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samples are not significantly different from 10wppm samples;
p=0.001 and 0.004, respectively.

The fatigue life at 2.0% strain and with 35wppm was not
different from the 10wppm behavior (p < 0.001). However,
the 50 and 80wppm fatigue life were statistically lower (p <
0.001). At lower strains there is considerably more overlap in
the data compared to Regime 1 and it follows that no
hydrogen concentration level is statistically different from
another (p =.119 at 1.4% strain).

In Regime 3 the life-cycle data are not normal and therefore
cannot be analyzed using ANOVA. However, it is clear that
increasing hydrogen content within this limited range does not
consistently decrease fatigue life.

Figures 3-5 illustrate representative SEM images from Regime
1, Regime 2, and Regime 3, respectively, for each hydrogen
level. All samples showed crack initiation on the outer surface
of the wire, subsequent crack propagation, and then final
failure. Furthermore, typical of other SEM studies of NiTi
fatigue, no characteristic fatigue striations were observed [19].
In addition, no systematic differences in the fracture initiation
sites from each of the three regimes or with hydrogen content.

Despite the number of investigations of the NiTi-H system,
there have been no comprehensive studies on the mechanisms
of hydride formation in NiTi. Insight may be gained, however,
by drawing a parallel with studies of hydrogen in titanium-
based alloys [23].
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Figure 4: Representative SEM images from all four hydrogen
levels at 1.4% strain (Regime 2). All images were taken in SEI
mode, 20keV and 150X magnification.
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Figure 3: Representative SEM images from all four hydrogen
levels at 3.4% strain (Regime 1). All images were taken in SEI
mode, 20keV and 150X magnification.

Figure 5: Representative SEM images from all four hydrogen
levels at 0.75% strain (Regime 3). All images were taken in
SEI mode, 20keV and 150X magnification.

The small size and high mobility of hydrogen atoms promotes
easy penetration in Ti alloys pending the breakdown of the
titanium oxide (TiO,) layer via elevated temperature or stress.
Once absorbed, hydrogen ions are able to diffuse quickly
through the lattice via interstitial sites, dislocations, and grain
boundaries. Hydrogen collects in regions of high triaxial stress
within solid solution or in hydride phases (commonly TiH,
with a CaF, structure and 4.454 A lattice parameter).
Hydrogen transport occurs faster in 3-Ti than in a-Ti due to
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the more open bec (B-Ti) structure. Solid solution hydrogen in
either phase causes local lattice expansion and the
development of a local strain field. -Ti can experience up to a
5.35 volume percentage increase due to solid solution
hydrogen atoms. Transformation from o-Ti to the hydride
phase causes a 17.2% volume expansion. Because of the
significant volume increase, hydride phases tend to form at
phase boundaries (o/p) or other free surfaces where there are
less constraint effects than in transgranular hydrides. Once
formed, hydrides restrict slip behavior that concentrates
stresses and are more brittle than the surrounding matrix,
which causes rupture at lower strains [23].

Wu et al. [24-25] observed extra "1/2" diffraction reflections
in NiTi-H by transmission electron microscopy and proposed
that they were due to hydrogen ordering on octahedral sites
associated with the Ti sublattice. Analysis of their diffraction
data suggests a superlattice with hydrogen occupying only Oy
and Oz sites that produces a 4 x 2 x 2 tetragonal structure with
a=3.0A and b = ¢ = 3.1A. In comparison, equiatomic TiCo
[26] and TiFe [27] form hydrides by hydrogen occupying
octahedral sites on the B2 lattice; the TiCo hydride has a
tetragonal structure with a =b = 6.14 A and ¢ = 9.06 A [26].
Similarly, in the NiTi-H system, Pelton, ef al. presented x-ray
diffraction data with hydride formation as low as 75wppm
consistent with a tetragonal unit cell (a=b =6.36 A and ¢ =
9.32 A) [9]. Hydrogen was also shown to shift the {110} B2
diffraction peak prior to observation of extra diffraction peaks.
These peak shifts to lower angles correspond to an increase in
cell volume [8]. Therefore, similar to the Ti-H systems,
hydrogen and hydrides cause lattice strain in NiTi.

For rotary-bend fatigue testing, maximum tensile and
compressive strain occurs in the wire outer fibers. During each
test a single point on the wire surface rotates from maximum
tension to maximum compression with a zero mean strain.
There is also a radial strain gradient with this mode of
deformation with zero strain at the neutral fiber.

In the present investigation, hydrogen decreases average
fatigue life above 1.40% strain with an even more pronounced
effect above 2.75% strain. These strains roughly correspond to
the transition from elastic deformation of austenite and stress-
induced martensite for superelastic wire in pure bending
conditions; for which there is an increasing volume fraction of
martensite with increasing strain. Miyazaki, et al. [16]
proposed that the deformation modes influence the fatigue
behavior of superelastic NiTi during rotary bend testing. To
illustrate these effects, the bending behavior of superelastic
wire (4°C A tested at 22°C) [28] is shown in Figure 6 with the
three regimes marked. As such, three distinct regions that
influence the interactions between hydrogen and deformation
mechanisms are proposed.
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Figure 6: Regime transitions compare favorably to pure
bending stress strain data from Wick [28].

The SEM images in Figures 3-5 do not offer strong support for
brittle fatigue fracture due to hydride formation as shown with
monotonic fracture with larger hydrogen contents [2,4].
Nevertheless, the trend for decreased fatigue life in Regime 1
may result from the effects of interstitial hydrogen or
tetragonal hydrides. If hydrogen is concentrated near the outer
edge, the high hydrogen regions will superimpose with the
high strain regions, thereby reducing the fatigue life. It is also
important to recognize that the strains in Regime I correspond
to the forward and reverse formation of stress-induced
martensite. For example at +4% cyclic strain, there is
approximately 50% volume formation of stress-induced
martensite with 50% strained austenite. It is unclear from the
literature if there are any major differences in behavior of
hydrogen in stress-induced martensite or strained austenite. It
is also interesting to consider the possible effects of hydrogen
on the interface between austenite and martensite. However, it
has been shown that excessive amounts of hydrogen can
decrease the thermal martensitic start transformation, which
stabilizes austenite [2]. Yokoyama, et al. [10] suggest that
hydrogen may be more mobile in stress-induced martensite
than in austenite, thus increasing the potential for high surface
hydrogen to coincide with the stress-induced martensite
regions. These investigators observed that hydrogen embrittled
NiTi fractures more quickly when held at stresses above the
critical martensite transformation stress compared to stresses
below the critical martensite transformation stress. The
authors also observed higher hydrogen absorption in the
mixed stress-induced martensite and strained austenite than in
stress-free austenite. As discussed earlier for Ti-based alloys,
it is expected that interstitial hydrogen will migrate
preferentially to areas of highest strain states. Under the
conditions of rotary bend cyclic strain, it is likely that strain
fields from hydrogen interact with the fatigue strains to reduce
fatigue life.
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In Regime 3, fatigue cycling occurs entirely in the elastic
austenitic phase and there does not seem to be any differences
in the fatigue behavior with hydrogen concentration.

The three fatigue regimes can also be analyzed with respect to
the strain level and fatigue life, similar to the
phenomologically derived Coffin-Manson relationship:

NP Ag,=C

where C and f are constants, and Ag,, is the plastic strain per
cycle [29]. Manson and others have shown b to be related to
ductility and ranges between 0.5 to 0.75 for bcc and fcc
materials with the second material constant, C, also related to
ductility [30-31].

The stress-strain behavior of engineering materials changes
with cyclic loading [29]. It has been shown that the Coffin-
Manson equation is useful for analyzing elastic-plastic
deformation. It follows that strain-based fatigue data is
typically analyzed by superimposing the elastic and plastic &-
N curves [31]. Although this phenomenological relationship
was originally derived for thermal [30] or mechanical cycling
[31], it is interesting to follow Melton and Mercier [14] and
apply the concept to fatigue behavior in NiTi.

The constant § was calculated for each hydrogen level in
Regimes 1 and 2 and presented in Table II. By inspection of
Figures] and 2, the highest strain values result in nearly
constant fatigue life, irrespective of the hydrogen content.
Consequently, the power law exponents in Regime 1 vary
considerably for all H contents, suggesting that this is an
inappropriate analysis approach. In contrast, the § constants
for Regime 2 are much more similar and fall within the range
—0.32 to —0.44.There does not appear to be a trend with
hydrogen content within the limits studied in this
investigation.

Table II: Coffin-Manson B Values for Regimes 1 and 2

Regime H Content (wppm) B Value
1 10 -1.93
1 35 -1.48
1 50 0.26
1 80 -3.72
2 10 -0.41
2 35 -0.44
2 50 -0.32
2 80 -0.39

Previous zero-mean strain fatigue investigations of NiTi have
exponents similar to those obtained in this investigation. For
example, Melton and Mercier calculated a [ value of
approximately -0.23 for annealed NiTi with an M; of 30°C and
tested at 22°C. As such, this corresponds to non-transforming

martensitic fatigue behavior. [14] Thermomechanically
processed martensite with 70°C Ay has a corresponding b of —
0.44 between 1.45 and 4% strain in rotary bend testing [32].
This difference in power-law exponent in the two studies of
martensite is likely due to difference in composition and
processing conditions. Other researchers have also calculated
B values for superelastic NiTi that closely match those
calculated in Regime 2 for transforming NiTi. [18-19, 32]. For
example, analysis of published data from superelastic NiTi (A
= 10°C, tested at 20°C) had a b exponent of —0.33 [17]. A
recent study of low-cycle fatigue of superelastic stent-like
devices show an exponent of approximately -0.42 with Ay =
30°C tested at 37°C [19].

The use of a Coffin-Manson power-law analysis of NiTi
fatigue behavior in the intermediate strain range appears to be
useful for comparative purposes. However, it is inappropriate
to assign mechanistic interpretation comparable to elastic-
plastic fatigue behavior. Cyclic stress-induced transformations
in NiTi differ from low-cycle fatigue in conventional
engineering materials. As schematically illustrated in Figure 6,
Regime 2 corresponds to the transition from elastic
accommodation and incipient stress induced martensitic
transformation. Since hydrogen does not influence the
exponent values, this indicates that there is not a mechanistic
change with these low-levels of hydrogen.

Finally, a more limited study was conducted to investigate the
fatigue influence of 100-200 wppm hydrogen. As will be
reported in another publication, there is significant decrease in
fatigue life (one-two orders of magnitude) in Regimes 1 and 2.
Furthermore, there is a decrease in the fatigue strain at 107
cycles compared to samples with 10-to 80-wppm hydrogen.

Conclusions

This study investigated the effects of 10- to 80-wppm
hydrogen on the fatigue behavior of superelastic NiTi. The
following observations were made:

The data demonstrate a small but statistically significant trend
of decreasing fatigue life with increasing hydrogen content.
These effects were observed with as low as 50wppm at or
above 1.4% strain under low-cycle (<10, high strain (>1.4%)
fatigue conditions. This strain-cycle regime corresponds to the
strain regions for stress-induced martensite.

Increasing hydrogen concentration does not appear to affect
fatigue life below 1.4% strain up to 80wppm H. This is
especially noteworthy since many medical devices are
designed for service in this regime.

Finally, there are no compelling data from the present
investigation to indicate that stricter hydrogen limits should be
considered for Nitinol devices.
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