- (A1) and two- (Al + L1,) phase fields, while
Takayama et al.[*? may have overestimated the Ti solubility
limitsinthe A1 phase by using the | attice-parameter method
forthe (A1 + L1,) mixture. Zhao!®® suggested that the possi-
bility of not reaching equilibrium in the study of Takayama
et al.?? could be a contributing factor in overestimating the
Ti content of the A1 solvus boundary. Thus, a higher weight
was assigned to the data of Fountain and Forgeng.[3
Experimental measurements of the concentration depen-
dence of the Curietemperature (T.) for the A1 phasereveaed
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Fig. 6—Selected solvus data in the Co-rich corner of the phase diagram
as compared to the present assessment (insert shows detailed equilibria
involving L1, and liquid phases).
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Fig. 7—Experimental and calculated Curie temperature (T,) for the Al
phase.

a strong negative deviation from the linear T, = 1396 - Xc,
behavior (Figure 7). All the experimental data from Table
Il were used as input to the optimization in the present
assessment to fit the T, concentration dependence.

The melting behavior of the two Laves phases (C36 and
C15) and their associated invariant equilibria temperatures
require further experimental verification. Based on limited
DTA results, Wallbaum!® made an assumption that the C36
phase undergoes a solid-solid transformation on heating to
the C15 structure, with the C15 phase melting congruently
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Fig. 9—Experimental and calculated A™*H in the liquid.

at 1523 K. On the contrary, in the more recent and detailed
study by Pet’kov and Kireev,*¥ it was found that both the
C36 and C15 phases melt incongruently at 1483 and 1508
K, respectively. The melting behavior for the Laves phases
from Pet’kov and Kireev(*!l was adopted for the present
assessment.

2. Thermochemical data

Thermochemical experimental data are summarized in
Table 111 and include the formation enthalpy (A™H) for the
intermetallics (Figure 8) and the enthal py of mixing (A™*H)
in the liquid (Figure 9). All the studies used calorimetric
methods to measure the A™H value of the solid phases, except
for Balarin and Bartsch.?! They used an indirect method
for estimating A'H for the L1, phase from the conversion
rate of the following reaction: Co (solid) + TiCl, (gas) +
H, (gas) —» CoxsTi (solid) + other products. This value was
given lower weight in our assessment dueto (1) the potential
uncertainty of the thermochemical datafor the gaseous spe-
cies involved in this reaction and (2) the difficulty of
obtaining the exact amount of the L1, phase formed in the
previous reaction.

There are no experimental data for the CoTi, formation
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enthalpy, and the value of —33 kJ/mol computed from the
Miedema method?”! was used as an estimate.

For the liquid properties, solution calorimetry was used
to measure A™*H at 1823 to 2000 K 1282930 gnd Knudsen-
cell mass spectrometry was employed to determine activities
in the Co-Ti melts between 1850 and 2020 K .34 |n the | atter
work by Ueda et al.,l®! the integral enthalpy of mixing
derived from the activity data was as much as 40 pct lower
than the data from Esin et al.[*! and Wang et al.*% Ueda
et al. noted oxygen contamination of their liquid alloys,
which increased with Ti content. This fact prompted us to
eliminate the data of Ueda et al.134 from the assessment. In
addition, the integral mixing enthal pies reported by Wang et
al.l*% were converted, for more accuracy, to the incremental
enthalpy changes that were originally measured by the
authors in the solution calorimeter.

B. Models

1. Analytical description of the phases
Gibbs-energy expressions for the pure elements in their
standard states were described as follows:

GP(T) —HER =A? +B* T+ C*TInT
+DPT2+EPT L+ FPTS [
HIPTT 4+ JPT0

where HFER (inwhich “SER” standsfor the standard element
reference) are the enthalpy values for components in their
stable forms at 10° Pa and 298.15 K. The values of the
thermodynamic coefficients A® through J® were taken from
the SGTE databank.[*?

Initial model choices for the solution and intermetallic
phases and the results of the preliminary assessment were
first reported by Davydov et al.*¥l The model descriptions
and final values of reoptimized parameters are summarized
in Table IV. The liquid phase and the Al, A2, and A3
solid solutions were modeled as disordered phases using a
Redlich—Kister polynomial®¥ to describe their excess Gibbs
energies. The total Gibbs energy for the aforementioned
phasesisrepresented by the reference (ref), ideal (id), excess
(ex), and magnetic (magn) subscripts in terms of one mole
of atoms:

GP = TGP + G 4+ eGP 4 manGe 2]
where
"GP = Xeo °GE + X °GT, [3]
9GP = RT(Xco IN Xgo + Xri IN Xi) (4]
G = Xco X ; "L&m (Xco — Xm)" [5]

The magnetic contribution (M™8"G®) to the Gibbs energy
of the Al, A2, and A3 solution phases in the ferro- and
paramagnetic states is described, based on the research of
Dinsdale® and Hillert and Jarl [*° as

manG® = RT In (8 + 1)f(7) [6]

where 7 = T/T; (T, being the Curie temperature), and B is
the effective magnetic moment per atom. The function f(7)
for both the A1 and A3 phases is given by

f(7) = 1 — 0.860347 1 — 0.174497° -
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— 0.0077557° — 0.0017457% for 7= 1
f(7) = —0.042697° — 0.0013557 15
— 0.0002857 % for 7> 1
and, for the A2 phase, it is described as
f() = 1 — 0.905307~* — 0.1530173
— 0.0068007° — 0.0015307% for 7= 1
f(7) = —0.06417775 — 0.00203727
— 0.0004287 % for 7> 1

The concentration dependencies of T, and 3 are expressed
as follows:

8]

(9]

[10]

Tg) = Xco T(CI:)O t XcoXTi T(CI:)O,Ti [11]
and
,8@ = XCO,B%O + XCoXTi,g(I‘,)o,Ti [12]

where ® denotes the A1, A2, or A3 phases, TE, and 5%,
refer to the pure Co values; and T®, 1 and B&,+ are adjust-
able parameters, evaluated as described in Section 111-B-2.
For pure Ti values, T? and 3® become zero.

For the intermetallics, the CoTi, phase was treated as a
line compound due to its narrow (less than 0.1 at. pet Til3)
homogeneity range. Its Gibbs energy is described as

GCoTi2 = °GA3 + 2°GAR + AIGET2 [13]

where A'G®"2 js the Gibbs energy of formation of this
compound and is represented as A'G®"2 = a + bT, with
adjustable a and b parameters.

The remaining four phases (B2, C15, C36, and L 1,) were
described by a sublattice (SL) formalism, also designated
asacompound-energy formalism (CEF),[*7 to accommodate
their substantial homogeneity ranges. Two versions of the
CEF were applied. A simple SL description was used to
model the C15, C36, and B2 phases. In addition, the modified
sublattice formalism (MSL )13 was used to describe the B2
and the L1, phases. The alternative representation of the B2
phase by the SL and MSL models allows the descriptions
to be used interchangeably, in combination with various
databases, for extrapolation into higher-order systems.

The Laves phases (C15 and C36) were modeled using
a two-sublattice (Co,Ti),(Co, Ti) model with the following
generalized Gibbs-energy expression:

G- = RT (2Ygo In Yo + Yii Inyr)

+ (Yeo In Y& + Y5 In y5)

+ Y&o Y20 GEI& + Yeo Y4 Gl [14]

+ Yh Y20 GRS + ¥h Y5 GRS

+ Y& YooY lLeR& i + Yh Yeoyr LE

+ Yo Vi Yoo L& ico + Yo VT VAL o
where y! and y? are the site fractions of component i on
sublattice 1 or 2, and the coefficients °GE** are Gibbs
energies of the respective end-member phases, which can
be viewed as hypothetical compounds with the C15 or C36
structure with speciesi andj (i = Co,Ti; j = Co, Ti) occupy-

ing the respective sublattices. The quantities °G;; are
expressed as
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Table!V. Models Description

Phase Model (Eg. No.) Parameter a b;
Liquid Disordered solution (Co,Ti) (Egs. [2] through [5]) Lo —119,780 15.06
Yo —2,163
Al Disordered solution (Co,Ti) (Egs. [2] through [12]) Lo —77,800 —-74
Yo —1,300
TCO,Th /BCO,Ti _11400 0
A2 Disordered solution (Co,Ti,Va) (Egs. [2] through [12]) Lo —92,966 12.38
oLCO,Va 135,000T
Ltiva 150,000t
Teoi» BeoTi —1,400 0
A3 Disordered solution (Co,Ti) (Egs. [2] through [12]) Lo —60,033
Teoi» BeoTi —1,400 0
L1, MSL (Co,Ti)o75(Ti,C0)o25 (EQ. [20]) Geoti = Gricco —58,800 20.4
LcoTicco = CLcoicT —117,600 40.8
N eomiico = eoTiom —3,000 18
N cocom = Licom —1,000 0.6
Teoni = Trico —3,140
Teotiico = TeominTi —6,280
C15 SL (Co,Ti),(Ti,Co) (Egs. [14] and [15]) A'Gegco = AlGri 15,000t
'Geoi —101,700 11.07
A'Grico 131,700 —11.07
C36 SL (Co,Ti),(Ti,Co) (Egs. [14] and [15]) A'Ggpco = A'Grim 15,000t
A'Geori —101,700 11.38
A'Grico 131,700 —11.38
Lcocom = ‘Lricom —34,000 174
B2 SL (Co,Va)(Ti,Co) (Egs. [16] and [17]) A'Geoco* 0
AfGegpi* ** —102,209 19.42
A'Gyari** 60,000t
A'Gyaco 148,500t —35.62t
OL covari —57,360 9.66
I—Co,Va; Co 45,03OT - 34471-
MSL (Co,Ti,Va)os(Ti,Co,Va)es (Eq. [19]) Geoti = Gricco —53,950 14.03
Cova — vacCo 67,5007
Griva = Gvari 75,000t
OLCO,TiZCO = OLCO:CO,Ti —33,118
1I—Co,Ti:Co = 1I—C0:C0,Ti —11,630 —2.57
Leomiri = CLaicoTi 40,388
Teori = Trico —500
CoTi, line compound Cog 33 Tige7 (EQ. [13]) A'G —36,604 7.05

Note: g and b; coefficients for the G and L parameters are given in Jmol and Jmol K, respectively; T. is given in Kelvin, and B is

given in Bohr magnetons.
*Relative to °G{2.1%2

**Relative to °G23*? (no superscript symbol in the A'G;; means that A3(Ti) and A3(Co) were used as references).

tPreselected (fixed) values.

GEMS = 2°GA% + °GP3 + AGEe  [15]

with A'GL¥® = a + bT, where a and b are adjustable
parameters.

The remaining terms, °LI**, are interaction parameters
between the components on the same sublattice.

For the B2 phase, an asymmetricdl SL model
(Co,Va)(Co,Ti) was chosen, assuming vacancy (Va) forma-
tion on the first sublattice, and Co < Ti substitution on
the other. The XRD®*¥ and density* measurements have
unambiguously shown that the wide homogeneity range on
the Co-rich side is the result of substitution on the second
sublattice. Since no experimental information on the mecha-
nism of deviation from stoichiometry on the Ti-rich side
is available, a vacancy formation mechanism on the first
sublattice was chosen for the sake of compatibility with the
other B2 descriptions, such as in the Ni-Al system.[*! The
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Gibbs-energy expression for the B2 phase is similar to the
Laves-phase description:

GP2 = RT(y&o IN Yo + Wa N Wa

+ Y& In Y2, + ¥4 In y5)

+ Yoo Y25°G%co * Yeo Y4 °CEi [16]

+ Wa Yeo GVaco + Wa Y5i Gl

+ Yo Yeo Y5 L& comi + Wa Yeo Yii'LVaco

+ Yo Wa Yeo L& vaco T Yeo Ya Y5 LE vari
where

°GB2 = °G{2 + °GA2 + AIGE? [17]

with the parameters A'GE? = a + bT being optimized.
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Since B2 is an ordered form of the A2 disordered phase,
this phase was aso described using the MSL model with
two symmetric sublattices: (Co,Ti,Va)os(Co,Ti,Va)gs. This
model and its relation to the standard SL formalism are
described in detail by Ansara et al.*®® and Dupin and
Ansaral*l In short, the MSL Gibbs-energy expression for
B2 is split into a disordered part describing the A2 state and

two terms describing ordering:
GBZ — diSGAz(Xi) + ordGBZ (y|l. y|2) _ OrdGBZ(Xi) [18]

where the mole fraction (x) and the site fractions (y! and
y?) per lattice site of component i (i = Co, Ti, and Va) are
related through X = 0.5(y! + y?). When B2 disorders into
the A2 state (i.e., yf = y? = x;), the second and third terms
in Eq. [18] cancel each other, leaving only the ¥sG*? () term
described after Eq. [2]. The Gibbs energy for the ordered part
is described as follows (only the nonzero terms from the
present assessment are listed):

UGByl ¥7) = 0.5RT(Yeo Inyéo + yhi In v
+ Waln Wa + Y& In Yo
+ Y5 In Y& + Yia In ¥4
+ Yo Y5G&m + YiiYeGFico
+ Y&oYiaGiva + WaYeeGVaco [19]
+ Vi WG ¥va + WaYsGVam
+ YooYt Yai L& mim + YhiYeoYa L com
+ YooYt Yeo L& rico T YeoYeo¥ti “LEico
+ Yeo¥ti Yeo( Yeo —
+ YeoYeo¥Hi(Yeo —

The MSL model was also employed to describe the
ordered L1, phase by adding contribution to the disordered
A1 Gibbs energy. Details of the L1, modeling are described
by Ansara and coauthors.*844 The phase was represented
by the two-sublattice model (Co,Ti)q75(C0,Ti)g0s, With the
Gibbs-energy description split into a disordered part,
disGAl(x), described after Eq. [2], and an ordered part,
ordGhiz(yl y2) — odGhi2(x;), described as follows (only the
nonzero terms from the present assessment are listed):

TGy, ¥P) = RT(0.75(y& In y&o + Vi Inyh)
+ 0.25(y20 In Y&, + ¥5i In ¥5))
+ YeoY5iGedn + YiYeGrigo
+ YooY Y5 Leim
+ Yo Yeo *Lesiico [20]
+ YeoYti Yool Yeo — Y1) *Letico
+ YeoVhi¥ii(Yeo — VH) Leiim
+ YeoYooY5i( Yoo — Y5i) Leeor
+ YEYZYHi(Yeo — VA) LiZom

The excess energy contribution due to magnetic ordering
was aso included for both the L1, and B2 phases in the
MSL model using eguations similar to Eq. [11].

1\ 1] B2
yri) L5 mico

2\ 1 B2
V&) "L&coTi
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2. Optimization of model parameters

Optimization of the Gibbs-energy model parameters for
the solution phases and the intermetallic compounds was
carried out by fitting the included experimental data of Table
Il (marked “yes’) with the software packages BINGSS,
BINFKT,[*2 and Thermo-Calc.[*® For the optimization pro-
cedure, each set of data from Table 111 was weighted based
on the accuracy of the experimental method used and the
validity of the results as evaluated in Section I11-A.

Optimization of the coefficients in the Gibbs-energy
expressions was carried out in several consecutive steps. In
the first step, the parameter values were determined only
for the solution phases from the enthal py-of-mixing data of
the liquid (Figure 9, not using the data of Ueda et al.3Y)
and a hypothetical phase diagram, which was extrapolated
from the equilibrium diagram with the assumption that no
intermetallic phases were stable.

Once preliminary parameters for the solution phases were
obtained, the second step introduced the intermetallic L1,,
“Laves,” B2, and CoTi, phases. At first, they were treated
as stoichiometric compounds with initial A'H coefficients
based on the experimental values from Figure 8. At this
stage, the Laves phase was assigned the Co,Ti composition
without distinguishing the C15 and C36 phases.

In the third step, the compound-energy models (SL for
C15, C36, and B2 and MSL for L1,) were employed to
account for the homogeneity ranges of these phases. Finally,
the B2 phase was described with the MSL model as an
aternative to the SL description. Since conversion between
the two modelsis not possible for this system due to reasons
outlined by Dupin and Ansara,[*Y the MSL coefficientswere
optimized independently from the SL parameters.

Throughout the optimization, several assumptions were
applied to different modelsin order to minimize the number
of adJ ustable parameters. For the A2 phase, the L3, and

La2,, parameterswerefixed at 150 and 135 kJ/mole, respec-
tively. These values were derived from the enthalpies-of-
vacancy formation in pure titanium and cobalt!“3 by assum-
ing equality of the slopes of the ®G;\,(X;) curves near x; =
1 (i = Co or Ti) to AHi, values. The AHJ =

150 kJ/mole and A'HR = 135 kI¥mole formation enthal-
pies were derived by de Boer et al.[*¥! from a semiempirical
“macroscopic atom” model based on the electron density
distribution in metals. These values correlated well with
the experimental estimates of the enthalpy of monovacancy
formation in cobalt and titanium.[*4!

Asfor the magnetic properties of the solution phases, the
composition dependence of the Curie temperature for the
A1l phase was determined by fitting the data of Figure 7 to
Eq. [11]. As aresult, the value of —1400 K was obtained
for the T&, coefficient. The same value T&, 1 value was
applied to the other two solution phases, A2 and A3. The
values of B&,r were set to zero for al solid solutions, due
to alack of experimenta data.

For the Laves phases, the A'GEY& and A'G:¥e values
from Eq. [15] were fixed to 15 kJ/mole, in compliance with
the rationale given by Dupin and Ansaral*® In addition, the
following limitation was imposed on the A'G{S pa
rameter:(*3]

NGHES = — NGER + AGEE + AGHF
For the SL modeling of the B2 phase, all the parameters
were adjusted during the optimization except for the
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A'GE2¢,, OLE2\aco, and ATGEZy; values. To be compatible
with the alloy database devel oped by Dupin,[*®! these values
were taken from the Al-Cod and Ni-Til*" assessments,
respectively.

For the B2 SL model, the following restrictions can be
imposed, which are based on the B2 crystallographic
symmetry: GB? = GF?, LP4 = LR%. For the B2 MSL
description, the same relations were used in accordance with
the work of Dupin and Ansara.l*!! In addition, G&2.. (equal
to GB2¢,) and GB3,, (equal to GE2+;) were fixed at 67.5 and
75 kJ/mole, respectively, assuming equality to the energy-
of-vacancies formation in the pure components.[*3! The mag-
netic parameter T2 (equal to T¥2,) in Eq. [11] was fixed
at —500, to decrease the T, temperature for the B2 phase.

Finally, using the constrains for the L1, MSL model(%!
and taking into account only the nonzero coefficients
resulting from the optimization, the following relations were
obtained for the L1,-order parameters:

L, — @l —
GCo:Ti GTi:Co 3U1
o L1z _ 0oLl _
LCo,Ti:Co LCo,Ti:Ti 6Ul
1 L1z _ Ll
I-Co,Ti:Co I-Co,Ti:Ti 3U4

1 —1 —
LCo:Co,Ti - I—Ti:Co,Ti - U4

Ll — TLL —
TCO:Ti TTi :Co 3Tl
L1 = TLL2 =
T Co,Ti:Co TCo,Ti Ti 6Tl

Thus, only three independent coefficients—U,, U,, and T,—
were adjusted in the L1, description during the optimiza-
tion procedure.

Optimized parametersfor all the phasesarelisted in Table
IV. It should be noted that during the optimization, it was
necessary to introduce terms with small coefficients, such
asthe 0.6T temperature term of the U, parameter in the L1,
MSL model. Although the contribution of this term to the
Gibbs energy appears to be insignificant, it was essentia to
accurately reproduce the invariant equilibria involving the
L1, phase.

V. ASSESSMENT RESULTS AND DISCUSSION

The parameters tabulated in Table IV were used to calcu-
late the thermochemical properties and the phase diagram
in Figures 6 through 11 and in Tables V and VI.

Figures 6, 10, and 11 show the calculated equilibrium-
phase diagram with the experimental data used in the assess-
ment. The most significant differences between this work
and other phase-diagram assessments are (1) the value of
the B2 congruent melting point, (2) the description of the
Co-rich phase boundary of the B2 phase, and (3) the location
of the A1 solvus boundary. Different assessmentsand models
used are also compared in Table I.

Asexperimentally determined in Section I, the maximum
melting temperature for the B2 phase was evaluated to be
1776 = 5 K. The T, values of 1774 K at 50.2 at. pct Ti
and 1773 K at 49.8 at. pct Ti, calculated in this work using
the SL and MSL descriptions, respectively, lie within this
experimental error. The B2 homogeneity range, calculated
with the SL and MSL models (Figure 11), has a maximum
width of 7.8 and 8.5 at. pct at the 1515 and 1509 K peritectic
temperatures, respectively. These widths are 1 to 3 at. pct
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TableV. Calculated Thermodynamic Properties of the
Intermetallic Compounds

Composition AH,gg AfSyeg
Phase (At. PctTi)  (Imol-of-atoms)  (Imol-of-atoms - K)
L1, 24 —20,823 23
C36 31 —27,246 13
C15 33 —28,219 1.0
B2 50 —42,177 —26
CoTi, 67 —33,763 -4.7

narrower than those from the assessments of Cacciamani et
al."¥ and Saunders and Miodownik(*? at the corresponding
peritectic temperatures. This difference is likely associated
with the selection of the experimental data, with the sets of
data from lannucci et al.[® and from Pet’ kov and Kiregv!*!
being assigned a higher weight in the present work than the
data of van der Straten et al.,?Y! as discussed in Section
Il1-A. Since both the SL and MSL models adequately
describe the B2 homogeneity range and invariant equilibria
involving the B2 phase within the experimental uncertainties
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TableVI. Invariant Equilibria Calculated in the Present Work and Compared to the Evaluation by Murray®
Present Assessment Reference 5
Equilibria X1 Xo X3 T (K) Xy Xo X3 T (K)
A2 = A3 + CaTi, 93.0 98.1 66.7 959 93.0 99.1 66.8 958
Liquid = A2 + CoTi, 78.7 85.5 66.7 1293 76.8 85.5 66.9 1293
Liquid + B2 = CoTi, 76.2* 52.3* 66.7* 1333* 72.9 51 66.9 1331
76.4** 52.2** 66.7** 1330**
Liquid = B2 49.8* 49.8* — 1773* 50 50 — 1598
50.2** 50.2** — 1774**
B2 + liquid = C15 43.0* 28.5* 32.6* 1509* 44.8 32.8 335 1508
44.0%* 20.3** 32.7+* 1515**
C15 + liquid = C36 320 25.2 30.9 1475 33 29 313 1483
C36 + liquid = L1, 30.3 239 24.2 1459 28 22.8 24.2 1443
Liquid = L1, 20.3 20.3 — 1454 — — — —
Liquid + A1 = L1, 20.2 154 20.0 1455 20.7 14.1 19.3 1483
Al=1L1, + A3 0.6 25.0 0.02 640 — — — —

*Calculated using the B2 MSL model.
**Calculated using the B2 SL model.

(Table VI and Figure 11), these descriptions can be used
interchangeably for extrapolations to higher-order systems.

The narrower A1 homogeneity range calculated in this
work, as compared to assessments in references, 554719 js
aso due to a difference in the preference of experimental
data from Fountain and Forgeng!®® over the data of van der
Straten et al.?!l and Takayamaet al.,[?!l asoutlined in Section
I11-A (refer also to Figure 6).

The calculated thermodynamic properties of the interme-
tallic phases are summarized in Table V. The A™H.,qs values
are also compared to the experimental datain Figure 8. The
calculated values are in good agreement with experiments,
with the exception of A™H.gs for the L 1, phase. The difference
between the calculated and experimental values of more
than 5 kJmole could be attributed to the uncertainty of
the enthalpy determination by Balarin and Bartsch,[®! as
discussed in Section I11-A.

The enthalpy of mixing of the liquid calculated at 1873
K isin excellent agreement with the calorimetric data from
Wang et al.,[*% as shown in Figure 9. Comparing different
assessments of the liquid mixing properties, the enthalpy of
mixing calculated from the present assessment agrees well
with the calculations by Murray,® while the assess-
mentg>17-19 give more-negative effects of mixing. For
comparison, relative differences between our and other
assessments in the A™*H values calculated for 50 at. pct Ti
at 1873 K were 9 pet,*7 15 pct,[*9 23 pet, 18 and 28 pet.)

V. SUMMARY

New experimental results and a new thermodynamic
assessment of the phase-equilibria and thermochemical data
in the Co-Ti system were obtained.

1. The =220 K inconsistency in the literature data on the
melting point of the B2 phase was resolved experimen-
tally using two independent techniques. DTA and VOM.
The maximum melting temperature was found to be 1776
+ 5K.

2. Two fundamentally different solidification paths for two
CoTi aloys with 49.4 and 50.4 at. pct Ti imply that the
composition of the congruent melting point for the B2

METALLURGICAL AND MATERIALS TRANSACTIONS A

phase lies between these two compositions and is, thus,
close to equiatomic.

3. The newly obtained B2 melting temperature, along with
the critically evaluated phase-diagram and thermochemi-
cal datafromtheliterature, were used to produceaconsis-
tent thermodynamic description for the Co-Ti system.
Two alternative models for the B2 phase, SL and MSL,
can be used interchangeably for the system description.
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