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Microstructure development in laser-processed
Al–Ti–Ni alloys with 25 at. % Ti
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0371 Oslo, Norway

The microstructure of laser-processed (Al1−xNix)3 Ti with Ni content ranging from 5 to
15 at. % has been studied by scanning-and transmission-electron microscopy (SEM and
TEM). All samples contain Al-rich dendrites with Ni-rich interdendritic phases. The
dendrites in the 5 at. % Ni alloy consist of the Al3Ti phase with the DO22 type structure,
whereas the alloys containing 8 to 15 at. % Ni consist of the Al67Ni8Ti25 phase with the
L12-type structure. The lattice parameter of the L12 type structure of Al67Ni8Ti25 was
determined by comparing the Higher Order Laue Zone (HOLZ) line patterns in experimental
and calculated convergent beam electron diffraction disks. The lattice parameter was found
to be a= 0.3935± 0.0003 nm. Within the L12 type regions of the alloy with 8 at. % Ni,
precipitates with a new primitive tetragonal structure was found. The cell dimensions are
a= 0.39 nm and c= 1.18 nm. AlNTi2 with Ti : Al ratio equal to 2.0± 0.2 was found as needles
in interdendritic regions. The cell dimensions are consistent with a= 0.299 nm and
c= 1.361 nm and space group P63/mmc. C© 1998 Kluwer Academic Publishers

1. Introduction
The intermetallic alloy Al3Ti has been considered as
a potential material for low-density, high-temperature
structural applications due to its density (3.3 g/cm3) and
relatively high melting point (1340◦C) [1]. The high
aluminium content in Al3Ti results in a much better
oxidation resistance than AlTi [2]. Unfortunately the
tetragonal Al3Ti is brittle [3]. During the last 10 years
a large amount of papers have been related to macroal-
loying with various transition elements M (M=V, Cr,
Mn, Fe, Co, Ni, Cu, Zn, Rh, Pd, Ag, Pt and Au) in
order to change the DO22 structure into a high sym-
metry L12 type structure [4–10]. Even though trans-
formation from the tetragonal DO22 structure into the
high-symmetry cubic L12 structure is achieved, Al3Ti
remains brittle in tension and shows brittle transgran-
ular cleavage type in the fracture mode [11]. High an-
tiphase boundary (APB) energy on the (1 1 1) plane for
trialuminide alloys, which is attributed to the directional
nature of d-electrons in Tid–Alp bonding [12], prevents
the formation of slip systems.

The most common way to produce these macroal-
loyed Ti aluminides has been conventional casting, arc
melting, or induction melting as reviewed by Feest
and Tweed [13]. In 1992 Maet al. [14] showed that
macroalloyed Ti aluminides could be produced by a
laser-process route. This route was found efficient and
convenient for processing small amounts of intermetal-
lic materials. Maet al. [14] studied the microstruc-
ture of three different laser-processed Al–Ti alloys. The
macroalloying elements in these alloys were Cu, Fe
and Ni, and the composition of the alloys was Al5Ti2M
(M=Cu, Fe and Ni). Samples, as laser processed, were

investigated by use of optical microscopy, whereas sam-
ples annealed at 1000◦C for 100 h were investigated
by both optical and TEM.

Very few results from intermetallic materials pro-
duced by the laser process route have been reported after
Maet al.[14] described the route in 1992. In order to get
more information about the process route and the direct
response of the laser process on the microstructure of
the aluminides, a series of Al–Ni–Ti alloys with 25 at. %
Ti was produced in the present work. Al-rich Al–Ni–Ti
alloys have previously been processed by more con-
ventional techniques [10, 15–17] and the findings of
the present investigation will therefore be compared to
these. The microstructure of the laser-processed alloys
was in the present study investigated by combining an-
alytical SEM and analytical TEM.

2. Experimental
2.1. Material
Five different Al–Ni–Ti alloys with 25 at. % Ti were
investigated in the present study. The composition of
the alloys is shown in Table I. Fig. 1 shows an isother-
mal section of the Al–Ni–Ti-phase diagram at 800◦C
based on the phase diagram of Ramanet al. [18]. The
compositions of the processed alloys are lying along the
straight line with 25 at. % Ti crossing the DO22, DO23
and L12 phase field. Alloy C is lying in the middle of the
L12 phase field with Alloy A and B on the right-hand
side and Alloy D and E on the left-hand side.

The starting material for the alloys was pure metal
powder of Al 99.9% purity, and powders of Ni and
Ti both with less than 0.5% impurities. The desired
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TABLE I The composition of the Al–Ni–Ti alloys studied given in
at. %

Alloy A Alloy B Alloy C Alloy D Alloy E

Al 70 67 65 62.5 60
Ni 5 8 10 12.5 15
Ti 25 25 25 25 25

Figure 1 Isothermal section of the Al–Ni–Ti-phase diagram at 800◦C
[18].

amount of the metal powders was mixed by blending
in air. The powders were then cold compressed using
a Carver Laboratory Compressor to form disks with
22-mm diameter and 2-mm height. During the cold-
pressing the pressure was 2600 kg/cm2 and the con-
densing ratio was about 75%.

2.2. Laser processing route
The disks of cold-pressed powders were placed on a
polished brass mirror with four screws keeping the disk
steady during the laser process. The brass mirror was
polished in order to reflect the heat radiation and thus
reduce the heat absorption of the brass. The laser beam
from a 10 kW fast transverse flow United Technologies
CO2-laser was focused through a laser integrator onto
an area of 12× 12 mm2 on the disk as illustrated in
Fig. 2. The power of the laser beam was varied from

Figure 2 Diagram of the laser processing of the aluminides.

5 to 6 kW and the illumination time between 5 and
30 seconds depending on the response of the mate-
rial. This differs somewhat from the parameters of Ma
et al. [14] who used only 6 kW effect and an illumi-
nation time of 5 seconds. During the laser processing
a side nozzle blew He onto the disk, thereby reducing
the absorption of light by ionised gases and preventing
high-temperature oxidation.

When the disks cooled down, the previously illumi-
nated areas formed an intermetallic material. Because
the circular area of the cold-pressed powder (380 mm2)
is larger than the quadratic illuminated area (144 mm2),
parts of the disks were not illuminated and consequently
not melted. The main focus in the present investigation
has been placed on the central part of the illuminated
areas, where all the elements have been in the liquid
phase before solidifying. More peripheral parts of the
disks were avoided because the low energy density from
the laser resulted in incomplete melting of the material.

2.3. Experimental techniques
Polished samples from the alloys were investigated by
use of a Philips 30 XL SEM equipped with an EDAX X-
ray energy dispersive system. The X-ray energy disper-
sive spectroscopy (EDS) spectra obtained in the SEM
were analysed quantitatively by correcting for X-ray
yield, detector efficiency, absorption and fluorescence
effects. The phases present in the alloys were studied
by detecting the backscattered electrons (BSE) where
different phases are seen with different contrast depend-
ing on the average atomic number in the phases. The
Al-rich phases gave rise to the darkest image because
Al has the lowest atomic number (13) of the elements
present. Ni-rich areas gave rise to the brightest image
because it has the highest atomic number (28). In order
to study the distribution of the elements, images were
formed by detecting characteristic X-ray lines during
the scanning sequence (elemental mapping).

TEM samples from the alloys were prepared by
grinding and ion thinning in a Gatan dual ion-mill. The
TEM work was performed at 200 kV in a JEOL 2000
FX equipped with Tracor Northern X-ray detector and
a SCANDNORDAX X-ray analyser. The microstruc-
ture of the phases was studied using a combination of
EDS, electron energy loss spectroscopy (EELS), se-
lected area diffraction (SAD), convergent beam elec-
tron diffraction (CBED), bright and dark field imag-
ing (BF/DF) and high resolution electron microscopy
(HREM).

3. SEM observations
Fig. 3 shows a series of overview BSE images from cen-
tral parts of the alloys. It is clear that none of the samples
are single-phase materials. All the samples contain Al-
rich dendrites with Ni-rich interdendritic phases. The
dendrite structure of the fully melted part in the alloys
was, however, found to vary within a sample. It is well
known that the dendrite arm spacing can be related to
the solidification rate. This variation of microstructure
indicates that the solidification rate varied inside the
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Figure 3 BSE micrograph showing the microstructure of the central part of the Al–Ti–Ni alloys with (a) 5 (Alloy A), (b) 8 (Alloy B), (c) 10 (Alloy
C), (d) 12.5 (Alloy D) and (e) 15 at. % Ni (Alloy E).

illuminated and subsequently melted area of the disks.
The dendrite arm spacing is between 5 and 10µm in
the areas shown in Fig. 3. According to the theory of
dendrite formation, see e.g. [19], the cooling rate in
these areas has been around 103 K/s, which is inside
the range of what is called rapid solidification.

The dendrites in the alloys with 5, 8 and 10 at. %
Ni (Alloy A, B and C) show lighter coloured shades
in the outer part of the dendrite arms (Fig. 3a–c). This
colour change indicates an increase in Ni content in
the outer parts of the dendrite arms. The increase in Ni
content was confirmed by EDS. The average composi-
tions of the central part of the dendrites in Alloy A, B
and C were found to be Al69Ti28Ni3, Al68Ti28Ni4 and

Al66Ti26Ni8 respectively. In the outer parts of the den-
drites the Ni content had increased and the average com-
positions were found to be Al70Ti25Ni5, Al67Ti25Ni8
and Al65Ti24Ni11 in Alloy A, B and C respectively
(Table II). The composition of the dendrites in Alloy
D and E (Fig. 3d and e) was found to be uniform. The
average compositions of these alloys were Al67Ti25Ni8
and Al66Ti26Ni8 as given in Table II.

The interdendritic regions in all the alloys consist
of several phases. Fig. 4 shows close-up BSE micro-
graphs of the interdendritic phases in (a) Alloy B and
(b) Alloy E. As can be seen in Fig. 4a, the interdendritic
phases in Alloy B consist of three different intermetallic
phases marked as a, b and c. The interdendritic phases
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TABLE I I Av erage compositions of the phases in the Al–Ti–Ni alloys found by EDS in the SEM

Alloy A Alloy B Alloy C Alloy D Alloy E

Al Ti Ni Al Ti Ni Al Ti Ni Al Ti Ni Al Ti Ni

Dendrite (central) 69 28 3 68 28 4 66 26 8
Dendrite (outer p.) 70 25 5 67 25 8 65 24 11 67 25 8 66 26 8
Segregation 70 19 11 63 18 19 61 21 18
Segregation (bright) 59 22 19 57 22 21
Segregation (dark) 53 31 16

Figure 4 BSE micrograph showing microsegregation in (a) Alloy B and (b) Alloy E.

in Alloy A and C were mainly found to consist of two
different intermetallic phases. The long, needle-shaped
phase marked as c in Fig. 4a was not seen to a large
extent in Alloy A and C. The average composition of
the interdendritic phases in Alloy A, B and C from EDS
analyses (Table II) shows that the Ti:Ni ratio is approx-
imately 2 in Alloy A and 1 in both Alloy B and C. This
indicates that the interdendritic phase in Alloy A is of
a different kind than the interdendritic phases found in
Alloy B and C. One should, however, keep in mind that
bulk analyses of small particles in SEM may be strongly
affected by surrounding regions.

In Fig. 4a some small black particles can be seen. Be-
cause light elements give rise to low intensity in BSE
images, these particles may be rich in oxygen as re-
ported by Maet al. [14]. It is expected that these ox-
ides are introduced as a result of unavoidable oxidised-
powder surfaces and small-scale oxidation during the
laser melting in spite of the applied He gas.

The interdendritic regions in Alloy D and E are
of similar kind. The BSE micrograph of Alloy E in
Fig. 4b shows that the matrix consists of three inter-
grown phases. The light gray areas labelled a in Fig. 4b
have about the same compositions as the interdendritic
phases in Alloy B and C (Table II). The dark gray areas
marked as b in Fig. 4b were found to have an average
composition of Al53Ti31Ni16. In Alloy D the dark gray
areas were too small to give any reliable EDS result.
The contrast was, however, very similar to the dark-gray
areas in Alloy E, indicating the presence of the same
phase. In addition to these two types of areas a third
type is seen in both Alloy D and E. In Fig. 4b the third
type of area, marked as c, has similar contrast as the
neighbouring dendrite. EDS analyses from larger areas

of this kind show similar compositions as the dendrites
in the alloys, indicating the presence of the same phases.

4. Identification and description of the phases
encountered in TEM

The composition of the dendrites in Alloy A (Table II)
is very close to the phase region of Al11Ti5 with the
DO23 type structure (Fig. 1). However, this phase was
not found in any of the alloys in the present TEM in-
vestigation. With TEM the structure of the dendrites in
Alloy A was found by SAD to have the DO22 type struc-
ture of Al3Ti. Al 3Ti has the space group I4/mmm and
cell dimensions a= 0.3848 nm and c= 0.8596 nm [20].
The dendrites in Alloy B–E were found to have the L12
structure of Al67Ni8Ti25 with the space group Pm̄3 m.

4.1. Lattice parameter determination of the
L12 structure

Various lattice parameters have been published of the
Ni-modified L12 structure after Schubertet al. [21] re-
ported its existence in 1964. In the first X-ray work
by Schubertet al. the lattice parameter was found to
be a= 0.394 nm [21]. In a second paper of Raman
et al. in 1965 [18] the lattice parameter was reported
to be a= 0.393 nm. In recent years Turneret al. [16],
Durlu and Inal [22] and Maet al. [14] reported lat-
tice parameter a= 0.395 nm, a= 0.3935± 0.0004 nm
and a= 0.390± 0.002 nm, respectively. The work by
Turneret al. [16] and Durlu and Inal [22] is based on
X-ray diffraction whereas the work by Maet al. [14]
is based on SAD patterns calibrated with standard gold
specimen.
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Figure 5 (a) Experimental CBED pattern from the L12 structure close to the [̄2 4̄ 1] zone axis and (b) corresponding calculated CBED pattern with
a= 0.3935 nm and 203.2 kV.

In order to determine the lattice parameter of the L12
structure in the present study, a lattice parameter deter-
mination technique for TEM was used. This technique
is based on sensitive triangles of Higher Order Laue
Zones (HOLZ) and Kikuchi lines [23, 24]. The accu-
racy of the method is better than 0.1% and can be used
on small crystal areas.

The high voltage of the microscope, and thus the
wavelength of the electrons, has to be known with high
accuracy in order to determine the lattice parameter.
This was done by comparing the HOLZ lines in a CBED
central disk from pure silicon with kinematical calcu-
lated patterns. The experiment was performed at room
temperature and the lattice parameter a= 0.543095 nm
for Si was used in the calculations [25]. Strong dy-
namical regions of the CBED pattern were avoided by
choosing high index zone axes. By using this method
the high voltage of the microscope was determined to
be 203.2± 0.2 kV, and the corresponding wavelength
of the electrons 0.002485± 0.000001 nm. The deter-
mination of the high voltage and the lattice parameter
of the L12 structure were performed during the same
TEM session to avoid variations in the high voltage.

Fig. 5a shows an experimental CBED pattern close
to the [̄24̄ 1] zone axis from the L12 structure in Alloy
E. To compare the positions of the HOLZ lines in the
experimental and calculated CBED pattern, three sen-
sitive triangles were used. These are marked in Fig. 5.
By comparing the sensitive triangles in the experimen-
tally CBED pattern with corresponding triangles in cal-
culated CBED patterns, the best fit was found with a
lattice parameter of a= 0.3935± 0.0003 nm as seen
in Fig. 5b. This is consistent with the lattice parameter
reported by Durlu and Inal [22] and close to the values
0.394 nm and 0.393 nm as reported by Schubertet al.
[21] and Ramanet al. [18].

4.2. Precipitation in the L12 structure
The composition of the dendrites was found to vary
inside single grains in Alloy B. In regions with less

Figure 6 HREM image showing small precipitates (GP-zones) in the
L12 structure in Alloy B.

Figure 7 [0 0 1] SAD patterns from the L12 structure showing (a) no
evidence of precipitates, (b) diffuse streaks along the〈100〉 directions
from GP zones and (c) diffraction spots from larger precipitates.

than 8 at. % Ni, small precipitates and GP zones were
observed (Fig. 6). The density and the size of the precip-
itates were found to vary with composition. In the outer
part of the dendrites containing 8–10 at. % Ni, no pre-
cipitates were found. As shown in the [0 0 1] SAD pat-
tern in Fig. 7a, only diffraction spots from the L12 struc-
ture could be seen in these regions. The regions with
GP zones (Fig. 6) exhibit streaks along the〈100〉 direc-
tions as seen in the SAD pattern shown in Fig. 7b. In
the central part of the dendrites with 4–5 at. % Ni large
precipitates were found. These precipitates give rise to
diffraction spots as can be seen in Fig. 7c. From SAD
tilting series the crystal structure of the precipitates was
found to be primitive tetragonal with the approximate
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cell dimensions a= 0.39 nm and c= 1.18 nm. This
phase has not been reported previously by others.

4.3. Interdendritic phases in Alloy A–E
In alloy A the interdendritic phases as seen in Fig. 3a
were found mainly to consist of the Al3Ni phase. The
Al3Ni phase is orthorhombic with space group Pnma
and cell dimensions a= 0.66114 nm, b= 0.73662 nm
and c= 0.48117 nm [26].

The interdendritic regions in Alloy B, C, D and E
were found mainly to consist of the Al2NiTi phase. The
Al2TiNi phase is cubic with the space group Fm3̄ m and
the cell dimension a= 1.190 nm [14, 18]. In addition
to the Al2NiTi phase the interdendritic regions in Alloy
B and C were found to consist of the AlNi phase. This
phase has the space group Pm3̄ m and cell dimension
a= 0.28864 nm [27].

The interdendritic regions in Alloy D and E were
found to consist of the Al3NiTi2 phase in addition to
Al2NiTi. These phases were found to grow closely to-
gether as seen in Fig. 8. The Al3NiTi2 phase is hexag-
onal with space group P63/mmc and cell dimensions
a= 0.498 and c= 0.812 nm [21, 28]. The small dark
areas as seen in the SEM study (Fig. 4b) were found by
TEM to consist of the L12 structure.

4.4. AlNTi2
The needle-shaped phase clearly seen by SEM in Alloy
B was found in all the alloys B–E by using TEM. Fig. 9

Figure 8 BF image from Alloy E showing intergrowing areas of Al2NiTi
and Al3NiTi2 close to a dendrite.

Figure 9 BF image showing a AlNTi2 needle with hollow core and a
dislocation in the tip with the corresponding SAD pattern.

Figure 10 SAD patterns from the AlNTi2 needles; (a) 001 row and
[0 11̄]L12, (b) [11̄ 0] and (c) [4 4 1] projection.

Figure 11 EELS spectrum from an AlNTi2 needle in Alloy B.

shows a BF image of a needle in Alloy B with the cor-
responding SAD pattern. From the EDS analyses in the
TEM the needles were found to contain Ti and Al with
the Ti : Al ratio 2.0± 0.2. From SAD patterns (Fig. 10)
the needles were found to have a primitive hexagonal
Bravais lattice with cell dimensions a= 0.299 nm and
c= 1.361 nm. Fig. 10a shows the [0 1̄1] SAD pattern
from the L12 structure together with the 001 row of the
Al–Ti phase where the〈001〉 direction of Al–Ti is par-
allel to the〈111〉 direction of L12. Fig. 10b and c show
the [11̄ 0] and [4 4 1] projection of the Al–Ti phase,
respectively. The c-axis is perpendicular to the growth
direction as seen in Fig. 9. The space group of the phase
has been found to be consistent with P63/mmc. The
structure has a screw axis along the c-axis which can
be recognised in the SAD patterns in Fig. 10a and b
where the reflection condition is: 001, 1= 2n.

The structure of the present phase is not reported for
binary Al–Ti phases but is, however, known for ternary
Al–Ti phases containing either N or C [28]. The struc-
ture type of AlNTi2 and AlCTi2 is AlCCr2 [29] where
the Ti atoms occupy the 4f positions and the Al and
N atoms occupy the 2d and 2a positions, respectively.
Because C and N could not be detected in the EDS
analysis, EELS was carried out. Fig. 11 shows an EELS
spectrum taken from a needle in Alloy B. The needles
contain N, which confirms that the needles are not a
new Al–Ti phase but the ternary AlNTi2 phase.

5. Discussion
All the different phases found in the present study
are summarised in Table III. According to the SEM
and TEM study the central part of all the samples are
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TABLE I I I Phases found in the Al–Ni–Ti alloys by use of TEM

Cell dimensions (nm) Found in

Structure Space group a b c sample

Al67Ni8Ti25 Au3CU (Ll2) Pm3̄ m 0.394 B, C, D, E
Al2NiTi Mn23Th6 Fm 3̄ m 1.190 B, C, D, E
Al3NiTi2 MgZn2 P63/mmc 0.498 0.812 D, E
Al3Ni Al 3Ni Pmna 0.66114 0.73662 0.48117 A
AlNi CsCl Pm3̄ m 0.28864 B, C
Al3Ti Al 3Ti (DO22) I4/mmm 0.3848 0.8596 A
AlNTi 2 AlCCr2 P63/mmc 0.299 1.361 B, C, D, E
Al–Ti precip. Tetragonal prim. 0.39 1.18 B

characterised by small dendrites and Ni-rich phases in
the interdendritic regions. In the following the laser pro-
cess and the resulting microstructure characteristics of
the Al–Ni–Ti alloys will be discussed and compared
to previous reports on more conventionally processed
Al–Ni–Ti alloys.

5.1. The laser process
The laser process is a fast and easy method for produc-
ing small quantities of intermetallic material. In addi-
tion the laser process may be used for surface treatments
and surface modifications of intermetallic phases [30].
However, the laser processing is unsuitable for produc-
ing materials for large-scale mechanical testing because
of the small amount of material produced.

As shown in the present study, the laser process re-
sults in rapidly solidified alloys with a homogeneous
distribution of the elements in the fully melted parts of
the samples. Because of shorter diffusion distances in
the fine microstructure of rapidly solidified alloys one
needs much shorter homogenisation times compared
to conventionally solidified alloys [31]. Maet al. [14]
used homogenisation time of 100 h at 1000◦C as used
for arc-melted alloys [16, 32]. This homogenisation
time is usually too long, and homogenisation time about
one order of magnitude less is expected to be enough.
Because the dimensions of the melted alloys are very
small, too-long homogenisation times can introduce se-
vere oxidation. This problem might be less important
if one works with less active elements.

5.2. The DO22–L12 phase transformations
and precipitation in the L12 phase

The DO22, DO23 and the L12 structure are related with
antiphase shifts on the a–b planes. At 800◦C the trans-
formation from the DO22-type structure to the L12-type
structure is expected to occur via the DO23 type struc-
ture with increasing Ni content, according to the phase
diagram of Ramanet al.[18]. As pointed out earlier the
Al11Ti5 phase with the DO23 structure was not found
in any of the processed alloys. The DO23 structure was
reported by Ramanet al. [18] in two Al–Ni–Ti alloys
with 3 and 6 at. % Ni and 25 at. % Ti. The Al69Ti25Ni6
alloy, which had been homogenised at 700◦C for 7.5
days, contained 30% of the DO23 structure and 50%
of the L12 structure. In a more recent investigation by
Mazdiyasniet al.[32] of seven Al-rich Al–Ni–Ti alloys,

including the Al69Ti25Ni6 composition, no evidence of
the DO23 structure was found. The alloys were heat-
treated at 1200◦C for 500 h, and an equilibrium-phase
diagram for the Al-rich corner was drawn. The dendritic
phases in the present Al–Ni–Ti alloys are consistent
with the equilibrium-phase diagram at 1200◦C.

In the study of Mazdiyasniet al. [32] the L12 phase
field was found to be larger at 1200◦C compared to
800 ◦C as found by Ramanet al. [18]. The L12 phase
field was found to shift towards higher Al-content with
Ni composition ranging from 6–10 at. % at 25 at. % Ti.
The decrease in the width of the L12 phase field as the
temperature drops from 1200 to 800◦C results in the
formation of precipitates within the L12 phase [32].

In recent years several observations of precipitates in
modified Al3Ti alloys with the L12 structure have been
reported [9, 10, 33–38]. The precipitates are commonly
referred to as Al2Ti. In the present work the precipitates
were found in the central parts of the dendrites in Al-
loy B. These regions have low-Ni content and relatively
high-Ti content compared to the outer part of the den-
drites (Table II). This indicates that the precipitates in
the present study are of the same kind as previously
reported in the literature.

Several different structures of the Al2Ti phase have
been published [35, 39–42]. In binary Al–Ti alloys two
different structures of the Al2Ti phase have been de-
scribed with the Ga2Hf and Ga2Zr type structures [39–
41]. In recent works by Yang and Goo [35, 42] two new
types of Al2Ti have been described precipitating out
in Al64Fe8Ti28 with the L12 structure. The tetragonal
primitive Bravias lattice of the precipitates identified
in the present study has, however, not been reported
by others. The different stacking sequence found in the
ternary alloying systems is expected to be dependent
on the alloying element M.

5.3. Reports on interdendritic phases in
Al–Ni–Ti alloys

In agreement with previous reports [10, 16–18] the
main interdendritic phase is Al2NiTi when the Ni con-
tent is between 8 and 15 at. % Ni (Alloy B–E). In alloys
with 3 and 6 at. % Ni, Ramanet al.[18] found Al3Ni2 to-
gether with Al3Ti (DO22) and L12/DO23 respectively.
The Al3Ni2 phase was also found by Nakayama and
Mabuchi [43] and Biswas and Varin [10] in as cast
alloys with 8–12 at. % Ni. The phase did, however, dis-
appear during the homogenisation at 1000◦C for 100 h.
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The Al3Ni2 phase was not found in the present study
but three other intermetallics containing Ni were found.
As seen from Table III, Al3Ni was found in Alloy A,
whereas AlNi was found in Alloy B and C. Al3NiTi2
was found in Alloy D and E. As shown in Fig. 4a the
AlNTi 2 needles are also an interdendritic phase. As
pointed out earlier, the AlNTi2 needles are found to
a large extent in Alloy B and to a smaller extent in Al-
loy D–E. The length of the needles in Alloy B is about
40µm.

5.4. The AlNTi2 needles
The AlNTi2 phase has been reported only to exist in Al-
rich AlTi by Kaufmanet al. [44], and more recently it
was found by Wuet al.[45] to exist in Ll2 Al3Ti-based
alloys macroalloyed with Fe. Several different cell di-
mensions of the phase have been reported. Loiseau
and Lasalmonie [46] found from HREM images the
cell dimensions to be a= 0.30 nm and c= 1.40 nm
whereas Kaufmanet al. [44] and Wuet al. [45] found
a= 0.304 nm and c= 1.389 nm and a= 0.2995 and
c= 1.361 nm, from SAD and X-ray diffraction (XRD)
respectively. Earlier XRD work on the Al–Ti–N sys-
tem by Jeischkoet al. [28] and Schuster and Bauer
[47] reports the cell dimensions a= 0.2994 nm and
c= 1.361 nm and a= 0.29912 and c= 1.3621 nm,
respectively.

In the literature an Al–Ti phases based onα–Ti
with a hcp structure and space group P63/mmc [48,
49] has been described. The cell dimensions of the
Al–Ti phase has been reported by Rostoker [50],
McHargueet al. [51] and Clarket al. [52] to change
non-linearly with composition. The cell dimensions
in the composition range x= 0− 0.4 were reported
by Rostoker [50] to be a= 0.2944− 0.2877 nm and
c= 0.4679− 0.4612 nm. In the composition range
x= 0− 0.15 the cell dimensions were reported to be
a= 0.2950− 0.2900 nm and c= 0.4683− 0.4645 nm
[51] and a= 0.2955− 0.2925 nm and c= 0.4685−
0.4667 nm [52].

The structure of the AlNTi2 phase is closely related
to this Al–Ti phase and can be described with three
times the c-axes of theα–Ti-based structures (MoS2
type of structure) with interstitial N planes intersecting
at z= 0, 1/2 (AlCCr2 type of structure).

Needles can be seen both directly after the laser pro-
cessing and after homogenisation at 1000◦C in the work
by Maet al.[14]. The needles are probably of the same
kind as found in the present work. Because the nee-
dles remain present after homogenisation at 1000◦C
for 100 h, they are expected to be very stable at high
temperatures. This is in agreement with the findings of
Wuet al.[45] who found the AlNTi2 phase present after
annealing at 1100◦C for 60 hours and after arc-melting
a specimen 5 times.

The shape of the AlNTi2 phase was by Wuet al.[45]
found to be of two types: ribbonlike and rectangular pre-
cipitates. The rectangular precipitates were expected to
form in the liquid before the L12, whereas the ribbonlike
seemed to have formed during the solidification. In the
present investigation the AlNTi2 phase has been found

in connection with the interdendritic regions. There-
fore it is expected that the AlNTi2 phase is formed after
the L12 dendrites. One should, however, keep in mind
that the present samples have been rapidly cooled in
contrast to the samples investigated by Wuet al. [45].

The needles in alloy B are found to contain a small
dislocation in the tip as seen from BF images (Fig. 9).
One can also see a contrast difference in the middle
of the needle (Fig. 9), which can be interpreted as a
hollow core. The existence of a hollow core and the
dislocation in the tip of the needle support the theory
that the needles are growing with a screw dislocation
mechanism. This screw mechanism has earlier been
described by Sears [53, 54] for mercury, based on a
theory of crystal growth proposed by Frank [55] and
Burtonet al. [56].

It is expected that N in the air is the source of the
N found in the needles. The cold-pressed samples are
porous, and air can be trapped in the pores. Even though
the samples are blown with He during the laser pro-
cessing, it is possible that trapped N can react with the
molten Al and Ti, resulting in the AlNTi2 phase.

6. Conclusion
We have presented a comprehensive study of the mi-
crostructure of laser-processed (Al1− xNix)3Ti with Ni
content ranging from 5 to 15 at. %. The laser-process
method was found to be suitable for producing small
quantities of intermetallic materials for structural and
phase-relation studies. The cooling rate of the process-
ing method was found to be of the order of 103 K/s.

The dendrites in the 5 at. % Ni alloy consisted of the
Al3Ti phase with the DO22-type structure, whereas
the remaining alloys consist of Al67Ni8Ti25 phase with
the L12-type structure. The lattice parameter of the L12
type structure Al67Ni8Ti25 was determined by compar-
ing the Higher Order Laue Zone (HOLZ) line patterns
in experimental and calculated convergent beam elec-
tron diffraction disks. The lattice parameter was found
to be a= 0.3935± 0.0003 nm.

In the L12 structure in the alloy with 8 at. % Ni, Al2Ti
precipitates with a new primitive tetragonal structure
were found. The cell dimensions are a= 0.39 nm and
c= 1.18 nm.

AlNTi 2 was found as needles in the interdendritic
regions. The Ti : Al ratio of the phase was found to
be 2.0 ± 0.2. The AlNTi2 phase has a AlCCr2-type
structure, which can be related to the Al–Tiα–Ti-based
structures with three times the c axis and interstitial N
planes intersecting at z= 0, 1/2. The cell dimensions
of the AlNTi2 phase were in the present study found to
be consistent with a= 0.299 nm and c= 1.361 nm.
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