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In order to obtain basic understanding of microstructure evolution in laser-surface-alloyed layers,
aluminum was surface alloyed on a pure nickel substrate using a CO, laser. By varying the laser
scanning speed, the composition of the surface layers can be systematically varied. The Ni content
in the layer increases with increase in scanning speed. Detailed cross-sectional transmission clectron
microscopic study reveals complexities in solidification behavior with increased nickel content. It is
shown that ordered B2 phase forms over a wide range of composition with subsequent precipitation
of Ni,Al, an ordered w phase in the B2 matrix, during solid-state cooling. For nickel-rich alloys
associated with higher laser scan speed, the fcc y phase is invariably the first phase to grow from the
liquid with solute trapping. The phase reorders in the solid state to yield ' Ni;Al. The phasc competes
with B8 AINi, which forms massively from the liquid. The 8 AINi transforms martensitically to a
3R structure during cooling in solid state. The results can be rationalized in terms of a metastable
phase diagram proposed earlier. However, the results are at variance with earlier studies of laser

processing of nickel-rich alloys.

I. INTRODUCTION

LLASER surface alloying is a novel technique of applying
desired protective coatings on engineering components using
the intense power of a laser. It is capable of producing a
thin surface layer on a substrate alloyed with the desired
element. The details of laser surface modification are
reviewed elsewhere.!"! Through proper control and opti-
mization of the various experimental parameters such as
laser power, spot size, laser scan speed, and feed rate of
the alloying powder, an alloyed layer of the desired com-
position and improved surface properties can be achieved
on to the workpiece.*** Laser surface alloying is increas-
ingly becoming an important industrial tool for surface
modification to impart additional functionality in actual use.
In order to achieve this goal, one needs to employ rational
alloy design criteria to obtain the required chemistry and the
microstructure within the alloyed layer. The understanding
of the microstructure evolution in the alloyed surfaces as
a function of processing parameters and chemistry is, there-
fore, crucial.

Nickel aluminides are well known for exhibiting interesting
properties such as high strength and corrosion/oxidation
resistance at elevated temperatures. Since laser surface
alloying is capable of producing fine as well as metastable
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microstructures, several investigators have explored this
technique for synthesizing surface layers of nickel aluminides
using preplaced alloy powders.” ! In the present article,
we report the results of an extensive investigation on the
microstructure and phase evolution during surface alloying
of aluminum on pure nickel substrate. We attempt to ration-
alize our observations in terms of phase transformation under
nonequilibrium conditions generated by the process of laser
melting and subsequent rapid solidification.

II. EXPERIMENTAL

A 54 kW CW CO, laser (TRUMF made) was used for
the surface alloying of nickel with aluminum. For cladding,
a beam size of 2-mm diameter in mixed mode was used. The
substrate dimensions werc 10 X 30 X 100 mm. The laser
beam created a molten pool on the pure nickel substrate in
which aluminum powder was added as an alloying element.
The powder was gravity fed using a controlled flow of He
for smooth feeding and fluidizing the powder. A shroud of
argon gas was used for preventing oxidation during alloying.
Alloying was carried out with a constant power of 2.7 kW
and powder feed rates of 3.2 and 6.4 gm/min. The detailed
investigation was carried out on samples obtained with a feed
rate of 3.2 g/min. Laser scan speed was chosen as the variable
parameter. Different scan rates ranging from 4.2 to 51 mm/s
were used. Experiments were carried out with single pass
and multiple passes of the laser beam with a clad-layer
overlap of about 0.5 mm of the adjacent clad edges. The
width of the laser-clad layer thus produced by each single
pass was about 2.5 mm. The alloyed tracks were characterized
by X-ray diffraction, optical microscopy, and EDX analysis
in a JEOL* JSM 840A scanning electron microscope (SEM).

*JEOL is a trademark of Japan Electron Optics Lid.. Tokyo.

Detailed transmission electron microscopy (TEM) was carried
out using cross-sectional specimens prepared from samples
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processed with single pass. The goal was to investigate
the finer details of the microstructure that evolved during
rapid solidification processing and identify the different phases
formed at various scan speeds. A JEOL* JEM 2000FX 11

*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.

transmission electron microscope was used for this purpose.

HI. RESULTS

A. Morphology and Composition of Laser Clad

Figure | shows a typical morphology of the transverse
scction of a surface-alloyed layer obtained with a single
pass of laser with a scan speed of 51 mm/s. With decreas-
ing scan speed, the depth of the alloyed zone increases.
The depth varied from 120 wm for 51 mm/s scan speed
to 1300 pm for a scan speed of 4.2 mm/s. The composition
profiles indicate rapid rise of aluminum concentration near
the melt substrate interface followed by a region of uniform
average concentration (Figure 2(a)). The aluminum content
sometimes increases close to the top surface. The average
compositions of the pools in the flat regions as a function
of scan rates at two constant feed rates are shown in
Figure 2(b). The alloy compositions increasingly become
aluminum rich with decreasing scan speed. This indicates
that the expected higher melt depth of the nickel substrate
(due to its characteristic good optical absorption property)
is more than compensated by the higher melting rate and
alloying of aluminum powder at lower scan rates. Although
the nature of the curve remains the same, it can be seen
that an increase in the feed rate shifts the compositions
to higher level of aluminum concentration. Thus, for main-
taining a given clad composition, higher feed rate demands
a higher scan speed. Thus, for cquivalent surface-alloyed
layer composition, the microstructure obtained for the case
of higher feed rate will represent a more rapid solidifica-
tion. However, this aspect will not be discussed further in
this article. For the rest of the article, all the results that
will be presented correspond to the feed rate of 3.2 g/min.
Figure 3 shows the X-ray diffractrograms of the alloy

surfaces at different scan speeds. The phases corresponding
to the observed peaks are marked. All the diffractograms
contain small peaks of aluminum corresponding to a
small amount of unmixed aluminum ncar the top surface,
in addition to peaks rom the nickel substrate. Addition-
ally, some weak peaks corresponding to Al,O; can be seen
at low scan rates. The predominant phase at low scan
rate is ALNi. With increasing scan rate, bee NiAl phase
appears followed by NizAl, consistent with the trend in
the alloy composition. The microstructure evolution in
the alloyed layers was followed via detailed TEM of cross-
sectioned samples. The results are elaborated in Sections
B-1 through 4.

B. Microstructure Analysis

1. Surface alloying ar a scan rate of 4.2 mm/s (average
composition Al;yNiy,)

The total depth of the alloyed layer under this processing
condition is ~1300 wm. Primarily dendritic microstructure
can be seen near the top of the surface layer. A typical bright-
field micrograph from a laycr ncar the top of the surface
(~ 1200 wm from the substrate) is shown in Figure 4(a).
Systematic tilting to orient the grain along major zonc
axes lying on the unit stercographic triangle established
the phase to be AL;Ni. This is also shown in Figure 4(a). The
interdendritic region contains fine polycrystals (Figure 4(b)(1)),
which yield diffraction rings (Figure 4(b)(ii)). The rings can
be indexed in terms of coexisting «-Al and Al3Ni phases.
The microstructure ol the pool at a distance of 900 wm from
the substrate is shown in Figures 5(a) and (b). It again
predominantly consists of dendrites of AlyNi (the SADP in
the insets). However, interdendritic regions are larger and
exhibit a cutectic morphology. Sclected arca diffraction
patterns conclusively establish the continuous phase in the
interdendritic region to be o Al, while the embedded eutectic
second-phase particles are ALNi (the diffraction pattern in
the inset). Figure 5(c) shows the eutectic regions, which are
more prominent in the middle of the alloyed pool (700 uwm
from the substrate). To sum up, the sample primarily contains
fine ALNiI dendrites with « AI/ALNi eutectic in the inter-
dendritic regions.

Fig. |—Optical micrograph revealing the cross-section morphology of the laser-alloyed pool processed at a scan rate of 51 mm/s.
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Fig. 2—(a) Plots showing the changes in aluminum concentration with
depth of alloyed pools for three different scan speeds at the powder feed
rate of 3.2 gm/min. (b) The composition plot of the aluminum concentration
(at pct) vs various laser scan speeds at two different feed rates viz.
3.2 and 6.4 g/min.

2. Surface alloying at a scan rate of 13 mm/s (average
composition AlyNig)

The total depth of the surface alloyed region is 600 wm
under this processing condition. There exists an aluminum-
enriched layer at the top. The microstructure of this region
shows regular rod eutectic with the occasional presence of a
primary dendrite (Figure 6(a)). The selected area electron
diffraction patterns from the dendrites indicate that these
are «-Al (inset). The eutectic rods are shown in detail in
Figure 6(b). Microdiffraction from the rods (shown in
the inset) establishes them to be Al3Ni. A dark-field TEM
image using the Al3Ni reflection illuminates the rods (inset
of Figure 6(b)). The continuous phase in the interdendritic
eutectic is a-Al as confirmed by microdiffraction (not shown).
In the remainder of the pool, we observe the AINi B2 phase.
Figure 7 shows electron diffraction patterns arranged in a
unit stereographic triangle from the B2 regions. In addition
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Fig. 3—X-ray diffractrograms of the laser-alloyed pool at different laser
scan speeds.

to strong B2 reflections, one can observe additional weaker
reflections. All these reflections can be indexed in terms
of a metastable Ni,Al phase having hexagonal structure
(a = 0.41 nm, ¢ = 0.50 nm). This phase is closely related
to what is known as ordered w phase with B8, structure. The
inset shows a dark-field micrograph illuminating this phase
in an AINi (B2) matrix.

3. Surface alloying at a scan rate of 21 mm/s (average
composition NizgAly,)

The entire surface-alloyed pool exhibits a two-phase
microstructure consisting of primary faccted NizAl dendrites
with interdendritic space revealing the existence of plate
martensites. Figure 8(a) shows a typical low-magnification
transmission electron micrograph illustrating the morphology.
The selected area diffraction pattern (SADP) [rom a dendrite
showing the [ 100] zone of Ni;Al is presented in Figure 8(c).
The pattern contains the L1, superlattice reflections. Dark-
field imaging using a superlattice reflection clearly shows the
ordered domain structure (Figures 8(b) and (d)). Figure 8(d)
shows a sccondary dendritic arm where the domains are well
developed. The majority of the domain boundaries in this
micrograph align along the {110} type of plancs. In contrast,
the domains in Figure 8(b) show mixed sizes. This micro-
graph is taken from a primary arm. The central portion of
the dendrite shows coarser domains. Near the edges the
domains are significantly fincr and contain a larger amount
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Fig. 4—(a) Bright-field TEM micrograph showing internal morphology
of the A3Ni dendrite at a distance of 1300 um from the substrate of
the laser-alloyed pool processed at 4.2 mm/s. The characteristic SADPs
along important zone axes of Al3Ni on a unit streographic triangle are
presented. (b) (i) Bright-field TEM micrograph of the interdendritic
region at a distance of 1300 wm from the substrate processed at the scan
speed of 4.2 mm/s. (ii) SADP indicating the presence of both Al and
ALNi in this region.

of curved antiphase domain boundaries. The interdendritic
spaces exhibit microstructures containing an array of marten-
site plates. A detailed microstructural analysis of the region is
presented in Figure 9. Figure 9(a) shows a high-magnification
bright-field transmission electron micrograph showing the
morphologics of the martensite plates. The widths of the
plates vary from 50 to 100 nm and have fine internal struc-
tures. Figures 9(b) and (¢) show dark-field images of the two
variants. The SADP from the composite region is shown in
the inset of Figure 9(c). The microdiffraction pattern from
one individual plate is shown in Figure 9(d). The pattern can
be unambiguously identified as that of a 3R martensite with
two twin related orientations constituting the fine internal
structure of the individual lath. One can clearly see the ordered
superlattice reflections in the pattern, establishing that the
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Fig. 5—(a) Bright-field TEM micrograph showing large Al;Ni dendrites
with SADP from the dendrites shown in the inset at a distance of 900
wm from the substrate at a scan rate of 4.2 mm/s. (b) Higher-magnification
bright-field micrograph from the interdendritic region showing Al + Al3Ni
eutectic morphology. The microdiffraction from the second-phase parti-
cle is identified as Al3Ni and the SADP from the continuous phase is
identified as Al. (¢) Bright-field micrograph showing eutectic morphol-
ogy at a distance of 700 wm from the substrate, and the microdiffraction
pattern from one of the rods is shown in one of the insets. The higher
magnification bright-field image from this eutectic morphology is shown
in another inset.

Fig. 6—(a) Bright-field micrograph from the top of the alloyed pool
processed at a scan rate of 13 mm/s showing lamellar eutectic morphology
with primary Al dendrites; the inset is the SADP from the eutectic region
showing the presence of both Al and Al3Ni. (b) Higher magnifica-
tion bright-field image from the eutectic morphology. The dark-field
image and the microdiffraction from one of the lamellas are shown in
the inset.

martensitic transformation took place from the ordered B2
matrix. The tetragonal distortion of the 3R structure becomes
obvious when the sample is tilted to orient the martensitic
region along the [010] direction. From the SADP along
[010 [ eragonar ZONE axis, as presented in Figure 9(c), the lattice
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Fig. 7—Middle of the alloyed pool processed at a laser scan rate of 13 mm/s. The electron diffraction patterns along various zones arranged in a unit stereo-
graphic triangle. The brighter spots are due to the presence of B2 phase. Inset is the dark-field image formed by selecting a weak reflection with g = 1/3

[112] showing ordered w type Ni,Al precipitates within B2 grain.

parameters are found to be « = 0.372 nm, ¢ = 0.346 nm. The

streaking of the diffracted spots is due to the formation of

thin martensitic plates. However, some of the plates do not
exhibit the internal twinning (Figure 10(a)). Figure 10(b)
shows microdiffraction pattern from such a plate along the
[110] zone revealing the cubic symmetry as well as the exis-
tence of ordered 100 superlattice spots inherited during
martensitic transformation. This corresponds to the LI,
ordered NizAl phase, which has a simple cubic symmetry
(due to ordering based on fce structure).

4. Surface alloying at a scan rate of 51 mm/s (average
composition Ni92AIS)

The microstructure of the surface-alloyed region, in this
case, primarily consists of nickel-rich phase. The depth of the
alloyed pool is shallow; of the order of 120 um. Detailed TEM

METALLURGICAL AND MATERIALS TRANSACTIONS A

at different depths indicates a change in state of ordering within
the primary vy fce phase. Figure 11 shows the microstructure
of a grain 60 wm away from the substrate. The SADP in the
inset reveals a disordered fce structure. Around a depth of
~100 wm away from the substrate, onc starts observing the
presence of ordered ' phase. Figure 12(a) shows the region
at this depth. The diffraction patterns from the two arcas of
the same grain marked by boxes are shown in Figures 12(b)
and (¢). While Figure 11(b) shows no cvidence of superlat-
tice reflection, these are clear in Figure 12(c). The dark field
from the 100 superlattice reflection reveals very fine precipitates
of nanometric dimensions (Figure 12(d)), proving that the pre-
cipitates are ordered y' phase. The regions near the top of the
alloyed pool contain ordered y' phasc. A complete sct of
SADPs along a unit stereographic triangle taken from the region
in Figure 13(a) is shown in Figure 13(b). The patterns also
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Fig. 8—(a) Bright-field TEM image showing the presence of dendrites and
array of martensite plates in the interdendritic regions in the laser-alloyed
layer processed at a scan speed of 21 mm/s. (b) Dark-field TEM image
showing the presence of both fine and coarse ordered domains within a
primary dendrite arm. (¢) SADP along [001] zone axis from one of the
Ni;Al dendrites. (d) Dark-field TEM image showing the presence of faceted
ordered domains in a secondary dendrite arm.

contain weak reflections of NiO indicating some amount of
oxidation that occurred either during laser processing or sam-
ple preparation. The ordered domains, however, are still very
fine, as can be seen from the inset of Figure 13(a).

IV. DISCUSSION

The AI-Ni system contains a series of intermetallic phases
starting with Al3Ni in the aluminum-rich side having an
orthorhombic crystal structure. This phase forms a eutectic
with ¢ aluminum, The AlNi phase itsclf is a peritectic product
of a reaction between liquid and the phase AL;Ni, under equi-
librium conditions. The Al;Ni, in turn forms as a result of yet
another peritectic reaction between AINi and liquid. AINi (8
phase) forms directly from the liquid and exists in a wide com-
position range around the equiatomic composition. It has an
ordercd B2 structure and remains ordered up to the melting
point (1680 °C). The nickel-rich end is marked by yNi hav-
ing an fce structure containing aluminum as solute in Ni solid
solution. There are some debates on the possible origin of
v'NizAl, which has L1, ordering of Al and Ni atoms on the
basic fce structure. The current thinking is that it forms by a
peritectic reaction between vy and liquid under the equilib-
rium condition.”! The BAINi phase can coexist with y'NizAl
and forms a -8 cutectic. However, there is evidence that a
metastable culectic reaction is possible between fce y phase
and BAINi”! The undercooling required for this reaction is
very small. At lower temperature a peritectoid reaction can
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Fig. 9—(a) Higher magnification bright-field TEM image showing the
morphology of martensite formed at a scan rate of 21 mm/s. (b) and (¢)
Dark-field images show the presence of two variants of martensite both
exhibiting fine internally twinned morphology. The SADP from the
composite region given in the inset shows the diffraction evidence of
two twin variants. (d) The microdiffraction pattern from one of the laths
of (b) shows the presence of two variants of imperfect 3R martensite
within the internal fine twinned morphology. Both the variants are
oriented along the [011] zone axis and twinned on the 111 plane. The
angle between 100 and 111 planes is found to be 55.5 deg. (e¢) SAD
pattern along [010] of tetragonal martensite showing tetragonality
(a = 0.372 nm, ¢ = 0.346 nm).

Fig. 10—(a) Bright-field image shows the presence of fcc martensite
in between 3R. (b) Microdiffraction pattern from the perfect 3R marten-
site plate. The angle between the 100 and 111 planes is found to be
54.5 deg.
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Fig. 11—The bright-field TEM image of the alloyed layer processed with a
scan speed of 51 mm/s at a distance of 60 wm from the substrate. The SADP
from the region shown in the inset was taken along the [110]g. zone axis.
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Fig. 12—(a) The bright-ficld TEM image at a distance of 100 um from
the substrate processed at a scan speed of 51 mm/s. (b) and (¢) The SADPs
from two different parts of the same grain marked in (a) showing the [011]
zone axes of fee and L1,, respectively. (d) The dark-field image from the
100 superlattice spot in (¢) showing the presence of ultrafine nanometer
size ordered precipitates.

occur between AINi and NizAl yielding another aluminide
ALNis. With this background information, we shall now attempt
to rationalize the results of the structural and microstructural
evolution in the laser-alloyed pools of Ni-Al alloys on the
nickel substratc. Our results given previously also suggest a
significant effect of solid-state cooling on the [inal microstruc-
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ture, particularly in the nickel-rich compositions. An idea of
the thermal history and an estimate of the cooling rate expe-
rienced by the pool during the passage of the laser, thercfore,
are necessary for the understanding of the evolution of the
microstructure. We have arrived at an order of magnitude esti-
mate by carrying out a simulation procedure with simplified
assumptions. In Section A, we first describe briefly the results
of this simulation. This will be followed by a detailed dis-
cussion of the microstructure evolution of the alloyed pools
of different compositions obtained in our experiments.

A. A simplified estimate of the thermal history
of the alloyed pool

In order to obtain an estimate of the thermal history of
the alloy pool, we have carried out a simulation using the
finite difference technique. The details of the scheme are
given elsewhere.”® The model addresses melting, alloying,
and subsequent cooling taking into account the fluid flow
in the molten pool. Both thermal and solutal marangoni flows
in the melt, which are significant in the casc of laser
processing, have been considered. The model does not
assume any undercooling at the solid liquid interface and
the solidification takes place at the temperature determined
by the liquidus temperature of the alloy. The model para-
meters are fine tuned for the case of the alloy pool obtained
at laser scanning velocity of 51 mm/s. Subscquently the same
parameters were used for the other cases consistent with the
experimental practice. Figures 14(a) and (b) give the tem-
perature profiles for two scanning speeds of 21 and 51 mm/s
along the scan direction, at a constant feed rate of 3.2 g/s.
The bold line gives the interface between solid and liquid.
One can clearly sce the trailing of the molten melt pool for
the high scanning rate. Typical temperaturc histories ol the
center of the pool at scan rates of 21 and 51 mm/s are shown
in Figure 14(c). The slope of this curve gives the cooling
rate at different times. Trailing of the melt pool has a strong
influence on the solid-state cooling. Typical cooling rates
as a function of time in the solid state for the two scan speeds
are shown in Figure 14(d). The cooling rate is significant
even in the solid state and is of the order of 10* K/s.

B. Microstructure Evolution in the Laser-Alloyed Pool

1. Aluminum-rich alloy surfaces

The surface-alloyed layers processed with laser at low
scan rates yield aluminum-rich compositions. The microstruc-
ture predominantly contains the Al3Ni intermetallic phase.
Composition analyses of these alloyed pools show compar-
atively larger scatter. For example, the sample processed
with a scan velocity of 4.2 mm/s and feed rate of 3.2 g/s
gives analyzed composition varying from 65 to 78 at. pct Al
At these compositions, the orthorhombic Al3Ni phase is
expected to be the predominant phase. Our TEM observations
reveal the primary dendrites to be Al;Ni, indicating that this
is the first phasc to form in the alloyed pool. The interden-
dritic spaces contain eutectic of « Al and Al3Ni. Near the
top of the clad layer, the two phases coexist in fine-cquiaxed
form. The coupled eutectic is more developed and has a rod
eutectic morphology with increasing volume [raction toward
the substrate-melt interface. These results suggest that a
significant amount of aluminum has traveled toward the
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Fig. 13—(a) Bright-field TEM micrograph and corresponding 100 superlattice dark-field image in inset showing fine domains of L1, at the top of the laser-
alloyed pool processed at a scan rate of 51 mm/s. (b) SAD patterns along [001], [011], and [111] zone axes of L1, arranged in a unit stereographic triangle

show the characteristic superlattice reflections due to L1, ordering.

bottom due to the domination of the surface-induced flow
in the weld pool. This is expected from our simulation results.
The observed microstructure is also consistent with the
expected growth scenario. The regions just below the surface
need to grow at higher velocities to keep the steady-state
solid-liquid interface profile. The growth rate will be smaller
toward the substrate. Under this condition, there are two
choices for the melt near the top. Either the solid phases
grow at higher speed dictated by the scan velocity or there
is an increase in the undercooling of the melt so that a higher
rate of nucleation of the phases maintains the requirement
of fraction solidified for a steady-state solidification front
near the top layer. Our results suggest that near the top
surface, coupled growth of the eutectic in the interden-
dritic spacc breaks down and the evolution of the two
phases occurs by a nucleation-controlled mechanism. This
is evidenced in the microstructure, which shows the presence
of small AZNi grains embedded in the continuous « Al
matrix. This suggests that the liquid in the interdedritic region
has undercooled significantly. It can be noted that no
orientation relation between the o Al and ALNi could be
found in the cutectic regions, neither near the top nor near
the substrate.

2. The nickel-rich surface alloys

The situation changes dramatically as we increase the scan
rate. Even at a scan rate of 13 mm/s (feed rate 3.2 g/s), we
have obtained a nickel-rich surface alloyed layer with average
composition ot AlyNig,. Under equilibrium situations, this
corresponds to a two-phase region consisting of B2 AINi
and the intermetallic Al3Nis. The latier forms by a peritectoid
reaction between NisAl and AINi. This reaction is completely
suppressed during lascr surface alloying, because the cooling
rate at solid state is fairly rapid. This is discussed in Section
A. Our experimental results indicate an aluminum-rich region
at the top surface, which consists of regular o Al-AI;Ni
eutectic, together with the primary o Al This suggests that
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due to a large difference in melting points, some amount of
aluminum may be melting at the surface, while solidification
is in progress in the interior creating a thin aluminum-rich
surface layer. However, if we ignore this layer, the microstruc-
ture is uniform at different depths of the alloyed pool and
consists of a matrix phase containing uniform dispersion of
a precipitate phase. As presented in Section 11, the matrix
has an ordered B2 structure and the precipitates can be
identified as Ni,Al, which has the structure type B8, having
hexagonal symmetry. This was earlier reported during long-
term aging of Ni-Al alloys.!'™''l The B8, structure can be
viewed as ordered w structure with the c-axis of the ordered
w structure twice that of the disordered w structure. The super-
lattice reflections due to B8, ordering can be easily detected
in the SAD patterns corresponding to the [111], zone. In this
zone, the allowed o reflections coincide with the 3 reflec-
tions and the superlattice reflections due to B8, ordering
appear as extra reflections. For example, the 1/3(112), reflec-
tions due to B8, ordering correspond to {1010} planes of
chemically disordered w. The structure factor of this set of
planes in chemically disordered w structure is zero. Thus, the
appearance of these additional reflections in this zone indicates
chemical ordering. The ordered w structure clearly represents
a situation where both the displacement ordering and replace-
ment ordering have taken place simultaneously.!'?! The rapid
solidification and hence incorporation of excess vacancies
may have a role in the process of the formation of @ phase.
The collapse of these vacancies (known as “w-collapse™) can
result in the formation of this structure from the chemically
ordered B2 structure.!”!

The samples alloyed with laser scan velocities of 21 mm/s
yield complex pathways for microstructural evolution. The
alloy pool has an average composition of Ni;zAl,,. However,
the composition analysis reveals some amount of scatter. It
has been recently shown with undercooling experiments
that the microstructural pathways in this region depend
sensitively on the composition.!"*! Remarkably, we have not
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Fig. 14—Computed temperature profiles across and along the laser scan direction for two scanning speeds of () 21 mm/s and (b) 51 mm/s. (¢) Thermal
history at the center of clad pool. (¢) Cooling rates with time for scan speeds 21 and 51 mm/s.

observed a significant difference in the microstructure across
the laser-alloyed pool. The microstructure consists of
dendrites of ordered y' and martensite with 3R structure
in the interdendritic regions. Only the proportion of the
martensite and the primary dendrite differs from region to
region. According to the work of Hunziker and Kurz,!'¥! for
our growth rates and composition, one expects cellular
microstructure of y phase.

The superlattice dark-field imaging of the ' dendrites
reveals fine-ordered domain structure, with domain size
varying from the side to the center of the dendrite. As
discussed by Cahn ez al.,'"> such domain morphology clearly
reflects reordering in the solid state and provides evidence
for the formation of disordered phase during solidification.
Clearly, the undercooling achieved in the melt is large enough
for the melt to enter into the " phase field of the equilibrium
diagram. The ' phase forms in the equilibrium diagram by
a peritectic reaction. This is clearly suppressed during laser
processing. Although the ' phase in principle can nucleate
from liquid, our observation of fine domain structure suggests
the formation of metastable <y dendrites. The vy phase reorders
in solid state during cooling subsequent to solidification.
The nature of phase evolution can be anticipated by an
analysis of the metastable phase diagram. Such a diagram
is calculated by Assadi ez al.!'*! However, in the present
case, simple extensions of the vy, ¥/, and B liquidus bound-
aries are sufficient to rationalize our observation. This is
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shown schematically in Figure 15. Two possible pathways
for the formation of disordered y can be envisaged. There
exists growth competition between y' and 7y phases when
the liquid is undercooled below both the extended " and
v liquidus lines. This has been estimated by Assadi er al.l"?!
and observed in the thin films of Ni;sAl,s processed with
300 ns pulse laser.'" According to the estimate of Assadi
et al., below a critical undercooling, metastable y grows
faster than " phase. The second possibility is the nucleation
of " phase, which, during rapid growth undergoes disorder
trapping. However, the latter route is less likely since
nucleation of disordered 7y is more likely than ordered ' in
a process dominated by random fluctuations. The 7y formed
by the first route can also undergo solute trapping at very
high growth velocity, thereby increasing the driving force
for reordering at lower temperature.

In case the trapping is partial, the solute partitioning will
take place with the new metastable liquidus following a path
parallel to the extrapolated v liquidus in between the liquidus
and the 7J line. The extrapolated liquidus will always be
below the S liquidus and the undercooled melt ahcad of
the dendrite will experience a driving force for the liquid
to B8 AINi transformation. For the case of the metastable
liquidus for partial solute trapping, this is true beyond the
composition for the intersection of the extrapolated 7y liquidus
with the extrapolated 8 liquidus. The compositions beyond
the intersection of this line with the 7 will indicate driving
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Fig. 15—Part of the Ni-Al phase diagram showing metastable extensions
of B, v, and vy liquidus lines marked as f3;, 7, and 7/, respectively. The
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force for the diffusionless solidification. Thus, depending
on the amount of undercooling and the location of the
T, curve for the B phase, a diffusionless transformation can
oceur since the time for partitioning during solidification is
limited. As shown carlier, the cooling rate in the solid state

is lairly rapid. This promotes martensitic transformation of

the as-solidified ordered B2 phase.

The observation of the 3R martensite is consistent with
that of the earlier investigators who reported the
composilion of 63 at. pct for a change over from monoclinic
7M martensite to 3R martensite.!'”"'®! These martensites
exhibit microtwinning!! and have an fct (LL1,) structure.
It occurs over a range of composition around NigsAlys with
excess Ni in the ordered structure randomly distributed in
the sublattice.””! The ¢ parameter is generally smaller than
the @ parameter. It is shown that the ¢/a ratio depends
sensitively on composition and increases with increasing
Ni content.!"!

The twinned martensite observed by us has tetragonal
distortion. The lattice parameters observed in our samples
are « = 0.372 nm and ¢ = 0.346 nm. The observed c/a is
0.978, which can be compared with the ¢/a of 0.87
observed in the casc of martensite obtained by water
quenching of NigAls, alloy.”'! The ¢/a is significantly
larger than that observed by earlier investigators. While
the value of the « parameter is smaller, the ¢ parameter
is larger than that obtained by solid-state quenched marten-
site. The twinning operation in the 3R martensite accom-
modates the inhomogeneous deformation. Clearly, unlike
the earlier observations, the microstructure evolution in
our laser-alloyed pool is the result of the competition
between the dendritic growth of supersaturated disordered
v and massive growth of ordered f, followed by the
martensitic transformation of the 8 phase. We have occa-
sionally obscrved plates exhibiting no internal structure
(Figure 10). These have perfect 3R structure with very
little tetragonal distortion. The faint superlattice spots
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suggest a L1, ordering with a very low order parameter.
Alternately, these may be ordered y' phase, which may
have formed along with the B2 NiAl during solidification.
A better understanding is needed to explain the origin of
these plates.

The microstructurc of alloy pool processed at a laser
scan velocity of 51 mm/s clearly suggests the existence
of a composition gradient with the top layer richer in
aluminum. Thus, the disorder near the substrate gives way
to order toward the top. However, the fine nanometer size
precipitates of ordered phase ' within the disordered phase
v again reveal that the primary solidification product is
v phase. This phase is shown to order partially in the solid
state depending on local composition. This can happen
even in different locations of the same grain reflecting local
inhomogeneities of the melt composition inherited by the
growing solid.

V. CONCLUSIONS

Detailed TEM studies were carried out on clad layers
produced by different scan speeds and powder feed rates.
The evolution of the various solidification microstructures
seems to be dictated primarily by the chemical composi-
tion and its variation within the various layers, which in
turn are dependent on laser scan speed and powder feed
rates. The compositional analysis, TEM results, and simu-
lation results support cach other. High quenching rates
involved during the development of solidification
microstructures leads to the formation of various metastable
phases and ultrafine nanometer scale microstructures. The
important observations are as follows:

I. precipitation of ordered o structured Ni,Al within B2
grains;

2. formation of disordered vy, which rcorders to yield '

NisAl;

transformation of B2 phase into 3R martensite plates

coexisting with those of y'-Ni;Al; and

4. development of fine nanometer scale ordered domains in
the Al-rich part of primarily solidified yNi solid solution
within the same grain.
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