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The effect of an RE element (holmium) on the phase composition, microstruc-
ture, and hydrogen absorption properties of multiphase alloys of the Ti—Zr—
Mn—V system comprised of the Laves phase and b.c.c. solid solution is studied.
It is found out that holmium practically does not dissolve in the initial phases
of the alloy, and it forms a new phase in combination with oxygen, holmium
oxide. The crystallites of holmium oxide precipitate on the surface of the crys-
tallites of the Laves phase and b.c.c. solid solution. It is determined that the
formation of the new phase leads to a change in the structure of the initial al-
loys from eutectic to multiphase, that causes an increase in the grain surface
area of the phase constituents. It is shown that the crystallites of holmium ox-
ide raise the temperatures at which hydrogen absorption and desorption occur,
as well as decrease the hydrogen capacity of the alloy.
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Hocaimxeno suius geryBanaa P3M (IonbpMmiit) Ha hasoBuii cCKIam, MiKpocTpy-
KTypy Ta BOZHeBOCOpPOIIiiiHi BiacTuBOCTi rerepodasHux cromiB cucremu Ti—
Zr—Mn-V 3i ctpykTypoio dasu JlaBeca Ta OIIK-rBepmoro posunny. Beranos-
JIEHO, III0 BBeJeHUM B cTOII ['0JIbMifl, IPAKTUYHO HE PO3UNHAETHCA ¥ BUXITHUX
dazax, a 3’exgmaBmuch 3 OKCUT'eHOM, YTBOPIOE HOBY (asy, oxcuza I'oabmiio.
VYrBOpeHi Kpucranu okcuny ['oabMio po3MiIyIOThCA BUKJIIOUYHO IO IIOBEPXHI
KpucTaJiB iHTepMeTaniny. BusnaueHo, 1110 yTBOpeHHA HOBOI (ha3u IPUBOLUTH
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IO 3MiHU CTPYKTYPHU CTOIIiB BiJf eBTEeKTUUHOI 40 reTepodasuoi, 3i 361iIbIIeHHAM
IJIOIIi ITOBEPXHi 3epeH cuiBicHyounx (as Ha nopamok. [TlokazaHo, 1110 MpUCYT-
HicTb y (ha3oBOMYy CKJIaJi CTOIIY KPUCTAJIiB OKcuLy I'osibMito IpUBOAUTE OO0 IIO-
ripIIeHHA IIPOIECiB MOTJIMHAHHA Ta BUAijeHHA [inporeny, a TaKoMX 10 MOHU-
JKeHHA BOJHEBOI MiCTKOCTHU CTOILY.

Karouori ciora: dasa JlaBeca, OIK-TBepauii po3unn, rerepodasHi cTomnu, Mi-
KPOCTPYKTypa, (DasoBUl CKJIAM, TiApyBaHHS.

(Received May 4, 2022; in final version, May 19, 2022 )

1.INTRODUCTION

It has now been shown that storing hydrogen in a bound state (metal hy-
drides) is a more cost-effective and safe way than in liquid or gaseous
states [1-5]. Among the existing variety of materials for hydrogen
sorption, the ABs-type intermetallics (hexagonal Laves phase of C14
type) and multiphase alloys based on them are recently used, especially
in transport [6—10]. In this class of materials, an important place is oc-
cupied by the Ti-based alloys. Therefore, the increasing requirements
for these materials demand the development and production of new al-
loys based on this type of compounds. Based on the previous data [11—
13], several researchers have shown that the improvement of the kinet-
ics of sorption—desorption processes and significant increase of the
amount of absorbed hydrogen in the alloys based on the Laves phase can
be achieved only by additional alloying of this phase [14-16].

The hydrogen absorption properties of a single-phase alloy comprised
of hexagonal C14-type Laves phase additionally alloyed with nickel, co-
balt, or copper were studied in [17], and the relationship between the
change of the unit cell volume and the amount of absorbed hydrogen was
found out. The authors noted that the crystal lattice parameters gradu-
ally increased in the sequence of alloying elements Ni — Fe — Cu, so the
unit cell volume changed from 165.591 to 166.771 A%, The increase in
the unit cell volume when replacing nickel with copper was explained in
[17], according to the data of [18], by the different atomic radii of these
elements (0.125 nm and 0.128 nm, respectively), while the amount of all
other components was constant. The increment in the unit cell volume
of the alloys in the Ni — Fe — Cu sequence led to an increase in the
amount of absorbed hydrogen in a range of 1.79-1.81% wt.[17].

The effect of adding RE elements (La, Ce, Ho) into the alloys based on
the C14 type Laves phase on their hydrogen absorption properties was
investigated in [19]. These elements were chosen due to their ability to
interact with hydrogen and form a hydride phase. The authors of [19]
claim that the alloying with RE elements enhances the hydrogenation
kinetics. In contrast to the original composition, the same alloys with
RE elements can absorb hydrogen at room temperature. However, the
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data on the possible changes in the amount of hydrogen absorbed by the
alloys after adding RE elements were not provided.

Our previous studies [20, 21] of multiphase alloys of the Ti—Zr—Mn~—
V and Ti—Zr-Mn—V-Cr systems confirmed that adding the elements
with a larger atomic radius, which can form stable chemical compounds
with hydrogen, usually leads to enhanced hydrogen absorption. Never-
theless, it is necessary to take into account other factors that can limit
this pattern. An analysis of the literature [22—26] showed that most re-
searchers have used for Ti-based alloys with a Laves phase structure, or
multiphase alloys comprised of AB.-type intermetallic phase and b.c.c.
solid solution, the elements from the same period (zirconium and haf-
nium) or group (from vanadium to nickel) of titanium in the periodic ta-
ble. However, these elements, except zirconium, vanadium, and chro-
mium, have low affinity for hydrogen or do not react with it at all [10].
In addition, the elements of the same group with titanium with higher
atomic number have smaller atomic radii [18]. Therefore, to clarify the
above mentioned pattern, additional alloying was necessary to choose an
element with a significantly larger atomic radius compared to other
components of the alloy, that could efficiently interact with hydrogen.
The RE metals met these requirements.

In this work, holmium was chosen to verify the effect of alloying by RE
elements on the hydrogen adsorption properties of multiphase alloys of
the Ti—-Zr—Mn—V system. According to[19], La, Ce, and Ho affect the hy-
drogen absorption properties of the Ti—Zr—Mn—V alloys almost in the
same way. Despite the fact that holmium (Ho) has the smallest atomic ra-
dius among these RE elements (atomic radii of Ho and La are 0.179 and
0.187 nm, respectively[18]), it meets all the conditions that are needed to
increase the hydrogen capacity of the alloy: its atomic radius is larger
compared to other components of the Ti—Zr—Mn—V system (0.160 nm for
zirconium and lower for other elements), and holmium can form with hy-
drogen a chemical compound HoHj;. To clarify the effect of holmium ad-
dition, the previously studied alloys of hypoeutectic Tis75Zr3oMni7.5Vs
[20, 27]and hypereutectic Tis.18Z127.0Mnso.03V7[28] compositions were se-
lected. The studies were carried out by comparing the structure, phase
composition and hydrogen adsorption properties of the alloys (Table 1)
with those without holmium (Ti047.5Zr30Mni7.5Vs and Tiss.18Z127.0Mnz0.95V7)
as a reference which were studied in detail in [27, 28]. According to [27,
28], there were eutectic component and primary crystallites in the both
alloys without holmium. There were primary crystallites of the b.c.c.
solid solution in the Tis7 5Zrs0Mni75Vs alloy, while the Tiss 18Z127.0Mn20.03V7
alloy contained the Laves phase. The range of holmium content was cho-
sen the same as for the multiphase alloys of the Ti—Zr—Mn—-V system [20,
21], i.e.,, 2 and 5 at.% (Table 1). Holmium replaced only manganese, and
so it increased the total amount of hydride-forming constituent in the al-
loy (Table 1, alloys 1, 2); in order to maximize the unit cell volume, all
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TABLE 1. Nominal composition of the alloys.

Composition
Al\lIloo.y at.% % wt.
Ti | Zr [Mn | V |Ho| Ti | Zr [ Mn | V | Ho
1 475 30 155 5 2 35.28 42.45 13.20 3.95 5.12
2 475 30 125 5 5 33.56 40.38 10.13 3.76 12.17
3  43.29 27.34 20.51 6.86 2 32.52 39.14 17.68 5.48 5.18
4  41.97 26.50 19.88 6.65 5 30.07 36.18 16.34 5.07 12.34

components were replaced (Table 1, alloys 3, 4).

2. MATERIALS AND EXPERIMENTAL PROCEDURE

The alloys were manufactured by arc melting in argon atmosphere. In-
gots of 30 g were produced using iodide titanium (of 99.95% purity),
iodide zirconium (99.975%), electrolytic vanadium (99.9%), electro-
lytic manganese (99.9% ) and holmium (99.9%) as raw materials. The
ingots were remelted 4—5 times to achieve sufficient uniformity.

The interaction of the alloys with hydrogen was studied by the Sie-
verts method at an IVGM-2M unit [29] under mild conditions (room
temperature, absolute pressure ~ 0.6 MPa), as well as upon continuous
heating up to 5650°C (heating rate 0.125°C/s) and during isothermal ex-
posure at selected temperature under the same hydrogen pressure. The
alloys in as-cast state were studied; cylindrical specimens with a diame-
ter of 11-12 mm and a height of 4—5 mm were used. The amount of ab-
sorbed hydrogen was calculated from the change in pressure in a closed
volume, and was also determined by weighing samples on VLR 20 scales
with an accuracy of 1.5-107° g. The investigation included only one hy-
drogenation cycle in order to determine the effect of holmium on the
first hydrogenation in the Ti—Zr—Mn—V-Ho alloys.

The phase composition and parameters of crystalline lattices of the
alloy before and after hydrogenation were determined by x-ray phase
analysis. Metallographic examinations were performed with a scanning
electron microscope VEGA3 TESCAN equipped with EDX detector
XFlash610M (Bruker).

3. RESULTS AND DISCUSSION
3.1. Structure and Phase Composition

The microstructures of the alloys are shown in Fig. 1. As seen, the
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addition of holmium into the eutectic alloys of the Ti—Zr—Mn—V system,
regardless of its amount and the elements it replaced, resulted in signif-
icant microstructural changes. After adding holmium (regardless of its
concentration), the microstructure of the alloy changed from two-phase
(eutectic) (Fig. 1, a) to three-phase (Fig. 1, b—e), with a significant
change in the morphology of the phase constituents.

In order to distinguish the phases and to determine their chemical
composition, the alloys were investigated using local energy-dispersion
analysis (Table 2).

Based on the above data (Table 2), it can be suggested that holmium is
practically insoluble in the phase components of the initial alloys, and
in combination with oxygen it forms a separate phase, holmium oxide
(white crystallites, Figs. 1, b—e). According to the chemical composition
of the crystallites (in particular, the manganese concentration), the
bright-grey phase is intermetallic, and the dark-grey one is Ti-based
b.c.c. solid solution.

On the example of the Ti4r.5Zrs0Mniz25Vs;Hos alloy microstructure (Fig.
1, ¢), it is seen that the crystallites of holmium oxide are located at the
grain boundaries. It can be assumed that the segregation of holmium ox-
ide occurred during solidification, and then a gradual saturation of hol-
mium with oxygen by diffusion in the solid state with a gradual

Fig.1. Microstructure of cast alloys: Tis.18Zr27.0Mn2o.9sVe: [28] (a),
Tisr.5ZrsoMni7.5VsHoz (b), TisrsZrsoMniz2sVsHos (¢), Tisz.30Zr27.3¢Mnz0.51Ve.s6Hoz
(d), Tis1.97Zr26.5Mn19.88Ve.65Hos (€).
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TABLE 2. Chemical composition of the phases.

Chemical composition (£ 0.03 at.%)

AI\III(?Y Bright grey areas Dark grey areas ‘White areas
Ti | Zr [Mn| V |Ho| Ti | Zr [Mn| V |Ho| Ho | ©
1 45.8427.5721.18 5.29 0.12 63.7129.50 4.49 1.96 0.34 62.49 34.96
2 42.0827.5723.38 6.45 0.52 62.56 29.25 4.95 2.63 0.61 63.04 36.96
[27]
(ini- 32.1018.9042.00 7.00 - 56.7036.702.80 3.80 - - -
tial)
3 31.7623.4133.3511.37 0.11 64.8728.20 4.62 1.93 0.38 63.52 36.48
4 32.0423.0533.0911.35 0.47 64.3827.71 4.54 2.71 0.66 63.7536.25
[28]
(ini- 28.8525.8834.9510.32 - 68.7126.413.36 1.52 - - -
tial)

formation of the oxide phase took place.

To confirm the data obtained by scanning electron microscopy and en-
ergy-dispersion analysis, the phase composition of the alloys was deter-
mined by XRD method (Fig. 2, Table 3). It was found that all the alloys
(Table 1), regardless of their chemical composition, still comprised the
C1l4-type Laves phase and b.c.c. solid solution, and additionally hol-
mium oxide Ho203; was detected, as well as some traces of pure holmium.

4000_- 0 Laves phase
| T ¢ b.c.c. solid solution
_ A Ho,O
:§ i N HO2 3
< 3000—_ 0
> _ 0
+
e 2000
= 4
=
1000
- Ui M 0
Lﬁm |
1 A - 400, Ay 000 & ,JL
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Fig. 2. Diffractogram of cast Ti47.5Zr30Mnis.5VsHoz alloy.
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TABLE 3. Lattice parameters of the phases.

Lattice parameters (£ 0.0009 nm)
All
No oy As-cast Hydrogenated
A-phase ‘ B-phase ‘ Ho203 ‘ Ho A-phase | d-phase | Ho:03 ‘ HoHs
a=0.5194 a=0.3575 a=0.5575 a=0.6307
1 -0. ~1.02 -0.4 -1.0571
c=0.8533 7 0:8373a=1.0270 610 c_0.9157 4704985 a=1.05TL _ 6sng
a=0.5193 a=0.3565 a=0.5578 a=0.6306
2 ey a=0-38T4a=1.0256"_ "0 00T Y D a=0.4596 a=1.0549 0 "0
[27](in-a=0.5186 ~  a=0.5574 B ~
itial) c-0.8528 4703366 c=0.9155 4704588
a=0.5185 a=0.3569 a=0.5576 a=0.6306
=0.3374a=1.02 =0.4 =1.0572
8 0.8517 47 033T4a=10260 | iog o 0.9159 ¢ 704070 A= 10572 | g
a=0.5182 a=0.3567 a=0.5570 a=0.6303
4 a1 @=0-3878a=1.0266"_ "20 0 00 1a=0.4580 a=1.0535 " _ " oC
[28](in-a=0.5189 ~ _ a=0.5585 B ~
itial) c-0.8523 ¢ 0-3357 c=0.9150 4704574

The volume fractions of the phases were determined by Rietveld anal-
ysis; the surface areas of the crystallites of the phase constituents were
measured with free distributed Imaged software. In the alloys 1 and 2,
the amounts of holmium oxide, Laves phase, and b.c.c. solid solution
equalled 7.74-10.68, 45.45-41.90, and 46.81-47.42%, respectively
(Table 1); the surface area of individual grains of the phases was 80—
300 um?. In alloys 3 and 4, the amounts of holmium oxide and Laves
phase equalled 7.85-10.83 and 73.24-70.50%, respectively, and the
surface area of their individual grains was 200—-300 um?; the amount of
b.c.c. solid solution was 18.91-18.67%.

It was important to know what changes occurred in the volume of the
Laves phase crystal lattice as a result holmium adding, to be able to de-
termine its effect on the total amount of absorbed hydrogen. Besides,
according to the data of [30, 31], one can suggest that it is also possible
to calculate the radius of the tetrahedral internode in the Laves phase
lattice. The approximation of hard spheres is applied, and the expres-
sion Rs(C14)=0.074475a (where a is the lattice parameter) is used only
for one type of internodes A;B:—it was noted in [30, 31] that dissolved
hydrogen occupies exactly them. Comparison of the volume of the unit
cell and the radius of the tetrahedral internode (A2:B:) of the Laves phase
for the base composition (without holmium) and alloys with holmium
(Fig. 3) shows that Ho addition did not lead to significant changes, de-
spite the atomic radius of holmium (0.179 nm, [18]) is larger than the
atomic radii of other components. This result is explained by the fact
that holmium is practically insoluble in the Laves phase and b.c.c. solid
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solution, and in combination with oxygen it forms a new phase. The in-
crease in the volume of the unit cell of the Laves phase in alloys 1 and 2
in comparison with the base composition Tis7.5Zr3oMni7.5V5[27] (Fig. 3)
was caused by a significant decrease in the Mn amount in this phase (Ta-
ble 2).

It is also worthwhile to note that according to the JCPDS (Interna-
tional Center for Diffraction Data) the lattice parameter of holmium ox-
ide of stoichiometric composition Hoz03 is 1.0606 nm. However, given
the measured values of chemical composition and lattice parameter
(1.0256-1.0270 nm) of holmium oxide, as well as the presence of traces
of pure holmium which did not interact with oxygen, it can be suggested
that oxygen content in the alloy was not high enough to achieve the stoi-
chiometric composition of the oxide.

3.2. The process of Hydrogen Sorption—Desorption

The interaction of the materials with hydrogen was started at room tem-
perature. The coarse crystallites of Laves phase in multiphase alloys of
the Ti—Zr—Mn-V system are known to promote the interaction of the
material with hydrogen at room temperature [32, 33]. Therefore, active
hydrogenation of the alloys with holmium (Table 1) was expected, as
they had much larger surface area of Laves phase crystallites (80—
300 um?) compared to the base alloys (2—-8 um?) [20, 28]. The alloys of
the Ti—Zr—-Mn—V—Ho system, as well as the base alloys [20, 28], were ex-
posed at room temperature and an absolute hydrogen pressure of
0.6 MPa for 24—48 hours; however, this did not lead to surface activa-
tion and to the expected active hydrogen absorption.

To determine the temperature of active hydrogenation of alloys of the
Ti—Zr—Mn—-V—-Ho system, they were heated in a hydrogen atmosphere
up to 450-550°C at a rate of 4—5°C/min and at a constant pressure of
0.6 MPa.

Unit cell volume, A
i Tetrahedral internode rdius, A
1984 1991 199.0 198.0 197.7 0.386 0.887 0.387 0.386 0.386

In1t1a1 1 I1ut1a] 1

Fig. 3. Unit cell volume and tetrahedral internode radius (A:B:) of C14 type
Laves phase in the studied alloys.
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According to the literature [20, 28], the alloys without holmium in
the first hydrogenation actively absorb hydrogen at 450°C; the amounts
of hydrogen absorbed after isothermal exposure H/Me were ~1.81 and
1.70 for the alloys Tis7s5Zr30Mni75Vs and Tig18Zra7.0Mnge93Vyr, respec-
tively (Fig. 4, a, b). In contrast, the isothermal exposure of Ti—Zr—Mn—
V-Ho alloys at 450°C for 1 hour did not result in hydrogen absorption.
In the alloys Ti47_5Zr30Mn15_5V5H02 and Ti42_39ZI‘27_34MH20,51V6,86H02, active
hydrogen absorption started at 470°C, and the amounts of absorbed hy-
drogen H/Me equaled ~1.71 and 1.60, respectively (Fig. 4, ¢, d). When
the holmium content increased to 5 at.% , the temperature of the absorp-
tion beginning raised up to 530°C. The amounts of absorbed hydrogen
H/Me were ~1.69 and 1.58 for the alloys Tis7s5ZrseMniz5Vs;Hos and
Ti41.07Z126. 5Mn19.88Vs.65HOs, respectively (Flg 4, e, f)

As seen from Figure 4, the process of hydrogen absorption for all al-
loys at elevated temperatures has a similar nature and consists of two
stages with noticeably different rates of interaction. The data of [4, 10]
allow to suggest that the first stage of interaction with hydrogen corre-
sponds to the formation of a supersaturated solid solution, whereas the
second is the formation of the hydride phase.

It was previously shown that the process of hydrogen absorption in
alloys with a two-phase structure (Laves phase and b.c.c. solid solution)

2.0 2.0 2.0
1.6 16 1.6
§1.2- §1.2— §1.2<
S~ S~ ~
0.8 0.8 0.8
0.41 0.4 0.4
0.0 T =450°C 0.0 T = 450°C 00 T =470°C
Y0 10 20 30 40 50 60 "0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time, min Time, min Time, min
2.0 2.0 2.0
1.6 1.6 1.61
[} ] 5} | ]
S1.2 S1.2 §1.2
~ ~ ~
T 0.81 0.8 0.8
0.4 0.4 0.4
0.0 T=470°C 0.0 T=530C| ol T'=530°C
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time, min Time, min Time, min

Fig. 4. Time curves of saturation of alloys with hydrogen under isothermal exposure
at a hydrogen pressure of 0.6 MPa: Tis7.5Zrs0MnirsVs [20] (@), Tis.18Z1r27.0Mnzo.03V7
[28] (b), TisrsZrsoMnissVsHoz  (¢),  Tises0ZrersaMneos1VessHoz  (d),
Tisr.5Zrso0Mni2.5VsHos (e), Tid1.97Z1r26.5Mni9.88Ve.6sHos (f).
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begins at room temperature on the crystallites of the Laves phase [33].
The coarsening of the phase constituents enhances the length of inter-
phase boundaries and promotes hydrogenation, as it increases the mis-
match of bulk expansion between neighbouring crystallites of two
phases at the initial stages of hydrogenation, which causes higher
stresses and surface cracking [33], activating hydrogen absorption.
However, in the alloys with holmium (Table 1), despite the rather large
surface area of the Laves phase crystallites, the absorption of hydrogen
at room temperature did not occur, that can be explained by the for-
mation of a new phase, holmium oxide (Fig. 1, ¢). It can be assumed that,
in addition to clearly revealed coarse precipitates of the oxide phase
(Fig. 1, ¢), a thin oxide film not visible by scanning electron microscopy
formed on other surfaces of the phase constituents (Laves phase and
b.c.c. solid solution). Holmium oxide film on the surface of Laves phase
crystallites reduces their catalytic ability by lowering the active area for
the dissociation of hydrogen molecules, forming a barrier layer that
prevents the penetration of hydrogen into the lattice at room tempera-
ture.

The increment of holmium content, and accordingly its oxide volume
fraction, enhance the barrier effect of the oxide film, so higher temper-
atures arerequired to activate the process of interaction with hydrogen.
Nevertheless, the ratio of total amount of absorbed hydrogen to the
fraction of Laves phase and b.c.c. solid solution was calculated by Im-
aged software, and the results allow to suggest that the hydrogen capac-
ity of these phases persisted virtually unchanged; therefore, the hydro-
gen content in the alloy remained proportional to the volume fraction of
Laves phase and b.c.c. solid solution.

Beside holmium oxide which precipitated in the bulk of the alloy, an
additional barrier to hydrogenation at room temperature was formed by
the film of TiO. type which is always present on the surface of titanium
alloys. As the temperature increases, this surface film gradually breaks
down, and its barrier effect decreases due to the enhanced mobility of
atoms in the lattice, that makes it possible to hydrogenate Ho-contain-
ing alloys at 470°C.

XRD phase analysis showed that the saturation of the alloys with hy-
drogen did not cause the decomposition of the phases or the formation
of new phases, except the hydrides based on initial phases (Fig. 5, Table
3). The hydrogenation product obtained by saturating the investigated
alloys of the Ti—Zr—-Mn—V—Ho system with hydrogen comprised a hy-
dride based on the Laves phase, 8-hydride, and holmium oxide. In addi-
tion to these phases, traces of holmium hydride of stoichiometric com-
position HoHs were also detected.

A comparison of the lattice parameters of holmium oxide (Table 3)
shows that the parameter significantly increased after hydrogenation
as compared to the initial state. It can be assumed that this increase
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occurred because during heating holmium additionally absorbed oxy-
gen atoms from the surface (in oxide films) and/or from the bulk of the
material. The formed oxide phase absorbed additional oxygen atoms and
gradually reached the stoichiometry composition Ho20O3 stable for this
system. This property of holmium to bind oxygen present in the alloy
potentially should improve the hydrogen absorption properties by re-
ducing the amount of oxygen dissolved in the lattice, and so freeing the
internodes for hydrogen atoms. The placement of one oxygen atom
(which is 16 times larger than a hydrogen atom) in an internode leads to
distortion of neighbouring internodes in each crystallographic direc-
tion [34], preventing the dissolution of hydrogen and reducing the total
amount of absorbed hydrogen.

Mass-spectrometry of the hydrogenated alloys of Ti—Zr—Mn—-V—-Ho
system under heating in vacuum showed that the entire process of hy-
drogen desorption from the Ho-containing alloys slightly shifted to
higher temperatures in comparison with alloys without holmium [20].
At an initial pressure of 4-10°2 Pa, hydrogen desorption in the hydro-
genated alloys of the Ti—-Zr—Mn—-V—-Ho system started at 80 =+ 5°C (Fig.
6) which was 25°C higher compared to the alloys without holmium. Two
peaks of gas desorption were observed: at 320°C (hydrogen desorption
from hydride based on intermetallics), and at 370°C (hydrogen desorp-
tion from 6-hydride formed on the base of b.c.c. solid solution); in alloys
without holmium, these temperatures were 265 and 390°C, respectively
[20]. The calculations of areas under desorption curves showed that in
the alloys of the Ti—Zr—Mn—V—-Ho system 98-99% of hydrogen are de-
sorbed at 550°C, whereas for the alloys without holmium the
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Fig. 5. Diffractogram of hydrogenated Tisr.5ZrscMnis.5VsHoz alloy.
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corresponding temperature was 480°C [20, 28]. This delay in gas de-
sorption in the alloys of the Ti—Zr—-Mn—V—Ho system can also be ex-
plained by Ho20; precipitates and scale, that formed a barrier and de-
layed hydrogen diffusion from other phases to the surface.

The results of SEM, EDX, XRD phase analysis, and hydrogen sorp-
tion—desorption curves allow to adjust the previously determined pat-
tern of the choice of alloying elements. When choosing an additional al-
loying element, it is necessary to take into account not only its atomic
radius and ability to form a stable chemical compound with hydrogen,
but also the mutual solubility with the main components of the alloy.

The above results allow to claim that the addition of holmium which
is practically insoluble in the Laves phase and b.c.c. solid solution,
alongside with other positive features of this alloying element, leads to
both deterioration of hydrogen absorption properties (temperatures of
hydrogen sorption—desorption) and reduction in the total amount of hy-
drogen absorbed. First, holmium is not soluble in the phase constituents
of the alloys, it does not increase the lattice volume, and so it does not
promote hydrogen absorption. Second, the total amount of absorbed hy-
drogen even decreases because holmium oxide precipitates in the alloy
(in our experiments its volume fraction was 7.74-10.83% ), which does
not interact with hydrogen, and at the same time makes a significant
contribution to the total weight of the material. And third, the hydro-
gen absorption conditions deteriorate because holmium oxide precipi-
tates on the surface of Laves phase crystallites and b.c.c. solid solution,
reduces the catalytic effect of the surface, and forms additional barrier

25000 A 1

20000 ;" K |

15000 \ .

_,..\.‘..

10000+ i 4

5000 ‘.."/ z 550°C
0 T T T T T T T T T
0 100 200 300 400 500 600
T, °C
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Fig. 6. Intensity of hydrogen desorption vs. temperature under continuous
heating.
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to the redistribution of hydrogen in the volume. Along with these fac-
tors, it is also important to consider the cost of holmium.

4. CONCLUSIONS

1. When choosing alloying elements to increase the hydrogen capacity
of hydrogen-accumulating alloys, such an important factor as a high
mutual solubility of these elements with the main components of the al-
loy, in addition to the atomic radius of the element and the ability to
form a stable chemical compound with hydrogen. Low mutual solubil-
ity, and so the formation of new phases can deteriorate hydrogen capac-
ity.

2. With regard to holmium alloying of the alloys of the Ti—Zr—Mn-V
system, the insufficient solubility of this element and its high affinity
for oxygen lead to the formation of new oxide phases, that is accompa-
nied by a decrease in hydrogen capacity and deterioration of process ki-
netics during the first hydrogenation and desorption of hydrogen.
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