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ABSTRACT

In order to reveal the role of orientation relationship for the formation of morphology and preferred ori-
entation in directionally solidified NiAl-(Cr,Mo) eutectic alloys, a unique in-situ X-ray diffraction setup
was utilized. Comprehensive analyses of the solidification front during processing demonstrate that the
eutectic alloys crystallize with preferred crystallographic orientation of both phases with respect to the
growth direction. These orientations of the eutectics prevail during growth of the fibrous or lamellar
colonies and subsequent cooling as determined by ex-situ microstructural analysis. Depending on the
composition and growth velocity, different preferred orientations were obtained resolving the ambigu-
ity in literature regarding the reported components, e.g. strong (001) and (111) directions parallel to
the growth direction but also additional minor (110) components. By the aid of in-situ experiments ex-
cluding the superimposed effect of different thermal expansion of the phases in comparison to previous
experiments, a correlation between the evolving preferred orientation and lattice mismatch during solid-
ification was found for alloys with low Mo content. Remarkably, no change in morphology between fibers
and lamellae was associated to the transitions in preferred orientation. For larger Mo contents, two dis-
tinct orientation relationships between the A2 (Cr,Mo) solid solution and the B2 NiAl intermetallic phase
were identified by ex-situ microstructural analysis, namely (1) cube-on-cube and (2) a 60° rotation about
(111) in different colonies of one and the same sample. The morphology of these colonies were fibrous
and lamellar, respectively. For the 60° relationship, the growth direction of both phase is unique, namely
(111). Thus, morphology and preferred orientation are determined by the orientation relationship in this
case.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

lamellar phase yielding a reinforcement [9-13]. Due to the small
volume fraction of reinforcing phase in NiAl-Re and NiAl-W less

The B2 ordered intermetallic phase NiAl (CsCl prototype, space
group Pm3m, no. 221) has been considered for a long time as a
promising candidate for high-temperature structural applications,
due to its higher melting temperature (T, = 1638 °C), lower den-
sity (o ~ 6 g/cm3) and excellent high-temperature oxidation resis-
tance compared to Ni-based superalloys [1,2]. However, the mono-
lithic intermetallic B2 phase suffers from low creep resistance and
insufficient strength at elevated temperatures as well as from poor
fracture toughness at room temperature [2,3]. Alloying NiAl with
refractory metals such as Cr, Mo, Re, V and W can lead to quasi-
binary NiAl-X eutectics with substantially improved mechanical
properties [4-8]. The resulting eutectic microstructures are com-
posed of a NiAl matrix and an embedded secondary fibrous or
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improvement in the overall mechanical properties was achieved
compared to NiAl-Cr, NiAl-Mo and NiAl-(Cr,Mo) [14]. However,
NiAl-V with the highest volume fraction of reinforcing phase re-
veals only higher room temperature fracture toughness but less
creep resistance compared to NiAl-(Cr,Mo) [8] presumably due to
its lower liquidus temperature [14]. Hence, two-phase alloys from
the NiAl-Cr-Mo eutectic system with the body centered cubic A2
(Cr,Mo) solid solution (W prototype, space group Im3m, no. 229) as
strengthening phase are considered the most promising candidates
for high-temperature applications. They possess a good combina-
tion of improved creep resistance at high temperatures as well as
higher fracture toughness at room temperature compared to other
NiAl-X eutectic alloys.

Several directionally solidified alloys have been studied in the
past, namely NiAl-10Mo (unless stated otherwise, all concentra-
tions are given in at.% in what follows) [4,5,8,15,16], NiAl-34Cr
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Fig. 1. a) Section of the liquidus projection of the NiAl-Cr-Mo system based on Ref. [25]. The color code refers to the classification according to the different morphologies
in the as-cast condition made in Ref. [34]. Open blue symbols highlight the processed alloys. The crystal structures are B2 (CsCl prototype, space group Pm3m, no. 221) and
A2 (W prototype, space group Im3m, no. 229). b) Edge systems and liquidus projection in the NiAl-Cr-Mo-system based on work of Refs. [24,35]. a) is reproduced under
the terms of the CC BY 4.0 license. Copyright 2020, C. Gombola, A. Kauffmann, G. Geramifard, M. Blankenburg, M. Heilmaier. Published by MDPI. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

[4,8,11,17-19] and Cr-rich NiAl-(34-x)Cr-xMo with 0 < x < 6 at.%
[4,8,20-23]. Although the existence of the eutectic trough con-
necting both pseudo-binary border systems was published in Ref.
[24], the focus remained only on the above-mentioned alloys and
mostly on their mechanical and oxidation properties [19,25-28].
The orientation relationship has either often been neglected or
adopted from literature or cross-checked based on small inves-
tigated regions only [29,30]. Moreover, results on orientation re-
lationship and preferred orientation of Refs. [5,31,32] were not
pursued although the results appeared to be contradictory to
the established studies of Refs. [4,17,33]. For instance, the addi-
tional orientation relationship (111)y;a; || (111)¢crmo and [110]xiar Il
[011]¢;mo, corresponding to a 60° rotation about the [111] direction
was reported in Ref. [31] for a Si- and Hf-doped NiAl-31Cr-3Mo
alloy. The reported orientation relationship differs from the pos-
tulated cube-on-cube orientation relationship without further dis-
cussion. Ref. [5] reports a strong preferred orientation with (001)
parallel to the growth direction and an additional (111) compo-
nent developing in directionally solidified NiAl-34Cr, the latter of
which is unexpected based on previous literature results. The study
in Ref. [34] systematically investigated a series of alloys along the
entire eutectic trough in the as-cast condition in terms of vol-
ume fraction and morphology of the reinforcing A2 (Cr,Mo) solid
solution (abbreviated (Cr,Mo)ss in what follows) phase as well as
orientation relationship with the matrix phase. Along the eutec-
tic trough which is depicted in Fig. 1a, the evolving morpholo-
gies change from Cr-rich fibers (red region, I) to lamellae (green,
II), adjacent a transit region with lamellae and fibers appears (or-
ange, III) and finally, the morphology changes back to fibers, which
are Mo-rich (red, IV) [34]. In order to provide an overview of
the pseudo-binary border systems and the position of the eutec-
tic trough, the entire system is depicted in Fig. 1b for reference.
Since the lattice parameter of the NiAl phase ayjs is almost
constant and independent of the overall Mo and Cr concentration
at room temperature, the lattice mismatch in the composite is pre-
dominantly controlled by the Mo concentration in (Cr,Mo)ss [34].
In-situ X-ray investigations during solidification demonstrated that
alloys with intermediate Mo concentration are affected by segre-
gation during rapid cooling due to their large solidification interval
[34]. NiAl-9.6Cr-10.3Mo for example forms two solid solutions with

significantly different lattice parameters ac; mo). In this alloy, also
two different orientation relationships between (Cr,Mo)ss and NiAl
were found: (1) a cube-on-cube relationship and (2) a relationship
described by a rotation of 60° about the (111) axis [34]. Detailed
investigations on the different colony types revealed, that the ori-
entation of the selected nuclei is decisive rather than their sub-
sequent growth [34]. The change in minimum interplanar spacing
does not lead to a change in morphology, which emphasizes that
the strains at the phase boundary are less essential as the orien-
tation of the selected nuclei [34]. Despite the previous investiga-
tions, the reason for the morphology change is still unclear. In or-
der to assess the impact of the microstructure on the mechanical
properties, it is inevitable to understand the change in morphology
but also the lattice mismatch evolution as well as formation of a
preferred orientation. The latter for instance is of interest when
it comes to mechanical properties of the eutectics, since the NiAl
matrix possess a mechanically “soft” (111) and “hard” (001) orien-
tation [2].

By applying an in-situ directional solidification technique on
various eutectic NiAl-(Cr, Mo) alloys, this paper addresses follow-
ing objectives:

(i) Resolving the ambiguity in literature regarding formation of
ideal sites of preferred orientations during directional solidifica-
tion and identifying its dependence on composition and growth
rate.

(ii) Revealing the fundamental reason for the formation of lamellar
or fibrous morphology by highlighting its dependence on orien-
tation relationship.

2. Experimental

The elements Ni, Al, Cr and Mo of 99.97, 99.9, 99.96 and 99%
purity, respectively, were used to manufacture the desired eutec-
tic compositions of NiAl-xCr-yMo (x = 34 ... 0 at.%; y = 0 ... 10.3
at.%) and binary NiAl. The alloys were synthesized by using an
arc-melting device provided by Edmund Biihler GmbH (Germany).
To ensure an oxygen-lean atmosphere, the chamber was evacu-
ated multiple times and purged with Ar. Furthermore, a lump of
Zr metal was melted prior to melting operations on NiAl-(Cr,Mo)
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in order to remove the residual oxygen in the chamber. To achieve
sufficient homogeneity, the produced buttons were flipped and re-
melted at least five times. Subsequently, the buttons were cast into
a rod-shaped Cu mold. The rods were 12 mm and 170 mm in di-
ameter and length, respectively. Since the overall mass loss was
always lower than 0.3 wt.% and no specific loss of a certain ele-
ment during arc-melting was noticed, the changes in alloy compo-
sition by evaporation are considered negligible. The nominal com-
positions of the investigated alloys are highlighted by blue open
symbols in Fig. 1a. The sample designation in this paper is equiva-
lent to these nominal compositions.

For directional solidification, a worldwide unique zone-melting
device was used, which was described elsewhere [36] in very de-
tail. This device was specifically designed for in-situ synchrotron
directional solidification experiments at the High Energy Materi-
als Science beamline (HEMS), PETRA III storage ring, Deutsches
Elektronen-Synchrotron (DESY, Hamburg, Germany), operated by
Helmholtz-Zentrum Hereon. During the process, the sample rotates
about the rod axis and moves upward (lift) through the induc-
tion coil that is used to heat up and locally melt the material,
as shown in Fig. 3b. The rotation speed (R) was kept constant at
10 rpm and the growth velocity (v) varied from 18 to 180 mm/h.
For the in-situ and ex-situ (subsequent to cooling to room temper-
ature) experiments, a monochromatic beam at a photon energy of
~100 keV (wavelength of ~ 0.124 A) and a narrow cross section
of (1 x 0.5) mm? was used for X-ray diffraction of the process-
ing zone in transmission mode. A 2D PerkinElmer XRD 1621 solid-
state detector of 2048 x 2048 pixels in size at pixel dimensions
of 200 x 200 pum? (Massachusetts, USA) was placed perpendic-
ular to the incident beam at a distance of ~ 1.9 m. To calibrate
the measurements, Si and CeO, powders were used as reference
substances. A maximum 26 angle of 6° with a step size of 0.006°
was achieved [36]. The obtained synchrotron diffraction patterns
during or subsequent to the directional solidification processes for
various v were evaluated in terms of the evolving preferred crys-
tallographic orientations. The different conditions of the process
were: room temperature in the as-cast condition (as-cast, ex-situ),
liquidus temperature (L, in-situ), a temperature just below the lig-
uidus temperature to investigate the solidification front (SF, in-situ)
where the first crystallites form and finally, room temperature in
the directionally solidified condition (as-DS, ex-situ). The lattice
parameter evolution of the individual phases was evaluated by an-
alyzing the synchrotron diffraction patterns by means of azimuthal
integration using the Fit2D software [37,38]. The resulting patterns
were analyzed using the MAUD software [39,40] for Rietveld re-
finement and/or lattice parameter determination by the Nelson-
Riley approach [41]. For the Rietveld refinement, known informa-
tion about the materials (nominal composition, prototypes, com-
positions of the phases and phase fractions) and the instrument
function (obtained on Si and CeO,) were kept constant. Parame-
ters for lattice dimension, polynomial background, domain size and
lattice strain were refined. The results presented in Fig. 8 are ex-
clusively analyzed by Rietveld refinement due to the overlapping
peaks of B2 NiAl and A2 Cr. All other data presented in this article
were obtained by applying both methods. Rietveld refinement and
Nelson-Riley analyses yield consistent results of less than +0.003
and +0.001 A for ay;s and a(cr.Mo)» Tespectively. Some ex-situ syn-
chrotron diffraction patterns obtained on NiAl-34Cr were quantita-
tively analyzed with respect to texture. The above-mentioned ma-
terials parameters were kept constant while maximum ten param-
eters for harmonics were refined assuming axial symmetry with
respect to the growth direction (GD, note the constant rotation
speed R during operation) and a cube-on-cube orientation for the
two phases (as independently verified).

For microstructural analysis, samples were cut by electro-
discharge machining parallel and perpendicular to GD and were
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prepared by standard metallographic procedure using SiC grinding
paper. Subsequent, polishing steps with diamond suspension down
to 1 pm were performed. A final step utilizing a non-crystallizing
oxide suspension was applied to remove the surface-near defor-
mation layer. Scanning electron microscopy was performed using
backscattered electron imaging (SEM-BSE) on a Zeiss EVO50 micro-
scope by Carl Zeiss AG (Germany) at 20 kV and a spot size of 500.
Additional orientation imaging microscopy by electron backscatter
diffraction (EBSD) was carried out using an Auriga 60 dual-beam
scanning electron and focused ion beam (FIB) microscope by Carl
Zeiss AG (Germany) equipped with an EDAX (New Jersey, USA) Di-
giview EBSD camera. The scans were obtained at 20 kV with a
step size of 200 nm and a field of view of 55 x 55 pm? using the
TSL OIM Data Collection software. A2 (W prototype, space group
I'm3m, no. 229) was used for indexing of eight to twelve band
centers. Image quality was used to differentiate the two phases.
The TSL OIM Analysis software was used to analyze the acquired
data.

3. Results and discussion

For a better depiction, the presentation of the results is divided
into different subsections according to important issues. First, the
morphologies of directionally solidified alloys along the eutectic
trough are presented in Section 3.1. The according preferred crys-
tallographic orientations and orientation relationships between the
phases in the entire temperature range between liquidus and room
temperature are discussed in Section 3.2. Due to the simultaneous
presence of mixed preferred orientation at intermediate growth
velocity v = 60 mm/h, Section 3.3 deals with the influence of
growth conditions on preferred orientation and microstructure for-
mation in NiAl-34Cr. Furthermore, the evidence about the impact
of lattice mismatch as the determining factor of preferred orien-
tation is extended Mo-lean alloys. In Section 3.4, orientation rela-
tionship is proven to control morphology and preferred orientation
in case of higher Mo contents.

3.1. Evolution of the as-DS microstructure along the eutectic trough

Fig. 2 displays the resulting microstructure parallel and per-
pendicular to GD for constant v = 60 mm/h. Microstructures rep-
resenting the four characteristic regions in Fig. 1a are visible in:
Fig. 2a & b for alloys from region I, Fig. 2c corresponds to region
II, Fig. 2d to region III and Fig. 2e & f to region IV, respectively. In
all micrographs, dark contrast corresponds to the NiAl matrix and
bright contrast to (Cr,Mo)ss. An alignment of the microstructure
parallel to GD was obtained at 60 mm/h for all alloys. For NiAl-
9.6Cr-10.3Mo (III) however, the well-aligned regions were only of
a few micrometers in length along GD (Fig. 2d). In comparison, the
alloys close to the border systems, corresponding to regions I and
IV, as well as those located in region Il show pronounced align-
ment of the microstructural features along GD with little deviation.

The morphology of (Cr,Mo)ss is seen in the detailed micrographs
perpendicular to GD. It is fibrous in regions I and IV, which was
expected based on previous literature results. The morphology in
region II is lamellar and also in accordance to literature. However,
in the alloy from region III (NiAl-9.6Cr-10.3Mo in Fig. 2d), only fi-
brous (Cr,Mo)ss was observed in the well-aligned regions, although
the same alloy showed a mixed morphology in the as-cast condi-
tion not being subjected to directional solidification [34].

3.2. In-situ investigation during directional solidification
In order to visualize the directional solidification process, Fig. 3

shows the microstructure at room temperature before (Fig. 3a) and
subsequent to directional solidification (Fig. 3c). Additionally, the
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Fig. 2. Ex-situ SEM-BSE micrographs parallel (main images) and perpendicular (detailed views) to GD (indicated by arrow) subsequent to directional solidification at
v = 60 mm/h: a) NiAl-34Cr, b) NiAl-33.4Cr-0.6Mo, c) NiAl-28Cr-6Mo, d) NiAl-9.6Cr-10.3Mo, e) NiAl-1.8Cr-10.54Mo and f) NiAl-10Mo. For a & b, a different magnification
was chosen for the images parallel to GD as indicated by the changed scale bars. All other magnification are kept consistent.
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(Cr,Mo) || ©)

Fig. 3. Ex-situ SEM-BSE micrographs of NiAl-10Mo in a) as-cast and c) as-DS condition. b) Photograph of the zone melting process during operation. Synchrotron diffraction
patterns in d) as-cast condition (ex-situ) without preferred orientation, e) in the entire liquid state (L, in-situ), f) at the solidification front (SF, in-situ) and g) in as-DS
condition (ex-situ) with preferred orientation. In d), the B2 NiAl rings are marked in red while blue rings correspond to the A2 (Cr,Mo)s. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. a) In-situ synchrotron diffraction pattern of NiAl-10Mo taken at the SE. The intensity maxima on the A2 (Cr,Mo)ss rings are marked by blue symbols and those on the
B2 NiAl rings by red symbols. The arrow indicates the GD. b) The sets of diffracting lattice planes are marked by symbols with their respective orientation to GD (consistently
oriented to a)): square for {100} and {200}, oval for {110} and triangle for {111}. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

heating process and the formation of the liquid zone are displayed
in Fig. 3b. The corresponding diffraction patterns are depicted in
Fig. 3d to g. Fig. 3d represents the initial as-cast condition before
directional solidification. Concentric rings with homogeneous in-
tensity distribution are observed due to the random crystal orien-
tation distribution of the colonies [42]. The diffraction rings be-
longing to the NiAl and (Cr,Mo)ss are marked in red and blue,
respectively. Once the sample reaches the liquidus temperature,
the long-range order disappears and the narrow rings of the crys-
talline phases vanish, while wide diffuse rings of the liquid appear
(Fig. 3e). These rings have 2®-angles of approximately 3.2° and
5.6° and are related to typical diffraction angles based on mean
interatomic distances in metallic liquids (determined to be approx-
imately 2.14 A and 1.22 A, respectively) [43]. In Fig. 3f, both solid
phases NiAl and (Cr,Mo)ss are observed besides the diffuse rings
of the liquid when observing the solidification front. The intensity
distribution along the rings is inhomogeneous for both phases, in-
dicating the formation of a preferred orientation directly at the so-
lidification front. Similar intensity distribution along the diffraction
rings can be distinguished in Fig. 3g for the as-DS condition. Fig. 4
illustrates the intensity distributions in more detail. The patterns
are formed by the superposition of the crystallographic arrange-
ment of the phases in the sample coordinate system and the ro-
tational symmetry about GD. The phases are aligned with (001)
direction parallel to GD. Perpendicular to it, no preferred orienta-
tion exists. Hence, a complete fiber texture is present. The inten-
sity maxima corresponding to the NiAl and (Cr,Mo)ss are assigned
in red and blue, respectively (Fig. 4a). The sets of diffracting lattice
planes are marked with symbols in Fig. 4b: square for {100} and
{200}, oval for {110} and triangle for {111}. For instance, the nor-
mals of the (001)y;a;, (100)yia and (010)yia planes are inclined
by 0° and 90° with respect to GD and generate the intensity max-
ima on the innermost {100} diffraction ring (red square). In case
of the {110} rings (oval symbols), the 90° inclination of (110) and
(110) as well as the 45° inclination of the (101) and (101) lead
to the observed intensity variation for both phases. The normals of
the {111}y;a; plane set are inclined by 54.7° with respect to GD and
result in the intensity maxima highlighted by triangle symbols.

As shown in our previous work [34], the orientation relation-
ship in NiAl-10Mo is clearly cube-on-cube. As both phases have
intensity maxima at the same positions along the rings, the cube-

on-cube orientation relationship is also confirmed subsequent to
directional solidification. Thus, (only) an alignment of both phases
with (001) parallel to GD takes place during directional solidifica-
tion compared to the as-cast condition. In the following, the syn-
chrotron diffraction patterns of eutectic alloys at the SF and in as-
DS condition are examined with respect to the occurrence of a pre-
ferred orientation upon directional solidification. The process pa-
rameters R and v were kept identical for all alloys discussed here.

Apart from the homogenous, diffuse rings of the liquid, inho-
mogeneous intensity distributions along the rings of the two solid
phases were observed for all alloys (Fig. 5a to d), which allows the
conclusion that all eutectic NiAl-(Cr,Mo) alloys tend to crystallize
with preferred orientation. The intensity variation along the rings
in Fig. 5a, ¢ & d indicates a (001) direction parallel to GD in the
regions I, III and IV, respectively. In region II (Fig. 5b), the intensity
distribution indicates a (111) parallel to GD. The deviation from the
ideal preferred orientation changes along the eutectic trough as in-
dicated by the varying intensity concentration along the diffrac-
tion rings. Manually determined ¢ widths of the intensity maxima
along the {200} diffraction rings are plotted as a function of com-
position (Xyo in (Cr,Mo)ss) in Fig. 5e to quantify the changes. These
rings where chosen since they do not superimpose with the diffuse
ring of the liquid. Both pseudo-binary alloys, NiAl-Mo and NiAI-Cr,
show small ¢ widths, concurrently for both phases. By contrast, al-
loys with intermediate Mo concentration exhibit higher ¢ widths.
The preferred orientation at the SF does less deviate from the ideal
preferred orientation for the alloys close to the pseudo-binary bor-
ders and becomes weaker for intermediate Mo concentrations.

Fig. 6a to d show the pattern in the as-DS condition after cool-
ing to room temperature. While the cooling does not change the
patterns of NiAl-28Cr-6Mo and NiAl-10Mo, the intensity distribu-
tion for NiAl-9.6Cr-10.3Mo in Fig. 6¢ is nearly evenly distributed
along the rings in comparison to sharp intensity maxima during
nucleation of the eutectic colonies (Fig. 5¢). This is due to the sig-
nificantly larger solidification interval of alloys with intermediate
Mo concentration [34], like for example 66 K for NiAl-9.6Cr-10.3Mo
in comparison to 10 K and 3 K for NiAl-34Cr and NiAl-10Mo, re-
spectively. The larger solidification interval leads to significant seg-
regation, namely the colony nuclei solidify at higher Mo concen-
tration than the regions solidifying at last [34].
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Fig. 5. In-situ synchrotron diffraction pattern at the SF: a) NiAl-34Cr, b) NiAl-28Cr-6Mo, c) NiAl-9.6Cr-10.3Mo and d) NiAl-10Mo. Growth velocity v was maintained at
60 mm/h for all alloys. The arrow indicates GD. GD is consistent for a) to d). Diffracting sets of lattice planes are indicated in Fig. 4a. e) Azimuthal angle ¢ widths of the
intensity maxima as a function of Mo concentration in (Cr,Mo)ss (Xmo in (Cr,Mo)ss) obtained from a) to d). Red symbols and blue symbols represent the sharpness along the
{200} diffraction rings of the B2 NiAl and A2 (Cr,Mo)ss, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 6. Ex-situ synchrotron diffraction pattern in the as-DS condition: a) NiAl-34Cr, b) NiAl-28Cr-6Mo, c¢) NiAl-9.6Cr-10.3Mo and d) NiAl-10Mo. Diffracting sets of lattice
planes are indicated in Fig. 4a. v was maintained at 60 mm/h for all alloys. The arrow indicates GD. GD is consistent for a) to d).

3.3. Change of the preferred orientation

For NiAl-34Cr, further weak intensity maxima were develop-
ing in addition to the intensity maxima already present at the SF
(Fig. 5a), indicating a change in preferred orientation during the
solidification process (Fig. 6a). For the examination of the evolv-
ing preferred orientation, Fig. 7a shows the diffraction pattern of
NiAl-34Cr solidified at v = 60 mm/h in detail. The lattice param-
eters of NiAl and Cr for this specific composition, ayjy and dac;,
hardly differ from each other. Hence, the diffraction rings super-
impose and the red-blue symbols in Fig. 7a mark the positions
of the intensity maxima corresponding to both phases. The red
symbols highlight the rings belonging exclusively to NiAl. The ar-
rangement of the intensity maxima is caused by an alignment of
both phases with (001) parallel to GD (about 23 multiples of the
random distribution, m.r.d.). The arrows mark additional intensity
maxima. The gray shaded {200} ring is further analyzed by means
of rocking-curves in Fig. 7b. Additional rocking-curves of the {200}
rings for various v between 18 mm/h and 180 mm/h are plotted
as intensity versus the azimuthal angle ¢ in Fig. 7b. Red, green
and blue vertical lines mark the ideal peak positions of (001),
(110) and (111) parallel to GD, respectively. Quantification of the
preferred crystallographic orientations is presented in Fig. 7d. For
v = 60 mmy/h, it can be seen in Fig. 7b (gray shaded), that the
arrows match well with the green vertical line, indicating an ad-
ditional (110) fiber texture to the already established (001) paral-
lel to GD (about 7 m.r.d.). For NiAl-34Cr, (001) preferred orienta-

tion was frequently reported in literature [4,17,33], while the (111)
fiber component was only mentioned once in addition to a strong
(001) fiber texture for as-DS NiAl-34Cr examined with v between
10 and 25 mm/h [5]. A change in positions of the intensity maxima
is noticed for both, lower and higher v. Depending on v, the domi-
nant preferred orientation varies. In contrast to Ref. [5], only (111)
preferred orientation (about 8 m.r.d.) can be assigned without in-
dications for any (001) parallel to GD for the lowest velocity con-
sistent with the quantified information in Fig. 7d. This emphasizes
the influence of the processing condition v. However, it also sug-
gests that other process parameter such as temperature gradient,
which also depend on the directional solidification device, have an
influence on the evolving preferred orientation as well as on the
growth velocity range in which the transitions in preferred orien-
tation takes place.

The addition of Mo to NiAl-34Cr reportedly changes the pre-
ferred orientation abruptly from (001) to (111) [17,33]. The change
in preferred orientation was correlated to the lattice mismatch, the
change in morphology as well as to the interfacial energy [17,33].
Since a changing preferred orientation was observed for the NiAl-
34Cr alloy investigated in the present experiments, a change in
interfacial energy due to addition of further elements can be ex-
cluded to account for the change in preferred orientation. The mor-
phology investigated for four different v is shown in Fig. 7c. For all
v, bright Cr is embedded in the dark NiAl matrix as fibers exclu-
sively. Although the preferred orientation gradually changes from
(111) to (001) towards mixed preferred orientations with increas-
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of both phases, B2 NiAl and A2 Cr. Red symbols mark the diffraction rings only of the B2 superlattice of NiAl. The sets of diffracting lattice planes are marked by symbols:
square for {100} and {200}, oval for {110} and triangle for {111}. b) Rocking curves of the {200} rings for several v obtained from ex-situ synchrotron diffraction patterns. c)
Ex-situ SEM-BSE images of the cross-sections in as-DS condition perpendicular to GD. GD is consistent for all micrographs. d) Orientation distribution (consistent logarithmic
color code in m.r.d.) within the inverse pole figure of GD obtained by refinement of ex-situ synchrotron diffraction patterns. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

ing v, no change in morphology was observed. A change in pre-
ferred orientation does not lead to a change in morphology. In or-
der to evaluate the impact of minor Mo addition, directionally so-
lidified NiAl-33.4Cr-0.6Mo at 18 mm/h, 60 mm/h and 180 mm/h
was investigated (not shown here). The lowest v leads to (111) par-
allel to GD and both higher growth velocities to (001) parallel to
GD. Multiple preferred orientations were not detected.

Since strain energy reduction at coherent interfaces might drive
the occurrence of preferred orientations, lattice mismatch during
solidification and cooling was mapped. Therefore, the lattice pa-
rameters @c o) and aya of the individual phases (again, NiAl in
red and (Cr,Mo)ss in blue color) were analyzed at the SF (semi-
filled symbols) as well as in the as-DS condition at room temper-
ature (open symbols) as a function of v. The results are plotted in
Fig. 8a. v is linked to superheating and cooling conditions at the
solidification front during the process, which might cause changes

in the solubility of the elements close to the liquidus temperature.
Thus, v has a strong impact on the lattice parameter of the solidi-
fying crystals at the SF. The lattice mismatch § at the SF and in the
as-DS condition calculated by Eq. (1) are shown in Fig. 8b:
s—2. a(cr,Mo) — ANiAl 1)
a(cr,Mo) + ANiAl
6 is negative in the as-DS condition independent of v, which is
in agreement with literature [4,17,33]. In contrast, § at the SF is
characterized by two zero transitions with increasing in v (from
positive to negative and back to positive). Overlaying the results
from the preferred orientation analysis in Fig. 7b as a color code
in Fig. 8 clearly indicates that & at the SF accounts for the evolv-
ing preferred orientation: positive § values lead to (111) or mixed
(110) + (111) orientations parallel to GD while negative § lead to
dominant (001) parallel to GD. The same dependence of preferred
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orientation and § was observed for directionally solidified NiAl-
33.4Cr-0.6Mo solidified at 18, 60 and 180 mm/h. Equivalent to
NiAl-34Cr, a zero transition (from positive to negative) of § at the
SF with increasing in v was found. Positive § of 0.12% at the SF
was found for NiAl-33.4Cr-0.6Mo at 18 mm/h. The positive § cause
growth of only (111) orientations parallel to GD, while for 60 and
180 mm/h with a negative § of —0.05% and —0.04% respectively,
(001) orientations parallel to GD prevail. The morphology of NiAl-
33.4Cr-0.6Mo (not shown here) investigated for the three different
v, also revealed no change in morphology with the change in pre-
ferred orientation.

Since the variation in preferred orientation in region I is cou-
pled to the lattice mismatch at the solidification front, the lat-
tice parameter and lattice mismatch evolution along the eutectic
trough are discussed in detail in what follows.

The lattice parameters of both phases, NiAl and (Cr,Mo)ss, and
the lattice mismatch at the SF and in the as-DS condition are plot-
ted as a function of xp, in (Cr,Mo)ss in Fig. 9a & b and c & d,
respectively. Due to the different coefficients of thermal expan-
sion (CTE) and the solubility of the elements close to the liquidus
temperature, the lattice mismatch § at the SF differs from that
at room temperature [17]. So far, § just below the liquidus tem-
perature has only been estimated, since the CTE were experimen-
tally determined only up to a temperature of 1000 °C and extrap-
olated towards the liquidus temperature [17,33,44]. Moreover, the
influence of the solubility of other elements on § close to the lig-
uidus temperature was estimated by means of rapid quenching
from a temperature of 50 K below the liquidus temperature [17].
The NiAl lattice parameter at the SF exhibits a slight decrease with
increasing Xy, in (Cr,Mo)ss (Fig. 9a). Estimation of ay;s of pure
NiAl [45] at the respective liquidus temperatures along the eutec-
tic trough predicts an increase in lattice parameter with increasing
XMo in (Cr,Mo)ss (red solid line Fig. 9a). However, the solubility of
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Cr in NiAl close to liquidus temperature is significantly higher than
of Mo (8 at.% Cr in NiAl and 0.1 at.% Mo in NiAl at the liquidus
temperature, see Fig. 1b), which explains the difference to the ex-
perimentally determined lattice parameter. The dissolved elements
have only little influence on the CTE of NiAl [46], but they consid-
erably change the lattice parameter at the solidification front due
to the different solubility. Thus, it is not reasonable to determine &
or the lattice parameters by an extrapolation using the CTE [17,33].
The lattice parameter of the solid solution ac, o) continuously in-
creases with increasing xy;, in (Cr,Mo)ss (Fig. 9a, blue symbols). The
lattice parameter of ac, = 2.972 A in NiAl-34Cr at the SF is similar
to pure Cr with ac, = 2.970 A close to the melting temperature of
pure Cr [47-49]. The lattice parameter of ay, = 3.179 A in NiAl-
10Mo at the SF agrees well with the lattice parameter of pure Mo
amo = 3.180 A at 1600 °C [50]. Moreover, no direction dependency
with respect to GD was observed at the SF. Hence, the lattice pa-
rameters are isotropic at the SF and the phases are undistorted at
the beginning of crystallization.

The lattice parameter in the as-DS condition at room temper-
ature is depicted in Fig. 9b. ay;a does not change with increas-
ing Xy in (Cr,Mo)ss, while acr oy increases with increasing Xyo.
Here, a direction dependency with respect to GD was found in the
as-DS condition. acrme) (Fig. 9b, blue open symbols) was noted
smaller parallel to GD than perpendicular to GD (Fig. 9b, blue
semi-field symbols). The opposite behavior was found for ay;a;, as
it is greater parallel (Fig. 9b, red open symbols) than perpendic-
ular to GD (Fig. 9b, red semi-field symbols). Both phases are dis-
torted due to the different CTE in conjunction with the alignment
of the phases. Refs. [51,52] suggest that the solid solution is un-
der compression and the NiAl matrix under tension subsequent to
cooling of NiAl-10Mo. As shown in the present study, this type
of anisotropy occurs for alloys in the regions II to IV. Region I is
less affected, since no significant direction dependence was found.
The significant residual strains in the Mo-rich region IV can be at-
tributed to the greater CTE difference between NiAl and the solid
solution (with ACTE being 0.8 - 10~> and 0.3 - 10~> 1/K at room
temperature between NiAl and Mo [44,50,53,54] as well as NiAl
and Cr [2,47,49,55], respectively).

Due to directional solidification, the phase boundaries perpen-
dicular to GD are greatly reduced and the phase boundaries along
GD dominate. Thus, the following paragraph focuses on the lattice
mismatch § parallel to GD. Fig. 9c & d display & calculated with
Eq. (1) based on experimentally determined lattice parameters at
the SF and in the as-DS condition. Since no direction-dependence
between the lattice parameters was determined at the SF, § is also
isotropic at the SF. As a(c; Moy Changes dramatically in contrast to
anial, the Mo concentration is decisive for the lattice mismatch. §
is negative for NiAl-34Cr (§ = —0.31%), becomes zero around 2%
Mo in (Cr,Mo)ss and steadily increases to § = 6.9% for NiAl-10Mo
(Fig. 9¢). In the as-DS condition a negative lattice mismatch of § =
—0.27% for NiAl-34Cr is seen and § = 0% is found for the alloy
with 1.8% Mo in (Cr,Mo)ss. This is in agreement with Ref. [17], but
higher than in the as-cast condition reported in Ref. [34], which
confirms that § alters with the processing route. With further in-
crease in Xy, in (Cr,Mo)ss, 6 becomes greater and reaches § = 7.9%
in NiAl-10Mo. This is lower than reported in Refs. [15,56,57], which
is most likely because the present study considered only § parallel
to GD.

In conclusion, the lattice mismatch & at the SF is characterized
by a sign change depending on v only for alloys in region I. This in-
fluences the growth of preferred orientations. Alloys with Mo con-
centrations higher than 2% Mo in (Cr,Mo)ss exhibit only positive
& at the SF regardless of the solidification parameters. In region
II, (111) retains parallel to GD and no further change in the pre-
ferred orientation occurs (see the respective synchrotron diffrac-
tion patterns at the SF in the Supplementary Material). With this
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in mind, still a fibrous morphology would be expected in region
II, since the preferred orientation does not cause a change in mor-
phology. However, the microstructural examination in Fig. 2c re-
veals a lamellar morphology, which is discussed in detail in the
following section.

3.4. Orientation relationships in NiAl-(Cr,Mo) alloys

Due to the rotational symmetry by the in-situ directional solidi-
fication setup, the orientation relationship cannot be unequivocally
determined (see for example the similar synchrotron diffraction
patterns of fibrous NiAl-34Cr at 18 mm/h and lamellar NiAl-28Cr-
6Mo at 60 mm/h in the Supplementary Material while different
orientation relationships are present in the two alloys). Therefore,
EBSD investigations were carried out for two alloys from region II,
namely NiAl-31Cr-3Mo (Fig. 10a & c¢) and NiAl-28Cr-6Mo (Fig. 10b
& d) revealing two different colony types. As indicated by the color
code in the orientation maps in Fig. 10a & b for both alloys, (111)
directions are parallel to GD. However, the obtained misorienta-
tion between the phases in NiAl-31Cr-3Mo was (59.9 + 0.2)° about
(111) (Type 2). This corresponds well to an orientation relationship
described by a 60° rotation about a (111) axis as illustrated in the
lower part of Fig. 10e and is in agreement with the second possi-
ble orientation relationship reported for NiAl-9.6Cr-10.3Mo in Ref.
[34]. A similar misorientation of (59.8 + 0.2)° was found in NiAl-
28Cr-6Mo for the upper right colony (Type 2) in Fig. 10b. These
findings are in contradiction, however, with the reported cube-on-
cube orientation relationship for these compositions [17,29,58-62].
For the lower-left colony, a misorientation of (0.45 + 0.17)° was
detected, which corresponds to the cube-on-cube orientation re-
lationship (Fig. 10e, Type 1). Only Ref. [31] reported two orienta-
tion relationships in Hf- and Si-doped NiAl-31Cr-3Mo once. Sev-
eral other authors continued to postulate the sole appearance of
the cube-on-cube orientation relationship in the NiAI-Cr-Mo sys-
tem [17,29,58-62]. The used technique was mostly transmission
electron microscopy, which only provides local information of a

b)). (For interpretation of the references to colour in this figure legend, the reader is

few interfaces. Therefore, in this work SEM/EBSD was chosen for
a more integral determination of the orientation relationships.

Refs. [34,63] suggested that the orientation relationship is de-
cisive for the evolving morphology. This statement is confirmed
by the present study. Only the second orientation relationship ex-
pressed by a 60° rotation about (111) was found in NiAl-31Cr-
3Mo, which is the reason why the microstructure of NiAl-31Cr-
3Mo (Fig. 10c) consists only of (Cr,Mo)ss lamellae within the NiAl
matrix. In NiAl-28Cr-6Mo, two different types of colonies were ob-
served (Fig. 10d). Equivalent to NiAl-31Cr-3Mo, a lamellar morphol-
ogy was found for the Type 2 colony (Fig. 10d), while the Type 1
colony possesses fibrous morphology and a cube-on-cube orienta-
tion relationship (Fig. 10d). To conclude, the orientation relation-
ship determines the morphology.

Fig. 11 summarizes the EBSD results combined with the pre-
ferred orientations obtained by synchrotron diffraction patterns at
various v and as a function of xp;, in (Cr,Mo)ss. The adapted mor-
phologies are also included. In region I, the cube-on-cube orienta-
tion relationship with different crystallographic preferred orienta-
tions and fibrous morphology were exclusively observed.

The dominant orientation relationship changes to a 60° rotation
about (111) in region II and mainly lamellar morphology forms.
Only occasionally, colonies with the cube-on-cube orientation re-
lationship and fibrous morphology were found. The preferred ori-
entation was exclusively (111) parallel to GD. Since no distinct
habit plane was observed for the 60° orientation relationship (see
Fig. 10), these eutectic colonies need to grow coupled in the com-
mon direction of both phases, namely the (111), equivalent to the
preferred orientation. The fact that one or two orientation relation-
ships can be present in the microstructure, suggests that during
directional solidification, the growth of the favorable orientation
and the elimination of the other orientations are competing mech-
anisms [64].

In region III, both orientation relationships and morphologies as
well as both preferred orientations with (001) and (111) parallel to
GD are present depending on v.
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Fig. 10. Ex-situ orientation mapping according to the inverse pole figure of the normal surface to a cross-section of a) NiAl-31Cr-3Mo and b) NiAl-28Cr-6Mo obtained by
EBSD. Image quality maps of c) NiAl-31Cr-3Mo and d) NiAl-28Cr-6Mo of the same field of view as in a and b, respectively. Red lines mark the interface between the two
different colony types. e) Pictograms with {100} of the cube-on-cube (upper) and 60° rotation about (111) orientation relationship (lower) with A2 (Cr,Mo)ss in red and B2
NiAl in blue. (111) is parallel to GD for both colony types which corresponds to blue color in a) and b). (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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Fig. 11. Summary on the appearance of preferred orientations as a function of xye
in (Cr,Mo)ss and growth velocity v. Colored regions correspond to preferred orien-
tations derived from the synchrotron diffraction patterns (see Figs. 6 and 7). The
pictograms summarize the proven orientation relationships between A2 (Cr,Mo)ss
in red and B2 NiAl in blue (see Fig. 10). I to IV represent the adapted classification
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ure legend, the reader is referred to the web version of this article.)

Regardless of the solidification parameters, a cube-on-cube ori-
entation relationship, a (001) preferred orientation and a fibrous
morphology was exclusively observed in region IV. The tendency
to fiber formation is most likely due to the poor lattice matching
(8 > 6%) and the fact that in contrast to the lamellae fibers require
only a periodic coincidences in atomic rows along GD [65].

4. Conclusions

Following conclusions can be drawn on directional solidification
of eutectic NiAl-(Cr,Mo) alloys from this study:

10

W The classification of the eutectic trough into four regions (fibers,
I; lamellae, II; lamellae + fibers, III; fibers, IV), according to dif-
ferent morphologies in the as-cast condition proposed in Ref.
[34] can be extended to considering orientation relationship
and formation of preferred orientation.

B The following preferred orientations are observed: (001) par-
allel to GD was observed in regions I, Il and IV, while domi-
nant (111) parallel to GD was found in region I Preferred ori-
entation is present already during nucleation. Larger deviations
from the ideal orientation sites occur for intermediate Mo con-
tents due to extended solidification intervals.

B For alloys in region I (incl. NiAl-Cr), the sign of the lattice mis-
match & at the SF determines the evolving preferred orienta-
tion. § clearly depends on dissolved Cr and Mo due to changing
lattice parameters. The impact of growth rate v on § arises from
altered superheating of the liquid and cooling rate, and hence
dissolved amount of Cr or Mo. § at room temperature is nega-
tive for all these alloys in the as-DS state due to superimposed
thermal expansion; § at room temperature should not be eval-
uated for the assessment of preferred orientation changes. For
alloys beyond region I, large positive § irrespective of the pro-
cessing conditions are present and increase with increasing Mo
concentration in (Cr,Mo)s;.

B No changes in morphology were observed in region I even
when changes in preferred orientation or multiple ideal sites
of preferred orientations were present. This is indicating an in-
dependence of morphology and preferred orientation from an-
other. The simultaneous appearance of colonies with two differ-
ent orientation relationships (60° rotation about (111) vs. cube-
on-cube) and of different morphologies (lamellar and fibrous,
respectively) in region II reveals the morphology control by the
orientation relationship. Since no distinct habit plane was ob-
served for the 60° orientation relationship, these lamellar eu-
tectic colonies can only grow coupled in the common direction
of both phases, e.g. (111), equivalent to the preferred orienta-
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tion. Hence, preferred orientation stems from the interplay of
orientation relationship and morphology in these cases.
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