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Abstract The microstructures in as-cast and heat-treated
samples of an Nb-27Mo-27Cr-9Al-9Si (in at.%) alloy
have been investigated using X-ray diffraction and electron
microscopy techniques. The as-cast alloy comprises a
dendritic A2 solid solution surrounded by a eutectic mix-
ture of Al5 and Cl14 phases. After heat treatment at
1,000 °C, there is extensive precipitation of A15 and C15
phases within the A2 dendrites, while the A15/C14 eutectic
remains essentially unchanged. After heat treatment at
1,500 °C, the precipitates within the A2 phase exhibit the
Al15 and C14 structures; these are coarser and more equi-
axed than those formed at 1,000 °C, and there is also
extensive coarsening/spheroidization of the Al15/Cl14
eutectic. Small particles of two unknown phases were also
observed within the A2 dendrites in the heat-treated sam-
ples. The orientation relationships between the phases have
been identified and these are used to deduce the way in
which the microstructure develops.
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Introduction

There has been a concerted effort to identify structural
materials that can be used in very high-temperature envi-
ronments. In gas turbine engines, for example, replacing
Ni-based superalloys with higher melting point materials
could result in more efficient engine designs. Ordered
intermetallic compounds based upon aluminides of Ti and
Ni have received extensive attention, but only offer rela-
tively modest increases in the range of operating
temperatures over the Ni-based superalloys [1-3]. Inter-
metallic compounds based on the refractory transition
metals would seem to be the most promising candidate
materials for very high-temperature environments, and the
compounds that have been considered include those with
the A15 structure (e.g. NbsAl [4-7]), Laves phases (e.g.
Cr,Nb [8-11]), 5-3 silicides (e.g. MosSis[12, 13]), etc. The
common problem with these compounds is that they all
exhibit low-fracture toughness under ambient conditions in
the monolithic form.

One approach that can be used to ameliorate the low
toughness of such refractory intermetallics is to form
composite materials that incorporate a ductile toughening
phase. The most straightforward way of doing this is to
exploit peritectic or eutectic reactions to form “in situ
composites” by solidification of alloy melts with appro-
priate chemical compositions [14-17]. Examples of
ductile-phase-toughened composites produced in this
manner include combinations of body-centered-cubic
(BCC) solid solutions with: A15 phases (Cr—Cr3Si [18, 19],
V-V3Si [20], Nb-NbsAl [21-24]), Laves phases (Nb-—
CroNb  [25-27], Cr—CrpNb [27-29], Cr-CryZr [29],
(T1,Cr)-Cr,Ti [30], Cr—Cry(Zr,Nb) [31, 32], Cr—Cr,(Zr,Hf)
[31, 32], Cr—Cr,Ta [33-35]), and 5-3 silicides (Nb—NbsSi3
[36—41], Mo—Mo3Si-MosSiB, [42-44]).
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Of these composites, the ones that contain Cr,X Laves
phases (where X = Ti, Zr, Hf, Nb, or Ta) are particularly
attractive for high-temperature structural applications,
because the Laves phases have high melting points, rela-
tively low densities and good oxidation resistance.
Moreover, the Cr,X Laves phases can accommodate sig-
nificant amounts of various ternary transition metal
additions in solid solution, and so there is the potential to
modify the properties of these phases by alloying [27-35].
For example, balanced properties of 20 MPa m'? for
room-temperature fracture toughness and 350 MPa for
yield strength at 1,000 °C have been reported for a
Cr—30Fe-6.3Ta—4Mo0-0.5Ti—0.3Si-0.1La (at.%) alloy with
a Cr—Cr,Ta-type eutectic structure [45].

In the present study, we have performed a detailed
microstructural evaluation of a quinternary alloy with the
nominal composition Nb—27Mo-27Cr-9Al-9Si (at.%),
which was first reported by Shah et al. [14]. This alloy was
selected because it is based upon the Nb—Cr,Nb system,
which has been identified previously as being well suited to
the aero-engine environment [25-27]. Moreover, the high
Mo content of the alloy should lead to strengthening of the
ductile phase and a lowering of the ductile-to-brittle tran-
sition temperature (DBTT) of the Cr,Nb Laves phase,
thereby increasing the toughness of the composite at
ambient temperature [46]. The main drawback of the high
Mo content is that this can compromise the oxidation
resistance, but the addition of Al and Si may compensate
for this and should stabilize the Laves phase [47]. We note
that Shah et al. found no evidence for catastrophic oxida-
tion in this alloy after 48 h at 1,371 °C in air [14]. In this
paper we present data on the crystal structures, morphol-
ogies and orientation relationships exhibited by the phases
in this alloy in the as-cast and heat-treated conditions. The
details of site occupancies and the roles that these play in
the mechanical behavior of the constituent phases are
presented in a separate paper [48].

Experimental procedure

A lens-shaped button of the alloy designated NbX-9101 by
Shah et al. (nominal composition Nb—27Mo—-27Cr-9Al-
9Si in at.%) was produced by arc-melting in a water-cooled
copper hearth [14]. Portions of the as-cast button were
wrapped in Ta foil and encapsulated under vacuum in
quartz tubes. The encapsulated samples were heat-treated
in a tube furnace at 1,000 °C and 1,500 °C for times of up
to 200 h, and then cooled slowly to room temperature in
the furnace. No evidence for oxide scale formation was
noted on any of the heat-treated samples indicating that the
gettering of O by Ta was effective.
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The microstructures exhibited by the as-cast and heat-
treated specimens were characterized using X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM). For the samples
heat-treated at 1,500 °C the microstructure was rather
coarser than for the other samples; this made TEM speci-
men preparation more challenging and so phase
identification was performed using a combination of elec-
tron back-scattered diffraction (EBSD) and TEM for these
samples.

Samples for SEM and EBSD experiments were prepared
by mechanical grinding, coarse polishing with 3 pm dia-
mond slurry, then fine polishing with 0.05 pm colloidal
silica. Some of the SEM samples were etched electro-
chemically to give better contrast between the phases in
secondary electron (SE) images. This electrochemical
etching was performed using a mixture of 5% HCIO, and
5%H,S50, in methanol at —20 °C with an applied voltage
of 15 V. SE images were obtained in a JEOL JSM-6335F
field-emission SEM, whereas EBSD and energy dispersive
X-ray spectrometry (EDXS) experiments were performed
in a Hitachi S-3200H SEM equipped with a HKL Nordlys
EBSD detector and an EDAX EDXS detector.

TEM specimen blanks were prepared by cutting 3 mm
diameter disks from the samples using electro-discharge
machining (EDM), then grinding and polishing to a
thickness of less than 150 pm. Final thinning was per-
formed by twin-jet electro-polishing to perforation using a
mixture of 5% HCIO, and 5%H,SO, in methanol at
—40 °C with an applied voltage of 15 V. Where necessary,
site-specific TEM specimens were prepared using focused
ion beam (FIB) sectioning in an FEI Strata DB235 dual-
beam FIB/SEM.

Diffraction contrast images and diffraction patterns
were acquired in a Philips EM420 TEM operating at an
accelerating voltage of 120 kV. High-resolution TEM
(HRTEM) phase contrast lattice images and EDXS spectra
were obtained in a JEOL JEM-2010 TEM equipped with a
UHR objective lens pole-piece (Cs = 0.5 mm), operating
at an accelerating voltage of 200 kV, and equipped with an
EDAX Phoenix atmospheric thin window EDXS system.

To avoid the effects of texture in the samples, X-ray
powder diffractometry was used to identify the phases and
to measure their lattice parameters. Portions of each
specimen were cooled to well below the DBTT using liquid
nitrogen and these were then crushed to a fine powder.
X-Ray diffraction (XRD) spectra were obtained from the
powders using a Bruker-AXS D5005 X-Ray diffractometer
with a Cu Ko source (4 = 0.15406 nm). The lattice
parameters of the structures were extrapolated from the
peak positions using the Nelson-Riley and Cohen methods
[49].
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Results
Microstructure of the as-cast alloy

The SE images obtained from the as-cast samples in the
SEM revealed the presence of coarse primary dendrites
with a fine interdendritic eutectic mixture. One such image
is shown in Fig. 1. By analyzing many such images it was
found that the mean volume fraction of the primary den-
dritic phase is ~30% whereas the eutectic comprises
roughly equal proportions of the constituent phases.
Selected area diffraction patterns (SADPs) obtained from
TEM samples of the as-cast microstructure revealed that
the dendrites exhibit the A2 (body-centered cubic) struc-
ture, and that the eutectic is a mixture of a cubic A15 phase
and a hexagonal C14 Laves phase. The lattice parameters
obtained for these phases using XRD are: A2—ay =
0.315 nm; Al5—ay = 0.496 nm; Cl4—ay = 0.497 nm,
co = 0.811 nm. The compositions measured using EDXS
in the TEM from Nb, Mo L-peaks, and Cr, Al, Si K-peaks
are given in Table 1.

Bright field (BF) TEM images such as Fig. 2a obtained
from the A2 dendrites revealed a very low defect density in
this phase. The only defects observed were dislocations
arranged into very-low-angle boundaries delineating sub-
grains of around 1 pm in diameter. SADPs obtained from
this phase with the beam direction, B, parallel to <110>
exhibited diffuse intensity between the A2 reflections, as
shown in the inset to Fig. 2a. This indicates the develop-
ment of some short-range order (SRO) in the A2 phase. No
evidence for coring of these dendrites was observed.

The interdendritic A15/C14 eutectic mixture adopts a
predominantly lamellar morphology, with a mean inter-
lamellar spacing of ~0.3 um. While many of the lamellae

Fig. 1 SE SEM micrograph showing the overall microstructure of the
as-cast sample

Table 1 Compositions of the phases in the as-cast microstructure

Phase Composition (at.%)

Nb Mo Cr Al Si
A2 30.7 43.3 16.8 7.2 2.0
Al5 29.4 349 15.9 10.9 8.9
Cl4 29.1 13.1 40.0 6.2 11.6

appear to be curved in the SE SEM images, BF TEM
images such as Fig. 2b show that the A15/C14 interfaces
are locally planar, and the microscopic curvature corre-
sponds to combinations of different planar interfacial
facets. This suggests that there is significant anisotropy in
the interface energy (e.g. [50]). The TEM images also
reveal the presence of planar faults in both phases: those in
the A15 phase lie parallel to {100}, whereas those in the
C14 phase lie on (0001), {1100} and {1101} planes. The
faults are more common in the vicinity of facet junctions
on the A15/C14 interfaces than elsewhere.

The orientation relationships (ORs) between the A15
and C14 phases in the eutectic were determined by ana-
lyzing SADPs obtained from different eutectic colonies.
Once symmetry-equivalent variants had been eliminated,
four crystallographically distinct ORs were identified:

ORI: [001]5,5/[2203]c14, (135)a15//(0001)c 14
OR2: [001]15//[2203]c14, (235)a15//(0001)c 14
OR3: [001]a15/[1210]c14, (310)4;5//(0001)c 14
OR4: [001]415//[2203]c14, (112)415//(0001)c 14

Examples of the SADPs obtained from each of these
ORs are presented in Fig. 3.

In almost all cases, the primary A2 dendrites were
encased in a layer of the A15 phase (Fig. 1). In some cases,
however, a very thin strip of Laves phases was found
between the A2 dendrite and the AIlS5 layer (Fig. 4a).
Variations in contrast were observed within this strip and
microdiffraction patterns such as Fig. 4b and c obtained
from such regions reveal that parts of the strip exhibit the
cubic C15 structure, rather than the hexagonal C14 struc-
ture adopted by the other Laves phase regions in the as-cast
microstructure. The C15 strips from which sufficient dif-
fraction data could be obtained exhibited the OR:

ORS: [1T0]C]5//[010]A155 (001)¢15//(001) p15

Microstructure of samples heat-treated at 1,000 °C

For the samples heat-treated at 1,000 °C, SE SEM images
such as Fig. 5 show no significant change in the mor-
phology of the phases from that observed for the as-cast
samples, but the contrast within the primary dendrites is
rather different. The BF TEM images obtained from the
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Fig. 2 TEM data from the as-cast alloy: a dislocations within the primary A2 solid solution, the inset SADP shows short range ordering;
b stacking faults within the A15/C14 eutectic

Fig. 3 SADPs showing the four
distinct ORs found for A15/C14
eutectic colonies in the as-cast
sample: a ORI,

B = [TSQ]Als//[lTOO]C“l, . - -

b OR2, B = [1T1]a15// : @ S
[0110]c14, ¢ OR3, g . 2tgo,
B = [132]a15//[1120]cy4, ) .

and d OR4,

B = [111]a15/10110]c14

dendrites show that this change in contrast corresponds to  precipitates present: lath-like particles, 0.5-3 pm in length
the formation of a high density of precipitates within the =~ and =100 nm in thickness; and ellipsoidal particles of up
A2 phase (Fig. 6a, b). There are two distinct types of  to 100 nm in diameter. We note that the precipitates are
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Fig. 4 TEM data from the as-
cast alloy: a BF TEM image of
the boundary between an A15/
C14 eutectic colony and an A2
dendrite; microdiffraction
patterns obtained from the
narrow strip of Laves phase
between the A15 lamella and
the A2 dendrite in (a) showing
that the strip exhibits the cubic
C15 structure—(b)

B = [le]c15 and

cB= [Tlo]as

(a)

Fig. 5 Back-scattered electron SEM micrograph showing the overall
microstructure of the sample heat-treated at 1,000 °C for 100 h

distributed uniformly throughout the dendrites confirming
the absence of coring effects and that this precipitation is
accompanied by the disappearance of the diffuse SRO
intensity in SADPs from the A2 phase.
Higher-magnification images obtained from the lath-like
precipitates (e.g. Fig. 7a) reveal a composite structure with a
central core surrounded by a sheath 10-20 nm in thickness.
The crystallography of these particles was investigated
using HRTEM imaging and SADPs: examples are shown in
Fig. 7b, and in Fig. 7c and d, respectively. It was found that
the core exhibits the A15 structure whereas the sheath has
the cubic C15 structure. Both phases are oriented with {001}
parallel to the habit plane of the particle, i.e. parallel to the
main A15/C15 interface. In most cases (e.g. Fig. 7¢) the OR
across this interface was ORS5 (i.e. the same as for the thin
C15 strips at the A15/A2 interface as shown in Fig. 4).

Occasionally, a different OR was observed in such com-
posite laths, as shown in Fig. 7d:

ORG6: [130]c:5//[120]a1s, (001)c15//(001)As5

Both of the phases in these laths were faulted. The A15
cores contained stacking faults on {100} and one example
is indicated in Fig. 7b. From the projected displacements
we deduce that the displacement vector R = (a¢/4)<021>,
which is consistent with that observed elsewhere [51] in
intermetallic phases with the Al5 structure. The CI15
phases contained much higher densities of defects with
both {111}<112> twins and stacking faults lying on
{111}. It is interesting to note that the ORs adopted by the
lath-like precipitates with respect to the surrounding A2
phase are less well-defined but these usually lie within a
few degrees of:

ORT7: [110]A2//[001]A15» (TIO)Az//(ZIO)Als or
ORS: [110]22//[121]a15, (110)42//(210)a15

The ellipsoidal precipitates were also found to exhibit
the C15 Laves phase structure (Fig. 8a). As for the C15
sheath on the composite laths, some of the C15 ellipsoids
contained micro-twins and stacking faults on {111}. An
analysis of SADPs such as Fig. 8b obtained from the
ellipsoidal precipitates revealed that, unlike the laths, these
ellipsoids exhibit a singular OR with respect to the sur-
rounding A2 phase:

OR9: [11T]e1s//2111a2 (1T0)c1sM(T13) a0 = 1.4°

We note that some of the Laves phase particles that lay
at the edge of the hole in the TEM samples exhibited very
different defect structures, with extremely high densities of
twins and faults lying parallel to a particular habit plane. A
particularly clear example of this is shown in Fig. 8c,
wherein a Laves phase particle protrudes into the hole and

@ Springer
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Fig. 7 TEM data from the sample heat-treated at 1,000 °C for 100 h: two distinct ORs found for the C15 sheath with respect to the Al5
a BF TEM image of an A15/C15 composite lath within the A2 solid core in such laths—(c) ORS, B = [110]¢;5//[010]4;5 and (d) OR®,
solution; b HRTEM image showing stacking faults within the A15 B = [013]c,5//[012] a1s

core and the C15 sheath of a composite lath; SADPs showing the

@ Springer
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Fig. 8 TEM data from the sample heat-treated at 1,000 °C for 100 h:
a BF TEM image of an ellipsoidal C15 precipitate within the A2 solid
solution; b SADP showing the OR between the C15 ellipsoids and the
A2 solid solution; ¢ BF TEM image of a C15 precipitate at the edge of

almost all of the surrounding A2 phase (and, indeed, some
of the precipitate itself) has been removed during final
thinning. There is a very high density of planar features
oriented vertically in this image and the corresponding
SADP (Fig. 8d) exhibits diffraction maxima corresponding
to the hexagonal C14 and C36 Laves structures, in addition
to those for the twinned C15 structure observed in Fig. 8b.
The orientations of the C14 and C36 maxima in such
patterns is consistent with what one would expect for a
partial shear polymorphic transformation on a particular
{111} in the C15 structure.

Occasional examples of a third type of precipitate were
observed in the sample heat-treated at 1,000 °C for 200 h,
as shown in Fig. 9a. These also adopted an ellipsoidal
morphology, but in this case the diffraction maxima in the
microdiffraction patterns and SADPs (Fig. 9b—e) were
consistent with a face-centered-cubic lattice with ay ~
1.14 nm. There is no known cubic phase in the Nb/Mo/Cr/
Al/Si system with such a large lattice parameter, but we
note that Kumar and Liu [28] reported the formation of a

P2 AL
5O — -
19718

o
4

the hole in the TEM sample, containing a high density of parallel
stacking faults on {111}; d SADP obtained with B = [110]¢;s,
showing streaks along 111

cubic phase with ag = 1.15 nm in Cr—Cr,Nb. In the latter
case this was ascribed to an MC-type carbide, but the C
content of the precipitates in the samples studied here is too
low for this. This third type of precipitate was observed
more frequently in the sample heat-treated at 1,000 °C for
200 h. Further work is underway to identify these
precipitates.

The compositions of the various phases measured using
EDXS in the TEM are given in Table 2. We note that there
was no measurable increase in the oxygen signal for these
spectra over those obtained from the as-cast alloy samples.

Microstructure of samples heat-treated at 1,500 °C

Much more significant microstructural changes were
observed in the samples heat-treated at 1,500 °C (e.g.
Fig. 10): the A15/C14 eutectic had undergone severe
coarsening/spheroidization; the thickness of the A15 layer
around the primary A2 phase was much greater; and the
precipitates within the A2 phase were much coarser and
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Fig. 9 TEM data from the sample heat-treated at 1,000 °C for 200 h:
a BF TEM image showing ellipsoidal precipitates of an unknown

phase within the A2 solid solution; b—d microdiffraction patterns; and
e SADP showing a f.c.c lattice with ap =~ 1.14 nm

more equi-axed. Due to the scale of the microstructure it was
necessary to use a combination of EBSD in the SEM and
SADPs in the TEM to identify the phases unambiguously.

Here again, the largest precipitates exhibited the Al15
structure and the ORs adopted with respect to the sur-
rounding A2 phase lie within a few degrees of OR7 and
ORS; in this case, however, there was no evidence of a
Laves phase sheath around the precipitates. Most of the
other precipitates exhibited the C14 structure, and an
analysis of SADPs such as Fig. 11a—c revealed that the

@ Springer

Table 2 Compositions of the phases in the microstructure after heat
treatment at 1,000 °C

Phase Composition (at.%)
Nb Mo Cr Al Si

A2 29.8 50.2 12.1 6.4 1.5
AlS5 (eutectic) 28.9 36.0 15.5 11.9 8.6
A15 (within A2) 25.6 41.1 10.4 21.1 1.8
C14 (eutectic) 30.5 10.0 43.8 3.7 12.0
C15 (sheath) 32.0 9.1 42.6 8.7 74
C15 (ellipsoids) 31.9 9.1 43.1 8.1 7.8
Unknown phase (I) 48.8 6.7 26.7 14.0 3.8

15.0kv  X2,500 10pm WD 9.5mm

NONE SEl

Fig. 10 SE SEM micrograph showing the overall microstructure of
the sample heat-treated at 1,500 °C for 200 h

precipitates exhibited three crystallographically distinct
ORs with respect to the A2 phase:

OR10: [1T00]c1/[11T] a2, (0001)c14//(101)an
ORI 1: [1120]c1a/[111]a2, (000D)c14//(211)an
OR12: [1120]c14/[113] a2, (0001)c14//(141)pn

A few particles were observed with a very different
chemistry and crystal structure from those of the A15 and
C14 precipitates. The EDXS data from these particles
showed that they are very Al-rich (>90 at.% Al) but the
zone axis SADPs obtained from these particles did not
match those expected for any known aluminide phase of
Nb, Mo, and/or Cr, or indeed with any other aluminide
phase of which the authors are aware. Here again, further
work is underway to identify the structure of this phase.

The compositions of the various phases measured using
EDXS in the TEM are given in Table 3. Here again, no
evidence for oxygen pick-up was observed. We note that,
unlike the phases in the samples heat-treated at 1,000 °C,
there are no significant differences in composition between
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Fig. 11 SADPs showing the
three distinct ORs found for
C14 precipitates in the A2 solid
solution for the sample heat-
treated at 1,500 °C for 200 h: a
OR10, B = [1211]¢4//[110]a2;
b OR11, B = [1100]¢4//
[110]a2; ¢ OR12,

B = [1120]c14//[113] 42

ﬂﬂ@g\g“~.'
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Table 3 Compositions of the phases in the microstructure after heat
treatment at 1,500 °C

Phase Composition (at.%)

Nb Mo Cr Al Si
A2 31.3 51.5 12.2 4.4 0.5
AlS 28.4 41.0 9.2 13.7 7.7
Cl4 31.0 10.0 42.8 3.7 12.5
Unknown phase (11) 2.2 2.0 0.6 92.0 32

the A15 and C14 phases in the eutectic regions and the
corresponding precipitates within the A2 phase. This sug-
gests that the phases have reached their equilibrium
compositions by diffusional processes during the heat
treatment.

Discussion
Solidification microstructure

To the authors’ knowledge there is no published quinter-
nary Nb-Mo-Cr—Si—Al equilibrium phase diagram, but the

microstructure of the as-cast samples clearly indicates that
the alloy solidifies by the formation of A2 dendrites, fol-
lowed by interdendritic solidification of a eutectic A15/C14
mixture. The persistence of these phases as the main con-
stituents of the heat-treated microstructures, even for
temperatures of 1,500 °C, confirms that these are the main
equilibrium phases in the alloy. The EDXS data obtained
from the as-cast samples show that there is little difference
in the Nb contents of the three phases: the A2 phase is Mo-
rich and Cr,Si-lean; the A15 phase is Mo-rich and Cr-lean;
and the C14 phase is Cr-rich and Mo-lean. It is interesting
to note that this three-phase mixture differs from the
majority of the in situ composites considered by other
authors, for which the ductile primary phase is one of the
components of the eutectic phase mixture (the main
exception is the formation of Mo plus Mo3;Si—-MosSiB,
eutectics in Mo-Si—B alloys [42—44]). This has obvious
implications for the mechanical behavior of the alloy: these
issues and the relationship to the atomic site occupancies in
the phases are discussed elsewhere [48].

The lamellar morphology adopted by the A15/Cl14
colonies is consistent with the roughly equal proportions of
the phases in the eutectic mixture. Simple geometric
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Fig. 12 Coincident site lattice analysis of the interfaces in a eutectic
A15/C14 colony, a BF TEM image of the colony showing flat parallel
interfaces; b SADP obtained from the A15 phase in the colony with
the interfaces “edge-on”; ¢ and d Atomic arrangements on the
interfaces for the A15/C14 eutectic colony, showing repeat units with
parallel translation vectors and having very low misfits

analyses were performed on the lattice points in the largest
interfacial facets of several different eutectic colonies. In
each of these facets a low-misfit constrained coincident site
lattice (CCSL) could be identified. For example, in the
colony shown in Fig. 12a the phases adopted OR1 and the
interfaces lay nearly parallel to (101)5;5 and (1121)c 4.
Now for a colony with OR1 the low-index translation
vectors [101]5;5 and [111]4;5 in (101)A;5 lie parallel to
[2ﬁ3]c14 and [01T3]C14 in (1 1ﬁ)c14. Thus, one can define
the parallelogram shown in Fig. 12¢ and d as the repeat
unit for a CCSL. The formation of the CCSL would require
constraints of —1.72% along [101];s, matching [2113]¢14

@ Springer

with 4[101]5;5, and —0.26% along [111]a;s, matching
[0113]¢14 with 3[111]a;s. The sign of the constraint
implies a compressive strain in the A15 phase along both
directions. Similar CCSLs were identified in all the large
interfacial facets studied, and these presumably correspond
to the formation of favorable low-energy interfaces.

We note that while a strong correlation has been
established between low-order CSLs and low-energy
“special” interfaces in cubic materials a variety of other
factors must be considered, particularly when dealing with
boundaries non-cubic crystals or heterophase interfaces for
which few exact CSLs occur (e.g. [52-58]). In the present
case where both the order of the CSL and the constraint
values are high, it seems unlikely that the formation of such
CCSLs is the main reason why the eutectic colonies adopt
the observed ORs, and a different explanation for this is
proposed in section “Orientation relationships in as-cast
eutectic colonies.”

Precipitation in samples heat-treated at 1,000 °C

The formation of precipitates within the A2 phase during
heat treatment at 1,000 °C presumably occurs because the
equilibrium composition at this temperature is different
from that of the phase formed during solidification. The
EDXS data in Table 2 show that the remaining A2 phase
after 100-200 h at 1,000 °C is significantly leaner in Al, Si,
and Cr than the primary phase in the as-cast microstructure.
Thus, the super-saturation of these elements may provide
the driving force for the nucleation of precipitation. The
presence of an A15 layer around the A2 dendrites, and large
composite laths with A15 cores, indicates that the A15 phase
precipitates first. The A15 cores of the A15/C15 composite
laths are enriched in Al and Si, and the ORs that they adopt
with respect to the surrounding A2 phase are distributed
around OR7 and OR&. This variation in the precipitate ori-
entation is rather different from the well-defined ORs
exhibited by the other phases in this alloy, but we note that
diverse orientation relationships between A15 and A2 (or
B2) phases have been noted in other systems. For example,
Rong and Aindow [59] showed that the many different ORs
that have been reported in Nb—Al—(Ti,V) alloys are clus-
tered into groups, and that these groups are centered around
the ORs one would expect for coherent A15 precipitates on
the basis of elastic anisotropy. Since OR7 and ORS lie close
to the minima identified in the analysis of Rong and Aindow,
similar factors may be responsible.

While the precipitation of A15 phase would reduce the
supersaturation of Al and Si within the A2 matrix, it would
increase the supersaturation of Cr; this could explain the
formation of a Laves phase sheath around the Al5 pre-
cipitates. The most interesting feature of these composite
precipitates is the fact that the material in the sheath
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exhibits the cubic C15 structure, rather than the equilib-
rium hexagonal C14 structure exhibited by the Laves phase
in the eutectic mixture. This is all the more remarkable
because the chemical compositions of the eutectic C14
phase and the C15 sheath around the A15 precipitates are
very similar. A possible explanation is suggested by the
configuration of the A15/C15 interface. This interface
exhibits large planar facets parallel to {001} in both phases
and both of the observed ORs would correspond to low-
misfit CCSLs. To calculate the misfit we use ag=
0.498 nm and 0.698 nm for the Al15 and CI15 phases,
respectively; the latter values are obtained by assuming that
aog(C15) = \/2 ap(C14). For the regions with ORS5, the
misfit between <110>¢;5 and 2<100>4,5 is —0.89% (the
sign of the misfit implies a tensile elastic strain in the C15
sheath). Similarly, for the regions with OR6, the misfit
between <130>c;5 and 2<120>4;5 is —0.89%. Thus the
C15 structure may be stabilized by the elastic coherency
strains in a manner analogous to the high-pressure trans-
formations observed in other A,B compounds [60].

Further support for this hypothesis can be seen from the
ellipsoidal C15 precipitates that form between the com-
posite laths. These ellipsoidal precipitates exhibit a
singular OR (OR9) but no well-defined habit plane. The
coherency strains can, however, still be estimated from the
lattice mismatches along low-index directions. For exam-
ple, the direction [110]¢;s is parallel to [113]4, and the
C15 phase would require a 5.5% tensile strain to maintain
coherency along this direction, i.e. the same sign as for the
C15 sheath on the composite precipitates. Moreover, the
defect structure observed in precipitates at the edge of the
hole in the TEM samples is reminiscent of those that arise
during polymorphic synchroshear transformations in Laves
phases [61-63]. Thus, the ellipsoids may adopt the C15
structure as a metastable form during the initial stages of
precipitation due to coherency strains; they could then start
to transform to the equilibrium C14 phase when the con-
straint is relaxed at the edge of the TEM sample during
thinning.

Precipitation in samples heat-treated at 1,500 °C

The main microstructural changes observed in the samples
heat-treated at 1,500 °C are the type of coarsening/
spherodization effects that one might expect from diffu-
sional processes at such a high temperature. The details of
the precipitation within the A2 phase are, however, more
interesting: the A15 precipitates have the same ORs as those
in the samples heat-treated at 1,000 °C but have no Laves
phase sheath; the Laves phase precipitates exhibit the C14
structure, not C15, and adopt three different well-defined
ORs; and there is a very small amount of an Al-rich
unknown phase. While the origins of the latter phase are

unclear, the A15 and C14 precipitations can be accounted
for using an extension of the arguments presented in section
“Precipitation in sample heat-treated at 1,000 °C” above.

Let us assume that the precipitates formed in the A2
phase during the initial stages of heat treatment at 1,500 °C
are the same as those formed at 1,000 °C, i.e. composite
A15/C15 laths exhibiting ORs around OR7 and ORS8 with
respect to the surrounding A2 phase, and C15 ellipsoids
exhibiting OR9. With increasing heat-treatment time, one
would expect diffusional processes to lead to a coarsening
of both types of precipitates; this would be accompanied by
the elimination of the C15 sheath around the composite
particles due to the diffusion of Cr from the sheath to the
Laves phase precipitates. At some point, the strain energy
associated with the formation of coherent metastable C15
particles would exceed that required to initiate plastic
relaxation and, as discussed in section “Precipitation in
sample heat-treated at 1,000 °C” above, this would lead to
the onset of a transformation to the equilibrium C14
structure. This C15/C14 polymorphic transformation has
been studied extensively in various Laves phases and is
known to occur by synchro-shear processes in which cou-
pled synchro-Shockley partial dislocations give a net shear
parallel to <211> on {111} [62, 63]. The resultant C14
phase adopts the following orientation relationship with
respect to the parent C15 phase:

ORI13: <110>c;5//<1120>c14, {111}c15//(0001)cya.

While there are 24 different variants of the <211>{111}
synchro-shear system, the six different <211> shears on
any particular {111} give crystallographically equivalent
products. As such, there are only four crystallographically
distinct ways in which a given C15 precipitate can trans-
form to the C14 structure. Thus, a C15 precipitate with
OR9 that transforms to the C14 structure via one of the
variants of OR13 will adopt one of four possible resultant
C14/A2 ORs given by:

[1100]c14/[111] a2, (0001)c14//(101) A2
[1120]c1a//[111] a2, (00011 a//(21 1)
[1120]c14//[113] a2, (0001)c14//(141) a2
c14//[111] a2, (0001)c14//(123) 52

[1120

Of these, the first three ORs have been observed
experimentally in this study as OR10, OR11, and OR12,
respectively. This supports the premise that the C14 pre-
cipitates observed in these samples adopted the CI15
structure with OR9 in the initial stages of heat treatment at
1,500 °C.

— e — —

Orientation relationships in the as-cast eutectic colonies

Following the arguments presented in section “Precipita-
tion in sample heat-treated at 1,500 °C” above, it is
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tempting to speculate that similar processes might be
responsible for the diversity of ORs observed between the
C14 and A15 phases in the eutectic colonies of the as-cast
microstructure. Thus, the eutectic may form initially by the
co-operative nucleation of A15 and C15 phases, and the
latter phase would transform to the hexagonal C14 struc-
ture during subsequent growth. In this study two low-misfit
ORs have been found between A15 and C15 phases: ORS
and OR6. However, when these are combined with OR13
to define the resultant A15/C14 ORs, none of the variants
match any of the eutectic ORs measured experimentally.

A crystallographic analysis was performed to identify
other possible combinations of ORs and two likely candi-
dates were found. In the first case, the A15 and C15 phases
adopt:

OR14: [210]¢5//[031]a15, [011]c15/[001] 15

While this is not equivalent to OR5 or ORG6, the misfits
are identical, i.e. —0.89% parallel to the directions quoted.
If eutectic colonies nucleated with OR14, and the CI15
phase then transformed into the equilibrium C14 structure
via OR13, then only four crystallographically distinct A15/
C14 ORs would result:

[001 A15//[§20§]c14, (ISS)AIS//(OOODCM
[001]15//[2203]c 14, (235)a15//(0001)c 14
[001]a15//[1210]c14, (310)a15//(0001)c14
[001]A15//[1210]c14, (340)A15//(0001)c 14

e e

Of these four ORs, the first three have been observed
experimentally for as-cast eutectic colonies, and these
correspond to OR1, OR2, and OR3, respectively.

In the second case, the A15 and C15 phases adopt:

ORI15: [T00]c;s//[T10] 415, [011]c15//[001] 455

Here again, the misfits are —0.89% parallel to the
directions quoted, but in this case combining with OR13
gives only two crystallographically distinct A15/C14 ORs:

[001]A15//[229§]C14, (T_lz)AIS//(OOOI)CM
[001]415/[1210] 14, (150)415//(0001)c 4

The first of these corresponds to OR4 measured from as-
cast eutectic colonies. Thus, although no direct evidence
for the initial formation of C15/A15 eutectic colonies has
been obtained, nor have regions with OR14 or OR15 been
observed experimentally, this could explain the diversity of
ORs exhibited by the eutectic colonies.

Conclusions
The microstructures exhibited by an alloy with composi-

tion Nb-27Mo—-27Cr-9AI-9Si (in at.%) were characterized
by X-ray diffraction and electron microscopy techniques.

@ Springer

The as-cast alloy comprised a primary dendritic A2 solid
solution surrounded by a eutectic mixture of A15 and C14
phases. Heat treatment at 1,000 °C led to extensive pre-
cipitation within the A2 phase but there were no significant
changes in the eutectic. Three types of nano-scale precip-
itates were found within the A2 dendrites: A15/C15
composite laths, C15 ellipsoids, and an unknown cubic
phase. Heat treatment at 1,500 °C led to the formation of
coarser blocky A15 and Cl4 precipitates within the A2
phase along with a very small amount of an unknown Al-
rich phase: there was also extensive coarsening/spherodi-
zation of the eutectic mixture.

From the defect structures and ORs exhibited by the
phases, it was inferred that the Laves phase in the precip-
itates formed at 1,000 °C adopts the C15 structure due to
tensile coherency stresses; this transforms to the equilib-
rium Cl14 structure by synchroshear processes on {111}
when the stresses are relaxed. It was proposed that a similar
sequence might explain the diversity of ORs exhibited by
the eutectic colonies.
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