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Phase equilibria in the Co-Ti-Zr system at 1023K
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ABSTRACT

The isothermal section of the Co-Ti-Zr ternary system at 1023K has been
investigated by means of diffusion triple together with electron probe
microanalysis technique. Series of tie lines and tie-triangles have been
determined and the isothermal section at 1023K has been established. 17
three-phase equilibria were observed, namely Co,Ti+Co,Zr+Co,Ti(h),
Co,Zr+Co,Ti(h)+Co,Ti(c), Co,Ti+Co+Co,Zr, Co,Zr+CoTi+Co,Ti(c),
Co,Zr+CoTi+CoTi,, CoTi +*B(Ti,Zr)+M, B(Ti)+a(Ti)+p(Ti,Zr),
B(Ti,Zr)+CoTi,+B(Ti), Co,Zr+M+CoTi,, Co,Zr+N+ M, Co,Zr +Co,Zr
+Co, Co,Zr+CoZr+CoZr,, Co,Zr+N+CoZr,, CoZr, +N+B(Ti,Zr),
M+N+B(Ti,Zr), CoZr,+B(Ti,Zr)+CoZr, and CoZr+ B(Ti,Zr)+a(Zr). The
solid solubility of Ti inCo,Zr, CoZr, and CoZr, is about 10.7 at.% Ti,1.9
at.% Ti and 4.3 at.% Ti, and that of Zr in TiCo,, TiCo,(h), TiCo,(c), TiCo
and Ti,Co is about 0.9 at.% Zr, 8.4 at.% Zr, 6.0 a.% Zr, 7.5 at.% Zr and
16.0 at.% Zr, respectively. Two ternary phases are observed.
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INTRODUCTION

Hydrogen-storage alloys are being used in vari-
ous applications, e.g. hydrogen-fuelled transporta-
tion, hydrogen purification, secondary batteries, heat
storage and heat pumps. At present, many research-
ershavebeen investigated the hydrogen storage prop-
erties of various metal hydride families such asthe
rare earth-based AB, type aloys™ 4, the AB, type
alloys®*4, the Mg-based alloys>4, the V-based al-
loys®® and the Ti—V-based multiphase alloys!*&21,
However, each type of aloy has its shortcomings.
For example, the Zr-based AB, type alloys such as
ZrV 2, ZrCr2 and ZrFe2 are too stable to be practi-

cally used in reversible hydrogen storage. Fortu-
nately, Hydrogen storage properties could be im-
proved by adding some elements, including Mni2>
24 N2 Col18.3032 gnd Cu***, etc. Although much
attention has been paid to the properties of hydrogen
storage aloys, study on the understanding of the
phase diagrams in the Ti-Zr-Co-Fe-Mn-Cr-Ni-Cu-
V system is also necessary for the design (optimal
compositions) and fabrication (forming methods and
heat-treatment conditions). Therefore, it is of theo-
retical importance to investigate the phase rel ation-
ships of the Co-Ti-Zr aloy system.

The phase diagrams of all boundary binariesin
the Co-Ti-Zr system have been well investigated. In
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Ref [, the Zr-Ti system without any compoundswas
reported and the Co-Zr system shows the presence
of five intermediate phases, i.e. Co,Zr.. Co,Zr.
CoZr, CoZr, and CoZr,. In the Co-Ti system, five
intermetallic compounds, Co,Ti, h-Co,Ti, ¢-Co,Ti,
CoTi and CoTi, occur besides theterminal solution
phases, such as a-(Ti), B-(Ti), a-(Co) and &-(Co)=7,
Recently thermodynamic modeling of the Co-Ti sys-
tem was performed by Dupin et al®®, and many dif-
ferent solution phases are present, A1, L12 (Co,Ti),
A2, B2 (CoTi), A3, C15 (c-Co,Ti) and C36 (h-
Co,Ti). Al and L12, A2 and B2, exhibit an order/
disorder relation, Al and L12 arein equilibriumin
the Co-rich side of the diagram. The structural data
for theintermetallic compoundsin Co-Ti-Zr systems
aregivenin TABLE 1.

Up to now, to the best of our knowledge, very
littlework has been done about the phase equilibria
inthe Co-Ti-Zr ternary system. In present work, the
phase equilibria in the Co-Ti-Zr system at 1023K
were investigated by means of diffusion-triple ap-
proach.

EXPERIMENTAL DETAILS

The Co-Ti-Zr diffusion triple specimen was pre-
pared from blocks of pure metals: Co (purity 99.9%)
and Zr (purity 99.9%) and Ti (purity 99.5%). Firstly,
to make a Co-Ti diffusion couple, the Ti and Co

1023 K for 15 min

Quartz tube, at 1023 K for 1680

hours

Cooled slowly
in Ar flow
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blocks were diffusionally welded under 4.5MPa
pressurein argon flow at 1023K for 15 minutesthen
cooled to ambient temperature. Subsequently, the Co-
Ti-Zr diffusion triple was assembled from the ob-
tained Co-Ti couple and pure Zr block by diffusion
welding under 4.5M Pa pressure at 1023K in argon
flow for 15 minutes. Finally, the triple was encap-
sulated in an evacuated quartz tube backfilled with
pure argon and annealed at 1023K for 1680 hours.
The flow chart for making the Co-Ti-Zr diffusion
tripleis shownin Figure 1.

The obtained diffusion triple was ground, pol-
ished and examined by electron probe microanaly-
ss(EPMA) (JX-8800R, Japan, electron OpticsLtd.,
Tokyo) under the operation condition of 20kV volt-
age, 2<108A current and a40° take-off angle.

RESULTSAND DISCUSSION

The back-scattered e ectron (BSE) images of the
Co-Ti-Zr diffusion-triple annealed at 873K are
shown in Figure 2, and Figure 3 shows the Sche-
matic diagram of the 1023 K diffusion triple. The
numbered triple nodes (1 to 17) represent ternary
equilibriaexistinginthe Co-Ti-Zr system. The phase
boundary between c-Co,Ti and h-Co,Ti is not vis-
ible and therefore drawn as a dashed line at the
middle of thefigure.

Intermetallic compounds form as aresult of ex-

Al.

Quartz tube, 1023 K for 7

days ﬂ

1023K for 15 min.

Figure 1 : Flow chart for making the Co-Ti-Zr diffusion triple
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TABLE 1 : Solid phases and their crystal structuresin the Co-Ti-Zr system

Struturbericht

Phase Prototype Pear son symbol ace grou References
designation P ¥ Space group
a(Ti,Zr) A3 Mg hP2 P6s/mmc [39]
B(Ti,Zr) A2 w cl2 'm é m [39]
CoTi B2 CsCl cP2 Pm3m [40]
Co,Ti(c) C15 Cu,Mg cF24 Fd3m [40]
Co,Ti(h) C36 MgNi, hP24 P6s/mmc [40]
CosTi L12 AusCu cP4 Pm é m [40]
£(Co) A3 Mg hP2 P6s/mmc [40]
a(Co) Al Cu cF4 Em é m [40]
CopZr, unkown unkown unkown unkown [41]
Cox3Z1¢ D8, Mny3Thg cF116 Em é m [41]
Co,Zr C15 Cu,Mg cF24 Fd3m [41]
CoZr B2 CsCl cP2 Pm é m [41]
CoZr, Ci16 Al,Cu t112 14/mcm [41]
CoZr, E1,(D0,y) Re;B(NisSn) 0C16(hP8) Cmcm(P6s/mmc) [41]

tensiveinterdiffusion among Co, Ti, Zr during long-
term heat treatment. It is obvious that no layers of
compounds in the Ti-Zr side, while there are five
layers of compounds, :Co,.Zr,, Co,Zr, CoZr, CoZr,
and CoZr, inthe Co-Zr side, and five diffusion lay-
ersof TiCo,, TiCo,(h), TiCo,(c), TiCoand Ti,Coin
the Co-Ti side, which isin good agreement with bi-
nary phase diagrams of the Ti-Zr®¢, Co-Zr* and
Co-Til¥"#, |t should be pointed out herethat c-Co, Ti
and h-Co,Ti could not be distinguished simply by
color contrastsin Figure 2 dueto the small different
atomic weight of these phases, but we can detect the
¢-Co,Ti and h-Co,Ti by EPMA depends on the dis-
continuity of the composition in the two-phase re-
gion. Asaresult, the phase boundary between these
two “Co, Ti” phases is drawn with a dashed line.
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TABLE 2 lists the tie-lines data obtained by
EPMA, al the experiment datawere taken from the
couple cross-section aong the phase boundary. As
shownin TABLE 2, the solid solubility of Ti inCo,Zr,
CoZr, and CoZr, is about 10.7 at.% Ti,1.9 at.% Ti
and 4.3 at.% Ti, and that of Zr in TiCo,, TiCo,(h),
TiCo,(c), TiCo and Ti,Co is about 0.9 at.% Zr, 8.4
at.% Zr, 6.0 at.% Zr, 7.5 at.% Zr and 16.0 at.% Zr,
respectively.

It’s important to note that, as shown in Figure 2
(b), two ternary phase layers were appeared accord-
ing totheanaysisof EPMA (wenamed them as“M”
and “N’”). Base on the component analysis, all of
them have some range of constituent. Asto ternary
phase M, the range of Co constituent is about 25.8
at.%to032.1at.% and that of Ti isabout 40.3 at.%to

An Judian Jouwrual



MSAIJ, 14(3) 2016 G.J.Zhouetal. 103

s By Poper
TABLE 2 : Extrapolated compositions of the phases in equilibrium at 1023K

Co/CogsTi CoyZr/CoZr

Co Ti Co Ti Co Ti Co Ti
99.5 0.5 77.7 222 69.9 0 50.1 0
99.8 0.2 78.0 215 CoZr /ICoZr,

99.5 0.5 77.8 222 Co Ti Co Ti

99.5 0.5 78.3 21.7 49.8 0 35.5 0

99.4 0.6 77.6 224 Co,Zr/CoTi

98.3 0.1 785 21.4 Co Ti Co Ti
Co,Zr/ CoTi, 69.4 8.4 50.0 48.9

Co Ti Co Ti 69.1 8.2 50.1 48.5
68.8 7.8 34.0 50.3 CoTi,/M

CosTi/Co,Ti(h) Co Ti Co Ti

Co Ti Co Ti 33.6 50.3 31.6 42.6
75.4 24.4 724 19.0 33.9 50.1 32.0 41.6
74.8 25.2 69.8 30.2 33.9 0 26.7 0
75.2 24.8 72.3 19.7 33.7 0.1 27.0 0.1

CosTi/Co,Zr ColCoyZrg

Co Ti Co Ti Co Ti Co Ti
77.8 21.3 75.6 10.7 100.0 0 81.2 0
75.9 23.7 73.8 9.9 99.6 0 81.8 0

Co,Ti(c)/ CoTi CoyZre CoZr

Co Ti Co Ti Co Ti Co Ti
67.4 26.5 50.3 49.1 79.4 0 72.8 0
67.9 275 50.1 49.5 80.0 0 725 0
67.0 33.0 53.0 47.0 M/ B (Ti,Zr)

CoTi/ CaTiy Co Ti Co Ti

Co Ti Co Ti 26.7 45.7 44 68.2
48.5 50.6 33.8 50.7 26.3 46.0 3.8 66.5
48.1 51.3 33.7 51.7 25.8 43.8 3.6 38.9
48.3 51.7 33.6 66.4 26.3 437 2.8 52.5

CoTi,/p(Ti,Zr) N/B(Ti,Zr)

Co Ti Co Ti Co Ti Co Ti
33.2 50.8 4.7 68.2 29.8 315 31 32.6
334 51.4 5.1 68.9 29.9 329 2.8 33.6

CoTi,/p(Ti) 28.8 30.7 2.8 31.7

Co Ti Co Ti 29.2 30.5 34 31.2

33.3 66.7 9.1 90.8 M/N
CoZry/p(Ti,Zr) Co Ti Co Ti

Co Ti Co Ti 28.3 41.9 30.7 33.6

26.3 0.7 1.7 4.1 27.9 41.7 29.7 335
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CoxZrIM CoZryla(Zr)
Co Ti Co Ti Co Ti Co Ti
67.3 7.0 32.3 40.1 25.2 0 0.8 0
B(Ti) /a(Ti) 26.4 0 0.9 0
Co Ti Co Ti 26.4 0.5
5.3 94.2 0.2 99.5 25.8 0.5 0.8 0.3
Co,Ti(h)/ Co,Ti (c) ColCo,Zr
Co Ti Co Ti Co Ti Co Ti
71.0 19.7 68.7 26.3 99.2 0.7 75.7 9.5
Co,Ti(h)/CoZr CoZr,/p(Ti,Zr)
Co Ti Co Ti Co Ti Co Ti
72.0 19.6 71.8 85 33.2 1.9 22 10.7
CoxZrIM CoZr,/ CoZrs
Co Ti Co Ti Co Ti Co Ti
68.3 31 321 29.7 34.0 0 27.0 0

46.0 at.%. Similarly to ternary phase of N, therange
of Co constituent is about 29.0 at.% to 32.1 at.%
and that of Ti is about 30.5 at.% t033.6 at.% (As
shown TABLE 2). On the other hand, we have not
detected the ternary phase of Co T, Zr, 1.

It is worthwhile noting that the local equilib-
rium is only reached at the phase interface, not in
the entire diffusion zone. Away from the interface,
each infinitely thin layer of such adiffusion zoneis
not in thermodynamic equilibrium with the neigh-
boring layers—the chemical potential (activity) gra-
dient till exists at neighboring layersand will con-
tinueto drivediffusionif the sampleisanneaed for
longer time. The local equilibrium has been main-
tained only at theinterface, which servesasthe base
of applying diffusion couple techniques for deter-
mining equilibrium phase diagrams. The existence
and establishment of thelocal equilibrium at phase
interfaces in diffusion couples have been demon-
strated by many experiments over the past several
decaded*® “1. The establishment of local equilib-
rium at phase interfacesin the diffusion multipleis
not any different from that in diffusion couples.

The experimental results may contain errors di-
rectly attributable to the nature of the sample, such
as cracks, grain boundaries, etc. may also render
the interpretation of diffusion couple experiments
cumbersome. Another source of error isin the ex-
perimental measurementsthemselves. Thedifficul-

Wtenioly Science - mmm——

ties connected with the accurate determination of the
boundary concentrations in the reaction zone are a
problem for both semi-infinite and finite diffusion
couple techniques. Thirdly, the determination of a
chemical composition with EPMA has an inherent
experimental error associated with datacounting sta
tistics and data correction procedures. Finaly, ac-
curate microprobe analysis near the interfaces is
sometimes very difficult owing to fluorescence ef-
fects.

Generdly, thetie-trianglesin theisothermal sec-
tion can be defined by measuring the compositions
of phases near triple points. Because of the electron
scattering effect and the very small phase areas in-
volved near the triple points, the EPMA measure-
ments are taken at a short distance along the lines
perpendicular to and acrossthe phaseinterfaces. Ex-
trapolation of the composition profilesto the inter-
face positions could show the phase compositions
inequilibrium. After each tie-line being extrapol ated
to the tri-junction point, tie-triangle representing
three-phase field can be obtained. An isothermal
section of the Co-Ti-Zr system at 1023K was estab-
lished as shown in Figure 4. The isothermal section
consists of nine three-phase fields, namely
Co,Ti+Co,Zr+Co,Ti(h), Co,Zr+Co,Ti(h)+Co,Ti(c),
Co,Ti+Co+Co,Zr, Co,Zr+CoTi+Co,Ti(c), Co,Zr+
CoTi+CoTi,, CoTi,+p(Ti,Zr)+M, B(Ti) +o(Ti)+
B(Ti,Zr), P(Ti,Zr)+CoTi,+(Ti), Co,Zr+M+CoTi,,

An Judian Jouwrual
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Figure 2 : Backscattered electron images of the Co-Ti-Zr diffusion triple annealed at 1023 K. (a) Two-phase field of
Co-Ti, (b) Three-phase field, (c) Two-phase field of Co-Zr, (d) Two-phase field of Co-Zr of Ti-rich, (€) Three-phase
boundary field.

Co,Zr+N+ M, Co,Zr +Co,Zr +Co, Co,Zr+ CoZr+CoZr, Co,Zr+N+CoZr, CoZr,+N+ B(Ti,Zr),
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1. Co+CosTi+Co2Zr
2.CoaTi+Co2Ti(h)+CozZr
3. CorTi(h)+CosTi(e)+Co27r
4. Co2Ti(c)HCoTitCozZr
5. CaTi+CaTi>+Co2Zr

6. CoTiz+M+B(Ti.Zr)

7. CoTiz+B(Ti)y+p(Ti,Zr)
8. P(Ti)y-a(Tiy+P(Ti,Zr)
9. CoTiztCo2ZrtM

10. Co2Zr+M+N

1. CatCoZrstCo2Zr
12. CoaZr+CoZrt+CoZr:

%oTi
‘oTiz
B(Ti)

Cosli

Co

CozTi(h)

B(Ti,Zr)

Co237r6 13. CozZrtCoZr+N
CoxZr 14. CoZr+N+p(TLZr)
CoZr 15. CoZr+f(Ti,Zr)+CoZr:
CoZr2 16. N+M+p(Ti,Zr)

CoZrs

aZr) 17, CoZra+B(Ti.Zr)y+a(Zr)

Figure 3 : Schematic diagram of the 1023 K diffusion triple. The numbered triple nodes (1 to 17) represent ternary
equilibria existing in the Co-Ti-Zr system. The phase boundary between c-Co,Ti and h-Co,Ti is not visible and
therefore drawn as a dashed line at the middle of the figure.

Co

\% 0.9
&_C 0237716
\ Coer

0

berig) o
0"~ —gizn 7 " —
0 0.2 04 0.6 0.8 1.0

Mole Fraction of Zr

Figure 4 : The isothermal section of the Co-Ti-Zr ternary system at 1023K
M-+N+B(Ti,Zr), CoZr +p(Ti,Zr)+ CoZr,and CoZr,+ EPMA lineprofilesby taking advantage of thelocal
B(Ti,Zr)+a(Zr). The tie-lines are defined from the equilibrium at interfaces formed among the phases.
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So, the three-phase equilibrium concentrations are
just estimated values at this phase diagram, hence
the corresponding tie-triangles are drawn as dashed
lines.

CONCLUSIONS

The isothermal section of the Co-Ti-Zr ternary
system at 1023K was determined by means of diffu-
sontripleand EPMA technique. 17 three-phase equi-
libria were obtained. All of the Co-Zr and Co-Ti
binary phases show largeternary solubility. the solid
solubility of Ti inCo,Zr, CoZr, and CoZr, is about
10.7 at.%Ti,1.9 a.% Ti and 4.3 at.% Ti, and that of
Zr in TiCo,, TiCo,(h), TiCo,(c), TiCo and Ti.Co is
about 0.9 at.% Zr, 8.4 a.% Zr, 6.0 at.% Zr, 7.5 a.%
Zr and 16.0 at.% Zr, respectively, and two ternary
phases were found.
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