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Influence of hydrogenation on the structural
state and properties of Zr1Nb alloy
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It has been shown that during electrolytic hydrogenation of wire samples of the Zr1Nb alloy,
a layer of 9.5 pm thick anisotropic zirconium hydride nanocrystals with a thickness of <9.5 um
is formed on the surface, which leads to a decrease in the shear modulus by 10% in pre-annealed
samples and to a significantly reduced effect in deformed ones. The latter is a consequence of the
competition of two factors: a decrease in modulus due to the direct formation of the § hydride
ZrH, ¢ and an increase due to the relaxation of internal stresses. The observed effect of a de-
crease in the electrical resistivity of a wire sample as a result of hydrogenation is discussed.
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Broiue rigpiBamHs Ha CTPYKTYPHHI CTaH i Bimacrueocrtri cmay ZriNb.
B.1. Coronernro, /I.I' Manuxin, B.C. Orxosim, P.B. Axcaoca, A.O. Yynirxos, I1.0. Kyuenko,
O.I1.JIeoenvos, O.10. Pockowra, O.A./lauerko

Tloxasamo, 110 IIpW €JIEKTPOJITHYHOMY TiIpYBaHHI IPOTAHMX 3paskiB ciuiaBy ZriNb Bijg-
OyBaIOTHCSI YTBOPEHHSI HA MOBEPXHI IIapy TOBIIWHOK AHI30TPOITHUX HAHOKPHUCTAJIB 8 T1IPHUIY
MUPKOHII TOBIIUHOK ~9,5 MKM, III0 IIPU3BOAUTH 10 3MEHIIEHH MOy 3cyBy Ha 10% y more-
PeIHBO BiITAJIeHUX 3pas3Kax 1 3HAYHO c1abimoro eperry y gqedpopmoanux. OcTaHHE € HACTITKOM
KOHKYPEHIIII 1BOX (PAKTOPIB: 3MEHIIEeHHI MOAYJIA 34 PaXyHOK 0e3I0CepeIHbOI0 YTBOPEHH O Til-
puny ZrH, 46 Ta 30LIBITEHHA 3a PAXyHOK pPesIakcallii BHYTpimHIX Hanpy:xeHb. OOroBOpIOIOTLCA
CIIOCTEPERYBAHUN eeKT 3MEHIIEeHHS ITUTOMOIO eJIEKTPOOIIOPY JAPOTSHOrO 3pasKa BHACIIIOK
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TiIpyBAHHS.

1. Introduction

Zirconium alloys, due to a unique combination
of properties, namely a small thermal neutron
scattering cross section, high corrosion resis-
tance, acceptable mechanical properties and
manufacturability, are the main structural ma-
terial for existing and prospective thermal nu-
clearreactors. During the operation of zirconium
materials, their tendency to absorb hydrogen is
revealed, which is formed due to both radiolysis
of the coolant [1] and nuclear hydrogenation of
fuel element shell [2]. The main manifestations
of the degradation of zirconium materials with
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the participation of hydrogen include embrit-
tlement (a sharp decrease in plasticity during
hydrogenation), the formation of large massive
hydrides (defects of the “solar corona” type,
blisters) and delayed hydride cracking [3-6].

When studying the processes and mechanisms
of hydrogenation of a-Zr as the basic element of
zirconium alloys, two methods are used to cre-
ate zirconium hydrides of different stoichiomet-
ric composition, namely: 1) through the pene-
tration of hydrogen into the crystal lattice due
to its release and absorption in electrochemical
corrosion processes; 2) during thermal diffusion
into the crystal lattice. The second method pro-
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motes an enhanced hydrogenation process at a
temperature of 700°C and Fe above. It is clear
that at such temperatures the initial structural
state of zirconium materials changes, which
may affect the hydrogenation process and the
nature of the change in properties as a result
of hydrogenation. During normal operation of
nuclear reactors of the VVER-1000 type, the
temperature of the fuel cell shell in the cool-
ant surface boiling mode is ~350°C, which has
a relatively weak influence on the change in the
structural state. Thus, when studying changes
in the structural-phase composition and prop-
erties of zirconium materials using electrolytic
saturation, which is carried out at tempera-
tures close to room temperature, the effects of
hydrogenation will correspond to the previously
formed structural state.

As for the electrolytic hydrogenation of zir-
conium, in [7] the processes of near-surface
hydride aging, as well as the mechanisms un-
derlying the release of hydrides and their dis-
tribution in the microstructure of pure Zr, were
studied in detail using the methods of X-ray
diffraction (XRD), scanning electron microsco-
py (SEM, SU6600), transmission electron mi-
croscopy (TEM, JEOL 2100F). It is known that
the ZriNb alloy is characterized by a very low
concentration of niobium in the solid solution;
therefore, the resulting hydrogenation effects
will be mainly related to the zirconium matrix.
The aim of our work was to obtain data on the
relationship between changes in the structural-
phase composition and mechanical (shear mod-
ulus) and electrophysical (electrical resistance)
properties of Zr1Nb alloy samples during elec-
trolytic hydrogenation.

2. Experimental

The alloy Zr-1wt.% Nb (accepted designa-
tion Zr1Nb) was made on the basis of calcium-
thermal zirconium [8]; the impurity content is
given in Table 1. Wire samples in two structural

states, namely TMT-1 and TMT-2, were studied.
The structural state of TMT-1 was formed as a
result of a sequence of several stages of thermo-
mechanical processing. A bar with a diameter
of 10 mm was deformed by drawing at 400°C to
a diameter of 1.5 mm and further at 300°C to
a final diameter of 0.8 mm; the wire was then
annealed in vacuum at 65Fe0°C for 1 hour. The
second sample, TMT-2, differed in its structur-
al state in that the drawing from a diameter of
4.5 mm was carried out at room temperature to
a final diameter of 0.8 mm without annealing
of the wire. In the TMT-1 and TMT-2 samples,
the hydrogen content in the initial state did not
exceed 16 ppm.

Samples of 45 mm length were hydrogenated
in an electrochemical cell with a platinum an-
ode. The electrolyte was a one-normal solution
of sulfuric acid with the addition of 1.5 g/l of
thiourea. The depth of immersion of the samples
in the electrolyte was 5 cm. The cathode current
density was 1.25 A/lem?. Hydrogenation was
carried out for 5 and 7 hours at an electrolyte
temperature of 60°C. The U8 circulating liquid
thermostat ensured a deviation of the electro-
lyte temperature within + 0.1°C from the set
value. The X-ray method was used to analyze
the structural-phase state of the near-surface
layers of hydrogenated samples. A standard
4-point potentiometric scheme allowed mea-
suring the electrical resistance of the samples
at 300 and 77 K. The reverse torsional pendu-
lum technique was used to measure the shear
modulus.

3. Results and discussion

Shear modulus. Shear modulus G for
TMT-1 and TMT-2 samples was calculated ac-
cording to the formula [9]: G = AxIxf?/d*, where
A=const, [ is the length of the working part
and d is the diameter of the wire sample, [ is
the natural frequency of torsional oscillations.
With known measurement errors of the values

Table 1. The amount of impurities in the ingot of the Zr1Nb alloy, wt.% [8].

o) N o] Hf F Nb Si Fe
0,07-0,93 | (8-14)-10* (8-10)102 | (15-36)-103 | <5-10%* | 0.94-1.02 | (1-2)-103 | 12-10°3
Ni AlO Cu Ca Mn Ti Cr Mo
(2-3)-103 | (11-22)-10® | (24-45)-104 <5104 <5104 <104 (10-16)10* | <103
Cd K Li cl Pb B Be
<105 <5-10* <10® 5104 <103 <5-10* <5-10*
Functional materials, 31, 4, 2024 521
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Table 2 — Shear moduli G, and average values of (G)

Shear modulus
L TMT-1 | TMT-2
Hydrogenation time t, hrs. G. MPa
G; G G, G
o
34475 32065
34930 32510
32010
5 33270 33520
33560
32330
30460 32770
7 s0550 30510 39750 32685
32890

in the given formula (Al=0.1 mm, Ad=0.005
mm, Af/f<5-10%), the shear modulus measure-
ment error is 0.3%.

Table 2 presents the shear modulus G; data
for individual samples and the average values
of (G) at room temperature. The table shows
that when measuring a batch of samples in the
same structural state, the spread of G values
does not exceed 1.3%. To analyze the obtained
data, it is convenient to use the average val-
ues of the shear modulus. A comparison of the
characteristics of the annealed (TMT-1) and
deformed (TMT-2) samples shows that the de-
formation leads to a decrease in the modulus
due to the presence of deformation defects (dis-
locations and point defects). Such defects lead
to local breaks in electron bonds and a decrease
in the degree of overlap of electron wave func-
tions of neighboring atoms, which is reflected
in a decrease in the shear modulus. In addition,
the reduced modulus of deformed samples will
be due to the viscoelastic effect of dislocation
mobility (Frank-Reed loops) and, perhaps even
to a greater extent, the mobility of twin bound-
aries of deformation origin [10].

As can be seen from Table 2, hydrogenation
has different effects on the shear modulus of
TMT-1 and TMT-2 samples. For the material
in the annealed state (TMT-1), hydrogenation
leads to a decrease in the average value of the
shear modulus: by 3% after exposure t = 5 h
and by ~10% after t=7 h. The material in the
deformed state (TMT-2) is characterized by
a slight increase in (G) due to hydrogenation
(t=7 h). When determining G by the reversible
torsion pendulum method, the data mainly re-
fer to the metal layer near the surface of the
cylindrical sample. Therefore, it was necessary
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to carry out X-ray studies of the samples in
order to find out the nature of changes in the
structural and phase composition due to hydro-
genation, which affects the change in the shear
modulus.

Structural and phase composition. The
structural state and phase composition of the
materials were analyzed by XRD method. X-
ray diffraction patterns of a set of wire samples
were recorded on a DRON4-07 diffractometer
in a Bragg-Brentano X-ray optical scheme with
a pair of Soller slits in CuK radiation and with
digital data recording.

Fig.1 shows full-profile X-ray diffraction pat-
terns from wire samples in the annealed state
before and after hydrogenation. The measure-
ments were carried out normal to the surface of
the set of wire samples. Fig.1a is a typical spec-
trum of a-Zr with a textural maximum (002) in
the selected direction. At angles of 38.5° and
55.6°, there are weak reflections from the f—Nb
phase with a lattice period of 0.330 nm charac-
teristic of pure niobium. At the same time, the
X-ray pattern of the matrix according to the lat-
tice periods (¢=0.323 nm, ¢=0.515 nm) exactly
corresponds to pure zirconium.

In Fig. 1D, reflections from the initial compo-
sition of the samples are practically absent. The
available reflections belong to 8-hydride with an
fce lattice and a period of 0.4785...0.4790 nm,
which is close to literature data (Table 3). At
the same time, its texture is manifested with a
maximum in the (111) reflection.

The thickness of the near-surface layer of
8-hydride was estimated from the traces of re-
flection from a-Zr on the X-ray pattern of hy-
drogenated TMT-1 samples. Data on the ab-
sorption coefficient of Cu-K, radiation by zir-
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Fig. 1. X-ray diffraction patterns in Cu-K_ for samples of annealed Zr1Nb wire (TMT-1): before hydrogena-

tion (a); after hydrogenation (b).

Table 3. Characteristics of crystal structure of Zr hydrides [12].

Phase Formula Crystal structure Lattice parameters, nm
6-hydride ZrH{ aa fec a=0.4781
) a=0.3520
¢-hydride ZrH, fet
¢ =0.4450
a=0.4596
y-hydride ZrH fet
¢ =0.4969

conium were used in the calculations [11]. The
calculated value of the average thickness of the
hydride layer was 9.5 um. The analysis of the
diffraction line widths (Fig. 2b) established that
the hydride layer consists of crystalline frag-
ments with a large difference in size (d); sharp
differences are observed between crystallites
with (111) and (200) orientations along the nor-
mal to the wire surface. Consequently, d(111) >
100 nm, d(zoo) ~ 6 nm.

This result is explained by the following sce-
nario of the process of hydrogen saturation of
zirconium wire samples: hydride begins to form
first of all in those fragments where hydrogen
diffusion in depth is the lowest. The normal to
the (0002) plane, corresponding to the texture
maximum of reflection from the zirconium wire
material, basically coincides with this diffu-
sion direction. This plane is known to be a tri-
gonal grid of zirconium atoms with a period of
a7 = 0.323 nm. As mentioned above, the crys-
tallographic plane (111) of the 8-hydride, formed
as an immersion phase, basically coincides with
its spatial orientation. This is also a trigonal
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grid with a trigonal period aS-HN2 =0.338 nm,
according to the obtained results and data in
Table 2, which differs by 4.5% from the size of
the zirconium atomic network. In the absence
of macrostresses in the annealed samples
(TMT-1), the crystal plane (0002) of a-Zr can be
considered the preferred habit plane for the for-
mation of 8-hydride [13, 14].

Thus, the preferential crystallographic ori-
entation of 6-hydride precipitates and their
dimensional anisotropy in Zr1Nb wire samples
can be associated with the crystallographic tex-
ture of the wire, which determines the least
favorable direction for hydrogen diffusion.

According to the generally accepted point of
view, tensile stresses in zirconium materials (in
particular, in the Zircaloy-4 alloy), reaching a cer-
tain value, contribute to the allocation of planes
of crystallographic habit that are different from
the (0002) plane (see, e.g., [10]) and their actual
reorientation as areas of hydride allocation. This,
in turn, will give a noticeable effect when observ-
ing the relaxation of elastic stresses, in particular,
when we use the torsional vibration method.

523



V.I. Sokolenko et al. /| Influence of hydrogenation on the structural ...

Modulus change due to hydrogenation.
Let us consider the reasons for the decrease of
the shear modulus as a result of hydrogenation
of the annealed sample and the insignificant re-
covery of the modulus of the deformed sample.

In our analysis, only changes in the structur-
al-phase state of the zirconium matrix, which
makes up about 99% of the sample, will be
taken into account, while the possible influence
of hydrogenation of inclusions of the niobium B-
phase will be insignificant, given the influence
of the mixture law in determining the shear
modulus. Then there is every reason to believe
that the annealed sample (TMT-1), consisting
crystals with hcp lattice, is characterized by a
minimum level of internal stresses. As a result
of hydrogenation near the surface to a depth
of 9.3 um, a layer of anisotropic fcc nanocrys-
tals of 6-phase (about 5% of the volume) with a
lattice parameter a = 0.4781 nm is formed. In
general, when using the inverse torsion pendu-
lum method, the obtained data on the elastic
modulus contain some averaged information
about the fce 6-phase and the hep a-phase, as
well as an invariable definite contribution due
to inclusions of the B-phase of niobium. Consid-
ering the fact that during the hydrogenation
process the measured value of the modulus
decreased by 3% after holding for ¢ = 5 h and
by =10% after t = 7 h, it can be concluded that
the 6-phase of zirconium hydride has at least
10% lower shear modulus compared to the
hep a-phase of zirconium.

For the deformed sample (TMT-2) there
is a decrease in modulus by ~7% compared to
the annealed sample (TMT-1). When hydrat-
ing TMT-2 samples, factors of internal stress
and the presence of deformation defects clearly
appear. In the process of hydrogenation, there
will be a redistribution of dislocations in clus-
ters as a result of the movement of interphase
boundaries during the growth of 6-phase crys-
tallites. In addition, there is a reorientation of
the planes of the hydride precipitates, which
were mentioned above. As a result, there is
competition between two factors: a decrease in
the modulus due to the immediate formation of
the 6-phase and a recovery due to the relaxation
of internal stresses. At the same time, the sig-
nificance of these factors is largely comparable:
the shear modulus before and after hydrogena-
tion differs by 2% (see Table 2). It follows from
the above that the change in the shear modulus
characterizing the mechanical stability of ma-
terials, in the case of the formation of the hy-
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dride 8-phase largely depends on the structural
state. In the annealed state, the formation of
the hydride phase is accompanied by a signifi-
cant (#10%) decrease in the shear modulus. In
the deformed material, the hydride phase is
characterized by a very weak change in G. This
behavior of the shear modulus manifests itself
in the strength and ductility characteristics of
hydrogenated zirconium materials.

Electrical resistivity change due to
hydrogenation. Let us consider the possible
reasons for the observed change in electrical
resistivity p of ZriNb alloy samples in the an-
nealed state (TMT-1) as a result of hydroge-
nation. In general, the influence of hydrogen
on the electrophysical properties of metals is
ambiguous. If for non-transition metals hydro-
gen dissolved in the lattice acts as a factor of
additional scattering of carriers, then in the
case of metals with unfilled d-shells the pic-
ture becomes more complicated. In [15] it was
noted that as a result of hydrogenation a met-
al-hydrogen zone arises below the level of the
d-zone of the metal;in this case, the s-d-electrons
move into this new zone, and some of the states
shift below the Fermi level and it shifts upward
due to the difference in the number of electrons
received from hydrogen and the number of new
electron states. Such features of changes in the
band structure during hydrogenation are con-
firmed, in particular, by the results of studies of
the palladium—hydrogen system carried out by
the APW method [16]. It is shown that metal-
lic Pd and hydrides of the composition PdH, &
and PdH are characterized by Fermi energies of
~0.51, ~0.60 and =~0.62 Ry, respectively. For
the magnetically ordered metal Dy, similar
changes in the energy spectrum as a result of
solid solution hydrogenation cause a decrease
in the values of the phase magnetic transition
temperatures and the contribution to p(T) re-
lated to electron scattering in the paramag-
netic phase with an increase in the residual
electrical resistance [17]. At the same time, the
DyH, phase is characterized by a higher con-
ductivity compared to the non-hydrogenated
material [18]. The above makes it possible to
qualitatively analyze the effect of hydrogena-
tion for the Zr1Nb alloy as applied to the zirco-
nium matrix.

Table 4 presents the values of pg,,x and
pg for samples TMT-1 and TMT-2 in
the initial state, as well as the characteris-
tics of Zr samples (reactor grade) and some
samples of ZrH, hydrides (x=1.63...1.96) [19].

Functional materials, 31, 4, 2024
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Table 4. Characteristics of Zr1Nb, Zr and Zr hydrides.

P300 K | P77 K Crystal structure
Samples State 10 om by X-rays Ref.
NG a‘?lflteaﬁécd 48.9 12.0 hep (Zr) + bee (Nb) prewsﬁﬁzed
(TMT-1) metallic + presented
hydride 42.8 7.0 hep (Zr)+ce (ZrH; gg)+bee (Nb) work
(vonc tozrrgra a0 metallic 50.8 12.2 hep [19]
ZrH, o hydride 73.2 51.1 fec [19]
ZrH, -, hydride 60.2 38.7 fet [19]
ZrH, ¢, hydride 54.7 33.2 fet [19]
ZrH, o hydride 24.7 7.82 fet [19]

From Table 4 it can be seen that the TMT-1
(annealed) and Zr (reactor grade) samples are
characterized by fairly close electrical resis-
tivity values and the difference is due to the
presence of fine inclusions of pure niobium in
the zirconium matrix, which act as additional
scattering centers for conduction electrons. The
non-monotonic change in the specific electri-
cal resistance of zirconium hydride samples
compared to the characteristics of Zr (reactor
grade) is noteworthy [18]. The values of p5y,x
and p;;i noticeably increase for the hydride
ZrH, g4 (fce lattice), and then decrease for the
hydrides ZrH; ,, and ZrH, g;, reaching mini-
mum values for ZrH; ¢;. The observed effect of
reducing electrical resistivity is associated with
the higher conductivity of fct crystal lattice of
hydrides compared to the fcc lattice.

In the hydrogenated Zr1Nb wire sample, the
hydrogen content varies unevenly along the ra-
dius. Let us consider at a qualitative level the
factors that determine the value of the electrical
resistance of such a sample. In its central part,
hydrogen is present as an impurity implanted
into the hcp lattice of the zirconium matrix,
which manifests itself as additional charge
carrier scattering centers. A near-surface lay-
er of nanograins of 5-hydride ZrH, 4, like the
hydride ZrH, 45 (Table 3), will also have a higher
electrical resistance compared to the annealed
state of Zr1Nb. The question arises about a pos-
sible factor in the reduction in electrical resis-
tance, which was observed in the experiment.

Table 4 shows that e-hydride with face-cen-
tered tetragonal lattice (fct, a<c) with a ratio
of H/Zr=1.96 has an electrical resistivity at
300 K that is 40% less than for pure Zr, and at
T =77, the values of the electrical resistivity are
close. It can be assumed that a very thin layer
of e-hydride is created near the surface of the
hydrated sample, which shunts deeper growing

Functional materials, 31, 4, 2024

balls with higher values of electrical resistiv-
ity. The amount of this hydride is too small to
be identified by conventional techniques for the
analysis of large-volume samples. In work [7],
complex structural studies of electrolytically
hydrogenated thin high-purity Zr foils with an
average grain size of ~85 um revealed reflec-
tions of the fct e-phase ZrH; g;;. These very
weak reflections appeared after hydration for
t=48 h at a current density of 0.2 A/cm?, which
corresponded to the passage of a specific charge
g=3.46-10* c/cm?. After hydrogenation for 24
hours, the e-phase was not detected. In our
experiments, hydrogenation was carried out at
a current density of 2 A/em? for (=7 h, which
corresponds to g=3.15-10% ¢/em?2. It is clear that
the values of ¢ in [7] and in our experiments
are close, which adds confidence to our argu-
ment about the decrease in electrical resistivity
as a result of hydrogenation.

It should be noted that the decrease in
electrical resistivity can occur due to discrete
growth of crystallites of e-hydride ZrH, . This
result follows from the core model of a two-
phase material with inclusions of another
phase in the nodes of the lattice in the form of
series-connected cells with higher conductivity
in a matrix with lower conductivity [20].

4. Conclusions

The XRD data show that as a result of
electrolytic hydrogenation, a layer of 6-hy-
dride ZrH,; 46 with a thickness of 9.5 um is
formed near the surface of wire samples of the
Zr1Nb alloy. The layer consists of nanocrys-
tallites that vary greatly in size for the (111)
(d(111)>100 nm) and (200) (d(200)~6 nm) orien-
tations along the normal to the wire surface
due to its high crystallographic texture, which
determines the least favorable direction for
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hydrogen diffusion. Hydrogenation of the an-
nealed samples leads to a decrease in the shear
modulus by ~10%, which indicates a lower
mechanical stability of 6-hydride compared to
o-Zr. The hydride phase formed in the deformed
material is characterized by a weak change in
the shear modulus, which indicates the compe-
tition of two factors: a decrease in the modu-
lus due to the direct formation of the 6-phase
and a recovery due to the relaxation of internal
stresses.

The decrease in the electrical resistivity of
the sample after hydrogenation is associated
with a shunting effect due to the formation of
a rather thin surface layer of e-hydride with a
higher conductivity compared to the 6-hydride
layer and a-Zr matrix.
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