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ABSTRACT

Thin film shape memory alloys are a promising
material for use in micro-scale devices for actuation and
sensing due to their strong actuating force, substantial
displacements, and large surface to volume ratios. NiTi, in
particular, has been of great interest due to its biocompatibility
and corrosion resistance. Effort has been directed toward
adjusting the microstructure of as-deposited films in order to
modify their shape memory properties for specific applications.
The anisotropy of the shape memory and superelastic effects
suggests that inducing preferred orientations could allow for
optimization of shape memory properties. Limited work,
however, has been performed on adjusting the crystallographic
texture of these films. In this study, thin film NiTi samples are
processed using excimer laser crystallization and the effect on
the overall preferred orientation is analyzed through the use of
electron backscatter diffraction and x-ray diffraction. A 3-
dimensional Monte Carlo grain growth model is developed to
characterize textures formed through surface energy induced
abnormal grain growth during solidification. Furthermore, a
scaling factor between Monte Carlo steps and real time is
determined to aid in the prediction of texture changes during
laser crystallization in the partial melting regime.

INTRODUCTION

Originally considered for use in bulk form, shape
memory alloys have garnered enhanced interest as materials for
use in micro-electromechanical (MEMS) devices due to their
strong actuating force and large displacement capabilities [1].
Particular emphasis has been placed on the use of shape
memory alloys in thin film form to create active and passive
MEMS devices due to their reduced thermal mass and thus
decreased response time. The use of these materials, however,
requires careful control over their composition, microstructure,
and mechanical loading which can all significantly affect their
shape memory responses.
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Various methods have been proposed and investigated
for adjusting or enhancing the properties of shape memory
materials from furnace annealing to laser crystallization. These
methods have shown the ability to adjust phase transformation
temperatures as well as the level of available shape memory
recovery through changes in matrix composition, stress, and
microstructure. One shape memory material, near-equiatomic
Nickel Titanium (NiTi), has been the focus of a large portion of
these types of investigations. NiTi has been used as an actuator
in applications ranging from micro-grippers to micro-valves
and is of particular interest due to its strong shape memory
response and biocompatibility [1,2].

Examples of recent work on NiTi include the use of
furnace annealing to adjust the microstructure of bulk SMA to
control phase transformation temperatures by Ishida et al. [3] as
well as the current authors [4] and the use of laser
crystallization to control phase transformation temperatures
through changes in film stress by Birnbaum et al. [5].
Furthermore, significant effort has been put toward
characterizing and modifying the microstructures of the
materials as well as modeling of the shape memory response
[6-8]. One aspect of these materials that has not yet been
optimized, however, is their preferred orientation or
crystallographic texture. Deformation of single crystal shape
memory samples by Gall et al. [9] has shown that the shape
memory response is anisotropic with certain orientations
exhibiting superior shape memory properties. Texture in bulk
shape memory materials caused by rolling processes has also
been shown to produce anisotropic SMA sheets [10]. While
both single crystals and rolled sheets have been shown to
enable anisotropic SMA responses, these materials are not
practical for use in MEMS devices. Thin films are easily
deposited using equipment typically used in MEMS device
fabrication and have the added advantage of enhanced actuation
frequencies due to their larger surface to volume ratios. These
observations suggest that the shape memory properties of thin
film SMA could be further enhanced by tailoring the
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crystallographic texture to specific applications. Tailored
microstructures could conceivably enhance film homogeneity
or enable stronger, anisotropic shape memory responses for
complex actuation applications.

The introduction of crystallographic texture into thin
films has been achieved in various materials using many
different processes. High-temperature deposition of films has
been shown to produce strong fiber textures in NiTi and Cu
films among others [7,11]. Another process for introducing
textures in thin films is laser melt crystallization using excimer
laser irradiation. It has been shown to enhance the fiber
textures in Cu, Al, Si, and GaAs films [12-15] and through
careful processing, the ability to impart in-plane textures in Cu
[16]. While both methods have demonstrated the ability to
induce textures, a significant advantage of laser crystallization
compared to high-temperature deposition or furnace annealing
is the spatial resolution that can be achieved, enabling selective
processing and thus texture variations within a single film.

In this study, the effects of excimer laser processing
on the crystallographic texture of sputtered NiTi shape memory
thin films are examined through the use of electron-backscatter
diffraction and x-ray diffraction. Texture evolution is described
using surface energy considerations in abnormal grain growth
during film solidification. A 3-dimensional Monte Carlo model
is developed to help further understand the evolution of texture
during laser melting and solidification.

BACKGROUND

Texture Formation

The use of a homogenized laser source and mask
imaging to melt thin films allows for precise control over the
induced melt depth and temperature profile. The small
absorption depth of UV light in metals causes the
overwhelming majority of the laser energy to be absorbed by
the film rather than the substrate. At sufficient laser intensities,
a portion or the entire thickness of the film can be melted. Due
to limited heating of the substrate the primary mode of heat
dissipation is conduction through the substrate and subsequent
solidification occurs vertically from the remaining solid
portions of the film or the substrate surface. In addition, due to
the large processing area and homogenous energy distribution,
heat flow can be considered to be nearly one-dimensional over
most of the processed geometry.

One effect of this configuration is the stabilization of
the liquid-solid interface to fluctuations. Solidification of a
laser-melted film on a cool substrate can be represented by the
thermal gradient being positive in the direction of growth. This
causes the interface to become stable as protrusions in the
interface encounter higher temperatures farther into the liquid
and their growth slows. Growth of a solid into an undercooled
liquid, on the other hand, can result in a dendritic or cellular
growth structure due to destabilization of the interface. In NiTi,
which undergoes a congruent transformation between liquid

and solid, no solute partitioning is expected to occur during
solidification and thus constitutional supercooling is not a
factor in destabilizing the interface [17]. Thus, the solid-liquid
interface during laser-induced rapid solidification of NiTi is
expected to be planar in geometry. The textures generated by
dendritic and planar growth will differ due to the varying
mechanisms of growth. During dendritic solidification texture
is created by the higher growth velocity of dendrites with
preferred orientations. In cubic materials this generally results
in a (100) normal texture.

During planar growth, normal grain growth is dictated
by the reduction of grain boundary energy causing grains of all
orientations to grow isotropically without changing the overall
film texture. In many cases, however, growth does not occur
isotropically; the driving force is no longer only grain boundary
energy but includes effects from various other considerations
such as strain energy and surface energy. Many of these effects
are anisotropic which causes them to promote the growth of
certain grain orientations more than others. This leads to
anisotropies in the growth rate and non-uniform grain sizes.
This type of growth is termed abnormal grain growth. Through
this mechanism, the enhanced growth rate of certain preferred
orientations can then lead to an overall preferred orientation in
the sample.

Laser Crystallization

Crystallization and grain growth in thin films through
melt-mediated laser processing can be separated into three
regimes as described by Im et al. [18]. In the partial melting
(PM) regime a portion of the film is melted such that a solid
layer remains on the substrate and grain growth occurs from the
remaining solid-liquid interface. This growth occurs close to
the melting temperature of the material since there is no need
for nucleation which generally requires significant
undercooling. For initially crystalline materials this can result
in epitaxial regrowth from the remaining grains, preserving
their orientations. Strengthening of texture can occur in these
films if anisotropies cause grains with preferred orientations to
grow faster than others.

In the complete melting (CM) regime the entire
thickness of the film is melted and thus crystallization of these
films requires first nucleation and then growth. The nucleation
can occur either homogeneously within the film or
heterogeneously ~ at  the  substrate-liquid  interface.
Heterogeneous nucleation on the substrate can induce a
preferred orientation if interface energy effects lead to greater
nucleation of seeds of a particular orientation. In the near-
complete melting regime the majority of the film is melted
while a small number of solid seeds remain on the substrate.
Texture generation in this regime is caused by the anisotropy in
the growth velocity of the remaining seeds as well as any
preferred orientation within the nucleated grains. Experiments
performed within this study are limited primarily to processing
within the partial melting regime and thus textures are thought
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to form through anisotropies during epitaxial growth from the
remaining solid layer.

EXPERIMENTAL SETUP

Ni-rich NiTi samples were deposited on silicon
substrates over a lum ultra-low residual stress Si;Ny barrier
layer. This barrier layer is used to limit the formation of
silicides at the film-substrate interface. The films were
deposited through magnetron sputter deposition of a NiTi alloy
target and a pure Ti target whose powers were tuned to achieve
the desired composition. Further details on film deposition are
described in Lee et al. [19]. The final composition of the films
was 49.6 at% Ti-Ni as determined through energy dispersive x-
ray spectroscopy. The deposition was performed at room
temperature which results in an amorphous structure and films
were annealed in a vacuum tube furnace at 460°C for 5 minutes
in order to crystallize them prior to laser irradiation.
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Figure 1: Schematic representation of grains within 2-dimensional
Monte Carlo model. Orientation of each node is represented by an
integer number between 1 and 24. Each node represents a 1.33um
square area. Connected nodes with identical orientations
represent grains. Grain boundaries (solid lines) separate nodes
with different orientations and are added for clarity.

Laser crystallization of the samples was performed
using a XeCl excimer laser at a wavelength of 308nm. A
projection mask system was used to selectively irradiate areas
of the film with 320pum or 1.2mm square spots. The beam was
homogenized in order to maintain uniform energy density
within each processed region. Laser processing was performed
at various energy densities between 533 and 1333ml/cm’ at
ambient temperature in air. Large area processing for x-ray
diffraction analysis was also performed by translation of the
sample under the laser beam creating an array of single pulse
irradiated regions. In-situ transient reflectance measurements
were performed on the samples during irradiation to determine
the melt-duration using a HeNe laser probe.

Following laser crystallization samples were
characterized using x-ray diffraction (XRD) in order to
determine the phases and texture of the films. Use of Ni-rich

Surface Energy (mez)

Figure 2: Surface energies for various orientations for typical
base-centered cubic metal. Note significant anisotropy and
minimum surface energy for (110) normal orientation.

films typically results in transformation temperatures below
room temperature. All films were confirmed to be austenitic at
room temperature which allows for all XRD measurements to
be performed at room temperature for texture analysis. Electron
backscatter diffraction (EBSD) measurements of films were
also performed on annealed and laser processed samples.
Samples were etched using a mixture of 2mL HF, 6mL HNO:;,
and 92mL H,0 (Kroll’s reagent) applied with a cotton swab for
15 seconds prior to EBSD measurements to remove the oxide
layer from the top surface. EBSD measurements were
performed at an accelerating voltage of 25kV and a working
distance of 10mm at resolutions of 0.25 to 1um. Differential
interference contrast (DIC) optical micrographs of samples
were also taken in order to confirm the grain sizes observed
through EBSD.

NUMERICAL SIMULATION

In order to model grain growth within the film during
solidification in the partial melting regime a three-dimensional
Monte Carlo grain growth model has been developed. While
Monte Carlo models have been used to determine solid phase
grain growth during annealing processes for some time, more
recently, they have been used to model abnormal grain growth
as well as deposition processes [20,21]. These advancements
require reworking the traditional Monte Carlo process as well
as the consideration of energy anisotropies between grains. A
brief overview of the Monte Carlo process is included below
while emphasis has been placed on the extension to 3-
dimensional growth developed by the authors.

Single Layer Monte Carlo

Similar to most 2-dimensional Monte Carlo models,
this model is structured around a mesh with each node
representing a small area of material. The mesh is a 500x500
element array with each node representing a 1.33pum square
area. The orientation of each node is represented by an integer
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Figure 3: Transient reflectance measurement during laser
processing of a single 320pum square area near the complete melt
threshold. Reflected signal from 632nm HeNe laser source. Note
melt duration of about 250ns.

number between 1 and 24 and contiguous areas with the same
orientation represent grains. A schematic representation of a
typical 2-dimensional Monte Carlo model is shown in Figure 1.
Within the Monte Carlo model the energy of a node at site i is

defined as
G; = egbz (551'51 - 1) + e, (1)

nn.
where e, is the grain boundary energy, e,; is the surface energy,

and &y, is the Kronecker delta function. For each neighbor that
is a different orientation than the current node, one unit of grain
boundary energy is added. A surface energy component, ey, is
also added to the total node energy. Since surface energy values
for NiTi were unavailable, typical values for a base-centered
cubic (BCC) structured metal were obtained from Zhang et al.
[22] for 24 separate orientations. The values used in the model
are shown in Fig. 2 and significant orientation dependence can
be observed with a minimum occurring for the (110)
orientation.

Grain growth is modeled by attempting to reorient
randomly chosen nodes such that their overall energy is
decreased. Each Monte Carlo Step (MCS) represents a series of
reorientation attempts equal to the total number of nodes in the
mesh. During each re-orientation attempt the initial and trial
node energies are calculated by entering the current orientation
and a randomly selected trial orientation respectively into Eq.
(1). The probability of each reorientation occurring is then
determined using the metropolis transition function

AG) ;

. {e(‘kb_r) .lf AG >0 ®
1 fAG <0

where AG represents the change in energy caused by the change

in orientation and T is the temperature of the solid surface. The

inclusion of anisotropic surface energy in the overall node

energy causes specific orientations to have, on average, lower
energies. As a result, the probability of switching to those
orientations is greater which causes surface energy induced
abnormal grain growth to occur.

3-Dimensional Growth

Unlike solid-phase grain growth models where the
amount of solid material is constant, during solidification new
material is continually being added to the solid surface. Thus,
in order to model grain growth due to solidification a multi-
layer Monte Carlo method is adopted. This method employs
multiple 2-dimensional Monte Carlo models run consecutively,
each representing a layer of new material that has solidified
onto the existing surface and is similar in principle to models
developed by Srolovitz [21] and Jung et al. [23]. Within each
layer the model is run in the traditional fashion as described
above for one Monte Carlo step (MCS). The initial orientation
of each node of the new layer is considered to be the same as in
the preceding layer.

In order to determine the thickness of each layer the
scaling factor between Monte Carlo steps and melt depth must
be determined. Using first-order interface kinetics the flux of
atoms arriving on the solid interface from the liquid phase is
described by [24]

I = néve(_%> 3)

Where n,' is the number of atoms per unit area in the liquid
phase, v is the jump frequency, G, is the activation energy
required to perform the jump, &, is the Boltzmann constant, and
T is temperature. The flux in the reverse direction, from the
solid to the liquid is written as

Gat+AGatom
I = nflve(_ 4 kat ) 4)

Where n,’ is the number of atoms per unit area in the solid
phase, and AG,,, is the change in free energy due to the
movement of one atom from the solid to the liquid. The net flux
between the solid and liquid phases is the difference between
Eq. (3) and Eq. (4). For simplicity we assume that n, and n,’
are equal. The net flux is then multiplied by the atomic volume,
Q, which results in an interface velocity

V=0QL. = Qnave(_%) [1

_AGgtom
—e kpT

Within each Monte Carlo step, each 1.33um long element must
be consumed by grain growth. Since each layer of the model is
2-dimensional, the velocity from Eq. (5) is considered to be the
velocity at which solidified islands grow within the plane of the
film. Using this velocity the time required to complete each
Monte Carlo step can be calculated. The experimentally
determined melt duration can then be used to determine the
required number of Monte Carlo steps to achieve solidification
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Figure 4: DIC Optical Image of furnace-annealed sample etched
using Kroll's reagent. Note maximum grain size on the order of
10pm. Clear delineation between adjacent grains. Distribution of
grain sizes is also observed.

Figure 5: EBSD grain map of furnace annealed sample. Grain
boundaries (solid lines) are shown where adjacent measurements
have a misorientation angle of 10° or more. Grain shapes and sizes
comparable to those observed through optical microscopy.

of a similar thickness. A similar methodology is described by
Raabe [25] using grain boundary mobility to determine the
scaling factor. Figure 3 shows typical transient reflectance data
obtained during melting of a 1um thick NiTi film. The total
melt duration is on the order of 250ns and includes both
melting and solidification. Using a simple 2-dimensional finite
element Fourier heat flow analysis (not shown) solidification is
seen to start 100ns after the pulse thus a solidification time of
150ns is used to represent solidification of 1um of material.
The initial grains for the model are grown using an isotropic
Monte Carlo grain growth model which is nearly identical to
the anisotropic model except that it does not include
considerations for surface energy. Orientations are randomly
assigned to each node in the mesh and the isotropic Monte
Carlo model is then run until the desired initial grain size is
achieved.

RESULTS AND DISCUSSION

In order to determine the initial grain size of the
material, the as-annealed samples were etched using Kroll’s
reagent and observed under both optical microscopy and
EBSD. Figure 4 is an optical micrograph showing the etched
film surface. A distribution of grain sizes can be seen with the
larger grains being on the order of 10pm in diameter. An EBSD
grain map is shown for comparison in Fig. 5 where grain

boundaries are defined as locations where the misorientation
angle between adjacent measurements is greater than 10°. The
observed grain size and structure are very similar to those
observed optically and which suggests that the chosen
misorientation angle is appropriate. While both measurements
show nearly equiaxed grains, it should be noted that they only
characterize the surface of the films. The actual film thickness
is only lpm, significantly smaller than the observed grain
diameters, and thus the grains are much larger in the in-plane
directions than they are in the normal direction. This type of
grain shape is common and has been reported for many solid
phase crystallized NiTi films [26].

Figure 6 shows the XRD spectra from the as-annealed sample
as well as one for the as-deposited amorphous film. Five main
peaks are observed in the crystallized sample, all of which can
be indexed to austenitic NiTi. The largest peak, at 26=42.8° is
from the (110) orientation, while the other peaks at 26=61.9°,
78.1°, 93.3°, and 108.7° are from the (200), (211), (220), and
(310) orientations respectively. The intensities of these peaks
are observed to be in slightly different ratios than those from
powder diffraction measurements which suggest that there may
be a slight texture in the as-annealed samples. The as-deposited
amorphous film shows a typical amorphous spectrum with a
single broad peak. Since grains in annealed, amorphous NiTi
are known to span the entire thickness of the film and within
this study laser-crystallization experiments are performed
almost exclusively under the partial melting regime, the
observed grain size and texture are considered to be
representative of the remaining solid layer irrespective of the
melt depth.

Surface Texture Characterization

Figure 7a shows a representative EBSD map of a processed
film with Euler angle coloring covering an area of 100pm by
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Figure 6: XRD spectra for (a) as-annealed and (b) as-
deposited film obtained at room temperature. Note
amorphous structure for as-deposited film and
austenitic peaks for annealed sample.
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Figure 7: (a) EBSD map for normal direction of film processed at
909mJ/cm’ with Euler angle coloring. Grain boundaries (solid
lines) are shown where adjacent measurements have a
misorientation angle of 10° or more. Inverse pole figure (b)
showing slight (110) texture normal to the film surface.

50um. As above, grain boundaries are added at positions where
adjacent measurements have greater than a 10° misorientation
angle. The calculated grain boundaries can be seen to
accurately separate areas with different orientations while
maintaining a grain size distribution similar to that observed
optically. Some isolated points do show orientations that are
significantly different from their surroundings and are
considered to be caused by surface defects or contamination
within the film and to have little effect on the observed texture.
Figure 7b is an inverse pole figure for the surface normal
orientation which shows evidence of a (110) preferred
orientation in the sample. As shown in Fig. 2, the (110)
orientation has the lowest surface energy in BCC materials
which can causes preferential growth of (110) oriented grains
as the film solidifies and results in an increase in the area
fraction of those grains. It should be noted that, since EBSD
measurements are only affected by a thin surface layer of the

Figure 8: EBSD maps of sample processed at 909mJ/cm* with
different surface normal grain orientations highlighted. (a) (100)
and (b) (110). Note overall larger grain size and greater density of
(110) oriented grains. Multiplicity factor of (110) is twice that of
(100) for BCC cubic materials.

B

film, unlike the solid phase crystallized films the observed
texture is considered to be representative of only the top surface
of the film and not the underlying volume. It will be shown,
however, that an overall (110) normal texture is created in the
samples through XRD measurements.

Figure 8 shows the same sample with grains of specific
orientations highlighted, (100) for (a) and (110) for (b).
Qualitatively it can be seen that (110) oriented grains are on
average larger and more prevalent than those near the (100)
orientation. It should be noted here that the multiplicity factor
for the (100) orientation is half that of the (110) orientation thus
the highlighted grain area will be skewed toward the (110) even
in randomly oriented samples. The observed differences,
however, do suggest some preferential growth of (110) oriented
grains which will be quantified using x-ray diffraction. Sections
of an orientation distribution function (ODF) are shown in Fig.
9 with each pane having a constant value of ¢, where ¢,, @, and
¢, are Euler angles in the Bunge convention. The highest peaks
in the ODF are at ®=45° for ¢,=0, 90° and near ®=90° for ¢,
near 45°. No significant dependence on ¢, is observed. Both of
these orientations signify (110) normal orientations in cubic
materials. The lack of dependence on ¢; indicates that the
grains are randomly oriented in the in-plane directions. This is
consistent with the solidification mechanism being vertical
epitaxial regrowth from randomly oriented grains. The change

Figure 9: Orientation Distribution Function (ODF) for processed
film showing peaks at ®=45° for ¢,=0,90° and ®=90° for ¢, near
45° suggesting (110) preferred orientation. Note lack of
dependence on ¢, indicating random in-plane orientation. ¢1, @,
and ¢, are Euler angles defined in the Bunge convention.
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Figure 10: Surface grain map derived from anisotropic Monte
Carlo simulation after nine Monte Carlo steps. Colors denote
different surface normal orientations. Note grain shape and size
distribution comparable to those observed experimentally through
EBSD (Fig. 6, Fig. 8a).

in texture should only be in the surface normal direction due to
abnormal in-plane grain growth.

As described above, in the Monte Carlo model the
number of Monte Carlo steps performed is proportional to the
melt depth. By using an activation energy, G,, for Nickel of
9.15e-20 J/molecule [27] and the heat of fusion of NiTi as 31.6
kJ/mol [28], the number of Monte Carlo steps required to
model solidification of a 1um film was determined to be nine.
For partially melted films grain growth occurs from the surface
of the remaining solid material. Since solid phase
crystallization of amorphous NiTi films has been shown to
produce randomly oriented grains that span the thickness of the
film [26], the initial grain size in the model is considered to be
independent of melt depth and the grain orientations random.
Different melt depths can be modeled by varying the number of
Monte Carlo steps included in the model. Nickel was chosen to
represent NiTi for the activation energy since it shares the same
BCC structure. Figure 10 is a surface grain map derived from
the Monte Carlo model after nine Monte Carlo steps where
each color represents a different normal orientation. In-plane
grain shapes are generally equiaxed and both small and large
grains are observed. Overall, the morphology and size of the
grains is similar to what is observed experimentally in Fig. 4
and 5. Figure 11 shows grain maps of selected orientations,
(110) and (200), after the initial and final Monte Carlo steps of
the anisotropic model. As a whole, (110) oriented grains can be
seen to grow in size during the course of the model. (200)
oriented grains generally decrease in size with some
disappearing completely by the final Monte Carlo step. This is
due to the anisotropic growth rates captured by the model

(200) at 1 MCS

-

(200) at 9 MCS

Figure 11: (110) and (200) oriented grains at (a) first Monte Carlo
step (MCS) and (b) final MCS of the anisotropic Monte Carlo
model. Growth of grains is observed for grains with low surface
energy orientation (110). Grains with higher surface energy (200)
decrease in size or disappear as number of MCS increases due to
occlusion.

during solidification of the film. As seen in Fig. 2, the (110)
orientation has one of the lowest surface energies of all the
orientations included in the model while the (200) orientation
has a much higher surface energy. Thus, during growth, the
probability that an element will solidify with a (110) orientation
is larger than the probability it will solidify with a (200)
orientation. The complete disappearance of some grains is
caused by occlusion by other, faster growing grains, likely with
more preferred orientations. It should be noted, however, that
each Monte Carlo step represents only a layer of material
within the solid and thus, while grains may disappear from the
surface as the number of steps increases, the grains are not
completely removed from the material. It is also noted that no
evidence of nucleation is observed in the model. As shown in
Eq. 2, there is a possibility that a reorientation can occur even if
it does not produce a net decrease in free energy. The
probability of this occurrence, however, is nearly zero for even
small increases in energy.

Through-Thickness Texture Characterization

Compared to EBSD  measurements, XRD
measurements are considered to better represent the texture of
the films as they pertain to shape memory applications since
they measure the entire thickness of the film rather than just the
surface layer. Deformation of thin film shape memory devices
will generally not be limited to the surface of the film and thus
characterization of the entire film thickness is critical to
understanding the resulting mechanical response. Normalized
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XRD spectra for samples irradiated at different incident laser
fluences are shown in Fig. 12. The three largest austenitic
peaks, at 26=42.8, 61.9 and 78.1°, are chosen to represent the
texture in each sample since the smaller peaks are typically
small and cannot be accurately characterized for all processing
parameters. For laser processed samples, overall diffraction
intensities were found to decrease with increasing energy
density while no significant new diffraction peaks were
observed. This suggests that the overall diffracting volume may
be decreasing or that an amorphous layer may be forming on
the film. A decrease in the diffracting volume may be caused
by defective growth due to the extremely high growth
velocities experienced during solidification. At very high
growth rates the lack of sufficient time for diffusion has been
shown to cause the structure to be a metastable crystalline or
even amorphous phase [6]. In addition, it is possible that a Ti
oxide layer is forming on the top of the sample as observed in
nearly all thermally treated NiTi samples [29]. Some Ti-oxides
are amorphous and would not be seen in the XRD spectra. The
lack of new peaks in the XRD spectra after processing suggests
that the formation of new crystalline phases during
solidification is limited.

In addition to the changes in peak intensities observed
in the XRD spectra, peak shifts toward higher 20 angles can be
seen for all three diffraction peaks as energy densities increase.
This signifies a decrease in d-spacing normal to the film surface
caused by a likely increase in the in-plane tensile stress within
the film. This effect is thought to be due to the contraction of
the film during solidification against the stiff underlying
substrate which experiences very little temperature change. It
has been observed that stresses within materials may cause
abnormal grain growth in grains under a bi-axial stress state
due to anisotropic strain energy densities [30]. This is driven
by the anisotropies in the biaxial modulus of the material. For
NiTi, strain energy densities are minimized for grains with
(100) normal texture and maximized for grains with (111)
normal texture and thus a (100) texture would be predicted if
strain energy were to have a significant effect on grain growth.
XRD intensity calculations were also performed using data
derived from the Monte Carlo grain growth model. Figure 13
shows the change in volume fraction of selected orientations
with each Monte Carlo step within the anisotropic model. A
significant divergence of the volume fractions of different
orientations can be seen; caused by growth using anisotropic
surface energy effects. When considered in the context of Fig.
2, the preferable low energy orientations are seen to increase in
volume fraction while the higher energy orientations are seen to
decrease in volume fraction. Figure 14 shows the evolution of
the XRD spectra calculated using the volume fractions from the
Monte Carlo model. The XRD intensities for the three main
diffraction peaks of the furnace annealed sample are used as the
nominal intensities and are then weighted by the calculated
volume fractions to determine the new intensities. The XRD
intensities are seen to change in accordance with the surface
energy anisotropy accounted for in the model. As the number
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Figure 12: Normalized x-ray diffraction spectra for samples
processed at various energy densities. Spectra shifted up in order
of increasing energy density. Note shift in peaks toward higher 20
angles with increasing energy density as well as peak broadening.
Some amorphization of the material is considered to be occurring
for highest energy density sample.
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Figure 13: Volume Fraction of grains with selected orientations
from Monte Carlo simulation as a function of Monte Carlo steps
(MCS). Note increase in volume fraction of low surface energy
orientation (110) and decrease in volume fraction for high surface
energy orientation (200).

of steps increases, the film encounters more vertical growth and
abnormal grain growth is able to enlarge grains with preferred
orientations to a greater extent. In particular, the (110) peak
shows a significant increase in intensity while the (200) peak
shows some decline and the (211) peak remains fairly constant
as the number of Monte Carlo steps increases.

Figure 15 shows the fraction of the total x-ray diffraction
intensity contributed by each of the three chosen orientations
for both the experimental and numerical results. The error bars
in the experimental results signify the standard deviation from
four separate measurements. The intensity fraction from the
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Figure 14: XRD spectra derived from Monte Carlo model volume
fraction data for each Monte Carlo step (MCS). Good agreement
with experimentally determined normalized spectra (Fig. 13). Note
increase in intensity of (110) peak at 42.8°, decrease in intensity of
(200) peak at 61.9°, and near-constant intensity for (211) peak at
78.1° 20 with number of MCS.

(110) oriented grains increases monotonically while the
intensity fractions for the (200) and (211) orientations decrease
with both energy density and Monte Carlo steps. As described
above, energy density and Monte Carlo steps (MCS) are related
through considerations of melt depth. For the current model,
nine MCS or an energy density of 1333mJ/cm” corresponds to a
Ipm melt depth. The numerical XRD results can be seen to
accurately predict the change in intensity fractions for the three
chosen diffraction peaks with changes in energy density. As
described above, surface energy anisotropies in BCC samples
promote (110) textures while strain energy anisotropies
promote (200) textures during grain growth. Thus, the observed
trends are consistent with secondary grain growth in laser
processed samples being dominated by surface energy rather
than strain energy effects.

While the agreement between the model and experimental
results is strong for nearly all energy densities, experimental
results at the highest energy density, 1333mlJ/cm’, shows a
stronger (110) texture than predicted by the model. This effect
is believed to be caused by the film reaching the near-complete
melting regime resulting in significant but not complete
amorphization of the film. A wide peak in the same 20 range as
the amorphous peak in Fig. 6 is observed in Fig. 12 for the film
processed at 1333mJ/cm’ along with a sharp diffraction peak at
42.8° from the (110) orientation. It is considered that the fully
melted areas of the film may be forming an amorphous
structure rather than the equilibrium austenitic NiTi phase due
to the exceedingly fast quench rate of the material. This would
explain both the significantly increased peak width as well as
the decrease in overall diffraction intensity from the film. The
increased (110) texture observed in the film may be due to the
enhanced growth rate of seeds with (110) orientation due to
surface energy effects.
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Figure 15: Intensity fraction vs. Monte Carlo steps (MCS) and
Energy Density for Monte Carlo (MC) and experimental
measurements respectively. Good agreement between model and
experimental values for all but highest energy density sample.
Highest energy density sample is considered to be in the near-
complete melting regime. Error bars denote standard deviation
from four separate measurements.

CONCLUSION

In conclusion, it has been shown that the normal
texture in crystalline Ni-rich NiTi thin films can be modified
through melt-mediated laser processing within the partial
melting regime. The extent of modification can be controlled
through changes in the induced melt depth by changing the
incident laser energy density. The strength of the (110) texture
was shown to increase with increasing melt depth and is
attributed to abnormal grain growth caused by surface energy
anisotropies in BCC-structures materials. A 3-dimensional
Monte Carlo grain growth model was developed to aid in
predicting the resulting texture for different melt depths and
was shown to accurately predict texture formation within the
partial melting regime. Overall texture strength was limited,
however, due to the amount of grain growth achievable within
a lum thick film. It is considered that processing within the
complete or near-complete melting regimes may allow for
greater texture strength if amorphization of the film can be
suppressed. The work described above shows that laser
crystallization is a viable mechanism for adjusting the preferred
orientation of NiTi thin films and can be used to optimize
films’ shape memory properties for specific applications. The
Monte Carlo model developed in this work also allows for
prediction of textures in partially melted NiTi films developed
through surface energy induced abnormal grain growth.
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