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Abstract

The purpose of the study was to evaluate the effect of mechanical treatment and ion sputtering on hydrogen sorption and
the mechanical properties of the surface of the membrane foil of the Pd-Cu solid solution system obtained by rolling.

The efficiency of mechanical and ion beam treatment in cleaning of the surface of membrane foil of the Pd-Cu solid solution
system obtained by rolling was assessed using cyclic voltammetry, Auger electron spectroscopy and atomic force microscopy.

It was established that ion beam treatment (Ar*) and mechanical treatment reproduce the elemental composition of the
surface, corresponding to the original composition of the solid solution, and forms a developed relief. The change in the
asymmetry of the relief roughness after ion-beam treatment indicates the formation of microcracks on the foil surface,
which reduce hardness and plasticity. lon-beam surface treatment also contributes to the cleaning of the surface from
rolling artefacts, which leads to a twofold increase in the ionization rate of atomic hydrogen, compared to a sample subjected
to mechanical treatment.
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1. Introduction

Solid solutions of the Pd-Cu system in a wide
range of concentrations may form an ordering
with the formation of a CsCl-type structure
(B-phase) [1]. Interest in these solid solutions
has been ongoing for several decades due to
the limited information on the mechanism of
ordering processes (o(FCC) — B) and disordering
(B — o), on the substructure of the B-phase,
including possible manifestations of deviations
from the equiatomic composition, including in its
properties. In terms of practical application the
interest is due to the peculiarity of the properties:
multiple changes in electrical conductivity during
o < B transformations [2]; the high mechanical
characteristics of foil with the B-phase structure
[3, 4], its advantage in hydrogen permeability
in comparison with the a-phase, with pure
and doped palladium (the activation energy of
hydrogen diffusion in the B-phase is significantly
lower) [5]. Therefore, the ordered solid solution
foil is promising in the production of effective
membranes for deep hydrogen purification, since
it provides possibility of a multiple increase
in productivity without the reduction with
hydrogen, typical for samples made of pure and
doped palladium. The low activation energy of
hydrogen diffusion in an ordered structure allows
the operation of the membrane at a temperature
before the start of disordering.

Due to the stage-by-stage nature of the overall
mass transfer process, along with the elemental
composition, structure and substructure of the
foil, it is necessary to take into account the state of
the surface (elemental composition, morphology),
which may be due to the manufacturing process
(rolling, variants of ion sputtering of a target of
the corresponding composition [6], galvanizing
[7]). Thus, the cleaning of these membrane foil
surfaces is an urgent task.

The aim of the study was to evaluate the
influence of mechanical treatment and ion
sputtering on hydrogen sorption and the
mechanical properties of the surface of the
membrane foil of the Pd-Cu solid solution system
obtained by rolling.

2. Experimental

The rolling process was carried out according
to the scheme described in [8], rolling from
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2 mm was carried out sequentially up to a
thickness of 100 um. An ingot of Cu-36Pd (at. %),
corresponding to the maximum temperature of
the existence of the B-phase (about 550 °C), which
ensured the formation of a single-phase structure
was produced for rolling.

The original foil had a two-phase
nanocrystalline structure (o- and B-phases [9]).
For the ordering of the atomic structure (b-phase)
the original foil was heated to 800 °C in a vacuum
followed by rapid cooling to room temperature.
The diffraction pattern in Fig.1 shows the
structure of the foil, heat-treated to 800 °C and
cooled to room temperature. As can be seen, the
B-phase with an average size of the coherent
scattering region of more than 1 ym was restored.
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Fig. 1. X-ray diffraction pattern of the foil sample after
heating at 800 °C and cooling to room temperature

The phase composition was controlled using
X-ray diffractometry’. (RD, ARL X'TRA). The
elemental composition of the sample surface
was assessed using Auger electron spectroscopy
(DESA-100 analyser), and quantitative analysis
was performed using yield coefficients [10]. The
surface morphology of the original foil and after
its surface treatment was studied using atomic
force microscopy (AFM, Solver Pro EC). The
results of the following cleaning options were
compared: 1 — mechanical treatment (MT) of the
surface by successive use of sandpaper (grain size
2500), aqueous suspension of MgO and ethanol;
2 — ion beam treatment (IBT) for 180 min in an
Ar environment (10! Pa) with an energy of about
50 eV, the initial vacuum is 1073 Pa, to ensure
uniform etching, the substrate with the foil was
rotated at a speed of 1 rad/s.

*VSU Centre for the Collective Use of Scientific Equipment.
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The mechanical properties of the foil surface
were studied using the nanoindentation method
on a Nano Hardness Tester (maximum load
20 mN, loading and unloading rate 20 mN/min).

The efficiency of foil treatment was assessed
using cyclic voltammetry [11, 12] based on the
degree of sensitivity to potential cycling, manifested
as a local increase in current in the range of 0.1-

2024;26(3): 483-489

Mechanical properties and catalytic activity of the Cu-36Pd (at. %) alloy...

0.5 V (at a potential scanning rate of 5 mV/s),
corresponding to hydrogen ionization [13],and the
complex sorption parameter (K, mol/cm?*s'?) [14].
Since the samples had the thickness higher than
10 pm, atomic hydrogen did not pass through the
foil during the experiment. It was not possible to
determine the diffusion coefficient (D) of atomic
hydrogen for the used model.

Fig. 2. AFM image of the surface areas of annealed foil (a), after ILD (b) and after mechanical treatment (c)
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3. Results and discussion 707 (1
AFM images of the surface of an annealed 601
sample (a), after ion beam treatment (b) and -Pd
after mechanical treatment are shown in Fig. 2. 50 Cu
The results of image processing are presented 401 .S

in Table 1. After IBT, the height of the surface ' c
relief increased by 1.5 times. The type of surface 301 //’/_’. <+ N
roughness changes with hills (Ssk > 0) on the 20+ 40
depressions (Ssk < 0) [15], which may indicate |
selective etching of the foil surface and the
formation of pores and microcracks.

The surface relief (Fig. 2¢) reflects traces
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of deformation as a result of the process of deepness, nm
mechanical treatment of the surface with abrasive Ly (2)
materials: the relief height and roughness 60

increased by 2 times, the type of surface roughness
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=

composition, at.%o
Tad
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did not change.

Figure 3 shows the distribution profile of
elements along the depth of the surface layer,
constructed using Auger electron spectroscopy
data. Elemental composition of the unclean
surface: sulphur - 17 at. %, carbon - 44 at. %,

i
=

-3

+ N
+

nitrogen - 8 at. %, oxygen — 11 at. %, palladium |0\\

- 20 at. %. Transitions corresponding to copper {' O S !

atoms were not detected, which can be explained 0.'] 100 200 300 400 500

by the presence of rolling artefacts on the foil deepness, nm

surface and a low electron yield coefficient Ly (3)

of copper in comparison with the detected 704

elements. At a depth of 300-500 nm, rolling . 60 ] 1 S

artefacts almost completely disappeared, and $ Cu

the elemental composition corresponded to the = 509 .s

original composition of the alloy. ;g 40/ L
The elemental composition of the foil surface g i ,//"’_" b

after IBT and mechanical treatment is shown in S «0

Fig. 3(2) and 3(3), respectively. At the initial stage 20y

of etching, the concentration atoms was ~ 45 at. %, 104

which was comparable to the concentration for an h\ .

unclean surface. At a depth of more than 50 nm, the 0{; > S0 200 150 200

impurity concentration was ~ 5 at. %. This finding deepness, nm

indicates that impurity el.ements were sorbed in  Fig. 3. Profiles of element distribution by depth of the
the surface layer of the foil from the atmosphere, near-surface layer (1) of annealed foil, (2) after ILD
and not as a result of the rolling process. and (3) after mechanical treatment

Table 1. Surface roughness parameters

[TapamMeTpsl IIEPOXOBATOCTY IOBEPXHOCTU
Sample Maximum height, | Average height, Roughness
Sy (nm) Sz (nm) Roughness, Sa (nm) asymmetry, Ssk
Without treatment 294 161 26 0.17
After treatment <1> 458 227 10 -0.67
After treatment <2> 583 290 41 0.27
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An assessment of the hardness and plasticity
of the surface of the uncleaned foil (1), after
IBT (2) and MT (3) was performed based on P-h
diagrams (Fig.4): Hv=325*10 MPaand h =54*1%,
Hv = 240+10 and h = 44*1%, Hv = 268+10 MPa,
h =44%1% respectively. The presence of bends
on the loading and unloading branches of curve
(2) indicated a high concentration of microcracks
caused by the selective etching of the foil surface
with argon ions, which is confirmed by AFM data
(see Table 1).

The decrease in hardness and plasticity is
explained by the increase in the number of defects
on the surface of the cleaned foil compared to the
annealed one.

The voltammograms of an annealed sample
(1) and the sample after mechanical treatment
(2) are shown in Fig. 5. The untreated surface
was virtually insensitive to potential cycling,
as evidenced by the height (about 0.2 mA/cm?)
of the local maximum in the potential range of
0.3-0.5V, characterizing the ionization process
of atomic hydrogen. Hydrogen sorption constant
(K,) was equal to 2.44-10° mol cm=*s~"2,

The effect of mechanical surface treatment
was expressed through an increase in the
ionization peak, the height of which exceeded
0.7 mA/cm? (Fig. 2). This indicates an increase
in the hydrogen ionization rate by 3.5 times
compared to the untreated sample and an
increase in K to 5.48-10° mol cm2-s7"2,

Ion beam surface treatment also helped to
clean the surface from rolling artefacts (Fig. 6),
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Fig. 5. Cyclic voltammograms obtained on an annealed
sample (1) and a sample after mechanical treatment
(2). (4 cycles of voltammograms are shown)
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Fig. 4. Load diagram (P) - nanoindenter penetration
depth (h) for 100 pm thick foil samples after rolling
and annealing (1), after IBT (2), after MT (3)

which led to an increase in the ionization peak
to 1.4 mA/cm?,i.e. to a twofold increase in speed,
compared to a sample subjected to mechanical
treatment (K to 7.14-10"° mol cm™2-s7"2) This
was not only due to the unblocking of sorption
centres during the IBT process, but also due to an
increase in surface area caused by the formation
of microcracks.

A quantitative assessment of hydrogen
permeability was carried out using a mathematical
model of images of semi-infinite thickness,
describing injection (k) and extraction (k) of
atomic hydrogen.

The extraction rate constant increased by
2 times when using ion beam treatment and
was ~ 8.0-10~* cm/s, which can be explained by
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Fig. 6. Cyclic voltammograms obtained on a sample
after mechanical treatment (1) and after ILD (2). (4
cycles of voltammograms are shown)
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significant changes in the surface structure of
the foil after the treatment.

Thus, as a result of IBT, the surface was
completely freed from rolling artefacts, relief
was developed, microcracks were formed and,
accordingly, the effective surface area was
increased.

Out of the two studied options for cleaning the
surface of foil obtained by rolling, both options
were effective. However, such treatment leads to
the formation of microcracks on the surface of
the foil, which significantly reduced its hardness
and plasticity.

4. Conclusions

1. Ion beam treatment (Ar*) and mechanical
treatment reproduce the elemental composition
of the surface corresponding to the original
composition of the solid solution and form a
developed relief.

2. The change in the asymmetry of the relief
roughness after IBT indicates the formation of
microcracks on the foil surface, which reduce
hardness and plasticity.

3. Ion-beam surface treatment also helps to
clean the surface from rolling artefacts, leading
to a twofold increase in the ionization rate of
atomic hydrogen compared to a sample subjected
to mechanical treatment.
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