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Abstract—Point defect structures in the C15 ZrCo, alloys were studied by bulk density and X-ray lattice
parameter measurements. It was found that, for the ZrCo, alloys quenched from 1000°C, the lattice para-
meter increases linearly as the Zr content increases up to 33.3 at.% Zr. The lattice parameter of the Laves
phase remains constant for the alloys with Zr content higher than 33.3 at.%, indicating that the solubility
range of Zr in ZrCo, on the Zr-rich side is essentially zero. The constitutional defects were found to be of
the anti-site type. Thermal vacancies exhibiting a maximum at the stoichiometric composition were
observed in the ZrCo, Laves phase alloys after quenching from 1250 and 1000°C, with higher thermal
vacancies obtained from 1250°C. The defect structures in the ZrCo, phase may be correlated to the relative
magnitude of formation enthalpies for anti-site and quadruple defects in this compound. Thermal vacancy
concentration at a level of 1% in ZrCo, does not affect fracture toughness at room temperature. Published
by Elsevier Science Ltd on behalf of Acta Metallurgica Inc.

Keywords: Intermetallic compound; Casting; X-ray diffraction; Lattice defects; Mechanical properties (frac-

ture & fracture toughness)

1. INTRODUCTION

Topologically close packed Laves phases with AB,
composition are known to be size compounds, i.e.,
the atomic size ratio, Ra/Rp, is ideally 1.225, with a
range of 1.05-1.67 typically observed [1, 2]. Laves
phases are conventionally considered to be line
compounds with a strict AB, composition.
However, about 25% of the binary Laves phases
show certain homogeneity ranges on the A- and/or
B-rich side of stoichiometry [3]. Non-stoichiometric
intermetallic compounds are stabilized by the incor-
poration of constitutional defects. The excess atoms
in off-stoichiometric compounds may prefer to (1)
stay on their own sublattice, leading to the for-
mation of constitutional vacancies on the other sub-
lattice, (2) insert into interstitial sites, or (3) occupy
the sites on the other sublattice, leading to the for-
mation of substitutional anti-site defects. Since
Laves phases have topologically close packed (TCP)
structures and space-filling is relatively high, there
are no interstitial sites with a size comparable to
that of the component atoms. Therefore, the inser-
tion of the excess atoms into the interstitial sites
can be excluded, and the possible defect mechan-

T To whom all correspondence should be addressed.

isms in binary Laves phases are thus constitutional
vacancy or anti-site substitution.

The defect structures in cubic C15 NbCr,, NbCo,
and hexagonal Cl14 NbFe, Laves phases have
recently been determined to be of anti-site type on
both sides of stoichiometry [4]. Contrary to the geo-
metric considerations which support the consti-
tutional vacancy mechanism on the A-rich side of
stoichiometry, anti-site substitution is found to be
the constitutional defect mechanism on the Nb-rich
side of these Laves phases. These results indicate
that except for the geometric factor, other factors
such as chemical bonding characteristics may also
affect the defect structures in this Laves phases.
Based on geometric and thermodynamic consider-
ations, Laves phases with atomic size ratio Ra/Rp
larger than 1.225 and/or high negative enthalpy of
formation (AH) may exhibit constitutional
vacancies in the A-rich side, as suggested by Zhu et
al. [4].

By heating the ordered Laves phases, thermal
defects can also be created in the compounds.
Modder and his coworkers [5, 6] have systemati-
cally analyzed the possible defect type in Laves
phases and two types of thermal defects were ident-
ified, namely quadruple defects (consisting of one
anti-site B atom on the A-atom sublattice and three
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vacancies on the B-atom sublattice) and anti-site
defects. Furthermore, it was found that the defect
types in Laves phases can be correlated to the rela-
tive magnitudes of the formation enthalpies of anti-
site and quadruple defects in the compounds [6].

The point defect structures in the ZrCo, system
have not been investigated previously. The atomic
size ratio Ra/Rp of ZrCo, is 1.28, which is signifi-
cantly larger than the ideal one, i.e., 1.225.
Furthermore, the enthalpy of formation (AH) of
ZrCo, is —113 kJ/mole [7], which is much more
negative than those of NbCr,, NbCo, and NbFe,
Laves phases. So far, no work has been conducted
to carefully determine the homogeneity range and
defect structures in the Laves phase. The binary
Co—Zr phase diagram shows certain solubilities on
both sides of stoichiometry in this Laves phase sys-
tem [8]. All these facts indicate that the ZrCo,
Laves phase system deserves further attention as a
system where constitutional vacancies may be the
defect mechanism on the Zr-rich side.

In the present study, we have attempted to deter-
mine the solubility range and to model the defect
structures in binary ZrCo, alloys with different stoi-
chiometric compositions, by measuring the lattice
parameters, bulk densities, and therefore, vacancy
concentrations of binary ZrCo, alloys of various
compositions after quenching from 1000 and
1250°C. Thermal defects that will be introduced by
quenching from elevated temperatures have also
been determined. The fracture toughness of selected
alloys were also measured at room temperature.

2. EXPERIMENTAL PROCEDURES

The alloy compositions investigated in this study
are listed in Table 1. A total of seven binary alloys
were prepared. The Zr content in the alloy increases
with the alloy code number. The alloys #1-£3 are
Co-rich and #4 is the stoichiometric alloy, while
alloys #5-47 are Zr-rich. Ingots weighing approxi-
mately 50 g were prepared by arc-melting tech-
niques using high-purity starting materials. Each
ingot was remelted at least five times to ensure com-
positional homogeneity before being cast into a
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12.7 mm diameter cylinder. The weight loss during
arc-melting was essentially zero (less than 0.01 g). It
should be noted that the ingots of the alloys #4—7
remained in one piece, while the ingots of the alloys
113 broke into several pieces after drop casting.

After a homogenization anneal at 1200°C for 20 h
in vacuum, the alloys were encapsulated in quartz,
which was then evacuated and backfilled with
helium. The encapsulated alloys were then heat-
treated at 1000°C for 7 days and water quenched.
Small fractions of the quenched samples were
mounted for microstructural observation using an
optical microscope and for chemical composition
analyses of the phases present using a field-emis-
sion-gun scanning electron microscope (SEM)
equipped with an energy dispersive X-ray spec-
trometer (EDS). All the alloys were found to be
fully homogenized following the above heat treat-
ments.

The remaining parts of the samples were crushed
in an agate mortar into powders with particle sizes
smaller than 40 mesh. Powders with a mesh size of
—40+ 80 were used for bulk density measurements,
and powders smaller than 320 mesh were used for
X-ray analyses. The bulk density was measured
using a helium pycnometer with an accuracy of ap-
proximately 0.01 vol.%. Powdered samples were
used to eliminate the micropores generated during
solidification, which leads to more accurate density
measurements. The vacancy concentration of the
Laves-phase alloys, cv, is defined as the ratio of the
total number of vacancies to the total number of
atoms. It can be obtained from the following
equation:

CV:pX_pB

PB

)

where px and pg are the X-ray and the bulk den-
sities, respectively.

The powdered samples of the single-phase alloys
#11-f4 were then wrapped in Ta sheets and encapsu-
lated in quartz, which was evacuated and backfilled
with helium. They were then heat-treated at 1250°C
for 2 h and water quenched. Bulk densities and lat-
tice parameters were measured again and the

Table 1. Composition, lattice parameter, X-ray density, bulk density and vacancy concentration of ZrCo, alloys quenched from 1250 and

1000°C
Alloy code  Zr (at.%)  Lattice parameter (A) X-ray density (g/cm®) Bulk density (g/cm®) Vacancy concentration (%)
1250°C 1000°C 1250°C 1000°C 1250°C 1000°C 1250°C 1000°C

#1 30.8 6.9305 6.9311 8.242 8.240 8.194 8.224 0.58 0.20

#2 31.8 6.9419 6.9430 8.240 8.235 8.192 8.210 0.59 0.31

#3 32.8 6.9543 6.9546 8.234 8.233 8.177 8.203 0.70 0.37

#4 333 6.9590 6.9608 8.236 8.230 8.155 8.196 1.00 0.42

#5 33.5 - 6.9609" - - - - - -

#6 33.8 - 6.9607" - - - - - -

#7 343 - 6.9609" - - - - - -

# Two-phase alloys with the lattice parameter of the ZrCo, Laves phase listed here.
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vacancy concentrations were obtained for these
alloys quenched from 1250°C.

X-ray diffraction measurements were made using
a Scintag XD2000 diffractometer with Cu K, radi-
ation. The lattice parameter was determined from
13—15 peaks. The X-ray density was calculated
using the measured lattice parameter. The accuracy
of the vacancy concentration using our method is
approximately 0.08%, which is mainly due to the
compositional uncertainty of the alloys.

The fracture toughness of the selected alloys was
also determined using the indentation method with
a load of 500 g and a holding time of 15 s. The
crack lengths were measured immediately after the
indentation to eliminate the possibility of slow
crack propagation following the removal of the
indenter. The following equation was used to calcu-
late the fracture toughness of the alloys [9]:

n

Ke=alt] 5 @
where Kjc is the fracture toughness (MPay/m), E is
Young’s modulus (GPa), which is assumed to be
218 GPa for all of the investigated alloys, H is
Vickers hardness (GPa), P is the load (N), and L
the average length of the four radial cracks from
the center of the indent to the crack tip. 4 and n
are constants, which are taken as 0.016 and 0.5, re-
spectively, for relatively brittle materials [9].

3. RESULTS
3.1. Microstructure

Microstructure examinations of the ZrCo, Laves
phase alloys listed in Table 1 after quenching from
1000°C indicate that alloys f1-t4 are in the single-
phase region, while alloys #5-f7 are in the two-
phase region. Typical microstructures of single-

(a)

Fig. 1. Optical micrographs of ZrCo, alloys: (a) alloy #4, etched; (b) alloy #7, as-polished.
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phase and two-phase alloys are shown in Figs 1(a)
and (b). Note that Fig. 1(a) was taken from the
Co-33.3%Zr sample (alloy t4) etched with a sol-
ution of 60% glycerine + 20% HNO; + 10% HF
+ 10% H,O (in vol.%), while Fig. 1(b) was from
the Co-34.3%Zr sample (alloy #7) in the as-
polished condition under polarized light. There are
no annealing twins in the alloys, unlike the NbCr,
system [4], indicating relatively high stacking fault
energy in this compound. The second phase in
alloys #5-£7 was analyzed with EDS in an SEM,
and was found to be richer in Zr than the ZrCo,
matrix. According to the binary Co—Zr phase dia-
gram [8], this second phase is a { phase with a B2
structure. The maximum content of Zr in ZrCo, at
1000°C is found to be about 33.3 at.% from this
study, which is different from the estimated phase
boundary in the binary Co—Zr phase diagram [8,
10], where it was indicated to be about 34.5 at.%.
Furthermore, extensive cracking was observed in
the matrix around the second phase. These cracks
are most likely caused by the thermal residual stress
in the alloys after casting and heat treatment, as a
result of the mismatch in thermal expansion coeffi-
cients between the second phase and the matrix.

3.2. Lattice
concentration

parameter,  density, and vacancy

The lattice parameters of the C15 ZrCo, alloys
listed in Table 1 are plotted in Fig. 2 as a function
of stoichiometry for all the samples quenched from
1000°C and for the single-phase alloys quenched
from 1250°C. As the Zr content increases, the lat-
tice parameter of the ZrCo, phase also increases.
For the Co-rich alloys quenched from 1250 and
1000°C, the data points fit nicely along two straight
lines, while on the Zr-rich side the lattice constants
are identical for alloys #5-7 quenched from




2342

6.965 [rrrr e

LR B e e

6.960

o

Lattice Parameter, A

6.955 ©
6.950 |
6.945 |
6.940 |

6.935 |

6.080 Bl
30.5 31.0 31.5 32.0 325 33.0 33.5 34.0 34.5
Zr Content (at.%)

Fi

g. 2. Lattice parameter as a function of Zr content after
quenching from 1250 and 1000°C.

1000°C, indicating that the composition of the
Laves phase is the same in the alloys with more
than 33.3% Zr (see Fig. 2). This is expected,
because the maximum content of Zr in ZrCo, is
about 33.3 at.% and these three alloys were found
to be in the two-phase region. The Ilattice
parameters after quenching from 1250°C are a little
bit smaller, compared to those after quenching
from 1000°C. This can be due to the presence of
vacancies in the alloy.

The X-ray and bulk density results for alloys
g1-#4 after quenching from both 1250 and 1000°C
are presented in Table 1 and Fig. 3. The density of
the alloys decreases as the Zr content increases, and
the bulk density after quenching from 1000°C is
consistently higher than those after quenching from
1250°C. Using equation (1) and the data presented
in Table 1 and Fig. 3, the vacancy concentrations
were calculated, and are listed in Table 1. Due to
the presence of the second phase, the vacancy con-
centration could not be determined for alloys
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#5-17. Figure 4 is a plot of the vacancy concen-
tration as a function of the Zr content for the
single-phase ZrCo, alloys after quenching from the
two different temperatures. It is noted that the
vacancy concentration is quite high after quenching
from 1250°C. The vacancy concentration reaches a
maximum of ~1.0% at the stoichiometric compo-
sition and decreases on the Co-rich side of stoichi-
ometry. Annealing and quenching from 1000°C
results in vacancy concentrations lower than those
after quenching from 1250°C. However, a maxi-
mum at the stoichiometric composition can also be
recognized.

3.3. Fracture toughness

The fracture toughness values of the single-phase
ZrCo, alloys after quenching from 1000°C were
measured as a function of Zr content (see Fig. 5). It
was found that all the single-phase ZrCo, alloys
exhibit a fracture toughness value of around 1 MPa
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Fig. 3. X-ray and bulk densities as a function of Zr content after quenching from 1250 and 1000°C.
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m'?  regardless of the alloy stoichiometry.

Furthermore, the fracture toughness value of the
stoichiometric ZrCo, alloy after quenching from
1250°C was found to be close to that of the same
alloy after quenching from 1000°C, even though the
vacancy concentration in the alloy is much higher
after quenching from 1250°C. This indicates that
the presence of such vacancies does not lead to
toughness improvement in this Laves phase.

4. DISCUSSION

4.1. Constitutional defect mechanisms

Laves phase

in ZrCo,

The vacancy concentration as a function of stoi-
chiometry for binary Laves phases has been calcu-
lated based on the two constitutional defect models,
i.e., the constitutional vacancy model and anti-site
substitution model [4]. The constitutional vacancy
model is based on the assumption that all the excess
atoms exclusively stay on their own sublattice, thus
constitutional vacancies are created on the sublat-
tice of the other element. Based on this model, the
constitutional vacancy concentrations in Laves
phases are zero at the stoichiometric composition
and increase on both sides of stoichiometry. The
anti-site substitutional model assumes that the
excess atoms occupy the sublattice sites of the other
species. Thus, anti-site defects are created, and no
constitutional vacancies are needed for the balance
of the lattice sites. The constitutional vacancy con-
centrations are zero for both A- and B-rich Laves
phases, according to the anti-site substitutional
model.

From Fig. 4, it is obvious that the measured
vacancy concentrations for all the single-phase
ZrCo, alloys after quenching from 1000°C are rela-
tively low (see also Table 1), indicating that there
are no constitutional vacancies in these Laves
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phases. Furthermore, as the composition deviates
further from the stoichiometry, the vacancy concen-
tration on the Co-rich side decreases, while the con-
stitutional vacancy model predicts an opposite
trend. Actually, the measured vacancy concen-
tration as a function of stoichiometry can be ration-
alized by assuming that these vacancies are thermal
vacancies instead of constitutional vacancies (see
next section for more details). This is consistent
with the anti-site substitution model and contrary
to the constitutional vacancy model, which
demands much higher vacancy concentrations for
off-stoichiometric compositions. Thus, the consti-
tutional defects are of anti-site type for the Co-rich
ZrCo, Laves phases.

Point defect mechanisms in binary Laves phases
have been the focus of several studies. Fleischer [11]
found that anti-site substitution occurs on both
sides of stoichiometry for the C15 ZrCr, Laves
phase. Pargeter and Hume-Rothery [12] and Saito
and Beck [13] investigated the point defects in Co-
rich NbCo, and dihexagonal C36 NbCos; Laves
phases and found that in both phases, the deviation
from stoichiometry resulted from the substitution of
Co atoms for the Nb atoms. X-ray and neutron dif-
fraction measurements [14] showed that for both
ZrFe, and TiFe,, the excess Fe atoms are on the Zr
or Ti sublattice. The constitutional defect structure
of the NbFe, Laves phase was also investigated by
measuring the lattice parameters on both sides of
stoichiometry, and again anti-site substitution was
found to be the defect mechanism [15]. YA, Laves
phase is a line compound with negligible solubility
existing under equilibrium conditions; however,
Foley et al. extended the solubility on both sides of
stoichiometry in this alloy system via rapid solidifi-
cation. From lattice parameter measurements, off-
stoichiometry in the YAl, Laves phase was postu-
lated to be accompanied by different defect mechan-
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Fig. 5. Fracture toughness vs Zr content for ZrCo, alloys after quenching from 1250 and 1000°C.
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isms: the Y-rich side is accommodated by vacancies,
while the Al-rich compositions result from anti-site
substitution [16]. Recent studies combining bulk
density and X-ray lattice parameter measurements
unambiguously indicate that the constitutional
defect mechanisms in binary C15 NbCr,, NbCo,,
and C14 NbFe, compounds on both sides of stoi-
chiometry are of anti-site type, with no consti-
tutional vacancies present in the compounds [4].

Table 2 summarizes the atomic size ratio Ra/Rp,
enthalpy of formation and point defect structures
for a number of binary Laves phases [17]. Based on
geometric considerations, the atomic size ratio R/
Rg of the AB, Laves phases should be important in
controlling the point defect structures in Laves
phases. For Laves phases with Ra/Rp greater than
the ideal ratio of 1.225, on the A-rich side, it will
be more difficult for A atoms to stay on the sublat-
tice sites of B atoms as the atomic size ratio
increases. Therefore, it would be possible to obtain
constitutional vacancies for Laves phases with R/
Ry > 1.225 on the A-rich side, even though substi-
tutional anti-site defects are most likely to form
under all the other circumstances. In all the AB,
Laves phases whose point defect structure on the
A-rich side has been studied so far and listed in
Table 2, only YAIl, has an Rs/Rp ratio of 1.258,
higher than the ideal one, and this alloy system also
shows certain indications of constitutional vacancies
in the Y-rich compounds [16]. For the ZrFe, alloys
with the Ra/Rp ratio of 1.257, the defect structure
on the Zr-rich side has not been studied yet. For
the ZrCo, compound, Ra/Rg is 1.280, much larger
than the ideal. Therefore, the possibility is expected
to be higher for constitutional vacancies existing in
this system.

On the other hand, Neumann [18] found that for
B2 compounds their constitutional defect structure
is closely related to the magnitude of enthalpy of
formation. Constitutional vacancies are the pre-
ferred defect mechanism for B2 compounds that are
more strongly ordered with more negative enthalpy
of formation (AH) values on the large atom-rich
side of stoichiometry, while B2 compounds with
AH higher than —75 to —90 kJ/mole generally exhi-
bit the anti-site defect structure. Similar thermodyn-
amic arguments may hold for binary Laves phases.
As listed in Table 2, anti-site defects are observed
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on the large atom-rich side for those Laves phases
with AH value higher than —75 to —90 kJ/mole
such as NbCr,, NbCo,, and NbFe,. For Laves
phases with more negative AH values, such as YAl,
with a AH value of —160.4 kJ/mole [17], consti-
tutional vacancies are the possible defect mechanism
on the Y-rich side. In this regard, ZrCo, also has a
highly negative AH value of —123 kJ/mole, and
thus constitutional vacancies may form on the Zr-
rich side.

Based on both geometric and thermodynamic
considerations, therefore, constitutional vacancies
may be created on the Zr-rich side of ZrCo,, similar
to the case of YAl,. Unfortunately, this study indi-
cates that the solubility range of Zr is essentially
zero in ZrCo, on the Zr-rich side, which makes it
difficult to verify our hypothesis regarding the
effects of atomic size ratio and enthalpy of for-
mation on the defect mechanisms in binary Laves
phases. Rapid solidification techniques could be uti-
lized in future investigations to extend the solubility
range on the Zr-rich side in this compound and
defect structures can then be deduced from the lat-
tice parameter measurement, as in the case of the
YAl phase [16]. It would also be interesting to
study defect structures in other Laves phases with
Ra/Rp > 1.225 and/or highly negative enthalpy of
formation to consider whether it is possible to
introduce constitutional vacancies on the A-rich
side in these compounds.

The fact that both YAl, and ZrCo, compounds
are unstable on the A-rich side of stoichiometry
under equilibrium conditions indicates that the cre-
ation of constitutional vacancies may make the
compound energetically less stable. This may
explain the lack of solubility on the A-rich side of
these compounds. Furthermore, anti-site defects
may also be impossible to form on the A-rich side
in these compounds, due to the difficulties involved
in A-atoms occupying the much smaller B-atom
sublattice sites. Consequently, it may be impossible
or at least very difficult to obtain constitutional
defects in these Laves phases.

4.2. Thermal defects in ZrCo, Laves phase

As Modder and Bakker have pointed out, it is
very possible that a vacancy-type defect termed

Table 2. Atomic size ratio, enthalpy of formation and point defect structure of a number of binary Laves phases

Compound Ra/Rg* AH (kJ/mole)* Defect structure

NbCr, 1.145 =21 Anti-site substitution on both sides

NbCo, 1.173 =51 Anti-site substitution on both sides

NbFe, 1.152 —62 Anti-site substitution on both sides

ZrFe, 1.257 -75 Fe-rich side: anti-site substitution

TiFe, 1.148 —84 Fe-rich side: anti-site substitution

YAl 1.258 —160.4 Al-rich side: anti-site substitution Y-rich side: constitutional vacancy
ZrCo, 1.280 —123 Co-rich side: anti-site substitution Zr-rich side: unknown

% The Ra/Rp and AH values for these compounds are from Ref. [17].
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quadruple defect occurs in C15 compounds [5].
Furthermore, ball milling was found to introduce
quadruple defects in GdAl,, GdPt,, GdIlr, and
GdRh,, while anti-site defects were created in
GdMg, [6]. Since ball milling usually leads to the
formation of the same type of atomic defects as
heating, thermal defects such as quadruple defects
or anti-site defects may be created upon quenching
the Laves phases from elevated temperatures. Since
each quadruple defect contains three vacancies,
thermal vacancies are expected if quadruple defects
are created.

The vacancy concentrations in ZrCo, alloys are
quite high after quenching from 1250°C and the
vacancy concentrations are significantly reduced
after annealing at lower temperature, i.e., 1000°C
(Fig. 4). Since the constitutional defects in this com-
pound have been established to be of the anti-site
type, these vacancies are obviously thermal
vacancies. The fact that the vacancy concentration
increases as the quenching temperature increases is
a further indication of the thermal nature of these
vacancies. Thus, the quadruple defects may be
formed in this compound by heating. According to
the quadruple defect model and considering the dif-
ficulties involved in Zr sitting on the small atom Co
sites, Co will go to the Zr sublattice and thus the
thermal vacancies are on the Co sublattice sites.
Furthermore, the measured vacancy concentration
reaches a peak at the stoichiometric composition
and decreases on deviating from stoichiometry for
the ZrCo, alloys when quenched from 1250°C and
1000°C (Fig. 4). This behavior is similar to the
NbCr, system [9], where the thermal vacancy con-
centration exhibits a maximum at the stoichiometric
composition. As in the NbCr, phase, a maximum in
thermal vacancy concentration at the stoichiometric
composition is rationalized by considering that the
increase in entropy associated with the introduction
of vacancies will be the greatest at the stoichio-
metric composition, where the degree of order is
necessarily the highest.

Modder et al. [6] have extended Miedema’s
model to estimate the formation enthalpy of quad-
ruple and anti-site defects in CI5 Laves phases.
According to this model, the type of atomic dis-
order is related to the relative magnitudes of for-
mation enthalpies of anti-site and quadruple-defect
disorder for the Laves phases. Therefore, the pre-
sence of thermal vacancies in ZrCo, may imply that
the formation enthalpies of anti-site disorder is lar-
ger in magnitude than that of quadruple defect dis-
order for ZrCo,. Furthermore, the higher vacancy
concentration of ZrCo, after quenching, compared
to NbCr,, suggests that the formation enthalpy of
quadruple defects in ZrCo, should be lower than
that in NbCr,, which leads to a higher amount of
thermal defects in ZrCo, phase.

It has been suggested that vacancies in Laves
phases may assist the synchroshear deformation
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mechanism and thus increase the toughness of the
Laves alloys [19]. Even though thermal vacancies
are relatively high (~1%) in the ZrCo, alloy after
quenching from 1250°C, it was found that such
quenched-in thermal vacancies do not affect the
fracture toughness of the alloy. It will be of interest
to determine the effect of constitutional vacancies
on crack propagation and fracture toughness beha-
vior of Laves phases if certain Laves phases with
constitutional vacancies can be identified.

4.3. Reconstruction of the binary Co—Zr phase
diagram

The existing Co—Zr phase diagram determined
around 1964 by Pechin et al. [10] has not been up-
dated so far. Those authors found that a homogen-
eity range of 28.4-34.6 at.% Zr exists for the ZrCo,
Laves phase after rapidly quenching from 1400°C.
In other words, there is 1.3 at.% Zr solubility on
the Zr-rich side. Based on the present study, the
solubility of Zr on the Zr-rich side is zero at
1000°C. This discrepancy may possibly be a result
of the high impurity level in the materials used in
the study by Pechin ez al., since they used the pow-
der metallurgy (PM) method to produce the Laves
phases, while in our study the arc-melting technique
was employed. It is well known that impurities such
as oxygen can easily be picked up during PM pro-
cessing. The reaction of oxygen with Zr and the for-
mation of ZrO, lower the Zr concentration in the
Laves phase. Indeed, many voids and impurity par-
ticles (possibly ZrO,) could be observed in the
micrograph of the PM Laves phases [10]. Another
possibility for the discrepancy may result from the
fact that the quenching temperature is different for
the two studies, with a much higher quenching tem-
perature (1400°C) used in Pechin’s study compared
to 1000°C in the present study. The higher equili-
brium temperature may increase the solubility range
on the Zr-rich side of the compound.

In our view, this discrepancy is most likely due to
the inaccurate composition control in Pechin et al.’s
study, as is clear from the following argument. The
slope of the lattice parameter as a function of stoi-
chiometry for the Laves phase should usually
change at the stoichiometric composition, as has
been commonly observed for other Laves phases
(for example, see Ref. [4]). According to Pechin et
al. [10], the slope of the lattice parameter is the
same on both sides of stoichiometry for ZrCo,,
suggesting that all the alloy compositions they pre-
pared could be on one (Co-rich) side of stoichi-
ometry, as a result of problems in material
processing such as impurity pick-up. As has been
demonstrated in the present study for the alloys
quenched at 1000°C, negligible Zr solubility is
observed for this Laves phase. Based on these argu-
ments, we have refined the binary Co—Zr phase dia-
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Fig. 6. The modified binary Co—Zr phase diagram.

gram, as shown in Fig. 6, where the solubility range
of the Laves phase ZrCo, has been modified
according to this study.

5. CONCLUSIONS

Point defects in the binary ZrCo, alloys have
been clarified, combining both bulk density and X-
ray lattice parameter measurements. The consti-
tutional defects on the Co-rich side of stoichiometry
for this system are of the anti-site type. As the Zr
content in the Laves phase increases, the lattice par-
ameters on the Co-rich side increase. The maximum
content of Zr in the ZrCo, compound is the stoi-
chiometric composition, 33.3 at.%. The binary Co—
Zr phase diagram has been modified accordingly.

Thermal vacancies exhibiting a maximum at the
stoichiometric composition were noted in ZrCo,
Laves phase alloys after quenching from both 1000
and 1250°C, indicating that quadruple defects may
be the type of thermal disorder in this compound.
These thermal vacancies do not affect the fracture
toughness of the Laves phase.
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