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Abstract

This paper provides a comprehensive review of the recent research on the phase stability, point defects, and fracture toughness of
AB; Laves phases, and on the alloy design of dual-phase alloys based on a soft Cr solid solution reinforced with hard XCr, second
phases (where X=Nb, Ta and Zr). Anti-site defects were detected on both sides of the stoichiometric composition of NbCr,,
NbCo,, and NbFe,, while they were observed only on the Co-rich side of ZrCo,. Only thermal vacancies were detected in the Laves
phase alloys quenched from high temperatures. The room-temperature fracture toughness cannot be effectively improved by
increasing thermal vacancy or reducing stacking fault energy through control of phase stability. Microstructures, mechanical
properties, and oxidation resistance of dual-phase alloys based on Cr-NbCr,, Cr—TaCr,, and Cr—ZrCr, were studied as functions of
heat treatment and test temperature at temperatures to 1200°C. Among the three alloy systems, Cr—TaCr, alloys possess the best
combination of mechanical and metallurgical properties for structural use at elevated temperatures. © 2000 Published by Elsevier
Science Ltd.

Keywords: A. Laves phases; B. Mechanical properties at high temperatures; B. Mechanical properties at ambient temperature; D. Defects: point

defects

1. Introduction

Laves phases with AB, compositions are a common
type of topologically close-packed (TCP) structures [1-4].
There are over 360 binary Laves phases reported in the
literature. Furthermore, Laves phases are capable of
dissolving considerable amounts of ternary alloying
additions. A total of over 900 combined binary and
ternary Laves phases have been documented. Although
Laves structures are the most abundant among inter-
metallic compounds, they are the least investigated. So
far, most previous studies on intermetallic alloys have
concentrated on simple ordered structures derived from
face-centered cubic (f.c.c.), body-centered cubic (b.c.c.),
or hexagonal-close packed (h.c.p.) structures. Thus,
there is a great need for the study of Laves phase alloys.

There are three common polytypes of Laves phases
most frequently observed: cubic Cl15, hexagonal Cl14
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and dihexagonal C36 [1-4]. These polytypes are related
to each other as the basic unit layer of these phases is
the same, while the stacking sequence of the unit layer is
different in each structure. One unit layer in each Laves
phase is composed of four sub-layers. In the C15 struc-
ture, the packing sequence of the unit layer is
ABCABGC, similar to the sequence in conventional cubic
f.c.c. metals; in the hexagonal C14, the packing layer is
ABABABAB, similar to the sequence in conventional
h.c.p. metals. The dihexagonal C36 structure has a
packing sequence of ABACABAC.

Laves phases are generally stabilized by the size-factor
principles, that is, the atomic size ratio, Ra/Rg, is ideally
1.225, with a range of 1.05-1.68 usually observed [1-4].
The stability of each crystalline structure is also influ-
enced by the electron concentration factor (e/a) [5,6]. In
fact, the electron concentration factor becomes clearly
important when the atomic size factors are favorable.
The classic work by Laves and Witte [5,6] showed that
for several quasi-binary alloy systems involving MgCu,
and MgZn,, with increasing valence electron con-
centration, the three Laves types, MgCu,, MgNi,, and
MgZn,, exist in that order.
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Laves phases are an important and attractive type of
material both scientifically and technologically. They
are being seriously considered for many practical appli-
cations. For example, (Tb,Dy)Fe, has been used as a
magnetoelastic transducer because of its great magneto-
restriction [7]. Compounds of (Hf,Zr)V, have demon-
strated superconducting properties with a combination
of high critical temperature, high current density and
good magnetic strength [8,9]. Laves phases, such as
Zr(Cr,Fe),, have been considered for hydrogen storage
applications due to favorable hydriding-dehydriding
kinetics and high hydrogen-absorbing capabilities [10].
The Mo(Co,Si), Laves phase contributes to the wear-
resistance of “Tribaloy” materials [11]. More recently,
HfCr,-, NbCr,- and TiCr,-based two-phase alloys are
being developed for high-temperature structural uses
because of their high melting points and good retention of
mechanical properties at elevated temperatures [12-20].

Despite their useful properties, the low ductility and
brittle fracture characteristics at ambient temperatures
are the main limitations for structural applications of
this large class of alloys. The high hardness and brittle
fracture of Laves phases are due to the complex atomic
configuration of each unit layer, interplanar locking and
lack of operating slip systems at ambient temperatures.
Recently, a synchroshear mechanism [21] has been pro-
posed to facilitate plastic deformation in Laves phases,
which raises the hope of toughening the Laves phases,
even though so far no experimental support for this
mechanism has been furnished. All these facts indicate
that more research needs to be undertaken on Laves
phases in order to further understand the basic phase
stability, defect structure, deformation mechanism and
fracture behavior. Moreover, alloy design efforts should
be devoted to overcoming the brittleness in these phases.

This paper summarizes our recent studies of single-
phase and dual-phase alloys containing transition-metal
elements. The phase stability and defect structures in
Laves phases NbCr,, NbFe,, NbCo, and ZrCo, have been
studied for the purposes of (1) promotion of synchroshear
deformation by increasing vacancy concentration and
(2) promotion of mechanical twinning by controlling
phase stability and reducing stacking fault energy. At
present only limited progress has been achieved in
improving the fracture toughness of these Laves phase
alloys. In view of this problem, dual-phase alloys based
on a soft Cr-rich solid solution reinforced with hard
NbCr,, ZrCr,, or TaCr, second phases have been selected
for alloy development [17,22-26]. Among the three Cr—
XCr, (X=Nb, Zr, and Ta) systems, Cr—TaCr, alloys are
more resistant to air oxidation and thermally-induced
cracking. As a result, our current alloy development
effort has been focusing on the Cr-TaCr, alloy system,
and significant advances have been made in enhancing
the high-temperature strength, creep resistance and
fracture toughness of the dual-phase alloys through

compositional adjustment, microstructural control and
alloy additions.

2. Point defect and fracture toughness of binary Laves
phases

Laves phases are generally considered to be line com-
pounds with a strict AB, composition. However, solubility
ranges exist for about 25% of the known binary Laves
phases [27]. For non-stoichiometric compositions, con-
stitutional defects are incorporated into intermetallic
compounds. However, for the Laves phases, little is
known about the possible defect structures that may be
associated with the deviations from stoichiometry. The
excess atoms in off-stoichiometric compounds can stay
on their own sublattice (leading to the formation of
constitutional vacancies on the other sublattice), insert
into interstitial sites, or occupy sites on the other sub-
lattice (anti-site substitution). Since Laves phases have
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 insertion of the
excess atoms into interstitial sites can be excluded, and
the possible defect mechanisms in binary Laves phases
reduce to either constitutional vacancy or anti-site sub-
stitution.

The Laves phases 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. Since the A atom
is much larger than the B atom, the excess A atoms in
A-rich compositions would tend to stay on their own
sublattice sites, thus creating vacancies on the B atom
sublattice. On the other hand, the excess B atoms on B-
rich compositions would be able to occupy the A atom
sublattice sites, leading to the formation of anti-site
defects. Based on these geometric arguments, it has been
postulated that the A-rich side is accommodated by
vacancies, while the B-rich compositions result from the
anti-site substitution [27]. However, no systematic
experimental verification has been undertaken so far.

The types of constitutional defects may affect physical,
mechanical and functional properties of Laves phases.
Vacancies have been proposed to assist the movement
of synchro-Shockley dislocations [21], thus possibly
facilitating the synchroshear deformation mechanism
and increasing the toughness of Laves phases [28]. Off-
stoichiometry was also found to affect the hydride sta-
bility of ZrMn, [29] and the hydrogen storage capability
of TiMn, alloys [30]. The defect structures of the cubic
C15 NbCrp, NbCo, and ZrCo, and hexagonal Cl4
NbFe, Laves phases were studied to clarify the point
defect mechanisms on both sides of stoichiometry in
these binary systems. This was done by measuring the
lattice parameters, bulk densities, and therefore, vacancy
concentrations of these alloys of various compositions
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[31,32]. The hardness of the above alloys with various
point defect concentrations was determined in an
attempt to explore the solid solution hardening beha-
vior in the Laves phases. The fracture toughness was
also measured to investigate whether the point defects
affect the toughness of the alloys, and, in particular, to
see if vacancies facilitate synchroshear deformation in
the vacancy-containing alloys.

Figs. 1 and 2 show the vacancy concentration as a
function of the Nb content for NbCr, and NbFe, alloys,
respectively, after quenching from different temperatures
[31]. It is clear that after quenching the NbCr; alloys from
1000°C, the vacancy concentration is essentially zero,
while the vacancy concentration significantly increases
after quenching from higher temperatures, i.e. 1400°C.
For the NbFe, alloy, the vancancy concentration is very
low even after quenching from 1300°C. Fig. 3 summarizes
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Fig. 1. Vacancy concentration vs Nb content for NbCr, Laves phase
quenched from 1000 and 1400°C [31].
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Fig. 2. Vacancy concentration vs Nb content for NbFe,, Laves phase
quenched from 1300 and 1000°C [31].

all the measured vacancy concentrations for all single-
phase alloys after quenching from 1000°C, which are
essentially zero. The calculated vacancy concentrations
from both the constitutional vacancy model and anti-
site substitution model are also plotted in Fig. 3 [31].
The experimental results indicate that there are no con-
stitutional vacancies in these Laves phases on either side
of stoichiometry. 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.
Note that 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 sublattice of the other element. The
anti-site substitutional model assumes that the excess
atoms occupy the sublattice sites of the other species. As
a result, anti-site defects are created, and no constitu-
tional vacancies are needed for the balance of the lattice
sites. Thus, the constitutional defects on the Cr-, Co-, or
Fe-rich, as well as the Nb-rich sides of stoichiometry,
are of anti-site type for the NbCr,, NbCo, and NbFe,
Laves phases.

Modder and Bakker pointed out that it is very possi-
ble that a vacancy type defect, termed quadruple defect,
occurs in C15 compounds [33]. Such a quadruple defect
consists of one anti-site B atom on the « sublattice and
three vacancies on the B sublattice. Ball milling was
found to introduce quadruple defects in GdAl,, GdPt,,
GdlIr, and GdRh,, while anti-site defects were created in
GdMg, after ball-milling [34]. Since ballistic actions
such as ball milling usually lead 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 compounds from
elevated temperatures. Thermal vacancies are expected
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Fig. 3. Measured vacancy concentration vs Nb content in the binary
NbCr,;, NbCo,, and NbFe,, Laves phases after quenching from
1000°C. Also shown are the calculated data for the constitutional
vacancy model and the anti-site substitution model [31].
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if quadruple defects are created, as each quadruple
defect contains three vacancies.

It is interesting to note that appreciable vacancies
were detected in the NbCr, alloy after quenching from
1400°C (Fig. 1). Since these vacancies were essentially
annealed out at 1000°C (Fig. 1), and since the constitu-
tional defects in this compound have been established to
be of the anti-site type, it is concluded that these defects
are thermal vacancies, indicating that quadruple defects
may be formed in this compound by heating. Further-
more, the measured vacancy concentration exhibits a
maximum at the stoichiometric composition and
decreases on both sides of stoichiometry for the NbCr,
alloys when quenched from 1400°C (Fig. 1). A maximum
in thermal vacancy concentration, and thus thermal dis-
order, at the stoichiometric composition can be rationalized
by considering the fact that the increase in entropy
associated with the introduction of vacancies is the
greatest at the stoichiometric composition where the
degree of order is necessarily the highest.

For the C14 NbFe, compounds, no thermal vacancies
were detected after quenching from 1300°C (Fig. 2),
indicating that anti-site defects, instead of quadruple
defects, may be the form of atomic disorder in this
compound upon heating. According to the model
developed by Modder et al. [34], the type of atomic dis-
order is related to the relative magnitudes of formation
enthalpies of anti-site and quadruple-defect disorder for
the Laves phases. Therefore, the differences in thermal
defects in NbCr, and NbFe, imply that the formation

enthalpies of anti-site disorder are larger in magnitude
than that of the quadruple defect disorder for NbCr»,
while the opposite is true for NbFe,.

A point defect in a crystalline lattice is well known to
cause hardening. This phenomenon is referred to as
solid solution hardening. Solid solution hardening has
been extensively studied in B2 compounds [35]. Gen-
erally, it is found that in B2 compounds with anti-site
defects, hardness exhibits a minimum at the stoichio-
metric composition, and deviation from stoichiometry
causes hardening of the compounds, due to the presence
of constitutional anti-site defects. For triple-defect B2
compounds, the shape of the hardness versus composition
curves was found to be not so simple and depended on
the degree of thermal disorder. Also, vacancies were
found to be a more potent hardener than the anti-site
defects.

In the NbCr, and NbFe, Laves phases studied, the
hardness was also found to have a characteristic V-
shape with a minimum occurring at the stoichiometric
compositions (Figs. 4 and 5) [31]. Obviously, similar to
anti-site B2 compounds, such off-stoichiometric hard-
ening can be attributed to the presence of constitutional
anti-site defects, which is the defect mechanism on both
sides of stoichiometry in these Laves phases. The anti-
site hardening mechanism in Laves phases, however, is
not clear so far, and it may be different from that in B2
compounds. In B2 compounds, the anti-site hardening
is often correlated to an interaction between the stress
field of a moving dislocation and that of the anti-site
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Fig. 5. Vickers hardness vs Nb content for NbFe, alloys after
quenching from 1000°C [31].

defect; however, it is very difficult for ordinary disloca-
tions to move in Laves phases at ambient temperatures.

The hardness values of all NbCr, alloys after
quenching from 1400°C appear to be lower than those
after quenching from 1000°C (Fig. 4). Since thermal
vacancies are incorporated into the compound after
quenching from 1400°C (see Fig. 1), the above results
may suggest that vacancies cause softening, instead of
hardening of the NbCr, Laves phases. Such vacancy-
induced softening has not been observed previously in
other systems. Furthermore, this is in direct contrast to
the effect of vacancies on the hardness in B2 com-
pounds, where vacancies are a potent hardener. The
vacancy hardening in metals and B2 compounds is often
correlated to an interaction between the stress field of a
moving dislocation and that of the vacancy. The effect
of vacancies in Laves phases may be different from their
effects in metals and B2 compounds. This is again likely to
be due to the fact that Laves phases have a topologically
close-packed structure and it is very difficult for ordinary
dislocations to move. The presence of vacancies in
Laves phases would make the structure less closely
packed and could possibly assist the synchroshear
deformation of the alloy [21,36], thus possibly leading to
the softening of the alloys.

The fracture toughness values as a function of the Nb
content in NbCr, Laves phases after quenching from
1400 and 1000°C as well as NbCo, and NbFe, Laves
phases after quenching from 1000°C are plotted in Fig.
6. Basically, the fracture toughness of the NbCr, and
NbCo, alloys is close to 1 MPa m'/2. No effect of stoi-
chiometry on the fracture toughness can be discerned.
Even though the anti-site defects harden the Laves
phases (Figs. 4 and 5), they are not detrimental to the
fracture toughness of the alloys. Furthermore, it is
noted that the fracture toughness of the NbCr, alloys
after quenching from 1400°C is similar to that of the
alloys after quenching from 1000°C, i.e. the presence of
thermal vacancies (<0.4%) does not lead to an

improved toughness of the Laves phases, even though
the vacancies slightly soften the Laves phases (see Fig.
4). Similar results were observed for ZrCo, alloys
quenched from different temperatures [32]. The fracture
toughness of the C14 NbFe, alloys is lower than that of
C15 NbCr;, and NbCo». This trend can be explained by
the fact that the CI15 structure is cubic, and is possibly
more deformable than the hexagonal C14 structure.

It has been suggested that vacancies in Laves phases
may assist the synchroshear mechanism, thus leading to
improvement in the deformability and toughness of the
Laves alloys [21,36]. Chen et al. [28] attributed the
toughness improvement in the off-stoichiometric TiCr,
alloys to the presence of vacancies in the alloys. The
quenched-in thermal vacancies do not affect the crack
propagation and fracture toughness behavior of the
NbCr; alloys (Fig. 6). This is possibly due to the fact
that the level of vacancies is too low in the alloys to
enhance toughness significantly. It is also possible that
the high residual thermal stress after quenching from
1400°C may also embrittle the NbCr, Laves phases, and
thus could mask the effect of vacancy-assisted syn-
chroshear deformation and its associated toughening.

The atomic size ratio, Ra/Rg, of the AB, Laves phases
studied can be calculated to be 1.145, 1.173, and 1.152
for NbCr,, NbCo,, and NbFe,, respectively. Here, Rp
and Ry are the atomic radii of the A and B atoms with a
coordination number of 12. Obviously, all the Laves
phases studied have R/Rp ratios smaller than the ideal
ratio of 1.225 for Laves-phase formation. It will be
interesting to know the defect mechanism for Laves
phases with Rp/Rp greater than 1.225. It may be easier
to obtain constitutional vacancies for Laves phases with
Ra/Rp>1.225, due to geometric considerations, i.e. it is
more difficult for A atoms to stay on the sublattice sites
of B atoms as the atomic size ratio increases. On the
other hand, it has been found that for the B2 phases, the
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Fig. 6. Fracture toughness vs Nb content for binary NbCr,, NbCo,
and NbFe, Laves-phase alloys. Note two of the NbFe, alloys are not
single Laves phase [31].
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defect type is closely related to the enthalpies of formation
(AH) of the compounds. Neumann has demonstrated
that B2 compounds with negative A H smaller than 75—
90 kJ/mol generally exhibit the anti-site defect structure,
while compounds with a greater value generally exhibit
the triple defect structure and have constitutional
vacancies on the large-atom side of stoichiometry [37].
In other words, constitutional vacancies are the pre-
ferred defect mechanism in compounds that are more
strongly ordered, i.e. with higher absolute A H values on
the large-atom side. This empirical observation may be
extended to the binary Laves phases. The AH values for
NbCr,, NbCo,, and NbFe, are —21, —51, and —63 kJ/
mol, respectively [38]. These values are in the same
range as those of B2 compounds with anti-site defects.
It is not surprising that only anti-site defects are
observed in these Laves phases. Based on such geometric
and thermodynamic considerations, future work should
be concentrated on Laves phases with high R5/Rp ratios
and/or large negative enthalpies of formation. One such
Laves phase is ZrCo,, which has a large difference in
atomic size between component atoms (Ra/Rg=1.28)
and an enthalpy-of-formation value of —123 kJ/mol [32].
Recent results indicate that a second phase, instead of
constitutional vacancies, is formed in ZrCo, alloys with
Zr>33.3%. Interestingly, thermal vacancy concentra-
tions in ZrCos alloys of near stoichiometric composition
are as high as 1%, see Fig. 7 [32]. These vacancies do
not affect fracture toughness.

3. Phase stability and fracture toughness of transition-
metal Laves phases

As mentioned above, the different Laves phase poly-
types are a result of different stacking sequences. The
stacking fault energy is expected to be lower at phase
boundaries (e.g. C14/C15 boundary), where mechanical
twinning becomes more easily triggered.
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Fig. 7. Vacancy concentration vs Zr content for ZrCo, Laves phase
quenched from 1000 and 1250°C [32].

The stability ranges of the Laves phases in both binary
and ternary systems were obtained from phase diagram
information, and the e/a effect on the phase stability
(C14/C15) in NbCr,-based transition-metal Laves phases
is shown in Fig. 8 [39,40]. In the NbCr,-based Laves
phases, the e/a ratio for the C15/C14 phase boundaries
is quite precise; the critical e/a values, corresponding to
the C15/C14/C15 phase transitions from the phase dia-
gram information (as indicated in Fig. 8), are as follows:
at e/a values lower than 5.76, the C15 structure is sta-
bilized for both binary and ternary Laves alloys; by
increasing e/a to 5.88, the Cl14 structure is stabilized;
over the e/a range of 5.88-7.53, the Cl4 structure is
more stable than the C15 structure; the C15 structure is
stabilized again over the C14 structure when the e/a
ratio is increased further to 7.65 for the Nb—Cr—Co system.
In the ternary Nb—Cr-Fe system, such a C14—CI15
transition was not observed, since the highest e¢/a ratio
was 6.69 in this system (Fig. 8). No NbNi, (with e/a=
8.34) or NbCu, (with e/a=9) Laves phases exist in binary
Nb-Ni and Nb—Cu systems (the e¢/a values for imaginary
“NDbNi,” and “NbCu,” were shown in Fig. 8), con-
sistent with the observation by Bardos et al. [41] that at
e/a >8, a disordered structure is stabilized over the
Laves phase in transition-metal systems.

The phase stability in pseudo-binary Nb(Cr,Fe), and
Nb(Cr,Co), systems was also studied experimentally
and good agreement between the experimental results
and surveyed data based on phase diagram information
was observed, as shown in Fig. 8. It is clear that the
electron concentration rule is obeyed in these two
pseudo-binary systems: the phase transitions between
C15 and Cl14 are determined by the average electron
concentration in these alloys. The experimental critical
e/a ratios for the C15/C14/Cl15 transitions are very close
to those from phase diagrams. These results were the
first experimental determination of the critical e/a values
for the different Laves phases in the pseudo-binary
Nb(Cr,X), systems. Such good agreement may be asso-
ciated with the fact that all the components in the two
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Fig. 8. Effect of average electron concentration (e/a) on phase stability
in NbCr,-based systems, with the critical e/a values for phase transi-
tions both from phase diagram information and experimental data
[40].
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pseudo-binary systems are transition metals. Further-
more, it is determined that the region between C14 and
C15 is a two-phase mixture of C14 and C15, with no
intermediate structures such as C36 observed.

The effect of Fe and Co contents on the fracture
toughness of Nb(Cr,X), Laves phase is shown in Figs. 9
and 10, respectively [40]. Basically, the fracture toughness
of the monolithic Laves phase is very low, around 1
MPa./m, which is a consequence of the topologically
close packing manner of the structure and the sub-
sequent difficulty in activating dislocation sources in the
Laves phase. The cubic C15 phase has relatively higher
fracture toughness than that of Cl14 structure for the
ternary systems, regardless of the Fe or Co addition.
This can be explained by the fact that the C15 structure
is cubic, and is thus more deformable than the hex-
agonal Cl4 structure. The toughness value near the
phase boundary could be higher, in view of the fact that
the associated structure is metastable with a lower
stacking fault energy, thus possibly making stress-assisted
phase transformation and/or mechanical twinning easily
triggered during deformation. However, such a trend
was not observed in the present study. None of the
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Fig. 9. Fracture toughness values of Nb(Cr,Fe), as a function of the
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alloys within the two-phase regions or near the phase
boundaries exhibits any sign of increase in toughness.
The toughness of the two-phase (C14+ C15) alloys is
similar to that of the C15 phase. The toughness
enhancement through stress-assisted phase transforma-
tion or mechanical twinning is not significant enough to
be noted in the indentation test.

4. Alloy design of dual-phase Cr-XCr, alloys

As indicated in the forgoing two sections, single-phase
Laves phase alloys with cubic C15 and hexagonal C14
are hard and brittle, and their fracture toughness at
ambient temperatures can not be effectively improved
using physical metallurgy principles, including control of
point defect and phase stability. In view of this, dual-phase
alloys based on a soft Cr-rich solid solution reinforced
with hard Laves phase second phases have been selected
for alloy development [17,22-26] for potential structural
use at elevated temperatures. This section summarizes
the progress made so far in the development of dual-
phase Cr—XCr, alloys, where X=Nb, Ta, or Zr.

Three eutectic alloy systems, Cr—NbCr,, Cr—TaCr»,
and Cr-ZrCr,, were initially selected for alloy develop-
ment study. The selection is based on consideration of
the different eutectic phase relationships in these alloy
systems [16,25,26,42], as indicated in Table 1. Fig. 11
shows the Cr-TaCr, phase diagram which is typical for
the three eutectic systems. Among these systems, the
Cr—Nb system has the highest maximum solute solubility
(5.6% Nb) in the Cr solid solution and the highest
solute concentration in the eutectic composition (18.5%
Nb), whereas the Cr—Zr system has the least maximum
solute solubility (<0.6% Zr) in Cr and the Cr—Ta system
has the lowest solute concentration in the eutectic com-
position (9.8% Ta). These alloy parameters are expected
to strongly affect the hardening behavior of both the Cr
solid solution phase and the eutectic structure and thus
the degree of brittleness of these phases.

Alloy ingots containing up to 20 at. % X element
were prepared by arc melting and drop casting, using
pure metal elements. In order to control precipitation
reactions, alloy ingots were sectioned and heat treated
between 1000 and 1400°C. The first interesting obser-
vation was that alloy ingots were quite often cracked for
Cr—NbCr, alloys but not for Cr-TaCr, and Cr—ZrCr,

Table 1
Alloy parameters existing in the three eutectic systems Cr—Nb, Cr-Ta
and Cr-Zr

Alloy parameter Cr-Nb Cr-Ta Cr-Zr
Eutectic temperature (C°) 1703 1760 1592
Max. solute solubility in Cr (at%) 5.6 Nb ~4.0Ta <0.6Zr
Eutectic composition (at%) 185Nb 9.8 Ta ~18.0 Zr
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Fig. 11. Schematic binary Cr—Ta phase diagram.

alloys during drop casting and cooling from heat treat-
ment at high temperatures. This cracking behavior can-
not be simply related to the difference in coefficients in
thermal expansion (CTE) because both experimental
measurements and first principle calculations [43-45]
indicate no major difference in CTE among the Laves
phases NbCr,, TaCr, and ZrCr,. The cracking beha-
vior, on the other hand, can be better rationalized by
considering alloy parameters in the three eutectic sys-
tems. As indicated in Table 1, the maximum solute
solubility in Cr and the solute concentration in the
eutectic structures (which increases the proportion of the
hard Laves phases in the eutectic microstructure) are the
highest in the Cr—NbCr;, system, resulting in significant
hardening and embrittlement of the primary Cr solid
solution phase and the eutectic composition. In this
case, tremendous hardening is induced from fast cooling
from the maximum-solubility temperature to lower tem-
peratures where the primary Cr solid solution is in
supersaturated states. As a result, thermal induced
stresses generated by CTE mismatch will high enough to
crack these phases during drop casting or cooling from

high temperatures [46,47], quite often resulting in cata-
strophic ingot failure. This study clearly indicates the
importance of phase relationship that may provide key
information governing the mechanical and metallurgical
behaviors of individual alloy phases.

In comparison with the dual-phase Cr—TaCr, alloys,
Cr—ZrCr; alloys suffer from two major problems. One is
the poor oxidation resistance of Cr—ZrCr, alloys, due,
in part, to extensive internal oxidation of Zr-rich phases,
and the other is the relative low melting point of these
alloys (see Table 1). Thus, our alloy development has
been concentrated on the Cr-TaCr, alloy system, and
significant progress has been made in improving the
mechanical and metallurgical properties of these alloys
[26]. The Cr-TaCr, alloys with enhanced properties
have the general compositions (at%) below:

Cr — (6—10)Ta — (3—6)Mo — (0.2—1.0)Ti — (0.5—3.0)
Si — (0.05—0.20)La/Ce.

In these alloys, Mo is added mainly for solid solution
hardening the Cr-rich phase, Ti for scavenging inter-
stitials, and Si for both improving oxidation resistance
and fracture toughness. Small amounts of reactive elements
such as La and Ce are also added for decreased scaling
and enhancing the adhesion of oxide scales.

No micro- and macro-cracks were observed in the Cr—
TaCr, alloy ingots prepared by arc-melting and drop
casting. In order to control microstructures, some dual-
phase alloys were canned in Mo billets and fabricated
by hot extrusion at 1480°C. The alloy CN-151 (Cr-
9.75Ta-5Mo0-0.5Ti-0.01Ce, at. %) with its composition
similar to the eutectic composition shows a full lamellar
structure in the as-cast condition and a TaCr,-dispersed
microstructure in the hot extruded condition (Fig. 12).
The mechanical properties with different microstructures
were determined in tension as a function of test tem-

Lamellar structure (cast)

Particle-dispersed (hot extruded)

Fig. 12. Comparison of lamellar structure in the cast condition and particle-dispersed microstructure in the hot extruded condition for alloy CN-151.
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perature. All tensile specimens were given a final heat
treatment of 1 d/1200°C+1 d/1000°C for stress relief.
Note that the heat treatment does not significantly affect
the lamellar structure observed in cast alloys.

Table 2 compares the tensile properties of CN-144
alloy with the lamellar and TaCr,-dispersed micro-
structures. With the dispersed microstructure, the alloy
showed a fracture strength of more than 100 ksi (700
MPa), even though no appreciable plastic deformation
was measured at room temperature. Plastic deformation
was detected at 800°C, and the strain went up to as high
as 40% at 1200°C. The alloy is very strong at elevated
temperatures, with the yield strength of 37 ksi and the
ultimate tensile strength of 46 ksi at 1200°C. Note that
the strengths of most Ni-base superalloys vanish at
1200°C. In comparison with the particle-dispersed
microstructure, the alloy with the lamellar structure
showed the ductile-to-brittle temperature around
1000°C, instead of 800°C. The lamellar structure is
extremely strong at 1200°C, with its strengths close to
double that for the particle-dispersed microstructure.

The fracture toughness of Cr-TaCr, alloys with
lamellar structures was determined at room tempera-
ture, using subsized notched Chevron specimens [48] in
accordance with reference 49. The results are summar-
ized in Table 3. The alloy CN-144 with a hypoeutectic
composition showed a low fracture toughness of 8.3
MPa m'/2. A significant increase in fracture toughness is
achieved by increasing the Ta concentration from hypo-
to hypereutectic compositions. Alloying with 1.0% Si
further increases toughness from 11.5 to 14.3 MPam~—'/2.
Examination of fracture surfaces reveals that the inter-
faces between the Cr solid solution and lamellar TaCr,
phases are strong, and no secondary cracks are observed
along these interfaces. It is worth noting that hot extru-
sion and change in microstructures from lamellar to
dispersed particles gives no significant increase in frac-
ture toughness.

Table 2
Comparison of tensile properties* of CN-144 with lamellar and parti-
cle-dispersed microstructures

Strength (ksi)

Test temperature (C°) Yield Fracture Elongation (%)
Particle-dispersed microstructure (hot extruded)

RT - 104 0.3

800 130 133 1.0

1000 92 103 1.7

1200 37 46 39.0

Lamellar structure (cast)

RT - 76 0.2
800 - - -

1000 - 80 0.2
1200 68 85 5.3

2 Tested at a strain rate of 3.3x1073/s in air.

The creep properties of a Cr—TaCr, alloy, CN-144
(Cr-8Ta-5Mo-0.5Ti-0.01Ce. at%), were determined in
tension at a stress of 20 ksi (138 MPa) at 1000°C in air
[26]. Fig. 13 compares the creep curve of CN-144 with
the lamellar and dispersed microstructures. The TaCr,
dispersed microstructure exhibited ductile rupture with
a rupture life of 695 h at 1000°C. In comparison, the
specimen with the lamellar structure is much stronger in
creep, with a steady state creep rate lower than that of
the particle-dispersed microstructure by an order of
magnitude. The test of the lamellar specimen had to be
stopped after 1438 h because of grip rod failure. The
creep resistance of this alloy in the polycrystalline form
with a lamellar structure is stronger than Mar M-200
and DS Rene’80 and is comparable to CMSX-11B in
the single crystal form.

The oxidation properties of Cr—XCr, alloys were
characterized by exposing alloy coupons to air at 900—
1100°C. The oxidation studies by Brady et al. [26,50,51]
demonstrates that the oxidation resistance of Cr-TaCr,
alloys is much superior to Cr-NbCr, or Cr—ZrCr,
alloys. Fig. 14 compares the cyclic oxidation behavior of
Cr-8Ta alloys with commercial Cr-base alloys tested at

Table 3
Fracture toughness of Cr—Ta alloys at room temperature

Alloy number Composition® Fracture toughness
(at%) (MPa m'/?)

CN-144 8.0 Ta—0.01 Ce 8.3

CN-161 9.8 Ta-0.1 La 11.5

CN-145 10.0 Ta-0.01 Ce 12.8

CN-162 9.8 Ta—0.1 La—0.5 Si 114

CN-163 9.8 Ta-0.1 La—1.0 Si 14.3

2 Base composition: Cr-5 Mo-0.5 Ti, at%.

40
235
S 30| Laves-Dispersed (Extruded)
=
g 25
20
210
=

5 Lopelisn S
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Fig. 13. Comparison of creep properties of CN-144 (Cr-8Ta-5Mo-
0.5Ti-0.0ICe, at%) with Laves phase dispersed or lamel lar micro-
structures tested at 1000°C and 20 ksi in air. Note that the lamellar
microstructuie test was stopped due to failure of the grip rods and
plate.
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Fig. 14. Comparison of cyclic oxidation of Cr-8Ta alloys with cast Ni-

27Cr alloy (wt%) and commercial alloys MA754 and Haynes 230 air
oxidized at 1100°C.

1100°C in air [26]. The oxidation rate of Cr-8Ta-5Mo-
0.2La is comparable to that of cast Ni-27Cr (wt%), and
alloying with additions of Si and Ge significantly lowers
the oxidation rate of the Cr—8Ta alloy. As indicated in
Fig. 14, the oxidation resistance of Cr-8Ta-5Mo-3Si-
0.25Ge-0.2La is comparable to several commercial
Cr,05-forming alloys, such as MA-754 and Haynes 230.

5. Conclusions

This paper provides a comprehensive review of phase
stability, point defects, and fracture toughness of binary
AB2 Laves phase alloys based on NbCr,, NbFe,,
NbCo,, and ZrCo, with on- and off-stoichiometric
compositions, and pseudo-binary alloys based on
Nb(Cr,Co), and Nb(Cr,Fe), compositions. The alloy
design effort has been concentrated mainly on dual-phase
alloys based on a soft Cr-rich solid solution reinforced
with hard TaCr, second phases. Conclusions deduced
from these studies are given below:

1. Anti-site defects were observed to form on both
sides of the stoichiometry in NbCr,, NbCo,, and
NbFe, with R4/Rp <1.225. On the other hand, for
ZrCo, with Ra/Rp>1.225, anti-site defects form
only on the Co-rich side and second phase parti-
cles form on the Zr-rich side.

2. No constitutional vacancies but only thermal
vacancies were detected in the Laves phase alloys
quenched from high temperatures. The peak vacancy
concentration is always located at the stoichiometric
composition of each Laves phase alloy.

3. Room-temperature fracture toughness can not be
effectively improved either by increasing thermal
vacancy concentration at levels below 1% or by
reducing stacking fault energy through control of
the phase stability in Nb(Cr,Co), and Nb(Cr,Fe),
alloys.

4. Drop casting and heat treatments induce micro-
and macro-cracks in dual-phase Cr—NbCr, alloys
but not in Cr-TaCr,, and Cr—ZrCr, alloys. The
cracking behavior can not be simply explained
from CTE mismatch; instead, it can be better
rationalized from the consideration of eutectic
composition and phase relationship.

5. Among the three dual-phase Cr—XCr, alloys
(where X=Nb, Ta, or Zr), Cr—TaCr, alloys have
the best combination of mechanical and metallur-
gical properties for structural use at elevated tem-
peratures. These alloys have excellent tensile
strength, creep properties, and oxidation resistance
at elevated temperatures in air.

6. The alloy design effort has led to the identification
of alloy compositions (at%) with enhanced
mechanical and metallurgical properties:

Cr — (6—10)Ta — (3—6)Mo — (0.2—1.0)Ti
—(0.5—3.0)Si — (0.05—0.20)La,/Ce.

7. The current Cr—TaCr, alloys showed fracture
toughness up to 14.3 M Pa m—'? at room tem-
perature. Additional development is required to
further improve the fracture resistance of these
alloys by interfacial design and microalloying.
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