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Abstract

A capsule-type actuator using hydrogen storage alloy (HSA) was fabricated and its
response behavior was investigated by experiment and finite element analysis. The
capsule-type HSA actuator consists of an HSA foil placed on the inner wall of a capsule.
In this paper, the displacement change of the actuator made of palladium foil and epoxy
resin was experimentally measured in hydrogen atmosphere. As a result, it displaced with
the decrease in the capsule height when hydrogen gas was charged, and vice versa.
Displacement amount and response time of the actuator depended on the hydrogen
pressure during the pressurization, while the response time was independent of the

pressure during the evacuation. Also, the HSA actuator’s deformation with hydrogen
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diffusion was simulated using the finite element method. It revealed that hydrogen content
in the HSA foil was decreased by high compressive stress, indicating the hydrogen atom
was absorbed as a solid solution phase in the HSA foil even when a surrounding hydrogen

pressure was higher than the phase transition pressure.

Keywords
metal hydride; stress induced diffusion; finite element method; structural-diffusion

coupled analysis; palladium

1. Introduction

A hydrogen-storage-alloy (HSA) actuator is an actuator using volume change of
hydrogen storage alloy which reversibly absorbs hydrogen and expands with an increase
in its surrounding H. pressure. The actuator is driven by the change in H pressure and
anticipated to be used in a hydrogen society that uses hydrogen as a major source of power
[1, 2].

Two types of the HSA actuators have been developed, i.e. a unimorph-type actuator [3-
10] and a capsule-type actuator [11, 12]. In the unimorph actuator, an HSA foil is bonded
with a substrate. Expansion of the HSA foil in H, causes bending and twisting motion.
Nishi et al. [3], for example, fabricated a unimorph actuator consisting of a LaNis foil and
a polyimide substrate for medical application. It showed a bending strain of ~0.1% under
hydrogen of 0.12 MPa, and its shape recovered after the evacuation.

The capsule-type actuator [11, 12] was proposed for a super multi-link space
manipulator to capture space debris [13]. The manipulator has multiple joints with the
actuators to realize the flexible grasping. Another possible application is a smart regulator

mounted on a fuel-cell vehicle, in which the flux of hydrogen is automatically controlled
2/21
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depending on the pressure. In these structural applications, an actuator is required to have
high stiffness and lightweight in addition to good energy efficiency.

The capsule-type actuator has an axisymmetric structure consisting of a hollow capsule
and an HSA foil which is partially placed on the inner wall of the capsule (Figure 1),
which realizes high stiffness and lightweight. The HSA foil expands when H gas is
charged into the capsule, causing the deformation of the capsule. The height change of
the capsule is used as an actuator’s displacement. Goto et al. [11] estimated its static
performance by a finite element method (FEM) assuming that the HSA foil isotropically
absorbs hydrogen. They showed the capsule height decreases when the foil absorbs
hydrogen (Figure 1). This concept was experimentally confirmed with a capsule-type
actuator made of palladium and ABS resin [12]. The displacement was, however, much
smaller than that expected from the FEM simulation.

The performance of the HSA actuator is strongly affected not only by its shape [7, 11]
but also by hydrogen absorption characteristics of the hydrogen storage alloy used. Honjo
et al. [4] and Nakai et al. [5] investigated deformation of unimorph actuators using La-Ni
and Pd-Ni alloys, respectively, and showed their displacement amounts and response rates
were dependent on the composition of alloys. It is also important to investigate the
swelling ability during hydrogen absorption in a hydrogen storage alloy itself. Some
studies have been performed using powder as a sample, in which various measurement
methods were adopted, for example, optically [14, 15], electrically [16, 17], and with
strain gauges on a sample holder [18-20].

A hydrogen absorption behavior of a hydrogen storage alloy is also affected by stress.
Hydrogen content thermodynamically decreases with increasing compressive stress, and

vice versa [21, 22]. The diffusion is promoted not only by a hydrogen content gradient
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(Fick’s law) but also by a stress gradient [23, 24]. Many researchers [25-28] simulated
diffusion of hydrogen atoms in a hydrogen storage alloy under stress, which revealed that
the so-called stress-induced diffusion (SID) plays an important role in the diffusion
behavior. In the actuator, the stress effect cannot be negligible because it receives a
reaction force during operation.

In this paper, the response behavior of the capsule-type HSA actuator was investigated.
Displacement of an actuator made of palladium and epoxy resin was measured with
changing H: pressure. To reveal its internal state, a numerical simulation was performed

and compared with the experimental results.

2. Experiment

The fabricated sample of the capsule-type HSA actuator is shown in Figure 2. It was
almost spherical with outer diameter of 22.10.4 mm on the equator (Figure 2a-c). From
a cross-sectional observation after the experiment (Figure 2d), the sample was confirmed
to have a hollow cylindrical structure with inner diameter of ~13.2 mm. Its design
dimensions are shown in Figure 2e.

It was fabricated as follows (Figure 3). Palladium foil with 0.08 mm in thickness and
epoxy resin were used as the HSA foil and capsule, respectively. The foil (Tanaka
Kikinzoku Kogyo K.K.) of 15 x 42 x 0.08 mm was annealed in the air at 400°C for 2
hours (1 & 2) to remove the residual stress induced by rolling. The annealed foil was
looped on a core made of wax, which is used to make the sample hollow (3). The epoxy
resin was prepared by mixing Epon828 (Polyscience, Inc.) with diethylenetriamine (Alfa
Aesar) (4), followed by vacuum degassing for 5 min (5). It was cast between a silicone

mold and the core with the foil (6). After solidified for 24 hours at room temperature, it
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was heated at 80°C in the air to remove the core (7). The sample was finally cleaned with
2-propanol. Although the palladium foil formed an oxide layer during the annealing
(Figure 2a), it was cleaned after hydrogen charge, and its color recovered to silver (Figure
2¢). No delamination between the HSA foil and the capsule was observed after the
experiments (Figure 2d).

The sample was fixed perpendicular to the ground in a pressure vessel. Then, a piston
was put on the sample. Displacement of the piston i.e. height change of the sample u was
measured with a laser displacement sensor (LK-G85, Keyence) through a viewing
window of the pressure vessel at room temperature. The measurement apparatus is
described in detail in [14]. The purity of hydrogen gas (Taiyo Nippon Sanyo Co.) was
99.999% or more. Before the measurement, hydrogen was introduced into the evacuated
vessel at 5 atm for 3x10* s, followed by the evacuation, for an activation treatment.

The hydrogen pressure was rapidly changed by opening a valve connected to a
hydrogen tank or a rotary vacuum pump at t = 0 s, and then, the vessel was kept at the
constant pressure to measure the response time. It is noted that hydrogen was charged not
only in the capsule but inside the whole of the pressure vessel. The measurement interval

was 0.1 or 1 s during the pressurization and 1 s during the evacuation.

3. Experimental results

Figure 4 shows the displacement change in time during the pressurization and the
following evacuation at the introduced hydrogen pressure Pino Of 4.90 atm. The
displacement uj at t = 0 s was set to 0.0 um. The positive value represents an increase in
the capsule height. During the pressurization (Figure 4a), hydrogen pressure yielded 90%

of Pintro Within 6 s. At the same time, the displacement increased by 7.5 um (= up) in
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proportion to the pressure. The displacement continued increasing after the pressure
change, and it yielded a maximum value umax of 10.0 um at t = 245 s, followed by
decreasing. The final displacement ur was -6.5+0.2 um, where the error range represents
the standard deviation calculated from the values at last 100 s.

The first increase in the displacement at the same time as the pressurization up was
caused by the changes in a refractive index in the vessel and shrinkage of the capsule due
to hydrostatic pressure. The refractive index depends on gas species and its pressure and
temperature. Its contribution is estimated at 1.0 pum/atm from Snell’s law. The
displacement by the hydrostatic pressure was estimated at -0.2 um/atm by a finite element
analysis. The total contribution of the refractive index and hydrostatic pressure is,
therefore, 0.8 um/atm, which roughly agrees with up. The refractive index change does
not affect the deformation in the practical environment, because hydrogen is charged only
in the capsule. The following increase in displacement is caused by thermal expansion.
The enthalpies of hydrogen absorption in solid solution and the phase transition into
hydride are -4620 and -9440 cal/molH>, respectively in palladium [29], indicating both
reactions are exothermal reactions. Therefore, the temperature in the HSA foil increases
during the pressurization. A net actuator’s displacement U is calculated as |ur - up|, i.e.,
14.0 um.

During the evacuation (Figure 4b), the displacement almost recovered to 0. It decreased
by 7.5 um soon after the evacuation (up). It is due to the change in hydrostatic pressure
and refractive index as well as during the pressurization. Under the constant pressure of
0.00 atm, the displacement gradually increased. The final displacement us was 1.3+0.2
um. The net displacement U was calculated as 15.0 um, which is comparable to that

during the pressurization. The difference of U between during the pressurization and
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evacuation is considered to involve the effects of the plastic deformation of the capsule.

The similar tendencies were obtained at other Pinwro. All data are tabulated in Table 1.

Table 1 Displacement values at each Pintro.

Pressurization Evacuation
Pjn tro LI]- uP umaX uf U t80 ui UP uf U tz‘}’()

[atm] [um] [um] [um] [um] [um] [s] [um]  [um]  [pm]  [um]  [s]

1.16 0.0 0.8 2.9 4.1 4.9 3348  -4.9 -2.0 -1.0 5.9 2358

1.97 0.0 2.2 4.7 -4.7 6.9 4936 -12.1 -2.8 6.3 8.6 4045

2.88 0.0 5.4 6.6 7.5 129 1966  -7.9 4.3 -1.8 104 2333

291 0.0 5.8 6.6 43 10.1 3055  -5.7 -5.0 -1.7 9.1 4071

4.89 0.0 7.9 103 -7.3 1562 1911 -7.9 -7.1 -1.4  13.7 3370

4.90 0.0 7.5 100 -6.5 14.0 1521 -6.2 -7.5 1.3 15.0 2183

Figure 5 shows a variation of the net displacement U with Pinwo. U during the
evacuation was comparable to that during the pressurization at all Pintro, indicating that
the actuator reversibly deformed. Larger net displacement was obtained at higher pressure,
and its increment decreased with the pressure increase.

The dependence of response time on pressure was different during the pressurization
and evacuation as shown in Figure 6. The 80% response time tgo represents a time to yield
80% of the net displacement. During the pressurization (Figure 6a), tso decreased with
Pintro. The response time at Pinwro < 2 atm was half of that at Pinto = 5 atm. During the

evacuation (Figure 6b), tso was independent of Pinro although the large scatter was
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observed. The similar scattering was also observed in our previous measurement using
the same measurement system [14]. The evacuation pressure and purity of the gas in the
pressure chamber depend on the ambient temperature and humidity, leak property of the
chamber and performance of the vacuum pump. The scattering will become small if the

evacuation system is improved.

4. Numerical simulation of HSA actuator’s response

The diffusion-mechanical coupling analysis revealed an internal state of the actuator.
In the simulation, hydrogen diffusion was driven not only by concentration gradient but
also by stress gradient. Most of the papers relevant to the stress-induced diffusion [21-28]
focus on hydrogen embrittlement in steel and hydrogen permeable membranes, in which
hydrogen content is small enough to neglect the effect of volume and activity change with
hydrogen content. In the actuator’s applications, these effects should be taken into account
since the hydrogen content can be high. The diffusion equation used in this work is as

follows.

D'nyVy

=-D"V
Ji ny + RT

Vo, (1)

where J: flux of hydrogen, D’ and D”: modified hydrogen diffusion coefficients, nu:
molar ratio of hydrogen to metal (H/M), Vn: partial molar volume of hydrogen, R:
universal gas constant, T: temperature, and on: hydrostatic stress. The derivation of Eq.
(1) is shown in Appendix A. Goto et al. [28] showed that the stress gradient does not
significantly contribute to the diffusion behavior compared to the activity change with
hydrogen content, while the equilibrium hydrogen content is affected by the stress. A
surface flux of the HSA foil was calculated from a difference between chemical potentials

of hydrogen gas and atoms at the surface. The detailed analytical condition is shown in

8/21



176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

Appendix B. The displacement amount under 1 atm of hydrogen was 6.9 um (Figure B.2),
which almost agreed with the experimental result (4.9 um at 1.16 atm). The difference
between the experiment and simulation seemingly comes from local stress relaxation and
incompleteness of the sample shape. The stress is locally reduced at corners of the HSA
foil due to plastic and viscoelastic deformation in the epoxy resin, which decreases the
displacement. The plasticity and viscoelasticity in the capsule were not taken into account
in the present simulation. Also, the capsule shape of the sample is not completely
spherical. Investigation of these effects on the displacement is the future task.

The simulation revealed the internal state of the actuator. Figure 7 shows the time
change of hydrogen content ny and compressive hydrostatic stress on in the HSA foil
when a deformation ratio was 1.3, 14.9, 83.4 and 100%, respectively. The deformation
ratio was calculated by dividing displacement by final displacement. The transverse axis
represents the thickness of the foil in the radial direction on the equator position. ny
gradually increased with time near the surface and diffused into the inside. The foil was
subjected to the higher compressive stress with the increase in the hydrogen content
because its surrounding capsule resisted the deformation. ny and on at t = 3000 s were
5.4x107 and 22.3 MPa, respectively. on at the boundaries was lower than inside because

the stress in the radial direction becomes nearly 0 on the boundaries.

5. Discussions

The simulation indicates that hydride is not formed in the HSA foil during the
deformation. Under free stress, the phase transition pressure between solid solution and
hydride in palladium is 1x102 atm [30]. Therefore, at 1 atm, the hydride is not formed in

palladium, and its equilibrium hydrogen content is n4 = 0.72 [31]. However, n4 = 0.0054
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in the simulation, which is more than 100 times smaller than 0.72. The palladium-
hydrogen system forms solid-solution state at n4 < 0.03. This is why the deformation in
the experiment was much less than that expected with the technique used in [11]. The low
equilibrium hydrogen content is due to the high compressive stress.

The response time decreased with the increase in the introduced hydrogen pressure
Pintro during the pressurization, while it is independent during the evacuation. The same
tendency was observed when hydrogen was charged into palladium powder [14]. The
driving force of hydrogen absorption/discharge increases with the pressure difference
between applied pressure Pap and equilibrium pressure Peq [32], where Pap = Pintro during
the pressurization and Pap = 0 atm during the evacuation. The constant response time
independent of the pressure at the time of evacuation implies the existence of the rate-
determining step which gives constant Peq such as interfacial reaction.

It took a few thousand seconds during both of the pressurization and evacuation to
complete the deformation. In contrast, when the volume change of palladium powder was
measured under free stress [14], the response time during the evacuation was longer than
that during the pressurization. The difference comes from the phase of palladium-
hydrogen system: solid solution in the actuator, while hydride under free stress. Ulvestad
et al. [33] pointed out that a hydride on palladium surface decreases a hydrogen discharge
rate. In this study, the simulation indicates the hydride was not formed during the
deformation due to the compressive stress, hence, the response time during the evacuation
was similar during the pressurization.

The temperature also affects the response time of the actuator. The reaction rate
increases with temperature. During the pressurization, the response time can be increased

by the exothermal reaction of absorption. The evaluation of the thermal effect is the future
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task.

6. Conclusion

In this paper, a capsule-type hydrogen-storage-alloy (HSA) actuator made of palladium
and epoxy resin as an HSA foil and a capsule was fabricated, and its response behavior
in hydrogen was investigated. Moreover, a mechanical finite element analysis coupled
with diffusion problem was performed to investigate its internal state. The main
conclusions are summarized as follows;

1. The displacement was observed when hydrogen gas was charged. By the following
evacuation, it recovered to almost 0.

2. Larger displacement was obtained at higher pressure, and its increment decreased with
the pressure increase.

3. The displacement rate increased with Hx pressure during the pressurization, while it
was independent of the pressure during the evacuation.

4. The solid solution phase is formed inside the palladium foil during deformation due to
compressive stress.

Thus, the response behavior of the capsule-type HSA actuator is strongly affected by
the stress, especially in terms of the absorbed hydrogen amount. The performance of the
actuators can be improved by designing to decrease stress in the hydrogen storage alloy.

Although the epoxy resin was used for the capsule in this work due to easy forming, it
is not suitable in practical use since hydrogen penetrates the resin. The candidate materials
for the capsule are an aluminum alloy and stainless steel, which has high resistance to
hydrogen penetration. It is a future task to develop the fabrication process of the capsule-

type actuator with these materials. However, the knowledge obtained in this work is
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useful for the design of all HSA actuators.

Appendix A. Derivation of diffusion equation
Chemical potential, «+ including a stress term is represented as Eq. (A.1).
Uy = U + RT Inay — Vyo, (A1)
where an is the activity of hydrogen. an is represented with the hydrogen content ny and
the activity coefficient y as an = »nn. Hydrogen flux in a hydrogen storage alloy J is

proportional to a chemical potential gradient.

RT dInyy
= —aVuy = —ai—(1
J = —aVi, “{ ( T ann,

> Vny — VHVah} (A.2)
ny

In case of ny << 1 and free stress, Eq. (A.2) corresponds to Fick’s equation.

RT
J=—a—Vny =-DVCy (A.3)
Ny
Dny dCy
= —— A.4
=T dn, WY

where C is the molar concentration and D is Fick’s diffusion coefficient. A lattice volume
of palladium increases in proportion to ny at ny < 0.75 [34]. The relationship between Cn
and nw, therefore, is represented as Eq. (A.5) using Vi and molar volume of palladium

V.

Ny

Cyp=——no
=y, +ngVy

(A.5)

From Egs. (A.2), (A.4) and (A.5),

] =

V Jdln DnyV, V
M ( VH)VH HVH M 6, (A.6)

-D (Vi + ngVy)? dlnny RT (Vy + nyVy)? v
Eq. (1) is derived by defining D’ and D as

Vm

_p__ '™ dlnyy
(Vm + nyVy)?’

Dl
dInny

D" =D’ (1 + ) (A.7)

D includes the effect of the volume change during absorption, and D ” reflects the change
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in the activity in addition to the volume change.
The activity coefficient was determined from a PCT diagram of the palladium-
hydrogen system [31]. The chemical potential of molecules in the gas s+ is same as that

of atoms in the alloy in the equilibrium condition, i.e.,

1 1
Uy = EMHZ = E(UHZ,O + RTlanz) (A.8)

where fn2 is the fugacity. From Egs. (A.1) and (A.8),

1
Y = (fZZ)Z exp {R_lT (% Huz,0 — .U101>} (A.9)

where it is noted that the stress gradient Vay, is 0 in the PCT measurement. Therefore,

dlnyy _ n_HayH _ Ny 0fus
dlnng  yyong 2fy, Ong

—1 (A.10)

By substituting Eq. (A.10) into Eq. (A.7), Eqg. (A.11) is obtained.

ny 0
D" = D'( u 9fn2
2fnz Ony

fi2 = Ph2 at a few atm where the HSA actuator is used. The relationship between ny and

) (A.11)

P2 is obtained from the PCT diagram [31].
Figure A.1 shows the variations of D’ and D ” with ny at ny < 0.03 used in the present
work, assuming D = 3.75x10™* m?/s [35], Vu = 1.73 cm®mol [34], and Vm = 8.864

cm®/mol [37].

Appendix B. Simulation method

To simulate the deformation of the actuator with hydrogen diffusion, a diffusion-
mechanical coupled analysis was performed using the finite element method. Governing
equations used were Eq. (1) and Eq. (B.1) in the diffusion and mechanical analysis,

respectively.
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o=ce+pPny (B.1)
where c is the stiffness tensor given by Young’s modulus E and Poisson’s ratio v, gis a
tensor in which diagonal components are the linear expansion ratio, b induced by
hydrogen insertion and non-diagonal components have zero values. The calculation
procedure is shown in [28].

An analytical model was a 2D axisymmetric model of the capsule-type HSA actuator
(Figure Bla), where we ignored the difference in shape between Figure 1 and the
experimental sample (Figure 2). It consists of parts representing an HSA foil, a capsule,
and an HSA surface layer. In the diffusion analysis, the hydrogen content in the capsule
part was kept 0 to assume the diffusion only in the foil. The model was meshed with a
four-node quadrilateral element as shown in Figure B1b. The HSA foil part was meshed
in 10 layers. The total number of nodes was 14564. The evaluation was performed at each
integration point using the commercial FEM software package ANSYS 17.0. The
material parameters used are shown in Table B.1. The linear expansion ratio b was
calculated from the volume expansion ratio, i.e., b = Vu/3Vm. A time step was 1 s for the

transient diffusion analysis.

Table B.1 Material properties used in analysis.

E v VH Vm b
[GPa] [1 [cm¥mol] [cm®mol]  []
Palladium  121[36] 0.39[36] 1.73[34] 8.864[37] 0.0652

Epoxy resin [38]  3.80 0.25

The distribution of ny obtained from the diffusion analysis was input as a boundary
condition in the mechanical analysis, and symmetrical boundary conditions were applied

14 /21
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In the diffusion analysis, the stress distribution obtained from the mechanical analysis
at the previous iteration was applied to each node. ny at the surface layer part was
determined as follows. Based on the reaction H> (g) <> H+H (solid solution), assume that
rates of inflow Jxz,in and outflow Ju out ON the foil surface are in proportion to the pressure
and the square of the activity under free stress an,, respectively. The surface flux of
hydrogen atoms Js is represented as

Js = 2n2in — Jout = 2kin Py, — koutaH,Oz (B.2)
where kin and kout are constants. At the equilibrium condition, w+2 = 24+ and Js = 0.
Therefore,
Js = Kt(PHZ - szKszaH,oz) (B.3)

where K: = 2kin. The activity a4 changes under stress, i.e.,

V, Op
ay = aH,OeXp( ZT ) (B.4)

By substituting Eq. (B.4), Eq. (B.3) becomes

2Vy0o
IJs = K; {PHZ - szKszaHzeXp <— RHT h)} (B.5)

The hydrogen content at the surface boundary layer at time t+1 is represented as Eq. (B.6).

KiAs
Vs

ZVHUh
{PHZ—PISZKSZaHZeXp (— T )}At (B.6)

ng(t+1) =ny(t) +

where As is the surface area, Vs is the volume of the layer and ¢t is the time step. In this
work, Pxz and K were set as 1 atm and 1x10™* mm/atm/s, respectively.

Figure B.2 shows a variation of the displacement Urem with time obtained from the
numerical simulation, assuming that hydrogen of 1 atm was charged at t = 0 s. Urem
decreased, i.e. the capsule shrank in the height direction, with the increase in time. Umax

was not shown because the effect of thermal expansion was ignored. The deformation
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was completed after 3000 s, and the final displacement was -6.9 um. The response time
was shorter than the experimental result. We assumed K; = 1x10* mm/atm/s, which is not
a measured value and sensitive to the surface condition. This is why the deformation rate
was different in the simulation and experiment. However, the difference is not discussed

in this paper because the response time does not affect the internal state qualitatively.
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Figure 1 Schematics of capsule-type hydrogen-storage-alloy (HSA) actuator and its deformation.
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Figure 2 Sample : a) side and b) top view of outer surface after fabrication, c¢) outer surface and d)
cross section after experiment, and e) schematic image with design dimensions.
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Figure 3 Fabrication procedure of capsule-type HSA actuator: 1) cutting HSA foil, 2) annealing
HSA foil, 3) winding HSA foil around core, 4) mixing Epon 828 and DETA, 5) vacuum degassing,
6) injection epoxy resin into mold with core, and 7) discharge of core by melting.
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Figure 4 Time change of displacement a) during pressurization and b) at following evacuation at
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Figure 7 Distribution of a) hydrogen content and b) compressive hydrostatic stress in hydrogen-
storage-alloy foil at various deformation ratio. The deformation ratio was calculated by divided by
the final displacement.
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Figure A.1 Variation of modified diffusion coefficients D’ and D’ with hydrogen content.
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Figure B.1 a) Schematic of analytical model and b) finite element model for diffusion-structural
coupling analysis of capsule-type HSA actuator.
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Figure B.2 Displacement change with time at P;,,, = 1 atm in numerical simulation. It

corresponds to doubled displacement at the top of the analytical model. The value at each plot
represents the deformation ratio.



