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Abstract: A MgesNi2oCusY 10 metallic glass was produced by melt spinning and was mixed with a 5
wt.% multiwall carbon nanotube additive in a high-energy ball mill. Subsequently, the composite
mixture was exposed to high-pressure torsion deformation with different torsion numbers. Com-
plimentary XRD and DSC experiments confirmed the exceptional structural and thermal stability
of the amorphous phase against severe plastic deformation. Combined high-resolution transmission
electron microscopy observations and fast Fourier transform analysis revealed deformation-in-
duced Mg:Ni nanocrystals, together with the structural and morphological stability of the nano-
tubes. The electrochemical hydrogen discharge capacity of the severely deformed pure metallic
glass was substantially lower than that of samples with the nanotube additive for several cycles. It
was also established that the most deformed sample containing nanotubes exhibited a drastic break-
down in the electrochemical capacity after eight cycles.

Keywords: metallic glass; melt spinning; high-pressure torsion; hydrogen storage

1. Introduction

Alternative energy sources are barely competitive with conventional fossil fuels at
the moment; nevertheless, hydrogen as a secondary energy carrier has received rapidly
growing attention in the last several decades, mainly due to its very high chemical energy
(120-140 MJ/kg) [1]. Hydrogen is clean, renewable and environmentally friendly; how-
ever, significant economic and technical challenges should be solved, including efficient
production and storage [2]. Recently, a large number of attempts have been made to real-
ize hydrogen storage in the solid state with sufficient storage capacity [3,4].

Among different hydrogen absorbing systems, magnesium-based alloys and com-
pounds have been intensively investigated because of their high H-storage capacities
(3700 Wh/L or 2600 Wh/kg), high abundance on Earth, low density, non-toxic nature and
low cost, resulting in a potential candidate for future industrial applications [5-9]. Unfor-
tunately, the relatively high hydrogenation enthalpy of Mg and its sluggish sorption ki-
netics are the main difficulties that still impede the widespread practical utilization of the
Mg-H system [5,6]. In order to overcome these limitations of magnesium, different non-
equilibrium techniques, such as rapid quenching by melt spinning and copper mold cast-
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ing and high-energy ball milling (HEBM), have been applied to synthesize Mg-based hy-
drogen storage materials, including Mg-TM-RE ternary or pseudoternary systems (TM:
transition metal; RE: rare earth element) [10]. The as-quenched alloy can contain fully
crystalline phases [11,12], supersaturated solid solution [13], partial amorphous structure
[14], or monolithic amorphous glassy phases [15,16].

It was reported that fully amorphous melt-spun MgesRExNizo-xCuio alloys can absorb
3.0 wt.% H: at a temperature as low as 130 °C. The enhanced hydrogenation rate was
explained by the formation of hydrogen-induced phase separation [17]. A similar Mg-Ni-
Ce system exhibits a hydrogen-induced glass-to-glass transition with a storage capacity
of 5 wt.% Ha, which is considerably higher than the value obtained for the crystalline
counterpart due to the disordered atomic structure and free volume of the glass [18]. A
similar phenomenon was reported for the amorphous MgszNi2Y1 alloy, which also exhib-
its faster H-sorption kinetics than partially or fully crystallized alloys due to the faster
diffusion of the H atoms in the amorphous matrix; however, the storage capacity is prac-
tically independent of the atomic structure [19]. Excellent hydrogenation/dehydrogena-
tion cycling performance was reported for the rapidly quenched partially crystalline
MgsoNiwY1o alloy [20], while the Mgi2YNi solid solution exhibited enhanced H-kinetics
due to the catalytic effects of Mg:Ni and Y [13]. Due to the low mixing enthalpy between
Ni and Y (AH = -25 kJ/mol), the activation energy of crystallization of melt-spun
MgssNis Y10 can exceed 291 k]/mol, indicating that atomic rearrangement is difficult due to
interaction between these two elements [21]. In situ XRD analysis carried out during con-
tinuous heating revealed phase separation in the amorphous state prior to the nucleation
of Mg2Ni nanoparticles. The improved H-storage behavior of the MgssN4Y1o glass is re-
lated to the cracking and pulverization of the alloy pieces when a MgH> matrix with finely
dispersed MgNiHs and YHs particles develops during hydrogen uptake [22]. The hydro-
gen storage performance of Mg-Ni-Y alloys can be improved by altering the addition of
Ni and Y in order to nucleate a ternary eutectic 14H-LPSO phase; however, this long-pe-
riod stacking ordered lamellar phase containing Ni and Y atoms does not form after de-
hydrogenation [23]. High-pressure hydrogen sorption experiments revealed that the as-
cast fully amorphous Mgs«CusAgzY11 bulk metallic glass exhibits the largest enthalpy of
hydrogen desorption compared to its partially and fully crystallized counterparts; there-
fore, it was assumed that the disordered local atomic structure of the glass is responsible
for the hydrogen release [24]. It was found that the hydrogen storage capacity of fully
amorphous melt-spun MgssNiis-«Mx (M =Y or La) alloys and their partial devitrified state
can exceed 5 wt.% at 300 °C [25]. The hydrogen absorption and desorption kinetics of an
amorphous Mg-Y-Ni ternary alloy can be improved when a long-period stacking ordered
phase nucleates [26].

Hydrogen absorption of a melt-spun Mg-Ni-Mm alloy promotes the nucleation of a
metastable cubic MgaNiHs phase and the vanishing of its typical monolithic counterpart.
With increasing spinning velocity, this tendency becomes more pronounced [27]. The pre-
cipitation of the Mgi2Mm intermetallic phase in the melt-spun Mg-Ni-Mm (Mm = Ce, La)
system preferentially occurs at the Mg grain boundaries, which provide pathways for ac-
celerated hydrogen diffusion [28]. The applied quenching rate has a significant influence
on the sorption properties of these alloys [28,29]. When La substitutes Ni in the MgosNiz-
xCex system, the formation of a refined eutectic structure facilitates hydrogenation. High-
density LaHs nanoparticles nucleated in situ are responsible for the improved desorption
processes [30].

An Mg-Mg:Ni-LaHx nanocomposite material formed from the hydrogen-induced de-
composition of MgsNiiezLaoss exhibits a H-storage capacity as high as 7.2 wt.% Hz. The
significantly reduced absorption activation energy is attributed to the LaHx and Mg2Ni
nanoparticles embedded in the eutectic alloy [31]. In situ X-ray synchrotron radiation of
the Mg-Ni-La system during hydrogenation revealed the formation of a previously non-
reported La2Mgi7H-10 solid solution [32]. The electrochemical performance of a LaMgNias
electrode reveals acceptable cycling stability, decreasing to 47% of its initial capacity after



Energies 2022, 15, 5710

3 of 15

250 cycles [33]. It was confirmed that considerable H-induced amorphization occurs dur-
ing the first sorption cycle, while the volume fraction of the amorphous component in-
creases with the cycling number. This phenomenon was ascribed to the hydrogen-induced
lattice instability. It was reported very recently that phase boundaries in a ternary Mg-Ni-
La eutectic alloy can act as preferential nucleation sites for MgHz and apparently promote
the hydrogenation process [34]. As an alternative method, DC magnetron sputtering was
also applied to produce the fully amorphous MgssNiwCei alloy. It was demonstrated that
as the thickness of the thin films decreases, the hydrogen sorption kinetics is significantly
improved [35]. In addition, these samples possess an excellent cycling ability at 120 °C.

Severe plastic deformation by ball milling of MgwxNirCes not only refines the
nanostructured powder but also enhances the creation of an amorphous component,
which is beneficial for improving the H-storage kinetics at a temperature as low as 100 °C,
at which 3.5 wt.% H:z can be absorbed within 30 min [36]. A fully crystalline MgsCesNisY3
alloy synthesized by induction melting and subsequent HEBM exhibits an altered rate-
limiting step of hydrogen desorption with respect to the host MgsCeiointermetallic com-
pound; i.e., the surface-controlled mode is transformed into nucleation- and growth-con-
trolled. The addition of Ni and Y induces a large number of interface channels and nucle-
ation sites [37]. Silver addition by HEBM to Mg:Ni results in the formation of a hyper-
eutectic Mg-Ni-Ag alloy with an increased cell parameter with respect to Mg:Ni, which
facilitates the diffusion of hydrogen atoms, reduces the onset of dehydrogenation and de-
creases its activation energy [38]. Very recently, different nanotube additives added by
ball milling were proved to successfully improve the H-storage performance of Mg-based
systems. For example, when multiwall carbon nanotubes (CNTs) were milled with a Mg-
Ni-La alloy, a significant decrease in the dehydrogenation energy (82 kJ/mol) was ob-
served due to the dispersed distribution of the nanotube sections on the surface of Mg-
based particles [39].

The hydrogenation performance of different non-equilibrium alloys can be signifi-
cantly improved when the material is subjected to a massive severe plastic deformation
technique called high-pressure torsion (HPT) [40—46]. Among the different deformation
methods, HPT exhibits the largest equivalent strain [47]. A MgesNi2CusCeio metallic glass
synthesized by rapid quenching and additional torsional straining by HPT possesses a
reduced dehydrogenation temperature and improved H-sorption kinetics that can be at-
tributed to the interfaces between different nanoglass regions developed during the HPT
process [48]. HPT on a fully amorphous MgesNi2CusY10 glass promotes the nucleation of
deformation-induced MgaNi nanocrystals, which lowers the hydrogen absorption tem-
perature and increases the storage capacity [49]. It was observed that these phenomena
are more pronounced in the most deformed regions of samples [50].

In the current research, an amorphous MgeNi2CusY1o glassy ribbon was produced
by melt spinning. Glassy flakes of the as-quenched ribbon were milled together with 5
wt.% multiwall carbon nanotubes and were subsequently exposed to HPT with different
numbers of whole turns. We demonstrate the structural and thermal stability of these Mg-
based composites against severe shear deformation by HPT and shed light on the effect of
CNT addition on their electrochemical H-storage performance. The aim of this series of
investigations is to demonstrate whether carbon nanotubes can improve the hydrogen
storage performance of Mg-based metallic glass, similar to crystalline alloys.
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2. Materials and Methods
2.1. Sample Preparation

An ingot of the master alloy with a nominal composition of MgesNi2CusY1o0 was syn-
thesized by induction melting under a protective argon atmosphere. The purity of the
constituents was 99.9%. From the ingot, a fully amorphous ribbon (thickness: ~50 um) was
prepared by rapid quenching of the molten alloy using copper single roller planar flow
casting in an inert atmosphere. The tangential velocity of the casting wheel was 40 m/s.
Subsequently, the as-quenched ribbon was reduced to small pieces (flakes) in a special
attritor device, and then these flakes were milled together with 5 wt.% multiwall carbon
nanotubes (Sigma-Aldrich, St. Louis, MO, USA; purity 98%; outer diameter: 6-13 nm;
length: 2.5-20 um) in a stainless-steel vial in an SPEX 8000M mixer mill using ten stainless
steel balls (1/4 in.) at 1425 rpm, with a ball-to-powder weight ratio of 10:1 under a protec-
tive Ar atmosphere. Based on preliminary experiments [45], the total milling time was
selected as 15 min in order to ensure a homogeneous mixture while avoiding unnecessary
damage to CNT sections. Thereafter, the MgesNi=oCusY1o+ CNT mixture was pre-com-
pacted into cylindrical disks with a radius of R =4 mm.

High-pressure torsion of the pre-compacted disks was performed under a 4 GPa ap-
plied pressure at room temperature while simultaneously imposing shear strain through
N =1, N=2 and N =5 whole revolutions with a torsional speed of 1 rot/min. These revo-
lution numbers are typical in the literature. Hereafter, these samples are denoted as
MgNiCuY_CNT_1, MgNiCuY_CNT_2 and MgNiCuY_CNT_5. As a comparison, a disk
without torsion was also tested (N = 0), which is denoted as MgNiCuY_CNT_0. As a ref-
erence, a CNT-free disk tested with N =5 whole turns was also prepared (MgNiCuY_5).
In the applied setup, stainless steel anvils obey a constrained geometry [51]. Further de-
tails of HPT processing are given elsewhere [51]. The final thickness of the strained disks
is about L = 0.8 mm. The accumulated shear strain for torsion deformation at a radius r at
time t can be represented by
w-t-r _ N-r

27 1)

e(r,t) =
(r,0) 7 7

where w is the angular velocity [51]. At the perimeter of our disk samples, the shear strain
can reach extraordinary values, such as ¢(R) = 1200.

2.2. Thermal Characterization

A Perkin Elmer power-compensated differential scanning calorimeter (DSC) was ap-
plied to explore the thermal stability and crystallization behavior of the rapidly quenched
MgesNi2oCusYio ribbon and the deformed HPT disk during continuous heating carried out
at scan rates of 5, 10, 20, 40 and 80 Kmin-'. The corresponding AH crystallization enthalpy
values were determined as the area of exothermic peaks. All measurements were carried
out under a protective Ar atmosphere. The temperature and the enthalpy were calibrated
by using pure In and Al The activation energy (E.) of the crystallization processes was
determined by the Kissinger analysis [52]. As is known, the dependence of the individual
transformation peak temperature (T:) on the heating rate can be given as

ﬁ—ﬁex _Ea’i 2
77, TPURE @

where Z and R are the frequency factor and the gas constant, respectively [50]. Plotting
In(B/T?) vs. Tr! enables the determination of E. for each thermal event from the slope of
the fitted straight line.
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2.3. Structural Characterization

The structures of the as-quenched MgesNi2oCusY1wo glass and the torqued disks were
examined by X-ray powder diffraction. The measurements were carried out on a Rigaku
SmartLab diffractometer using Cu-Ka radiation in 6-20 geometry. The data were col-
lected from 20° to 100° with a step size of 0.01°.

2.4. Transmission Electron Microscopy

The local structure of the most deformed CNT-containing MgNiCuY_CNT_5 disk
was analyzed by high-resolution transmission electron microscopy (HR-TEM). For this
purpose, a THEMIS 200 electron microscope was used at an accelerating voltage of 200
kV. Sample preparation was carried out by cutting out a thin lamella from the HPT disk
(close to the perimeter) via focused ion beam (FIB) in an FEI QUANTA 3D dual-beam
scanning electron microscope. In order to analyze HR-TEM images and to identify the
spatial distribution of crystallites, the fast Fourier transform of the images and the corre-
sponding inverse fast Fourier transform (using Fourier filtering) were produced, respec-
tively. For image processing, the Digital Micrograph (Gatan) software (DigitalMicrograph
3.5, Gatan, Inc., Pleasanton, CA, USA) was used. The elemental distribution of the speci-
men was investigated by energy-dispersive spectroscopy (EDS) built into the TEM device.
High-angle annular dark field (HAADF) scanning transmission (STEM) imaging and line
EDS scans were also carried out to visualize local elemental concentration variations.

2.5. Electrochemical Hydriding

Electrochemical hydriding/dehydriding experiments were carried out in a three-elec-
trode cell with Hg/HgO as a reference electrode and a counter electrode prepared from
Ni mesh. The metal hydride electrode was prepared by mixing the alloy powder (70 mg)
with 100 mg of Teflonized carbon black (VULCAN 72 10%PTFE). Pellets with a diameter
of 10 mm and thickness of about 1.5 mm were obtained by pressing the as-prepared mix-
ture with a pressure of 150 atm. The electrolyte was a 6 M KOH water solution. Electro-
chemical charging and discharging were conducted using a galvanostat/potentiostat at a
constant current density of 50 mA/g and 20 mA/g, respectively. Room temperature and a
cut-off voltage of 500 mV were applied. Two experiments were performed for each sam-

ple.

3. Results and Discussion
3.1. Characterization of the As-Spun Ribbon

The XRD pattern of the as-quenched MgesNi20CusY1o ribbon is characterized by a sig-
nificant halo (2 0~38 deg), which confirms that the alloy is X-ray amorphous (Figure 1).
The corresponding linear heating DSC thermogram exhibits typical features of a metallic
glass, including the glass transition (Tg = 439K), followed by a three-stage crystallization
sequence characterized by Twx = 471 K, T2 = 579 K and Tis = 648 K exothermic transfor-
mations (see Figure 2). The width of the supercooled liquid region obtained as ATx = Tx1,onset
— Tg corresponds to a remarkably high GFA (ATx = 32 K), in accordance with other Mg-
based glasses [24]. The high value of ATx suggests that the undercooled liquid may have
a strong resistance to crystallization either by thermal activation or by SPD. The apparent
activation energy values of the T, Tx2 and Tis crystallization transformations were deter-
mined from the slope of the Kissinger plot (see the inset of Figure 2), and the obtained
values (Esm1 = 210 kJ/mol, Esz1 = 188 kJ/mol and Esrx1 = 312 kJ/mol) also indicate high
thermal stability, with these values being slightly higher than those obtained for
Mgs«CusAgrY11 [24]. The total enthalpy release (AH) corresponding to the multi-step crys-
tallization process is AH =105 J/g.
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Figure 1. X-ray diffraction patterns for as-quenched MgssNi20CusY10 metallic glass and after contin-
uous heating to the indicated temperatures.
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Figure 2. Continuous-heating DSC curve of the as-quenched MgesNi20CusY10 metallic glass obtained
at 20 Kmin™. The inset shows Kissinger plots.

The evolution of the structure during the crystallization process can be inferred from
the corresponding XRD patterns (Figure 1). As one can notice, linear heating above the

glass transition preserves the amorphous nature of the alloy; however, very faint peaks
corresponding to MgzNi (JCPDS 35-1225; a =5.21 A; ¢ = 13.323 A) appear on the halo.
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The complete disappearance of the amorphous background takes place after the first
crystallization event (Tin=525 K), while several crystalline phases develop, such as: Mg-Cu
(JCPDS 02-1315; a=5.273 A; b=9.05 A; ¢ = 18.21 A), Ni (JCPDS 04-0850: a = 3.5238 A), Mg
(JCPDS 35-0821; a =3.2093 A; ¢ =5.211 A), MgNi2 (JCPDS 03-1027; a = 4.815 A; ¢ = 15.80 A)
and MgaYs. As can be seen, the XRD pattern of the Tiin = 610 K state is almost identical to
that of Ti» = 525 K, indicating that no crystalline phase nucleation occurs during the Tx
transformation. The pattern taken at Tiin =750 K reveals the formation of additional phases,
including Cu2Mg (JCPDS 03-0987; a = 6.99 A). However, several low-intensity Bragg peaks
cannot be indexed.

3.2. Characterization of HPT-Treated and CNT-Catalyzed MgssNi2oCusY10

Figure 3 presents an optical micrograph taken on the cross-section of the
MgNiCuY_CNT_5 disk. As can be seen, the HPT disk exhibits a constant thickness
throughout its whole diameter. However, a small material outflow is recognized at the
perimeter. The amorphous alloy shows a featureless, homogeneous microstructure with-

out any detectable cracks, indicating almost full compaction of the glassy flakes into the
bulk disk.

Figure 3. Optical micrograph taken on the cross-section of the HPT disk obtained after N =5 rota-
tions.

The XRD patterns recorded on the surface of HPT disks exposed to uniaxial compres-
sion (MgNiCuY_CNT_0) and varying rotational strains (MgNiCuY_CNT_1,
MgNiCuY_CNT_2, MgNiCuY_CNT_5 and MgNiCuY_5) are reported in Figure 4. Similar
to the as-quenched glass, all deformed specimens possess the same amorphous halo cen-
tered at 20 = 37 deg, while only very faint Bragg peaks of the Mg:Ni line compound su-
perimpose on the amorphous background. The intensity of these peaks slightly increases
with increased torsional straining; however, the amorphous component becomes domi-
nant throughout the whole deformation process. No Bragg peaks corresponding to the
CNT additive are recognized in the pattern. In addition, the MgNiCuY_5 disk probably
exhibits other crystalline phases, such as Mg:Cu and MgCuz, as well. As a consequence,
the CNT-containing MgesNi2CusY1o glass is extremely stable against deformation-induced
devitrification and subsequent crystallization.

In addition to its extreme microstructural stability, the MgessNi=CusY1w glassy alloy
also exhibits remarkable thermal stability against severe shear deformation during HPT,
as confirmed by Figure 5. It is evident from the figure that the continuous-heating DSC
thermograms of the HPT-treated disks are very similar to those of the as-quenched ribbon:
i.e., each measurement presents T; and subsequent Tx1, Tx2 and Txs transformations. At the
same time, the total heat release (AHurr) for the HPT disk monotonously decreases with
the torsion number, and all values are smaller than AH obtained for the rapidly quenched
glass (see Table 1). If we suppose that the total heat release AH corresponds only to the
complete amorphous — crystalline transformation [53], the AHurr/AH ratio should pro-
vide the residual amorphous content of the HPT-deformed disks. Accordingly, the crys-
talline fraction of the partially crystallized state can be written as

AH
_ ZTHPT (3)

=1
n AH



Energies 2022, 15, 5710 8 of 15

O Mg,Ni ® Mg, Y,
OMg,Cu & MgCu,

MgNiCuY_5

MgNiCuY_CNT_§
B

Intensity (a.u)

MgNiCuY_CNT 2

MgNiCuY_CNT 1

MgNiCuY_CNT_0

as-quenched MgNiCuly
Woompmy i " bk

" A w
ey Lk

T T T T T T T T T T T

20 30 40 50 60 70 80
20 (deq)
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Figure 5. Continuous-heating DSC curves corresponding to the as-quenched MgesNi20CusY10 alloy
and CNT-containing HPT disks.

The corresponding 1 values are also listed in Table 1 and presented in Figure 6 as a
function of the torsion number. At first glance, it is evident that severe plastic deformation
promotes the intensive nucleation of nanocrystals from the amorphous matrix. As one can
recognize, the as-pressed MgNiCuY_CNT_0 disk exhibits only 2% extra crystallinity with
respect to the as-quenched state, but 7 increases significantly with the applied torsion
number, reaching a maximum value of  =0.29 for the MgNiCuY_CNT_5 specimen. At
the same time, similar deformation conditions yield slightly smaller crystallinity (n =0.25)
for the CNT-free MgNiCuY_5 alloy. Nonetheless, the massive residual amorphous com-
ponent undoubtedly confirms the high stability of the MgesNi2oCusY1o alloy.
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Table 1. Total exothermic heat release (AHrurr) obtained for the HPT disks and the calculated crys-
talline fraction (1) values.

Sample AHzrr (J/g) ()
MgNiCuY_5 79 0.25
MgNiCuY_CNT_5 74 0.29
MgNiCuY_CNT_2 83 0.2
MgNiCuY_CNT_1 86 0.18
MgNiCuY_CNT_0 103 0.02
As Quenched MgNiCuY 105
—
€ 0.30- MgNiCuY_CNT_5
O
._L:} -
S 0.25 A
- MgNIiCuY 5
QC> 0.20+ MgNiCuY_CNTi1 MgNiCuY_CNT_2
© 0.15-
b
2
= 0.104
@)
0.05 -
1 MgNiCuY_CNT_0
0.004 as-quenched MgNiCuY
I ¥ 1 i I Y I ¥ ) K I
0 1 2 3 4 5

Torsion number N

Figure 6. Crystalline fraction obtained for the different HPT disks as a function of the torsion num-
ber. The continuous line is a guideline for the eye.

In order to resolve the observed discrepancy between the almost fully amorphous
XRD patterns presented in Figure 4 and the reduced amorphous content of the sheared
disks, a comprehensive HR-TEM analysis was conducted on the most deformed
MgNiCuY_CNT_5 sample.

3.3. TEM Study on the MgNiCuY_CNT_5 HPT Disk

Figure 7a presents a typical HR-TEM micrograph of the MgNiCuY_CNT_5 composite
after torsion for N = 5 revolutions. It is seen that the material is dominated by an amorphous
metal matrix. Lattice fringes of tube-shaped and onion-like carbon structures can also be vis-
ualized in the image, which indicates that CNT sections are embedded in this amorphous ma-
trix during SPD processes by HPT. The morphology of the nanotubes suggests severe defor-
mation, since they possess plenty of defects and uneven edges. In the fast Fourier transform
of Figure 7a (see the inset), an amorphous halo can be observed, which confirms the disor-
dered structure of the main component of the MgNiCuY_CNT_5 material. Alongside the halo,
crystalline Fourier maxima corresponding to the Mg:Ni phase are also present, in accordance
with the XRD study (see Figure 4). The diffraction rings of 2 A and 1.43 A can be indexed as
(203) and (215), respectively. By using these two Mg:Ni rings, an inverse Fourier transform
image was constructed that displays the spatial distribution of these Mg:Ni crystals (Figure
7b). Accordingly, crystallites with the size of a few nanometers can be observed in the vicinity
of the carbon nanotubes.
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10'nm

Figure 7. (a) HR-TEM micrograph depicting carbon nanotubes embedded in the amorphous matrix
of the MgNiCuY_CNT_5 disk. The inset shows the corresponding fast Fourier transform indicating
rings of Mg:Ni Fourier maxima. (b) Inverse fast Fourier transform constructed using the 1.43 A and
2 A rings of the FFT image.

The HR-TEM image in Figure 8 shows further evidence of deformation-induced
nanocrystallization: i.e., parallel atomic rows within a diameter of ~30 nm are clearly seen
within a larger crystal. The lattice distance (see inset) matches reasonably well with the d-
value of Mg2Ni.

Figure 8. HR-TEM micrograph of a Mg:Ni crystal embedded in the amorphous matrix of the
MgNiCuY_CNT_5 composite. The inset shows a magnified view of the lattice fringe.

A supplementary EDS analysis was also carried out on the MgNiCuY_CNT_5 disk
to check for elemental inhomogeneities, which would occur as a result of the precipitation
of crystalline phases. The HAADF STEM image in Figure 9a depicts the location of the
measurement, which was performed along the line marked by a green arrow. The contrast
differences observed in the image already indicate local inhomogeneities. The variation in
the measured atomic fractions of the constituting elements along the selected line can be
observed in Figure 9b. It is seen that the atomic fractions of Mg and Ni vary significantly
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Mg/Ni realtive atomic fraction

along the line, and their respective values are lower and higher than their nominal com-
positions (65 at.% and 20 at.%, respectively). It is noted that the systematically lower con-
centration of Mg (55 at.%) in positions ranging from 60 to 170 nm might be explained by
its unavoidable evaporation during the synthesis of the as-quenched glass. There is also
some fluctuation in the atomic fraction of Y, but the average value is close to the nominal
one (10 at.%). On the other hand, the atomic fraction of Cu is fairly constant along the
marked region; nevertheless, its content is significantly higher than in the as-quenched
glass (5 at.%). The increased amount of Cu can be explained by contamination (back sput-
tering) from the TEM lamella sample holder, which occurs during the thinning process.
Changes in the local concentrations of Mg and Ni can be better understood by examining
the ratio of their atomic fractions (see Figure 9¢). It is clearly seen that the measured area
is enriched in Ni relative to Mg as compared to their nominal ratio (marked by the dashed
line). The remarkably higher Ni concentration on the left-hand side of the selected area
coincides with the brighter area in Figure 9a, which corresponds to a higher average
atomic number. These observations also support the formation of deformation-induced
Mg:Ni nanocrystals embedded in the residual amorphous matrix.
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Figure 9. (a) HAADF image of the MgNiCuY_CNT_5 disk. The arrow indicates an EDS line meas-
urement. (b) Atomic fractions of the constituting elements along the line marked in (a). (c) Relative
atomic fractions of Mg and Ni along the line marked in (a); the dashed line indicates the nominal
composition.
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3.4. Electrochemical Experiments

In order to reveal the hydrogen storage performance of severely deformed amor-
phous MggsNi2CusYio alloy, electrochemical charge/discharge experiments were carried
out at room temperature on the HPT disks. Figure 10 illustrates that all samples containing
CNTs exhibit activation after a couple of full charge/discharge cycles, reaching steady-
state values of 24-25 mAh/g. These values are slightly lower than those recently obtained
for an as-cast Mg-Ni-Cu-La alloy [54]. At the same time, the CNT-free MgNiCuY_5 alloy
has a relatively low capacity (<10 mAh/g) over several cycling numbers. Since the capacity
of the samples without CNT is substantially lower than that of the samples with CNT, it
indicates that CNT plays a key role in the discharge process of Mg-based glasses subjected
to severe plastic deformation. As can be seen, MgNiCuY_CNT_0, MgNiCuY_CNT_1 and
MgNiCuY_CNT_2 disks reveal a rather similar charge/discharge behavior upon cycling,
which might correspond to the similar microstructure obtained in the XRD studies. Inter-
estingly, the most deformed HPT disk (MgNiCuY_CNT_5) shows a slightly lower capac-
ity up to eight cycles, which is followed by a clear breakdown. In our opinion, this phe-
nomenon might be related to the increased density of more damaged CNTs (see Figure
7), which suggests that the best hydrogen absorption performance is associated with the
optimal morphology and length of the nanotubes, as was also confirmed for other Mg-
based hydrogen absorbing systems [45].

N
(&)
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] —A—MgNiCuY_CNT_N2
—O— MgNiCuY_CNT_N1
—— MgNiCuY_CNT_NO
—>— MgNiCuY_N5

N
o
1
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Capacity (mAh/g)

1 2 3 4 5 6 7 8 9 10
Cycle number

Figure 10. Electrochemical hydriding of MgNiCuY HPT disks.

4. Conclusions

An amorphous MgesNi2CusY1w metallic glass with light weight was produced by
melt spinning. Amorphous glassy flakes of the as-quenched ribbon were milled together
with 5 wt.% multiwall carbon nanotubes and were subsequently exposed to high-pressure
torsion with different numbers of whole turns. Complimentary XRD and DSC experi-
ments confirmed the exceptional structural and thermal stability of the glass against the
severe plastic deformation generated during HPT. Nevertheless, combined HR-TEM ex-
periments and fast Fourier transform analysis carried out on the most deformed
MgNiCuY_CNT_5 disk revealed the formation of deformation-induced Mg:Ni nanocrys-
tals a few nanometers in size embedded in the amorphous matrix. At the same time, lattice
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fringes of tube-shaped and onion-like carbon structures confirmed the structural and mor-
phological stability of the CNT sections. The variation in the atomic fractions of the con-
stituting elements determined by HAADF STEM indicated that some regions are enriched
in Ni, in accordance with the formation of Mg:Ni nanocrystals. The electrochemical hy-
drogen absorption capacity of the HPT-deformed disk containing no nanotubes
(MgNiCuY_5) was substantially lower than that of the samples with the CNT additive for
several cycles, which confirms that nanotubes play a crucial role in the absorption of hy-
drogen by Mg-based glasses subjected to severe plastic deformation. It was also estab-
lished that the most deformed MgNiCuY_CNT_5 disk exhibited a clear breakdown in the
electrochemical capacity after eight cycles, which suggests that there exist an optimal mor-
phology and length of the nanotubes.
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