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TEM and high-temperature X-ray
diffractometric studies on the structural

transformations in NizAl

R. RAMESH*, B. PATHIRAJ*, B. H. KOLSTER?*
Foundation for Advanced Metals Science (SGM), 7550 KA Hengelo, The Netherlands

High-temperature X-ray diffraction and TEM studies were conducted on nickel-rich boron-
doped Ni;Al in order to confirm our earlier observations on the existence of a structural
transformation in these alloys. The results obtained are discussed through a model proposed.
The L1, structure appears to transform to another L1, or to a DO, structure during heating.
Such a transformation starts at around 700 °C and seems to complete around 1100 °C and
appears to be of a continuous type. In the temperature range 700-1100 °C both phases
coexist, which causes a tetragonal distortion of the L1, lattice giving rise to a tweed
morphology in TEM observations. The transformation mechanism involves a periodic
modulation of lattice constant. The calculated values for this periodicity (expressed as a
number of unit cells in the [1 00] direction) obtained from X-ray diffraction (L =62, 70, 74)
matched well with that (L = 65) obtained using TEM.

1. Introduction

It is well known that NizAl-based alloys belong to the
L1, kind of ordered structure [1] and it is generally
believed that this ordered structure exists as such up
to its melting point. However, it has been brought out
recently [2, 3] that considerable discrepancies exist in
the literature with regard to the long-range order
parameter, lattice constants, thermal expansion coef-
ficients and specific heat data of these alloys. It is
unusual that in a material which is considered to be
stable up to its melting point such irregularities can
exist. The discrepancies noticed can be attributed to
several reasons. To investigate the possible causes for
such variations, a detailed analysis of X-ray diffraction
intensity profiles (diffractograms) was carried out at
room temperature on filings of stoichiometric and off-
stoichiometric Ni;Al alloys (with and without boron
addition) which were annealed over a range of temper-
atures. This investigation revealed [2] that the L1,
structure in Ni Al alloys is not stable at all temper-
atures, and suggested the existence of a structural
transition. Since in situ tests always give a better
picture of the nature of the transformations involved,
the present high-temperature X-ray diffraction study
was undertaken on one Ni;Al alloy, namely a boron-
doped nickel-rich composition (76 at % Ni-24 at %
Al-0.1 wt% B). Transmission electron microscope
(TEM) investigations were also carried out for the
same alloy in different heat-treated conditions, to
study the changes (if any) in their microstructural
behaviour.

2. Experimental procedure

The alloy composition given above was- prepared
using an induction melting furnace (Heraeus) under a
controlled atmosphere of argon and by casting into a
copper mould, the details of which are dealt with
elsewhere [2]. The high-temperature X-ray measure-
ments were performed over the temperature range
from ambient to 1200°C using an Enraf-Nonius
PDS120 integrated powder diffractometry system
equipped with an advanced CPS120 curved position-
sensitive detector and a high-temperature vacuum
chamber operating at approximately 10~* torr
vacuum. The sample used was in sheet form, obtained
after cold-rolling the ingot several times with inter-
mediate annealing at 1000 °C. The sample was heated
by a platinum heating filament and the temperature of
the sample was measured using a Pt/Pt-10% Rh
thermocouple and was estimated to be accurate within
+ 3°C over the temperature range used. Monochro-
matic CuK, radiation was achieved through the use of
a curved quartz crystal monochromator. Both cooling
and heating sequences of measurement were carried
out. The initial condition of the sample was 1200°C
water-quenched. After the room temperature meas-
urement, the sample was heated directly to 1200°C
within 12 min. After obtaining the intensity profiles at
1200°C, further data collection was made in the se-
quence of decreasing temperatures in steps of 100°C
down to room temperature. Measurements were then
performed likewise in the sequence of increasing
temperatures in steps of 100°C up to 1200°C. The
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residence time at each temperature was 20 min and
the cooling/heating rate was 60 °C min~".

The structural features of the alloy in different heat-
treated conditions, namely in 1200, 1000 and 600°C
quenched conditions, were examined in a Jeol 200CX
high-resolution TEM operating at 200 kV. Specimens
for microstructural examinations were cut from Ni;Al
ingots using a spark erosion machine to a thickness of
about 200 pm. Further thinning was done in two
stages, first using an electrolyte of 10% HNO; in
methanol. Discs of about 3 mm diameter were cut
from these thin foils and were further jet-polished
electrochemically in a solution of 93% methanol and
7% perchloric acid at — 20°C.

3. Results

3.1. High-temperature X-ray diffraction
Diffractograms obtained during cooling and heating
sequences of the sample are shown in Figs 1 and 2 for
the fundamental (200) and superlattice (100) reflec-
tions, respectively. It can be seen in Fig. 1 that at
1200 °C there is no irregularity in the shape of the
profile. The order parameter estimated on the basis of
an L1, structure for this temperature using
(100)/(200) pairs of reflections gave a value of 0.9412
[2] which is fairly close to its theoretical value (0.95)
determined for this composition. As the temperature is
decreased below 1100 °C an additional peak appears
at the right shoulder (higher 20) of the first. With a
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Figure 1 XRD profiles of the (200) reflection obtained over the
range of temperatures for boron-doped off-stoichiometric Ni,Al
during thermal cycling.
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Figure 2 XRD profiles of the (100) reflection obtained over the
range of temperatures for boron-doped off-stoichiometric NijAl
during thermal cycling.

further decrease in temperature, the intensity of the
new peak gradually increases at the expense of the
original peak and at 800°C the intensities become
almost equal. The intensity of the new peak becomes
stronger and at temperatures below 600 °C, the ori-
ginal peak disappears whiie the new peak continues to
become stronger down to room temperature. The
changes occurring during cooling are reversed during
heating (right-hand figures). However, it is clear that
the ratio in intensities of the high to low temperature
peaks is higher (at 1000 and 800 °C) during cooling
than during heating, indicating that the trans-
formation is an activated process.

The superlattice (100) profile (Fig. 2) also shows
split peaks in the temperature range 800-1000°C,
though they are not so distinct as is the case with the
(200) reflection. The observed shifts in the peak posi-
tions for both (200) and (100) are purely due to
thermal expansion effects.

The lattice parameters were estimated based on
(200) and (100) reflections. The calculations on the
basis of an L1, structure for the split reflection at
800 °C (during cooling) showed the lattice parameter
of the high-temperature phase to be higher by
0.00234 nm as compared with the low-temperature
phase. A similar difference in lattice parameter was
noticed during the heating cycle when calculated for
the well-resolved split peaks seen at 1000°C. In the
following discussions, for the sake of simplicity and
convenience the low-temperature and high-temper-
ature phases are designated as L1,(L) and L1,(H),
respectively.
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Summarizing, the above high-temperature X-ray
diffraction resuits indicate the existence of three re-
gions. It appears that above 1100 °C and below 600 °C
the structure is L1, with the lattice parameter of the
latter being smaller than that of the former. In the
intermediate region the structures appear to coexist.
Though the high-temperature X-ray diffraction results
indicate a transition range from 600 to 1100 °C, the
actual transition range appears to be from 700 to
1100 °C. The reason for this emerges from additional
experiments carried out using dilatometry and calor-
imetry techniques, the results of which are discussed
elsewhere [3].

3.2. TEM investigation

To examine the microstructures in the different trans-
ition regions mentioned above, TEM investigations
were carried out on samples quenched from 1200,
1000 and 600°C corresponding to the above-men-
tioned three regions. With optical microscopy it was
not possible to notice any difference between the
microstructures obtained for these samples.

Typical TEM microstructural features obtained for
the three temperature regions are shown in Fig. 3a—c.
The microstructures of the samples quenched from
600 and 1200 °C (Fig. 3a and c) are rather featureless
except for the presence of super-dislocations, while
those quenched from 1000 °C reveal (Fig. 3b) the fea-
tures of a strain (“tweed-like”) contrast along {110}
in a foil oriented in [001]. There is also further
evidence from the selected-area diffraction patterns
that a weak diffuse scattering occurs along ail {110
directions (only a close observation of the negatives of
the diffraction patterns shown in Fig. 4 reveals the
presence of streaks in the direction of the arrow mark)
for the 1000°C quenched samples, while no such
diffuse intensity exists for 600 and 1200 °C quenched
ones. The diffuse streaks are similar to those observed
in the tweed-like structure of Cu-Be alloys [4] and
many other ordering systems which is caused by an
order—disorder transition. In order to examine
whether the tweed-like morphology exists in the whole
intermediate transition range (700-1100°C), foils of
the same alloy quenched from 800 °C were also invest-
igated. A TEM micrograph (Fig. 5) reveals a similar
tweed (strain contrast) microstructure oriented along
¢123> in the [0 1 3] pattern, indicating the formation
of tweed throughout the intermediate range. Since this
tweed microstructure is distributed homogeneously
throughout the matrix, no significant difference is
noticed between the bright-field and the dark-field
superlattice images as has been noticed in other
systems exhibiting an order—disorder transition [5].
The presence of super-dislocations in the whole
temperature range gives a further indication that
the structure remains ordered.

4. Discussion

From the in situ tests it appears that for temperatures
below 700°C and above 1100°C an ordered cubic
structure of L1, type exists. The ordered nature of these
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Figure 3 TEM bright-field micrographs of boron-doped nickel-rich
Ni,Al quenched from (a) 600°C, (b} 1000°C and {c} 1200°C. The
foils were oriented in [00 1] for (a) and (b) and [111] for (c).

structures was confirmed through the presence of
superlattice reflections (Fig. 2). TEM microstructural
investigations clearly indicated the presence of super-
dislocations (Fig.3) in these temperature ranges,
which further confirms the ordered nature of the
structures. However, the cubic structures mentioned
in the two regions are not identical as the lattice
parameter calculated for the high-temperature struc-
ture, L1,(H), was found to be larger by 0.00234 nm as
compared to the low-temperature cubic structure
L1,(L).

From a physical point of view it remains unclear
why there should exist two identical ordered lattices
with a difference in lattice parameter only; although



Figure 4 Electron diffraction patterns of Ni;Al quenched from (a)
600°C and (b) 1000 °C.

Figure 5 TEM bright-field micrograph of boron-doped nickel-rich
Ni;Al quenched from 800 °C, illustrating the striated contrast along
{123 in the [01 3] direction.

this is observed in iron as well, it should be stressed
that there the two b.c.c. phases are separated by a
stable f.c.c. phase. Therefore, the possible existence of a
different phase at high temperatures is also con-
sidered. Since a close structural similarity exists

between the L1, and DO,, ordered structures, the
possibility of DO,, being the high-temperature phase
is considered and discussed at a later stage. For the
sake of discussion, the high-temperature phase is at
first assumed to be an L1,-type ordered structure.

Based on the results available, the possible changes
that occur in NizAl are discussed through the model
proposed below.

4.1. Model

It is postulated above that on either side of the
intermediate region (700-1100°C) the structure is
ordered cubic (L1,), with the cell parameter being
smaller for the cubic structure that exists below
700°C, L1,(L), than for the one existing above
1100°C, L1,(H). Although the in-between temper-
ature range is extended, the high-temperature X-ray
diffraction did not give any indication for the existence
of a different principal lattice between 700 and
1100 °C. Therefore, in the intermediate region only the
transformation takes place and one can expect a
mixture of these two different cubic structures:

L1,(L) = LI,(H)

This structural change is shown in Fig. 6.
From a mechanistic point of view (not thermo-
dynamically) such a transition might occur through a

(a) Model
<700°C 700-1100°C >1100°C
a 2 c c
a a c I o
L1,(L) L1,L) + L1y(H) L1,(H)
(b) Mechanism
During cooling
1100 -700°C
c c
a
c a a
L1,(H) [ PY(B]
During heating
' 700-1100°C
a a ¢
a c c
L1,(L) L1(H)

Figure 6 (a) Model describing the proposed structural changes that
could possibly exist in Ni;Al alloys and (b) structural changes from
the mechanistic point of view.
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metastable state of a localized tetragonal distortion of
the lattice. This mechanistic view of the model 1s
shown in Fig. 6b. It predicts the L1,(L)=L1,(H)
transition to occur through a tetragonal distortion of
the parent lattice in the intermediate region.

The validity of the proposed model is now con-
sidered. The (200) intensity profiles (Fig. 1) indicate a
single peak at 1200 °C corresponding to L1,(H), and
as the sample is cooled through the intermediate
temperature range (1100-700 °C) the emergence of an
additional peak followed by its increase in intensity at
the expense of the original peak is observed. This gives
the idea that L1,(H) is continuously transforming to
L1,(L). Below 600°C, the original peak disappears
and the new peak becomes stronger (due to decreasing
thermal scattering effects) until the ambient temper-
ature is reached. This new peak corresponds to L1,(L).
On the other hand, when the sample is heated through
the same range, the above process can be seen to
reverse with the 1.1,(L) peak now becoming weaker at
the expense of L1,(H) beyond 600 °C. From this one
can confirm the existence of the L1,(L)=L1,(H)
transition and also the reversibility of the transition.

From Fig. 1 it can be seen that the intensity ratio
between the two peaks varies with temperature in the
intermediate region. As the multiplicity factors are
identical for the two cubic structures, this varying
intensity ratio is due to the changing volume fraction

“of the two phases present during the continuous trans-

formation. Further, from the fact that the unit cell of
L1,(H) is larger than that of L1,(L), one can make a
reasonable assumption that the L1,(H) - L1,(L)
transition (during cooling) occurs more easily com-
pared to the L.1,(L) —» L1,(H) transition (during hea-
ting). As a consequence of this difference in kinetics,
for a given rate of temperature change one can expect
different amounts of L1,(L) and L1,(H) at any par-
ticular temperature in the range 700-1100 °C, depend-
ing on whether it is a heating or a cooling cycle. This
fits our experimental results (Fig. 1) where the intens-
ity ratio of L1,(L) and L1,(H) at any temperature is
larger for the heating cycle (compare the differences
seen at 800 °C).

The TEM microstructures, which reveal a feature-
less microstructure except for the presence of super-
dislocations for samples quenched from 600 and
1200°C (Fig. 3), indicate the existence of a single-
phase ordered structure at a given temperature. For
the samples quenched from the intermediate temper-
ature region (Fig. 3b), the microstructures obtained
were of unique morphology. The features reveal mott-
led strain contrast or tweed patterns at many locations
in the matrix.

It has been shown that the tweed contrast arises
from regular patterns of (invariably) tetragonal strain
centres in the parent cubic lattice [6]. The elastic
distortions thus resulting due to coherency have been
reported to be the primary cause for producing streaks
in a sample exhibiting tweed microstructures, as for
example in Cu-Be alloys [4], NizV [5] etc. The
displacive ¢ -t transformation in the Y,0;-ZrO,
system also exhibits a similar tweed microstructure
[7]. In addition to these examples in the other systems,
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Cheng et al. [8] have reported that low-temperature
proton irradiation of NijAl produces a mixture of
disordered and ordered material, and that the dis-
ordered zones which possess the tweed-like morpho-
logy are believed to be tetragonally distorted. The
existence of a martensitic (tetragonal) phase in binary
stoichiometric NizAl prepared by melt-spinning has
also been reported [9]. Further, Ni;Al (y') precipitates
which are the strengthening constituents in Inconel
718 superalloy are believed to undergo a ¥ — ¥, o0
transformation on the basis of its tweed morphology
when aged around 700 °C [10, 117]. However, based on
our high-temperature X-ray diffraction study, the
existence of a stable tetragonal phase for NijAl can
almost certainly be excluded. The probable cause for
the observed tweed formation in the intermediate
temperature region of the present study can be at-
tributed to the localized strain induced by a periodic
modulation.

The possible existence of a modulated structure in
the intermediate region is supported by the room-
temperature X-ray intensity profiles obtained from the
filed samples which were water-quenched from
1000 °C. The experimental details are dealt with in our
earlier paper [2]. The intensity profiles indicate the
emergence of satellites around the (111) reflection
(Fig. 7). Apparently six satellites, three on the low-
angle side and three on the higher-angle side of the

(111) reflection (200) reflection (220) reflection
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Figure 7 XRD intensity profiles of boron-doped nickel-rich Ni;Al,
providing evidence for the structural transformation at higher
temperatures. (a) 1000°C-24h, water-quenched; (b) 1000°C-24h,
water-quenched — 600°C-2 h; (c) 1000°C-24h, water-quenched
— 600°C—-12h; (d) 1000°C-water-quenched — 600 °C — 1000°C—
water-quenched.



(11 1) reflection, are noticed which are symmetrical on
either side. Higher-order reflections did not show any
satellites, which may be related to their weak in-
tensities. Also the in situ high-temperature X-ray dif-
fraction did not reveal such satellites at 1000 °C, and
this perhaps is due to the thermal scattering and grain
size effect which will be discussed subsequently. The
available data were evaluated by means of the
Daniel-Lipson relation [12]

htano
(h* +k* + 1266

where 0 is the angle of the Bragg reflection (h, k,I) and
00 the difference in Bragg angle between the centre of a
satellite peak and the main line. L is a distance
(wavelength of the modulation, i.e. number of subcells
in each modulated unit cell) expressed as a number
of unit cells in the [100] direction. The L values
estimated based on the (111) reflection for both
1000°C-24 h water-quenched (Fig. 7a) and 1000°C~1h
quenched (Fig. 7d) filings were found to be the same (L
=62, 70 and 74 for the three orders of satellites
noticed in both cases). These values are in good
agreement with those obtained with TEM, wherein
the modulations seen in the micrographs when dir-
ectly measured on enlarged prints yielded L values in
the range 60-65. We believe that these periodic modu-
lations involve modulations of the lattice parameter.

The absence of satellites in the in situ high-temper-
ature X-ray diffraction measurements is considered
below. In the in situ measurements, bulk specimens of
rather large grain size (125 um) were used. This is in
contrast to the room-temperature measurements
wherein filings of relatively smaller grain size (47 um)
were used [2]. Since the modulations observed are
orientation-dependent, the probability of detecting
such modulations is greater in the filings than in the
bulk specimen, due to the random distribution of the
filings. In addition, the thermal scattering effect makes
it even more difficult to observe the existence of
satellites in the in situ measurements.

Summarizing, it can be said that during trans-
formation a cell with a different lattice constant is
being formed, which consequently creates mismatch
stresses. These are so high that it will not be possible
for the two structures to coexist as such. In order to
accommodate these stresses the lattice changes
gradually from the low- to the high-temperature struc-
ture. This creates a modulation with a periodicity
comprising 60-70 unit cells. Because of this period-
icity satellites are seen. This phenomenon is very
much like what one can observe, with spinodal de-
composition. It should be pointed out, however, that
in the case of spinodal decomposition these modula-
ted structures are due to compositional variations
which give rise to strain (lattice constant) modula-
tions, as generally the atomic sizes of the species are
not equal. In our case there is no compositional
modulation, but only a lattice and thus a strain modu-
lation is present.

Based on the above analysis one can conclude that
the transformation mechanism involves a periodic
modulation of lattice constant. Such a modulation can

be represented schematically as in Fig. 8. Fig. 8a rep-
resents modulations involving different lattice con-
stants, i.e. between phases with smaller (L.1,(L)) and
bigger (L1,(H)) lattice parameters. Due to the coexis-
tence of two phases in the intermediate region, stresses
will be invariably developed in the lattice. It is clear
that the stresses accompanying the situation in Fig. 8a
are much higher than in the situation shown in
Fig. 8b. For that reason the existence of an inter-
mediate tetragonal structure as shown in Fig. 8b is
more likely than the situation of Fig. 8a. The accom-
modation of these stresses is reflected as tweed pat-
terns in the TEM features, which indeed indicate a
tetragonal distertion. However, the proposed model
shows a variation in the [100] direction whereas from
the electron microscopy studies it is clear that the
modulation should be in the [1 1 0] direction. This can
be simply accounted for by incorporating the vari-
ations in lattice parameter in the [110], rather than in
the [1 007 direction.

In order to check whether such a mechanism might
proceed via a slip process, the following has been tried.
The most appropriate slip systems for the atomic L1,
structure have been taken. They are {111} {112} and
{110} <110). Various permutations for the slip sys-
tems have been tried and it is found that none of them
are possible, as the resulting lattices turn out to be
monoclinic and orthorhombic, respectively, which
give splitting only in those reflections for which (h + k)
is even (h and k are referred to the cubic axes). As
Fig. 2 shows a definite splitting of {1 00} where (1 + k)
is not even, formation of these intermediate structures
by slip has to be ruled out.

4.2. Can the high-temperature structure
L1,(H) be DO,,?

So far in our discussion we have referred to the high-

temperature phase as an ordered cubic structure of
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a
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(] a c
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Figure 8 Proposed transformation mechanism in Ni Al alloys
involving modulations in lattice parameter in the range
700-1100°C.
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L1, type, and this will now be reviewed. A transition
involving the same kind of ordering as L1,(L)=
L1,(H), as discussed in this study, has not been re-
ported so far. As mentioned earlier, the occurrence of a
transition of this nature is difficult to understand from
a physical point of view. On the other hand, a trans-
ition from one ordered to another ordered structure is
more likely and a number of such cases have been
reported (e.g. the B, =DO, transition in the FeAl
system [5]). A good structural similarity exists be-
tween L1, and DO,, ordered structures. Although a
transition between them has been reported only as a
likelihood, no experimental confirmation of such a
transition exists in the literature.

According to the concept of first neighbour (¥,) and
second neighbour (V,) bond energies, the stable or-
dered structure will be L1, type when V,/V, is nega-
tive and will be a DO,, structure when V,/V, is
positive. The tetragonal DO,, unit cell is composed
of two unit cells of L1, shifted with respect to each
other on the (001) boundary plane by an amount
L1a, +1a, (e by a[110]) as shown in Fig. 9. It is
often referred to as “long period” superlattice -(one-
dimensional) of the L1, structure with M = 1 [13, 14].
In the case of CujAu, NizAl and NiyGa, V,/V, is
small as the contribution of V', is very small {14, 15]
which implies that the L1, ordered alloy is not in a
very stable state and could be influenced easily.
Noguchi et al. [15] have predicted that an increasing
alloying addition can cause an L1, phase in NijAl
alloys to become unstable with respect to DO, ,. If this
is so, it may be quite possible that even the temper-
ature difference can cause the L1, phase to become
unstable with respect to DO,,. In such a case, the
observed high-temperature phase designated as
L1,(H) can well be a DO,, ordered structure. The
prerequisite is that it has an a axis little larger than
that of L1,(L) and equal to 3 ¢, in order to fit the XRD
results,

More experimental studies involving TEM, single
crystals and rigorous thermodynamic analysis would
be necessary if unequivocal confirmation of the pre-
sence of DO,, structure is to be provided.

5. Conclusions

1. It has been established in this study that one and
the same L1, phase in NizAl alloys is not stable at all
temperatures.

2. There exist three different phase regions, namely
<700°C, 700-1100°C and >1100°C, in Ni;Al
alloys. The structures are L1,(L) and L1,(H) (with the
lattice parameter of the latter being larger than that of
the former) or DO,, (the prerequisite is that it hasana
axis little larger than L1,(L) and equal to 1 ¢) in the
<700°C and > 1100 °C temperature regions, respect-
ively. In the intermediate region there is a coexistence
of these two structures.

3. The L1,L) - L1,(H) or DQO,, transition is
reversible, as revealed by thermal cycling and high-
temperature X-ray diffraction studies, and the kinetics
appears to be slow.
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Figure 9 Unit cells of structures of types (a) L1, and (b} DO,,.

4. The transition involves a tetragonal distortion of
the parent L1, lattice and modulations in lattice
parameter caused by strain accommodation. The
transformation appears to be of a continuous type.
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