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An additive alloying method is developed to fabricate NiTi microtubes, consisting of two steps: (i) depositing a
Ti-rich coating onto ductile, pure Ni wires (50 μm in diameter) via pack cementation, resulting in a Ni core
coated with concentric NiTi2, NiTi and Ni3Ti shells, and (ii) homogenizing the coated wires to near equiatomic
NiTi composition via interdiﬀusion between core and shells, while concomitantly creating Kirkendall pores.
Because of the spatial conﬁnement and radial symmetry of the interdiﬀusing core/shell structure, the Kirkendall
pores coalesce near the center of the wire and form a continuous longitudinal channel, thus creating a microtube.
To study the evolution of Ni-Ti phases and Kirkendall pores during homogenization, coated wires were subjected
to ex situ homogenization followed by (i) metallography and (ii) X-ray tomographic imaging. Near equiatomic
NiTi was obtained upon homogenization at 925 °C for 4 h with compositional ﬂuctuations between 49 and 53 at.
% Ni consistent with slight variations in initial coating thickness. Kirkendall pores initially formed near the NiTi/
Ni3Ti and Ni3Ti/Ni interfaces and eventually merged into a continuous channel with an aspect ratio of at least
75.

1. Introduction
Near equiatomic NiTi has been widely studied because of its shape
memory and superelastic behavior [1–6]. While bulk NiTi has a broad
variety of actuation, damping and structural uses due to these properties, porous NiTi structures oﬀer the additional beneﬁts of having low
density, low stiﬀness and high surface area, which provide advantages
for light-weight actuation [7], damping [8], and biomedical applications [9–12]. In particular, open pores enable the ﬂow of ﬂuids for
eﬃcient heating and cooling, which improves the actuation response
time [12]. On its own, bulk NiTi has good damping properties, but they
can be enhanced by the geometrical contribution of a porous structure
[7]. Finally, open porosity allows for bone cell ingrowth and reduced
stiﬀness, making porous NiTi ideal for the fabrication of bone implants
with improved osseointegration [12,13]. For these reasons, the fabrication of not only porous NiTi structures, but periodic cellular NiTi
structures with uniform and predictable properties are highly desirable.
Various processing methods have been developed to create such
structures with varying degrees of control of pore size, shape, distribution and volume fraction [11,12,14,15]. One as yet unexplored
approach for NiTi periodic structures is to weave wires into 3-

dimensional structures as recently demonstrated for Cu and Ni-20Cr
wires via a non-crimp 3-D orthogonal weaving technique [16].
While NiTi wires, commercially available with diameters above
∼100 μm, can be woven, the fabrication of NiTi microwires
(particularly < 100 μm) is diﬃcult [17], and the subsequent weaving
of these wires poses a challenge. The low stiﬀness, high yield stress
and/or superelastic behavior of NiTi allows it to sustain the high radii
of curvature required for weaving and bending without deforming
plastically and, hence, result in weaves that unravel when handled or
machined if they are not secured. An alternative approach is to decouple the weaving and alloying steps by depositing a Ti coating of
appropriate thickness on a pure Ni wire woven structure via pack cementation (i.e. titanization), and then homogenizing the wires via interdiﬀusion to obtain near equiatomic NiTi shape memory or superelastic compositions. Therefore, to assess the feasibility of this
approach, the present study investigates the homogenization of individual Ti-coated nickel wires and characterizes their microstructure
and composition. Furthermore, if proven viable, this titanization/
homogenization method could be used on a variety of pure Ni substrates with small characteristic length scales (wires, ribbons, foils,
additively manufactured lattices) to fabricate other NiTi geometries,
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from simple 2D ﬂat springs to complex 3D scaﬀolds and honeycombs
with shape memory and/or superelastic behavior.
Pack cementation is a simple chemical vapor deposition (CVD)
process that has been used for over a century to deposit metallic
coatings with thicknesses spanning a few to a few hundred micrometers, often with the goal of creating a protective coating with or
without interdiﬀusion with the substrate [18,19]. While pack cementation has been used to deposit mostly Al [20–27], a variety of
other elements have been deposited using this method, including Cr
[28,29], Mo [30–32], and in a few cases Ti [32–36]. Recently, pack
cementation was used to gas-phase alloy Ni-20Cr wire weaves with
tailored amounts of Al and Ti such that, upon homogenization, γ′strengthened Ni-based superalloy woven structures were obtained [36].
Additionally, using a technique similar to pack cementation called
powder-immersion-reaction-assisted coating, Mashal et al. titanized
and subsequently nitrided a nickel substrate to create a TiN coating for
wear and corrosion resistance [37]. In that study, 5 mm thick Ni plates
were titanized at temperatures between 750 and 900 °C, which produced a three-layer coating structure composed of Ti2Ni at the surface,
NiTi as an intermediate layer, and Ni3Ti nearest the Ni substrate. These
results suggest that these phases may also be present in the Ti-coated
wires investigated in the current study. However, based on previous
studies, it can be challenging to eliminate some of these intermediate,
brittle intermetallics by subsequent annealing when trying to obtain
near equiatomic NiTi [38–40].
Because conventional processing methods require high temperatures (> 1300 °C) and extensive post-processing to achieve suﬃcient
strengthening of the ﬁnal product [41], several studies have investigated other methods to obtain near equiatomic NiTi, e.g., mechanical alloying of pure Ni and Ti powders or reacting of electrodeposited Ni and Ti layers, which allow more economical fabrication
processes compared to traditional fabrication methods such as vacuum
induction melting or vacuum arc re-melting [38–40]. For this reason,
diﬀusion in the Ni-Ti binary system has been widely studied. Investigation of the interdiﬀusion behavior has been conducted with
multilayer thin ﬁlms [42–44], powder compacts [45–48], and electrodeposited structures [38,39,49], all with the aim of achieving near
equiatomic NiTi. The results of these studies suggest that the homogenization time and temperature must be chosen carefully to eliminate
non-equilibrium intermetallic phases in the ﬁnal alloy. As early as
1974, Bastin and Rieck [50,51] published a comprehensive study on the
formation and growth of various intermetallic phases in Ni-Ti diﬀusion
couples and reported the presence of the Ni(Ti), Ni3Ti, NiTi, NiTi2, and
Ti(Ni) phases, which are all present in the equilibrium phase diagram
[52]. They also calculated diﬀusion coeﬃcients in various phases and
concluded that Ni has a higher intrinsic diﬀusivity than Ti in Ti(Ni),
NiTi2, and NiTi [51]. A later study reported that Ti diﬀuses one to two
orders of magnitude slower than Ni in NiTi over the temperature range
of 675–1000 °C [53]. This imbalance in diﬀusion coeﬃcients implies
that Kirkendall porosity may be observed in this system. In fact, Hasannaeimi et al. attributed porosity observed after homogenization of a
sample created via the co-electrodeposition of Ni and Ti to the Kirkendall eﬀect [39].
The Kirkendall eﬀect [54] causes the formation of pores near the
interface of dissimilar materials during interdiﬀusion of diﬀerent
atomic species showing an imbalance of diﬀusivities; the resulting net
ﬂux of vacancies can lead to, upon supersaturation, the formation and
coalescence of pores [55–59]. Although these Kirkendall pores are
usually considered to be detrimental to material properties, they recently were harnessed to form hollow nanoparticles where a single
cavity was formed by interdiﬀusion of Co and O, S, or Se [60]. Several
recent studies have investigated this mechanism, though there are only
rare examples of metal-metal reactions forming these structures
[56,61,62], and none on the Ni-Ti system. While several studies
[56,63–70] involving nano-scaled hollow structures exist, few have
been performed at the micro-scale: these include the formation of

microshells (hollow spheres) and microcages (hollow cubes or polyhedra) with typical dimensions of 1–30 μm [71–74]. We recently demonstrated that central cavities form via the Kirkendall eﬀect upon
homogenization of pack-aluminized Ni-Cr wires with a core/shell
structure [75]. Unlike the large number of pores created in diﬀusion
couples with larger volumes, in this case where the wires have diameters of ∼75 μm, the pores coalesce into a single Kirkendall channel
due to radial symmetry and spatial conﬁnement. For a dense core-shell
structure in which the shell components diﬀuse slower than the core
components, resulting in an inward ﬂux of vacancies toward the center
of the structure, similar central Kirkendall porosity could be observed
[56,64,67]. Therefore, such internal cavities may be expected to form
during homogenization of Ni wires coated with the appropriate amount
of Ti to create near equiatomic NiTi, as Ni is known to diﬀuse faster
than Ti [51,53]. The resulting hollow NiTi microtubes would oﬀer
additional beneﬁts as compared to NiTi wires, because the surface area
to volume ratio would increase and the open porosity could allow for
active heating/cooling, making the actuation response faster as the
shape memory eﬀect is thermally activated. In the following, the formation and evolution of Kirkendall porosity within Ni wires coated
with Ti via pack cementation is discussed together with other microstructural and compositional.
2. Experimental methods
2.1. Processing
2.1.1. Pack titanization
Ni wires (99.99% purity, from Alfa Aesar) with 50 μm initial diameter were titanized via the pack cementation technique. A powder
mixture (pack) consisting of 67 wt% inert TiC ﬁller powders (< 44 μm),
30 wt% Ti (< 44 μm, 99.5% purity) source powders, and 3 wt% NH4Cl
activator powders, all procured from Alfa Aesar, was mechanically
mixed for ∼30 min. Twelve 4 cm long wires were embedded in ∼25 g
of pack in an alumina crucible. The ﬁlled crucible was then closed with
an alumina lid and mounted on a stage at the end of a preheated tube
furnace, which was water-chilled to prevent premature activation of the
pack. After sealing the tube furnace and ﬂushing with Ar for ∼15 min,
the crucible was inserted into the hot zone for the desired coating time.
Based on the Ni-Ti phase diagram [52] and preliminary experimental
results for the particular pack composition used in this study, the titanization was conducted at 925 °C, under the lowest eutectic temperature of 942 °C (between Ti and Ti2Ni), for 2 h to deposit the appropriate
amount of Ti. Thereafter, the crucible was retracted back into the
water-chilled zone and allowed to cool to near room temperature under
continuous Ar ﬂow. Once removed from the tube furnace, the crucible
was opened in a glove bag under Ar atmosphere (to prevent the ﬁne
redeposited Ti powder from igniting upon exposure to air) and the
wires retrieved. The as-coated wires were ultrasonically cleaned in
acetone for ∼5 min to remove pack powders from the surface, and
prepared for further heat-treatments and characterization.
2.1.2. Homogenization and aging
Following the pack titanization process, the samples were homogenized so as to obtain single-phase, near-equiatomic NiTi with shape
memory or superelastic properties. The same pack titanization conditions (2 h at 925 °C) were used for producing the coating on all of the
samples homogenized and presented here. The samples were homogenized at the same temperature as the coating condition (925 °C) for
times ranging between 2 and 16 h. To prevent oxidation during
homogenization, the wires were vacuum encapsulated in quartz capillaries (0.6 mm ID x 0.8 mm OD) with slivers of Mg ribbon to provide a
protective Mg atmosphere upon heating [76]. To investigate the ascoated and homogenized microstructures of the wires, the samples were
examined via both traditional metallography techniques and ex situ Xray tomographic microscopy as described in the following section.
43
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2.2. Characterization
2.2.1. Metallography
To observe detailed features of the microstructures and identify and
determine compositions of the phase constituents in both the as-coated
and homogenized titanized Ni wires, several (3–5) segments from each
of a few diﬀerent wires were mounted in epoxy such that the radial
cross-sections were exposed. The samples were metallographically
prepared and polished down to 0.05 μm using an alumina suspension. A
combination of optical microscopy (OM) and scanning electron microscopy (SEM, Hitachi S-3400N) with energy dispersive X-ray spectroscopy (EDS) were used to characterize the samples.
2.2.2. Ex situ X-ray tomographic microscopy
A series of ex situ X-ray tomographic microscopy experiments was
conducted to non-destructively evaluate the microstructure of a larger
segment of the wires. X-ray tomography scans were collected at the 2BM beamline of the Advanced Photon Source at Argonne National
Laboratory. Each wire was homogenized using the same method described in Section 2.1.2 prior to conducting a room-temperature tomography scan. For the scan, the quartz capillary containing the
homogenized Ni-Ti wire was inserted into an alumina sleeve attached to
a magnetic base, and mounted on a rotation stage. A schematic of the
most relevant components of the experimental setup is shown and described in more detail in Ref. [75]. Tomographic scans were collected
using pink beam X-rays with a nominal peak energy of 27 keV and a
pco.EDGE camera mounted to a standard microscope with 10× magniﬁcation (0.65 μm/px) [77]. A series of 750 projections over 180° of
rotation were collected in ∼30 s (10 ms exposure time). All data were
reconstructed using TomoPy as discussed in more details in Ref. [78]
from which 2D slices of the ∼1400 μm longitudinal section of wire
within the ﬁeld-of-view were created. Additionally, a MATLAB script
was used to visualize in 3-D the surface of the Kirkendall pores. The
pore volume fraction was also calculated in MATLAB by segmenting the
pore and wire regions separately and calculating the total number of
pixels in each region over the wire length.

Fig. 1. Backscattered electron micrographs of a radial cross-section from a Ni wire titanized for 2 h at 925 °C at (a) low magniﬁcation where surface damage (missing material
at upper left and lower right) is due to metallographic preparation and (b) high magniﬁcation with an EDS line scan overlay to show the composition of the core/shell structure.

approximately 15 and 7 μm respectively, it was anticipated that, upon
full homogenization the desired near equiatomic NiTi composition
would be achieved. In fact, based on area fractions and densities of the
phases present, the overall composition was estimated to be 51 at.% Ni
and 49 at.% Ti. However, it has been well documented [38–40] that it is
diﬃcult to eliminate undesired non-equiatomic intermetallics during
solid-state alloying of pure Ni and Ti to obtain single-phase NiTi with
shape memory or superelastic properties. Therefore, even if an adequate amount of Ti is deposited on the wires such that the desired
average composition is reached, some NiTi2 and Ni3Ti may remain and
thus prevent full homogenization to near-equiatomic NiTi. The results
of the homogenization experiments conducted on the wires in this study
are presented in the following section.

3. Results and discussion
3.1. Alloying
3.1.1. Pack titanization
To fully understand the microstructural evolution of the titanized Ni
wires, it is critical to characterize the as-coated condition. Because the
pack titanization partially consumes the Ni wire (with original diameter
of 50 μm) as Ti is deposited from the gas phase and reacts with Ni to
form a diﬀusion coating, the resultant wires had a core/shell structure
with an outside diameter of approximately 80 μm depending upon the
exact amount of Ti deposited. A low magniﬁcation backscattered
electron micrograph of a representative, as-coated radial cross-section
from a titanized Ni wire is presented in Fig. 1(a) showing two distinct
shells around a core. The black spots within the inner shell are TiC
particles from the pack that were engulfed during the coating process. A
high magniﬁcation image of the cross-section is shown in Fig. 1(b) with
an overlay of an EDS radial line-scan reporting the corresponding
compositions of the shells present. With the combination of the higher
magniﬁcation and compositional data, it is clear that three intermetallic
shells exhibit NiTi2, NiTi, and Ni3Ti compositions, in order from surface
to inner Ni core. Therefore, each of the three intermetallic phases that
exist at 925 °C in the binary Ni-Ti phase diagram are present in the ascoated wires [52]. Additionally, small acicular precipitates can be seen
on the inner side of the intermediate NiTi shell. Based on literature
[79–81], these precipitates are likely metastable Ni4Ti3 precipitates that
formed upon cooling in the tube furnace, as they appear on the Ni-rich
side of the NiTi shell and are not present on the Ti-rich side. Given that
both the NiTi and Ti-rich Ti2Ni outermost shells are relatively thick,

3.1.2. Homogenization
With the as-coated microstructure established, several pack-titanized wires were annealed at 925 °C for various times ranging from 2 to
16 h to assess the microstructural evolution during homogenization. No
signiﬁcant diﬀerence in the microstructure, both in terms of phase
constituents and pores, was observed between 2 and 16 h. The structure
appears to be fully homogenized by 4 h, but pores have typically developed by 2 h and remain stable up to 16 h. A representative radial
cross-section of a wire homogenized for 4 h is illustrated in Fig. 2. In the
optical micrograph shown in Fig. 2(a), the cross-section appears to be
single phase with a large (∼25 μm diameter) pore with near-circular
cross-section close to the center. Kirkendall porosity is expected as Ni
has a higher intrinsic diﬀusivity than Ti in the NiTi phase [51,53]; the
coalescence of the pores into a single cavity is due to radial symmetry
and spatial conﬁnement of the wire. Therefore, because of the concentration gradient present in the as-coated core/shell structure, Ni
44
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Fig. 3. (a) High magniﬁcation backscatter electron micrograph of the cross-section shown
in Fig. 2 with an EDS line scan showing a uniform composition and (b) a binary Ni-Ti
phase diagram [52] with a horizontal black line indicating the homogenization temperature, a vertical black line indicating the equiatomic NiTi composition, and the red
oval representing the range of compositions measured for three diﬀerent cross-sections
from the same titanized Ni wire. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 2. Low magniﬁcation (a) optical and (b) backscattered electron micrographs of a
radial cross section of a titanized Ni wire following homogenization for 4 h at 925 °C.

diﬀuses radially out from the core faster than Ti replaces it during
homogenization, leading to accumulation and eventual supersaturation
of vacancies followed by formation of the central Kirkendall pore. As
previously mentioned, during the titanization process some TiC particles were engulfed by the growing diﬀusion coating and remain embedded in the wires after homogenization as labeled in Fig. 2(a). The
smaller pores near the surface are likely from pull-out of engulfed TiC
particles upon metallographic preparation of the cross-section and are
not expected to originate from the Kirkendall eﬀect.
To conﬁrm the composition and uniformity of the homogenized titanized Ni wires, SEM/EDS was conducted on the same exact crosssection in the optical micrograph in Fig. 2(a), as shown in Fig. 2(b) in a
backscattered electron micrograph. A thin outer shell is visible, that is
not apparent in the optical image of Fig. 2(a) and is determined by EDS
analysis to be a ternary silicide containing approximately 48 at.% Ti,
33 at.% Ni and 19 at.% Si, and is thus likely Ni3Ti2Si according to the
phase diagram [82] and labeled NixTiySiz in Fig. 2(b). The average
composition of the predominant phase present in the cross-section in
Fig. 2(b) was measured to be 51.6 at.% Ni and 48.4 at.% Ti. The
composition was nearly constant ( ± 0.5 at. %) throughout the NiTi
portion of the same cross-section as observed from the EDS line scan
conducted at a higher magniﬁcation, as presented in Fig. 3(a). Two
other cross-sections from the same wire were also analyzed and had
similar microstructures to the one shown in Fig. 2 including the large
central Kirkendall pore; however, the compositions were slightly different with average Ti contents of 49.4 and 50.1 at.%. Ti, respectively.
Therefore, the majority phase constituent of these three cross-sections
annealed at 925 °C is indeed near equiatomic NiTi, as indicated by the
red oval on the binary Ni-Ti phase diagram shown in Fig. 3(b). While

the NiTi compositions were determined to be relatively uniform
throughout a particular cross-section, the compositional variation
among diﬀerent regions of the wire, likely due to slight variations in
coating thickness during deposition, is signiﬁcant considering the steep
change in martenisite start transformation temperatures as a function of
composition [46]. At room temperature, Ni-rich compositions are superelastic while Ti-rich compositions are shape memory. Therefore,
while thermal-mechanical testing is not presented here, given the variations in composition (49–53 at.% Ni) for the cross-sections measured,
mixed superelastic and shape-memory behavior can be expected within
a particular wire. The cross-section shown in Figs. 2 and 3 was representative of many of the cross-sections observed in other wires as
well. However, some showed a small region of Ni3Ti remaining near the
central pore with the remainder of the cross-section consisting of
slightly more Ni-rich (∼53 at.% Ni) NiTi with no signiﬁcant concentration gradient. Given that the NiTi phase present in these Ni3Ticontaining cross-sections had a constant composition of the tie line
value between NiTi and Ni3Ti [52], it appears that equilibrium has been
reached and not quite enough Ti was deposited during titanization to
transform these particular cross-sections to single-phase NiTi.
3.1.3. Kirkendall pore evolution
To study the Kirkendall porosity, room temperature tomographic
scans were collected of three diﬀerent wires annealed for 2, 4 and 8 h at
925 °C. A 2D radiograph of a 1400 μm section of each of the three wires
is shown in Fig. 4(a–c). Portions of the wires observed were not straight,
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Fig. 4. Radiographs of titanized Ni wires homogenized for (a) 2, (b) 4, and (c) 8 h at
925 °C showing central Kirkendall channels. (d) A representative reconstructed slice and
(e) a 3D visualization of a segment of the Kirkendall channel surface from the microtube
shown in (c).

Fig. 5. Optical micrographs of six diﬀerent cross-sections (a)–(f) from two diﬀerent titanized Ni wires that were homogenized for 2 h at 925 °C showing the variation in
Kirkendall porosity location and area fraction.

as illustrated in Fig. 4(a), as the wires became wavy upon titanization
due to plastic relaxation of internal stresses created by the growth of NiTi intermetallic phases. From the radiographs, it is apparent that Kirkendall porosity has developed within all of them along the entire
length captured within the ﬁeld of view and seems to form one continuous cylindrical channel, particularly in the sample annealed for 8 h
as shown in Fig. 4(c). A reconstructed slice from the wire in Fig. 4(c) is
presented in Fig. 4(d) showing a representative radial cross-section. The
dark region in the center represents the Kirkendall porosity present
within this cross-section. The brighter region near the pore is Ni3Ti and
the darker spots on the surface are embedded TiC particles, with these
features identiﬁed based on observation of metallographically prepared
cross-sections. From the series of reconstructed radial cross-sections, a
segment of the surface of the Kirkendall channel was visualized in 3-D
as shown in Fig. 4(e). It is apparent that the surface of the long cylindrical channel is rougher than the tomographic resolution, and is
indeed continuous through this portion of the wire. The measured pore
volume fraction based on the 3D visualization is approximately 7.5%.
Given that the channel is continuous over the length of the ﬁeld of view
(1400 μm) and the diameter of this wire is approximately 78 μm, the
aspect ratio of the tube as a whole in this case is almost 18. If just the
Kirkendall channel is considered, with a diameter of approximately
22 μm, the aspect ratio is about 64. In fact, while a maximum tube
length was not determined, it appears from the radiographs of these
samples that the channel remains continuous well past the edge of the
ﬁeld of view on either side making these true microtubes.
To further investigate the early development of the Kirkendall

porosity, two wires homogenized for 2 h at 925 °C, including the one
shown in Fig. 4(a), were cross-sectioned and metallographically prepared. Fig. 5(a)–(f) are optical micrographs of six diﬀerent cross-sections obtained from these two wires. In all six images, some of the
original Ni core and the Ni3Ti reaction layer formed in the diﬀusion
coating still remain. It appears that numerous Kirkendall pores actually
formed at both the NiTi/Ni3Ti and Ni3Ti/Ni interfaces as illustrated
most clearly in Fig. 5(c) suggesting there is an imbalance in the intrinsic
diﬀusivities of Ni and Ti in both NiTi/Ni3Ti and Ni3Ti/Ni couples.
Additionally, this cross-section indicates that the pores start forming
somewhat symmetrically about the Ni-core, and then likely merge into
a few, or a single, large centrally located pore as homogenization progresses. As discussed for the case of aluminized Ni-Cr wires subjected to
homogenization in Ref. [75], there is a tendency for the Kirkendall
pores to develop a crescent-shaped cross-section as one large pore forms
at the core/shell interface and grows at the expense of smaller pores as
it acts as a vacancy sink. Once a large pore forms around the interface it
also acts as a diﬀusion barrier as it interrupts the direct diﬀusion between the Ni-core and the shell and lengthens the diﬀusion path for
homogenization to proceed. In the ternary Ni-Cr-Al case, Ni3Al did not
form, at least at an observable thickness, due to the low solubility of Cr
within this phase. However, the Kirkendall porosity also formed near
the interface between the near equiatomic NiAl phase and the remaining Ni-Cr core similar to what is observed here for the Ni-Ti wires.
Also, in the Ni-Cr-Al system, chromium aluminide precipitates formed
near the center of the wires which prevented the Kirkendall pores from
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smoothening via surface diﬀusion; by contrast, in the present binary NiTi system no insoluble phase is present to inhibit the full cylindrical
shape of the pore at long annealing times.
4. Conclusions
Through the pack titanization of pure Ni wires with an initial diameter of 50 μm and the subsequent homogenization of the resulting
∼80 μm diameter Ni-Ti wires, near equiatomic NiTi microtubes were
fabricated. The following conclusions are reached:
1. Pack titanization of Ni wires for 2 h at 925 °C produces a Ni/Ni3Ti/
NiTi/NiTi2 core/tri-shell structure.
2. During early stages of homogenization, Kirkendall pores form
somewhat symmetrically at both the NiTi/Ni3Ti and Ni3Ti/Ni interfaces. After full homogenization, these pores coalesce into a
single continuous channel, thus creating microtubes.
3. While the composition is essentially constant single-phase nearequiatomic NiTi across a particular cross-section, signiﬁcant compositional ﬂuctuations (49–53 at.% Ni) exist within an individual
NiTi microtube, most probably due to small variations in initial
coating thickness.
Overall, pack titanization of 50 μm Ni wires can be used to produce
single-phase, near-equiatomic NiTi microtubes where, because the diffusion distances are small, other intermetallics can be eliminated given
a suﬃcient Ti deposition and anneal time. However, due to a not perfectly uniform coating thickness, compositional ﬂuctuations are present, which would lead to a range of shape memory and superelastic
behavior.
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