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Non-metallic inclusions have been shown frequently to lead to crack initiation in superelastic Nitinol fatigue
specimens. While prior studies suggested that both carbide (TiC) and oxide (TisNi,O,) inclusions can
develop in superelastic Nitinol alloys, questions remain on whether or how the chemistry and morphology
of these non-metallic inclusions are affected by the melting and subsequent tube manufacturing process. In
the present study, samples of Ti-55.8wt.%Ni alloy were taken from tubes fabricated from materials of
various VIM and VAR melt processes. Additional samples were taken from various stages of the tube
drawing process for studying the stringer formation. Our results suggest that both carbide and oxide
inclusions are present in VIM/VAR materials and the oxide break-down during tube drawing appears to be
the primary mechanism for stringer formation. Carbides in VIM materials generally remain as isolated
particles during tube fabrication while the primary inclusion of oxide in the VAR material explains its
higher stringer density. In addition, the carbide inclusion has been confirmed to contain a noticeable
amount of oxygen; hence, we suggest the “Ti(C, O)” nomenclature. Further study on the role of oxygen on
carbide and oxide formation in VIM/VAR materials may be beneficial for improving the future melt quality
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of NiTi alloys.
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1. Introduction

Superelasticity is a key characteristic for selecting NiTi
alloys for medical implant devices because it offers the
possibility of designing a self-expanding device with a small
delivery profile and compliance similar to that of the natural
anatomy. For example, treating diseases such as stenosis in
superficial femoral, iliac and popliteal arteries where the
devices are subjected to complex deformations, self-expanding
NiTi stents have been proven to perform better than do stainless
steel stents in clinical outcomes owing to the more compliant
mechanical properties and reduced thrombogenicity (Ref 1).
However, these difficult anatomies inevitably impose severe
dynamic deformations on the material, which can lead to device
fracture and negative clinical outcomes (Ref 2). Hence, fatigue
lifetime is a critical consideration for device durability in self-
expanding NiTi implant designs.
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Fatigue fractures in NiTi test specimens have often been
observed to initiate from non-metallic inclusions (Ref 3, 4). It is
well known in the metal industry that non-metallic inclusions
are influenced primarily by the melting technique. At the
present time, commercial NiTi alloys are produced by vacuum
induction melting (VIM), vacuum arc melting (VAR), or a
hybrid process where the primary VIM ingot is further refined
using a VAR process (VIM/VAR) (Ref 5). Because the VIM
process uses graphite crucibles, carbon pickup during melting
leads to a greater level of carbon impurity of 300-700 ppm in
VIM ingots as compared to less than 100 ppm in VAR ingots
(Ref 5). Reinoehl et al. (Ref 3) studied the effects of carbon
content on inclusions and rotating-beam fatigue of re-draw
wires of significantly different carbon contents from two
different suppliers. They reported that the material of lower
carbon content had less inclusion count but the inclusion size
was much larger than those of material having higher carbon
content. The authors however did not observe any significant
difference in the fatigue lifetimes between the two materials.

It has been recognized that both TiC and TizNi,O, non-
metallic inclusions can develop in NiTi alloys (Ref 6). Studying
the inclusions in Ti-50.7at.%Ni alloys prepared by a laboratory
scale VIM furnace using a graphite crucible, Zhang et al.
(Ref 7) detected eutectic TiC in an as-cast ingot with 200 ppm
carbon. But for ingot having 710 ppm carbon, both eutectic TiC
and primary TiC were present in the as-cast structure. Habu
et al. (Ref 4) in their study on VIM alloys observed only TiC in
the as-cast ingot. While TiC remained present at various stages
of the tube manufacturing process, TizNi,O, was occasionally
detected in finished tubes.

Graham et al. (Ref 8) studied the inclusions in VAR
Ti-50.8at.%Ni alloys in details. By controlling the melt process
and input stocks, the authors produced sample ingots of 250-
280 ppm oxygen and less than 30 ppm carbon as well as an
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ultra-clean variant with oxygen and carbon contents of less than
50 and 20 ppm, respectively. The non-metallic chemistry was
not analyzed but assumed to be TiyNi,O,. The study demon-
strated that the ingot size, and hence the solidification rate, can
influence the inclusion size. In the ultra-clean variant, both the
area fraction and size of inclusion were significantly reduced.
However, they reported inferior fatigue lifetimes of ultra-clean
material when compared to those of the typical VAR melt
variants attributing the anomaly to the dominant influence of
surface finish. A further study by Morgan et al. (Ref 9)
suggested that ultra-low carbon and oxygen impurity levels do
improve melt cleanliness and reduce inclusion. Fatigue study of
electro-polished wires demonstrated slightly improved fatigue
lifetimes in the long life regime with the low inclusion material
compared with those of standard VAR and VIM/VAR materials.

In our experience of fatigue testing superelastic NiTi tube
specimens, we have encountered significant variations in
inclusion morphology and fatigue durability of materials
processed using various melt processes. These inconsistencies
were observed even in materials fabricated by the same melt
technique. It is therefore not our intent to compare the fatigue
durability of materials prepared by various melting techniques
based on limited sample population. However, quite often crack
initiation in prematurely failed specimens can be linked to
stringers, an elongated cluster of fractured inclusions as shown
in Fig. 1(a) while crack initiation in specimens failing at
“normal” durability cycles is more typically linked to a small
isolated inclusion particle; an example is shown in Fig. 1(b). As
we continue to develop knowledge of the prejudicial effect of
non-metallic inclusions on the fatigue resistance of Ni-Ti

Table 1 Description of specimens used in the study

alloys, it is reasonable to anticipate some correlations that must
exist among their chemical composition, size, shape, and
distribution in the microstructure. Many of these factors are
influenced by not only the melting technique but also the
subsequent thermal and mechanical conversion process for
making semi-finished products such as wires and tubes. In the
present study, chemistries of non-metallic inclusions in com-
mercial Ti-50.8at.%Ni alloys manufactured by VIM, VIM/
VAR, and VAR processes were analyzed using various
techniques of electron microscopy. The inclusion morphologies
at various stages of the tube fabrication process of a VIM/VAR
alloy were examined in detail. The aim is to provide further
understanding on the effect of melting process on inclusion
chemistry as well as those on stringer formation during the
subsequent tube manufacturing process.

2. Experimental Procedure

Tubes of 2.2 mm outside diameter fabricated from materials
of VIM/VAR, VIM, and VAR melt processes were used in the
present study. Samples of a VIM/VAR alloy taken at different
stages of the tube drawing process were also analyzed. The
specimen identifications and related material information are
tabulated in Table 1.

All the samples were prepared according to standard
metallographic specimen preparation procedure and finished
by automatic vibratory polishing in cloth with 0.05 um SiO,
particles. Specimens for optical microscopy were examined in

ID# Melt process Ingot Ap temperature, °C Carbon, ppm Oxygen, ppm Tube fabrication stage
Al VIM/VAR -8 324 262 Hot rolled bar 31.0 mm OD
A2 VIM/VAR -8 324 262 Intermediate 6.7 mm OD
A3 VIM/VAR -8 324 262 Finished tube 2.2 mm OD
B VIM +4 240 300 Finished tube 2.2 mm OD
C Standard VAR +4 34 310 Finished tube 2.2 mm OD
D HP VAR -19 <20 <50 Finished tube 2.2 mm OD

OD, outside diameter; HP, high purity

Fig. 1 SEM micrographs of fatigue fractured surface showing the crack initiation site of (a) a stringer of inclusions in a prematurely failed
specimen and (b) an isolated inclusion particle in a specimen failed at a typical durability cycle
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Fig. 2 (a) Secondary electron SEM image of a typical carbide in specimen Al, (b) corresponding indexed EBSD pattern, and (c) EDS spec-

trum which determined the most likely phase to be Ti(C, O) carbide

lightly etched condition. Etchant of HF/HNOs/H,0, 3:10:87 in
volumetric ratio, was used to bring up the inclusion contrast.
Preferential etching was found to often remove -certain
inclusions from the surface. Therefore, for the SEM study, all
samples were polished and coated with a thin layer of
amorphous Ir by using a sputtering current of 20 nA and
sputtering time of 3 s. The analyses were made using an
Olympus BH2 light optical microscope (LOM), a Hitachi 4300
field emission gun scanning electron microscope (FEG-SEM)
in conjunction with TSL/EDAX electron backscatter diffraction
(EBSD) and energy dispersive spectroscopy (EDS) systems,
and Auger electron spectroscopy (AES) using a PHI Smart-200
FE-Nanoprobe instrument. An acceleration voltage of 10 kV
was used for all the EDS measurements to improve spatial
resolution, while 20 kV were applied for all the EBSD and
AES measurements. The AES specimen was sputter-cleaned
using Ar" ion prior to the analysis.

3. Results and Discussion

3.1 Basic Identification of Inclusions’ Type

3.1.1 Carbide-Type Inclusions. Figure 2(a) shows a sec-
ondary electron image of a carbide inclusion in the Al
specimen. Some plastic flow of the matrix around these
particles was observed, namely the “tail” to the left of the
inclusion. The EBSD pattern obtained closely matches the
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cubic structure of TiC (Fig. 2b) and the EDS spectra shows
mostly C, O, and Ti peaks with only a trace amount of Ni
(Fig. 2¢). Figure 3(a) shows an SEM micrograph of both
carbide and oxide inclusions in specimen A3. The carbide
appears darker than oxide due to the Z-contrast of lighter
elements in the composition. The EDS line scan of Fig. 3(b)
indicates that the carbide is more enriched in Ti, C, and O, and
depleted in Ni than the matrix.

The reason for using the “Ti(C, O)” nomenclature is that
after a significant number of EDS and line scan analyses some
amount of O was consistently detected together with Ti and C.
The presence of O in carbide was further confirmed by AES; a
typical spectrum of the carbide inclusion shown in Fig. 4(b)
undoubtedly demonstrates the presence of O in Auger electron
signal. Since the crystal structures of both TiC and TiO are
cubic and the mean difference between their lattice parameters
is only 6% (Ref 10), these results may indicate that part of the C
atoms in the TiC structure could have been replaced by O
atoms, configuring a substitutional crystal. It is worth noticing
that these particles are not complex oxide-carbide compounds,
given that their structure is always cubic and compatible with
that of TiC.

3.1.2 Oxide-Type Inclusions. Analyses of an oxide inclu-
sion in specimen Al are shown in Fig. 5. These particles are, in
general, larger than the carbides and their shape is more irregular
(Fig. 5a). The EBSD patterns closely matched the cubic
structure of the TiyNi,O, (Fig. 5b) (Ref 10) and the EDS
spectra revealed the presence of less Ti and C, about the same
amount of O but much higher Ni content (Fig. 5c¢) than in the
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Fig. 3 (a) SEM image of carbide and oxides in specimen A3, and EDS line scans of (b) carbide, (c) isolated oxide (oxide-1), and (d) oxide in
stringer (oxide-2)
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Fig. 4 (a) An SEM image and (b) the corresponding AES spectrum of a Ti(C, O) carbide inclusion

carbides. In the analysis of A3 finished tube specimen, oxide isolated oxide (oxide-1) and an oxide in a stringer (oxide-2),
inclusions were found as isolated particle as well as in elongated respectively. The results suggest that both oxides are identical in
stringer. Figures 3(c) and (d) show the EDS line scans of an chemical composition that is rich in Ti and O but the Ni and C
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contents are similar to those of the matrix. The lack of a
noticeable difference in the C content between oxide and matrix
suggests that the presence of C in the EDS spectrum of Fig. 5(c)
must come from surface contamination. EDS mapping provides
further verification on the elemental distribution within carbide
and oxide inclusions as described above. Figure 6(a) displays an
SEM micrograph of an A3 specimen containing both carbide
and a fractured oxide. C, O, Ti, and Ni mapping in Fig. 6(b)
confirms that the carbide contains higher levels of C, O, and Ti,
but less Ni while the oxide is rich in O, Ti, and its C and Ni
concentrations are comparable to those of the matrix.

A file in the International Centre for Diffraction Data
(ICDD) suggests the O content in the oxide inclusion to be
TiyNiyOg 3 (Ref 10) but the stoichiometry would support the
“TiyNi,O” atomic ratio. Since present analytical techniques are
limited in providing quantitative data to resolve this issue, we
continue to use the “TiyNi,O,” nomenclature.

(b)

3.2 Effects of Melting and Tube Drawing Processes

As mentioned earlier, current supplies of NiTi materials
exhibit noticeable lot-to-lot variations in inclusion size and
distribution. For the sake of discussion, we present in Fig. 7
exemplary optical micrographs in the longitudinal view of
2.2 mm diameter tube specimens of A3, B, C, and D fabricated
of VIM/VAR, VIM, standard VAR, and HP VAR materials,
respectively, that we consider as typically representative. Two
forms of inclusion morphology were observed; one of elon-
gated stringer along the tube drawing direction and the other as
isolated particles. The isolated inclusion count is quite high in
VIM/VAR, VIM, and standard VAR materials, but appears to
be reduced in HP VAR specimen. For the stringer type of
inclusion, the tube specimen of VIM material (Fig. 7b), in
general, has the lowest while the standard VAR material
(Fig. 7¢) has the highest stringer density.

Ti
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Fig. 5 (a) SEM image, (b) corresponding indexed EBSD pattern, and (c) EDS spectrum of an oxide-type inclusion in sample Al, which deter-

mined the most likely phase to be Ti4Ni,O, oxide
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Fig. 6 EDS mapping of sample A3 showing the C, O, Ni, and Ti distribution in carbide and oxide inclusions

3.3 VIM/VAR Specimens

Regarding the type of inclusion in these materials of various
melt processes, it is clear from Fig. 3 that both carbide and
oxide are present in specimen A3, the tube of VIM/VAR
material. The VIM/VAR material is therefore selected for
studying the effect of inclusion chemistry on stringer formation.
Light optical micrographs in Fig. 8 reveal the microstructure as
the material goes through the tube drawing process from
31.0 mm diameter hot-rolled bar to 2.2 mm diameter tube. All
inclusions in the starting hot-rolled bar (Fig. 8a) appear as

Journal of Materials Engineering and Performance

isolated particles and no stringer was observed. In the
micrograph of Fig. 8(a), carbides exhibit a rosy hue while the
oxide has a similar contrast to the matrix. The color contrast
presents a good way to differentiate carbides from oxide
inclusions in optical metallography. Linear arrays of stringer
along the drawing direction emerge at an intermediate size of
6.7 mm OD (Fig. 8b) and become more densely populated in
the microstructure of the finished tube (Fig. &c).

The SEM and EDS analyses on the stringers provided more
detailed information about the effects of carbide and oxide on

Volume 18(5-6) August 2009—453



Fig. 7 Exemplary optical micrographs of finished 2.2 mm diameter tube specimens: (a) A3 (VIM/VAR), (b) B (VIM), (c) C (standard VAR),
and (d) D (HP VAR)

Fig. 8 Light optical micrographs of VIM/VAR specimens at various stages of tube drawing process: (a) Al (31.0 mm OD hot rolled bar),
(b) A2 (6.7 mm OD intermediate), and (c) A3 (2.2 mm finished tube)

their formation. The SEM micrographs in Fig. 9 display several broken oxide particles clustered in an elongated array along the
examples of stringer morphology in specimen A3. The most tube drawing direction while carbides which are generally
frequently observed stringer is shown in Fig. 9(a) consisting of smaller than oxide in dimension usually remain as isolated
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particles. Occasionally, fractured oxides not quite developed
into stringers were observed (Fig. 9b). In some cases, particles
of the carbide type were also found, preferentially in the area
surrounding the end of the stringers (Fig. 9¢). The observation
of a number of A3 and other lots of tube specimens indicated
that breaking-up of large oxides during cold drawing could be
the most likely mechanism for stringers’ formation, since in all
cases the particles inside the stringers seemed to be small,
fractured parts of a larger original particle (Fig. 9a-c).
Occasionally, carbide particles were found to line up along
the drawing direction forming a similar morphology to that of a
stringer (Fig. 9d). But it is less apparent if the carbide particles
inside this morphology evolved from breaking-up of a larger
particle of carbide inclusion.

3.4 VIM Specimens

The majority of inclusion particles are small (less than 5 um
in diameter) and remained as isolated particles in tube specimen
B as shown in the SEM micrograph of Fig. 10(a). The
corresponding EDS line scan in Fig. 10(b) confirms that the
inclusion is of the carbide type. No oxide inclusions were found
in the specimen. Much less frequently than in the VIM/VAR
material, stringers were found in the VIM tube specimen, an
example of which is shown in the SEM micrograph of Fig. 11.
Resembling the oxide stringer morphology in Fig. 9, a cluster

of small carbide particles are closely packed in an elongated
array. Comparing the scale to that of a nearby isolated carbide
particle, the string was likely developed from a large carbide
particle (larger than 10 pm in diameter) which broke up during
tube drawing.

3.5 VAR Specimens

Other than the lower inclusion density in the HP VAR
material, the inclusion’s type and morphology are fundamen-
tally similar between the standard VAR (specimen C) and HP
VAR (specimen D) tube specimens. All inclusions were found
to be of the TiyNi,O, type as no Ti(C, O) type was observed.
An SEM image and the corresponding line scan of an inclusion
in specimen C are shown in Fig. 12 confirming the oxide
chemistry. The morphology represents an example of small
oxide particles, less than 2 pm in diameter, which were aligned
along the drawing direction during tube drawing. A more
typical stringer in specimen C is shown in the SEM micrograph
of Fig. 13(a) where broken-up oxide particles are apparent.
Oxide break-up can be more clearly seen in Fig. 13(b), an SEM
micrograph showing fractured oxide inclusions before actually
forming a stringer.

A typical example of oxide stringer in HP VAR tube
specimen (specimen D) is exhibited in Fig. 14(a) where an
enlarged SEM micrograph of the stringer is shown in

(c)

(@)

Fig. 9 SEM micrographs showing examples of stringer morphology in the 2.2 mm OD tube specimen A3
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Fig. 10 (a) An SEM micrograph and (b) corresponding EDS line scan of Ti(C, O) carbide inclusion in specimen B

Fig. 14(b). Both micrographs exhibit the same characteristics of
fractured oxide particles as of the stringers in the standard VAR
tube material (specimen C).

4. Conclusions

1. Combined use of SEM, EBSD, EDS, and AES demon-
strated that oxygen is present in the carbide inclusion,
hence the Ti(C, O) nomenclature, while the TiyNi,O,
oxide inclusions have been shown to be rich in Ti and O
relative to the matrix chemistry. However, present
analyses are limited in providing quantitative data to
determine the oxygen content in the oxide inclusion.

2. Both carbide and oxide inclusions are present in the
VIM/VAR material. These inclusions appear as isolated
particles in the hot-rolled bar but the oxide, generally lar-

Fig. 11 SEM micrograph of a carbide stringer in specimen B ger in size than carbide, exhibits a greater propensity to
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Fig. 12 (a) An SEM image of TiyNi,O, inclusions in the tube specimen of standard VAR material (specimen C) and (b) the corresponding
EDS line scans
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(a) (b)

Fig. 13 SEM micrographs of (a) a typical oxide stringer and (b) an early stage of stringer formation showing partially broke-up oxide particles
in standard VAR tube specimen C

(a) (b)

Fig. 14 SEM micrographs of (a) a typical oxide stringer and (b) an enlarged area of (a) in HP VAR specimen D

partial support of Wojciech Z. Misiolek through Loewy Profes-
sorship at Lehigh University.

fracture during tube drawing, breaking-up and forming
elongated stringer along the drawing direction.

3. Inclusions in VIM material are essentially of the Ti(C, O)
type and are generally small, less than 5 um in diameter.
The majority of these carbide inclusions remain as iso-
lated particles during tube drawing, but occasionally,
stringers of fractured carbide can develop from large car-
bide inclusions of greater than 10 pm in diameter.
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