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Effect of Hydrogen Doping on Stress-
Induced Martensitic Transformation
in a Ti-Ni Shape Memory Alloy
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In this paper, we report how the charged hydrogen in a
Ti-50.8Ni (at. pct) alloy acts during stress-induced
martensitic transformation and aging. Hydrogen is
preferentially trapped in the B19¢ martensite phase near
the surface of the specimen. The hydride formed by
hydrogenation dissociates during the stress-induced
martensitic transformation. The hydrogen diffuses into
the interior of the specimen through aging in air,
resulting in suppression on the stress-induced marten-
sitic transformation.
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Ti-Ni shape memory alloys (SMAs) are widely used in
commercial products due to their unique superelastic
property.[1–4] This property depends on the stress-in-
duced austenite-to-martensite phase transformation in
Ti-Ni SMAs.[1–6] It has been pointed out by many
researchers that the phase transformation and mechan-
ical behaviors of Ti-Ni SMAs could be significantly
affected by hydrogen absorption.[7–13] Since hydrogen
atoms can inadvertently enter Ti-Ni SMAs through
electrolysis, pickling, or other means in a

hydrogen-containing environment, the interaction of
hydrogen with Ti-Ni SMAs is a key concern in the
performance of the material.
Several studies have revealed the effect of hydrogen

on the thermal-induced martensitic transformation
(MT) of Ti-Ni SMAs.[14–16] It is commonly agreed that
the thermal-induced MT of Ti-Ni SMAs is suppressed
by hydrogen charging. The transformation temperature
decreases and the latent heat reduces.[14,15] The reason
for the suppression was explained by the trapped
hydrogen, which acts as a barrier so as to block the
progress of MT. This blocking effect of hydrogen
possibly affects the progress of stress-induced MT as
well. In fact, it is found in a hydrogen-charged Ti-Ni
alloy that the critical stress for inducing MT increases
and fracture occurs during the stress-induced MT.
Considering these results, Runciman et al. affirmed that
hydrogen stabilizes the austenite phase and suppresses
the MT.[14] However, a recent research showed that
hydrogen ensures the stability of the phase in which the
charging process occurs, rather than the austenite
phase.[17] Therefore, the mechanism of the effect of
hydrogen on the stress-induced MT is still unclear.
Moreover, no report has been made on the in situ
structural evolution during the stress-induced MT of
hydrogen-charged Ti-Ni SMAs.
In this study, we examined the influence of hydrogen

on stress-induced MT in a Ti-50.8Ni (at. pct) alloy by
in situ X-ray analysis. In addition, we observed the
diffusion of hydrogen into the interior of specimen
during the aging process by SEM-TOF-SIMS.
A hot-rolled Ti-50.8Ni (at. pct) sheet with the thick-

ness of 2 mm was purchased from Fasten-PLT Materi-
als Science Co., Ltd. In this study, we employed a
cold-rolling treatment to enhance the fatigue behavior of
the Ti-Ni SMAs.[18] After being cold rolled to 50 pct
thickness reduction (final thickness ~ 1 mm), tensile test
specimens with dimensions of 20 mm in gage length,
3 mm in width, and 1 mm in thickness were cut along
the rolled direction by means of slow wire-electrode
cutting method. The specimens were then annealed at
673 K for 1 hour.
The cathodic hydrogen charging of the samples was

carried out by immersion in an aqueous 0.9 pct NaCl
solution at 10 A/m2 for 1 hour at room temperature
(RT). Anode material is a platinum wire. We term the
specimen without hydrogen charging as NC, charged
specimen as C10, and C10 sample after aging for n hours
at RT as C10-Anh.
The transformation characteristics of these samples

were measured using a Differential Scanning Calorime-
ter (DSC) NETZSCH model 200F3 in temperatures
ranging from 123 K to 423 K at a cooling/heating rate
of 10 K/min, and standard four-point contact electrical
resistivity (ER) measurements in temperatures ranging
from 10 K to 400 K at a cooling/heating rate of 2 K/
min.
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The uniaxial tensile experiments were performed on
Instron-5966 mechanical testing machine at a loading/
unloading strain rate of 5 9 10�3 s�1 at RT. The
structural evolution under the tensile strain was mon-
itored using a Bruker D8 Advance XRD, with Cu-Ka

radiation. The hydrogen-charged specimens after aging
in air at RT for different times were also investigated by
XRD. Vickers microhardness tests have also been
performed under an applied load of 9.8 N for 10 sec-
onds. The distribution of hydrogen is detected by means
of SEM equipped with Time of Flight Secondary Ion
Mass Spectrometry (TOF-SIMS).

Figure 1(a) shows the DSC heat flow for the NC and
C10 samples. In the cooling process, two separated
exothermic peaks appear for both the specimens. They
correspond to the B2 fi R and R fi B19¢ transforma-
tions, respectively. In the heating process, however, the
endothermic peaks of the B19¢ fi R and R fi B2
transformations are not separated for both the speci-
mens. The absolute value s of the latent heats (DH)
calculated by integrating the peak area are summarized
in Table I. It is found that the |DH| decreases after
charging, especially for the successive B19¢ fi R fi B2
transformation. This result suggests that the volume of
the alloy undergoing phase transformation decreases by
hydrogen doping.

We also performed ER measurements to confirm the
transformation behavior. The temperature dependences
of ER q for the NC and C10 specimens are shown in
Figure 1(b). The increase in resistivity in the cooling
process is due to the B2 fi R MT, and the subsequent
decrease is due to the R fi B19¢ MT. The change in
slope in the heating process is due to B19¢ fi RMT, and
the subsequent decrease is due to R fi B2 MT. The
differences in ER between heating and cooling processes
at the highest peak position Dq (Figure 1(b)) are
summarized in Table I. It is found that the Dq decreases
obviously after hydrogen charging. This result again
suggests that the amount of B19¢ martensite formed by
the thermal-induced MT decreased by hydrogenation.
The MT temperatures (MRs: start temperature of
B2 fi R MT, Ms: start temperature of R fi B19¢ MT,
Mf: finish temperature of R fi B19¢ MT, As: start
temperature of B19¢ fi R transformation, ARs: start
temperature of R fi B2 transformation, Af: finish tem-
perature of R fi B2 transformation) are indicated in the
figure, and the results are shown in Table I. We notice
that the change in transformation temperatures by
hydrogen doping is small.

In order to investigate the influence of the hydrogen
on the mechanical behavior, tensile tests for the hydro-
gen-charged and noncharged specimens were conducted.
Figure 1(c) shows the stress–strain curves for the NC

(black) and C10 (red) specimens at 338 K (both above
Af). Both specimens show a change in slope, which
should be caused by the stress-induced B2fiR transfor-
mation, followed by a plateau characteristic to R fi
B19¢ MT. There is almost no change in B2-R phase
transition after hydrogen charging. However, hydrogen
charging causes an obvious increase in the plateau
characteristic to R fi B19¢ MT. By employing the
tangent method, the critical stress for inducing MT
(rc) was determined to be 201 MPa for the NC specimen
and 225 MPa for the C10 specimen. The increase of rc
by hydrogen doping is consistent with previous
reports.[19,20] This result suggests that hydrogen sup-
presses the stress-induced MT. Since Af is higher than
RT, there is residual strain after removing the stress.
The increase in rc implies that the slope (dr/dT) of the

phase boundary increases by hydrogen doping. Then
from the Clapeyron equation, we know that |DS/De|
increases by hydrogen charge, where DS is the entropy
change of transformation and De is the transformation
strain.[21]

In order to study the structural evolution during the
tensile process, an in situ XRD test was performed.
Figure 2 shows the diffraction profiles of the NC and
C10 samples measured under different tensile strains
during the loading and the subsequent unloading
processes at 295 K. Before the measurements, the
specimen was cooled from 350 K. For the NC sample
without strain, the specimen is composed mainly of
parent B2-phase (110B2), and R-phase (112R, 300R)
including a small amount of B19¢-phase (101B19¢), which
is probably induced by cold-rolling treatment. As the
strain increases to about 2 pct, the B2-phase and the
R-phase transform to the B19¢-phase. Upon further
increasing the strain, the B2 reflection (110B2) continu-
ously decreases, and the B19¢ reflections (110B19¢ and
020B19¢) grow. In the subsequent unloading process, the
B19¢ martensite phase transforms back to the B2 parent
phase. Since Af is higher than RT, there is residual strain
after removing the stress, and the stress-induced marten-
site phase could not be fully converted back to the
parent phase.
The X-ray profile of the hydrogen-charged (C10)

sample also includes peaks of B2, R, and B19¢ phases as
the NC specimen. The main difference is that it includes
peaks of the hydride TiNiH (tetragonal; a = 0.6221 nm,
c = 1.2363 nm).[22,23] The position of the 101B19¢
reflection slightly shifts to a lower angle compared with
the NC specimen. This implies the increase in the lattice
constant d(101) of the B19¢-phase due to interstitial
hydrogen atoms.[24] However, the initial position for the
110B2 reflection of the C10 specimen is almost the same
as that of the NC specimen, where the difference in

Table I. The Entropy Changes of Phase Transformation, Transformation Temperatures, and Dq for NC and C10 Specimens

Specimens

|DH| (kJ/mol)

Dq (lX cm)

Transformation temperature (K)

B2 fi R R fi B19¢ B19¢ fi R fi B2 MRs Ms Mf As ARs Af

NC 0.35 0.35 0.97 0.23 323 265 202 283 315 327
C10 0.33 0.31 0.89 0.15 323 267 204 290 314 324
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lattice constants is within 0.02 pct. This means that
hydrogen is preferentially trapped in the B19¢ martensite
phase. This speculation is supported by a previous
report which demonstrates that hydrogen readily moves
from sites in the parent phase to sites in the martensite
phase because the hydrogen solubility and diffusivity in
the martensite phase of the alloy are larger than those in
the parent phase.[25–27] Therefore, this behavior suggests
that two distinct B19¢ structures coexist in the sample:
one is ‘‘unstrained’’ B19¢ phase which exists in most
parts of the specimen; and the other is ‘‘hydro-
gen-strained’’ B19¢-phase which exists in the vicinity of
the surface.

As the strain of the C10 specimen increases, the
B2-phase and R-phase transform into the B19¢ marten-
site structure. Notice that the stress-induced B19¢
martensite phase peak of the NC sample under the
same strain is obviously larger than that in the C10

sample, so the fraction of the formed B19¢ martensite
phase in the hydrogen-filled sample is less than that of
the uncharged sample, which confirms the suppression
of MT by hydrogen doping. A remarkable result is that
the hydride reflection gradually shrinks during the
loading process, which implies that hydride gradually
dissociated during the stress-induced MT.
According to a report by Tomita et al., the charged

hydrogen initially exists in the vicinity of the surface of
the sample, and gradually diffuses toward the center of
the sample during aging in air environment.[20] This
implies that aging affects the stress-induced transforma-
tion behavior and structural evolution of the Ti-Ni
alloy. To understand the effect of aging, the hydro-
gen-charged sample was examined after aging. Figure 3
shows the XRD evolution of the C10 sample during
aging at RT in air (black curves), and the results were
compared with the NC sample (blue curve). As the aging
duration increases, the intensity of the reflection of the
hydride gradually decreases, and the ‘‘hydro-
gen-strained’’ 101B19¢ reflection shifts back to higher
angle. After aging for about 9 days, the hydride almost
completely dissociates, and the ‘‘hydrogen-strained’’
101B19¢ reflection returns back to its original position.
It is found that the diffraction pattern is almost the same
as that for the NC specimen.
In order to know the influence of diffused hydrogen,

the tensile behavior was tested on the C10 sample after
aging 9 days at RT, and the results are shown in
Figure 1(c) (blue curve). It is found that rc further
increases to 230 MPa, and the specimen fractures in the
stress-induced transformation plateau stage. This result
implies that it is hydrogen in solid solution rather than
hydride that deteriorates the mechanical properties of
Ti-Ni SMAs.
To confirm the diffusion of hydrogen in Ti–Ni SMA,

hardness of the specimen was examined as a function of

Fig. 1—(a) DSC and (b) electrical resistivity cooling and heating
curves of the Ti-50.8Ni (at. pct) NC and C10 specimens. The
transformation temperatures As, Af, Ms, Mf, ARs, MRs, and Dq are
indicated. (c) Stress–strain curves for the Ti-50.8Ni (at. pct) NC
(black), C10 (red), and C10 after aging for 216-h (blue) specimens at
RT. The critical stresses for inducing martensitic transformation are
indicated (Color figure online).

Fig. 2—In situ X-ray diffraction profiles under different tensile
strains of the Ti-50.8Ni (at. pct) NC and C10 specimens during the
loading and unloading processes at RT.
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the distance from the surface for the C10 and aged
specimens, and the results were compared then to those
of the NC specimen (Figure 4(a)). The microhardness of
the NC specimen (black) is approximately 298 Hv
throughout the specimen. A significant hardening in
the vicinity of the surface can be seen for the C10
specimen (red). The hardness is about 325 Hv near the
surface and decreases progressively to the value of the
NC specimen. This implies that the center of C10
specimen is almost unaffected by hydrogen charging.
However, after 48 h of aging (blue), the hardness
decreases to 313 Hv near the surface of the specimen,
but the hardness is higher than that of the C10 specimen
when the distance from the surface exceeds 0.1 mm. This
result confirms that the hydrogen diffuses from the
surface toward the center during aging and affects the
whole specimen.

In order to confirm the distribution of hydrogen
elements, time-of-flight secondary ion mass spectrome-
try (TOF-SIMS) was conducted for the C10 and
C10-A48h specimens. The specimens were stretched
until fractured, and the fracture surfaces were examined
by SEM-TOF-SIMS. The color in Figure 4(b) indicates
the relative concentration of hydrogen. In the C10
specimen (a), most of hydrogen exist in the vicinity of
surface; the hydrogen enrichment depth is ~ 100 lm,
which is consistent with the result of hardness test. In
the C10-A48h specimen, we notice that hydrogen is
distributed to ~ 300 lm from the surface although it is
still enriched near the surface. This result clearly
indicates that hydrogen diffuse into the interior of the
specimen during aging.

From the above results, we speculate that hydrogen
suppresses both the thermal- and stress-induced marten-
sitic transformations and most of hydrogen exists in the
vicinity of the surface of the sample immediately after
charging. Hydrogen is preferentially trapped in the B19¢
martensite phase due to the higher hydrogen solubility

and diffusivity in the martensite phase. Hydrogen at the
surface layer of the specimen gradually diffuses into the
center of the specimen during aging process. Therefore,
rc further increases and specimen fractures early after
the aging process. Meanwhile, due to the diffusion of the
hydrogen from the B19¢ martensite phase near the
surface into interior of specimen, the ‘‘hydro-
gen-strained’’ 101B19¢ reflection can return back to its
original position during aging process. In addition,
hydride forms immediately after hydrogen charging and
dissociates during aging in air.
In this paper, effects of hydrogen on the stress-in-

duced MT of the Ti-50.8Ni (at. pct) SMA were inves-
tigated. The hydrogen suppresses both the thermal- and
stress-induced martensitic transformations, where the
latent heat caused by the MT decreased and the critical

Fig. 3—X-rays diffraction profiles of the Ti-50.8Ni (at. pct) NC
(blue curve) and C10 (black curve) specimens during aging at RT in
air environment (Color figure online).

Fig. 4—(a) Vickers microhardness depth profiles of the NC (black),
C10 (red), and C10 after aging for 48 h (blue). (b) Distribution of
hydrogen in the cross sections of the C10 and C10-A48h. The top is
the surface of the specimen (Color figure online).
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stress for inducing MT increased. The in situ structural
evolution confirmed that hydrogen preferentially under-
goes trapping in the B19¢ martensite phase near the
surface of the specimen. Hydride formed immediately
after hydrogen charging and dissociated during the
stress-induced MT. After a long-time aging at RT in the
air environment, the critical stress further increased, and
the specimen fractured during the stress-induced
martensitic transformation due to the diffusion of
hydrogen into interior of the specimen.
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