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Abstract: Recent studies showed that structural changes in amorphous alloys under high pressure
torsion (HPT) are determined by their chemical composition and processing regimes. For example,
HPT treatment of some amorphous alloys leads to their nanocrystallization; in other alloys,
nanocrystallization was not observed, but structural transformations of the amorphous phase
were revealed. HPT processing resulted in its modification by introducing interfaces due to the
formation of shear bands. In this case, the alloys after HPT processing remained amorphous, but a
cluster-type structure was formed. The origin of the observed changes in the structure and properties
of amorphous alloys is associated with the chemical separation and evolution of free volume in the
amorphous phase due to the formation of a high density of interfaces as a result of HPT processing.
Amorphous metal alloys with a nanocluster structure and nanoscale inhomogeneities, representatives
of which are nanoglasses, significantly differ in their physical and mechanical properties from
conventional amorphous materials. The results presented in this review show that the severe plastic
deformation (SPD) processing can be one of the efficient ways for producing a nanocluster structure
and improving the properties of amorphous alloys.

Keywords: high-pressure torsion; severe plastic deformation; bulk metallic glass; transmitting
electron microscopy; X-ray diffraction; differential scanning calorimetry; free volume

1. Introduction

Amorphous alloys are one of the most attractive areas of modern materials science [1–7].
Amorphous metals and alloys are usually produced by melt quenching at typical rates of ≥106

К/s down to temperatures of 0.2–0.3 Тmelt (Тmelt is the melting temperature), at which diffusion
and crystallization processes are suppressed [1–4]. The advanced functional properties (mechanical,
magnetic, corrosion, etc.) of amorphous materials promoted active research in this field. In recent
years, the fabrication of the so-called “bulk metallic glasses” (BMGs) [4,5] has been a developing area
of research. BMG compositions are selected in such a way that an amorphous structure can be obtained
even at cooling rates of 102 К/s, and this enables producing bulk amorphous samples with a diameter
of up to several centimeters.

High tensile strength, large elastic strain limit, high hardness, low friction coefficient, good resistance
to corrosion, and wear provide great potential for various commercial applications of amorphous
alloys [6,7]. Amorphous alloys with unique soft magnetic properties are widely used [6,7]. The atomic
structure of metallic glasses determines their mechanical properties. In particular, their tensile strength
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and yield stress are higher in comparison to their crystalline counterparts. For example, yield stress
reaches 2 GPa for Cu-, Ti-, and Zr-based BMGs, 3 GPa for Ni-based, and 4 GPa for Fe-based alloys [8].

The combination of high strength, good corrosion resistance, and reduced elastic modulus
provides a promising outlook for amorphous materials for medical equipment and implants, including
biodegradable CaMg-based implants [9].

Unfortunately, amorphous materials exhibit extremely low tensile ductility, since their deformation
occurs via the formation and propagation of shear bands (SBs), and they fracture catastrophically
along the very first SB [1,2]. In this regard, numerous attempts have been made to find a way to
improve the ductility via structural modifications of amorphous alloys [10–14]. The main idea of
these routes is to form SBs in amorphous phases preliminarily or to obtain amorphous structures
consisting of nanoclusters [13]. Preliminary deformation by compression, cold rolling, etc., enables
increasing the ductility and other service properties of amorphous alloys [10–12] due to the nucleation
of secondary SBs and branching of SBs. However, conventional thermomechanical treatment does not
allow producing large strains in the case of brittle amorphous materials. A promising way to introduce
high strain and, therefore, a high density of structural defects into amorphous solids is the use of
severe plastic deformation. Severe plastic deformation (SPD) is a group of metal-working techniques
involving very large strains under high pressure [15,16]. In crystalline materials, they result in the
formation of “ultrafine” grains (UFG) (d < 500 nm) or nanocrystals (NC) (d < 100 nm) [15,16]. Among
various SPD methods, high pressure torsion (HPT) is especially interesting as it can be readily applied
for brittle and hard-to-deform materials [15,16].

There are many research groups actively involved in studying the effect of HPT processing on
amorphous alloys. In particular, the following groups can be identified: Zhilyaev and Langdon [16,17];
Kovács et al. [18–20]; Boucharat and Wilde [21]; Pippan [22]; Zhu [23], Meng [24]; Glezerand Sundeev [25–27];
Edalati and Horita [28,29]; Aronin and Abrosimova [30–32]; Czeppe and Korznikova [33–35]; and other
groups. It is worth noting that the effect of HPT processing on amorphous alloys was examined in the
section of the book [16], and also quite recently (in 2019), an extensive overview was published on this
topic [36]. However, the topic of the effect of HPT processing on amorphous alloys is very broad, and it
contains many subtasks; the present review will be interesting for the audience as well. We should note
that the author Valiev is a pioneer in the research areas on SPD processing, including HPT processing, of
metallic materials for producing a nanocrystalline state [15,37,38], and a leading expert in this field. He and
Gunderov, together with other co-authors, conducted one of the first studies on the effect of HPT processing
on amorphous alloys [39–48], and since then, they have performed quite many studies in this area. In this
connection, the present review includes, in the first place, the research results obtained by its authors.

In recent years, the influence of HPT processing on amorphous alloys has been investigated in
numerous publications [41,47,49–60]. It has been shown that in amorphous alloys of certain chemical
compositions, SPD processing leads to partial nanocrystallization [41,51–54]. In amorphous alloys of
some other compositions, nanocrystallization during SPD is not observed; however, SPD processing
leads to the creation of an extremely high density of SBs in the amorphous matrix and the formation of
internal heterogeneity in the amorphous structure [24,50,57]. The produced materials significantly
differ in their physical and mechanical properties from amorphous materials with a homogeneous
structure. In particular, the formation of internal heterogeneities in the amorphous structure leads to
changes in the magnetic, electrical, mechanical, and other properties of alloys. The aim of this review is
to present and analyze the effect of SPD processing on the atomic structure of amorphous alloys, their
properties, internal energy, and the relaxation processes during heating, as well as the crystallization
kinetics of amorphous alloys during subsequent annealing.

2. Atomic Structure of Amorphous Alloys Subjected to SPD

HPT processing results in extremely high densities of shear bands in the amorphous matrix [50].
In general, the spacing between adjacent shear bands is found to be reduced with increasing plastic
deformation. In [50], Au49Ag5.5Pd2.3Cu26.9Si16.3 BMG samples were deformed using the HPT technique,
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under a quasi-hydrostatic pressure of 6 GPa with five revolutions (n = 5) [50]. A modulated structural
feature with a large number of shear bands is visible in SEM and TEM micrographs for the cross-section
of the HPT-treated samples (Figure 1a,b). The spacing between the shear bands is about 50–100 nm [50].
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Figure 1. (a) SEM and (b) TEM images of a cross-section through the Au49Ag5.5Pd2.3Cu26.9Si16.3

bulk metallic glass (BMG) after high pressure torsion (HPT), revealing a high density of shear bands
(reprinted from [50], with permission from Elsevier).

It was also shown that after the high-energy ball milling of the Zr70Cu20Ni10 metallic glass,
the spacing between the shear bands ranged from 30 to 70 nm [61].

The introduction of shear bands using SPD has a significant effect on both the microstructure
and atomic structure of metal glasses [41,50–55]. According to some works, excess free volume is
accumulated in shear bands in BMGs formed at ambient temperature [62,63]. Hence, the high density
of shear bands increases the free volume of an amorphous alloy.

Some other studies have shown that the structure of shear bands is heterogeneous [64,65] and,
for example, in the bulk Pd40.5Ni40.5P19 metallic glass, is probably a multilayer heterogeneous structure.
It was concluded [65] that the observed inhomogeneous structure of shear bands can be associated
with both short and medium ordering in a glassy system. In the study [64], a quantitative analysis
showed variations in the local specific volume and local average order for different shear bands and
even for different parts of the same shear band. Thus, the shear band differs in excess volume and in
the local atomic order from the structure of the surrounding amorphous matrix, and the structure of an
amorphous material after SPD is a composite of shear bands and the amorphous material between
them [66]. Furthermore, under SPD, in the amorphous phase surrounding the shear bands, complex
processes associated with the flow and transformation of point defects also occur [67]. As a result,
the entire volume of the material transforms in a complicated manner under SPD.

The transformation path of the amorphous structure depends on the composition of the amorphous
alloy and the SPD processing regimes. Among the interesting phenomena observed in amorphous alloys
of some compositions is nanocrystallization during SPD processing at room temperature [41,51–54].
In a series of earlier publications, it was shown that nanocrystallization in the amorphous phase occurs
under deformation [66–69]. In these works, the formation of separate nanocrystals in shear bands
during deformation by upsetting, stretching, or microindentation was revealed. For the first time,
nanocrystallization of the amorphous alloys during HPT was observed in the work [49,52]. We should
note that whereas during conventional deformation, nanocrystallization was observed in only a small
amount of the amorphous material in the shear bands, nanocrystallization during HPT was observed
throughout the entire volume of the amorphous samples.
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In a series of studies [41,42,49,51–54,70], nanocrystallization during HPT of initially amorphous
melt-spun (MS) Nd12Fe82B6, Nd9Fe84B7 ribbons was investigated. In [52], the amorphous MS
Nd12Fe82B6 alloy ribbons were subjected to SPD by HPT at room temperature under a pressure of
P = 5 GPa. As a result of this processing, monolithic 100%-density disc samples having a diameter of
10 mm and a thickness of 0.2 mm were produced from the initial ribbons. TEM investigations showed
that the amorphous structure (Figure 2a) was typical for the initial MS Nd-Fe-B alloy. No crystallites
were observed in the bright- or dark-field images, and the selected area electron diffraction (SAED)
pattern showed diffusive rings typical for amorphous alloys [49]. Despite this, the structure of the
initial alloy was not completely homogeneous, because magnetic measurements revealed a certain
amount of crystalline phases of Nd2Fe14B and α-Fe.
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Figure 2. TEM images and SAED patterns for the Nd12Fe82B6 alloy: (a) the initial melt-spun (MS) state,
dark-field image; (b) dark-field image in α-Fe reflex after HPT ϕ = 16π [49].

After HPT, the microstructure of the alloy changed considerably. In the SAED pattern, one may
observe the appearance of the diffraction rings of the nanocrystalline α-Fe phase (Figure 2b). Particles
of this phase of about 10 nm in size are clearly seen in the dark-field TEM images (Figure 2b) [49].

A change in the phase composition after HPT is also reflected by a change in the temperature
dependences of the specific magnetization σ(T). Figure 3a shows the σ(T) dependence for the Nd12Fe82B6

alloy in the initial MS state and after HPT. The MS state demonstrates a sharp decrease in magnetization
during heating from 20 ◦C to 180 ◦C. Since the Curie temperature (Tc) of the amorphous Nd-Fe-B
phase is about 200 ◦C, this behavior of the σ(T) dependence points to a large amount of the amorphous
phase in the initial MS alloy [52]. Another small kink in this curve at a temperature of 300 ◦C indicates
the presence of the Nd2Fe14B phase with Tc equal to 310 ◦C [71]. A drop in magnetization down
to zero takes place at a temperature of about 770 ◦C and is related to the transition of α-Fe into the
paramagnetic state. Thus, in the initial alloy, there are some amounts of the Nd2Fe14B and α-Fe phases,
except for the basic amorphous phase.

All the phases contained in the alloy are ferromagnetic at room temperature, and their volume
fractions can be evaluated approximately, assuming the additive contribution of the phases into the
total magnetization:

σ = σTVT + σFeVFe + σAVA; VT + VFe + VA = 1, (1)

where σT, σFe, σA are the values of magnetization at 20 ◦C and VТ, VFe, VA are the volume fractions of
the Nd2Fe14B, α-Fe and amorphous phases, respectively. The σFe and σT values are equal to 220 and
100 Am2/kg for the measurement field H = 9 kOe (716.2 kA/m) [68]. The calculations of the alloy phase
composition are presented in Table 1 [49].
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Figure 3. Temperature dependence of magnetization σ for: (a) the Nd12Fe82B6 alloy in the rapidly
quenched (RQ) state and after HPT n = 5 [49]; (b) the MS Nd9Fe85B6 ribbons and samples after high
pressure torsion deformation (HPTD) n = 1, n = 3, n = 5, n = 8; inset: the volume fraction of Fe for
different numbers of revolutions (reprinted from [52], with permission from Elsevier).

The dependence of σ(T) for the MS alloy after HPT changed significantly (Figure 3a).
The contributions of Nd2Fe14B and amorphous phases to the total magnetization decreased, and the
contribution of α-Fe increased greatly. This testifies to a decrease in the content of the amorphous and
Nd2Fe14B phases and an increase in the content of the α-Fe phase up to 25%, or almost 10-fold (see
Table 1). Therefore, TEM, XRD, and magnetic studies testify that the HPT of the amorphous MS NdFeB
alloy leads to the nanocrystallization of α-Fe to the enrichment of the amorphous phase with Nd [49].

It is interesting to note that the Nd2Fe14B phase is decomposed into amorphous and α-Fe phases
in the same way as occurs during the HPT of the cast Nd-Fe-B alloys [72–76].

In [52], the high-pressure torsion deformation of the MS Nd9Fe85B6 ribbons was performed,
varying the number of revolutions, n, from n = 1 to n = 8. Figure 3b shows the results of thermomagnetic
analysis of the MS Nd9Fe85B6 samples in a different state. The initial ribbons contained about 85% of
the amorphous phase, 12% of the Nd2Fe14B phase, and 3% of the bcc Fe-based phase. With increasing
deformation rate to n = 3, the weight fraction of α-Fe increases to 40%, while that of the amorphous
phase decreases (see Table 1). As the inset shows (Figure 3b), an increase in the HPT rate above n = 3
does not lead to a further increase in the volume fraction of α-Fe.

Table 1. Phase composition of the Nd12Fe82B6 and Nd9Fe85B6 alloys in the initial MS state and after
HPT [49,52].

State Amorphous Phase, vol. % Nd2Fe14B, vol. % α-Fe, vol. %

Nd12Fe82B6 alloy

MS 83 14 3
MS + HPT n = 5 65 10 25

Nd9Fe85B6 alloy

MS 83 15 2
MS + HPT n = 1 74 14 12
MS + HPT n = 3 45 13 42
MS + HPT n = 5 45 13 42
MS + HPT n = 8 47 12 41
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Thus, the HPT processing of the amorphous MS Nd9Fe85B6 and Nd12Fe82B6 alloys leads to the
same structural transformation. According to the XRD and thermomagnetic analyses, HPT processing
leads to the decomposition of the amorphous phase and the formation of α-Fe nanocrystals. HPT leads
to the decomposition of the initial crystalline phase of Nd2Fe14B into nanocrystalline α-Fe and the
amorphous phase enriched with Nd. With a further increase in strain (more than three revolutions),
the amount of nanocrystalline α-Fe remains nearly unchanged: 40% for Nd9Fe85B6 and 25% for
Nd12Fe82B6. Thus, there is certain strain, which corresponds to the stabilization of the structural state
of the MS Nd9Fe85B6 alloy. It should be noted that a similar stabilization of grain size and phase
composition is also observed in crystalline materials [16].

The amorphous phase, which is formed by the HPT processing, is enriched in Nd in comparison
with the overall amount of Nd in the alloy. An increase in the amount of Nd in the alloys results in an
increase in the amount of the amorphous phase, which is formed by the HPT processing, in comparison
with the amount of the α-Fe phase. It was shown by computation that the chemical composition of
the amorphous phase is close to the equiatomic one: Nd 50% and Fe 50%. Thus, for Nd-Fe-B alloys,
the chemical composition of the amorphous phase, produced by the HPT processing, weakly depends
on the chemical composition of the initial alloy.

In [54], the structural evolution of amorphous Nd9Fe85B6 subjected to HPT at room temperature
was studied by measuring positron lifetimes. The study also included the determination of Doppler
broadening of positron-electron annihilation photons.

Analysis of positron lifetime measurements showed the following. The ratio curve of pure
defect-free Fe gives a horizontal line (Figure 4b). The curve of the freshly prepared MS Nd9Fe85B6 alloy
(in the region pL ≥ 20 × 10−3 m0c) lies between the curves of defect-free pure Nd and Fe and differs
greatly from the curve of pure Bor. The analysis shows that the chemical environment surrounding
the structural free volumes (V) in the freshly prepared alloy MS Nd9Fe85B6 is enriched in Nd and
Fe atoms [54]. After HPT, the MS alloy curve moves to the line of defect-free pure Fe (horizontal
line). This indicates that vacancy-type defects generated by HPT are mainly surrounded by Fe atoms.
This clearly indicates the enrichment of the residual amorphous matrix with Fe atoms.
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Figure 4. (a) Coincident Doppler broadening spectra: as-prepared (Am) MS Nd9Fe85B6; HPTD-processed
MS Nd9Fe85B6; on defect-free pure Nd, Fe, and B at RT. These spectra are plotted after area normalizing
processing. (b) Ratio curves of the coincidently measured Doppler broadening spectra (Am) MS Nd9Fe85B6;
HPT MS Nd9Fe85B6; pure Nd, Fe, and B (at RT). All spectra are normalized to the spectrum of pure Fe
(horizontal line). The shape of the ratio curve indicating that the HPT-induced vacancy-type defects are
dominantly surrounded with Fe atoms (reprinted from [54], with the permission of AIP Publishing).

The following scheme was proposed in [54]: during HPT, the vacancy-type defects are induced in
the amorphous phase, and deformation leads to the predominant association of Fe atoms with defects
of the vacancy type and increases the mobility of Fe atoms. This contributes to the enrichment of some
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forms of amorphous matrices with Fe atoms and significantly reduces the crystallization activation energy.
As a result, large-scale α-Fe nanocrystallization occurs during HPT treatment at room temperature.

The influence of HPT processing on the amorphous structure of MS Ni44Fe29Co15Si2B10 was
investigated in [77]. The HPT processing was performed under a pressure of 5 GPa through different
numbers of revolutions (from 0.5 to 8) at temperatures of 293 and 77 K. Nanocrystallization under
HPT at temperatures of 293 and 77 K is observed for this material. Nanocrystallization leads to the
formation of the γ-phase (face-centered cubic) in the initial amorphous phase of Ni-Fe-Co alloys [77].
Both heterogeneous deformation through the shear bands and nanocrystallization in shear bands are
observed in amorphous Ni44Fe29Co15Si2B10 at the initial stage of HPT (for the 1st revolution). According
to this work, a further increase in strain results in a change in the deformation mechanism. Shear
bands are no longer observed. Instead of shear bands, a homogeneous distribution of nanoparticles of
the crystalline phase with an average size up to 10 nm is observed. It was suggested that an increase
in the number of revolutions (more than one) results in delocalization of the plastic flow overall
and in shear bands in particular. It seems that the process of plastic deformation was transformed
into a quasi-homogeneous one. This type of plastic flow corresponds to the deformation behavior
of amorphous alloys at high temperatures, close to the glass transition temperature. In this case,
the effects of a local temperature increase, which correspond to the shear deformation, are observed
throughout the entire volume of the deformed material. The formation of the crystalline phase occurs
not in localized shear bands, but in the entire volume.

As mentioned before, during the traditional deformation of amorphous alloys, nanocrystallization
was observed in the areas of localized deformation in shear bands [66–69]. During SPD processing,
nanocrystallization takes place in the entire volume of the deformed sample. This is due to a very
high degree and high homogeneity of deformation during SPD. The mechanism of nanocrystallization
is still unclear. Many studies show that during traditional deformation, this process is athermal in
nature [66,69]. On the other hand, in [66], an assumption was made that the formation of nanocrystals
in shear bands occurred due to the diffusion enhancement, which appeared as a result of defects
produced by deformation of the amorphous alloy rather than due to adiabatic heating in local areas.
This assumption seems to be well grounded, but the following should be noted. As we have found,
α-Fe crystals are formed in an amorphous Nd-Fe-B alloy during HPT. As was revealed in [78], α-Al
nanocrystals were formed during deformation of amorphous Al-based alloys. It appears that for these
alloys, nanocrystallization during HPT is accompanied by decomposition of the amorphous alloy
with the formation of nanocrystals of the main metal, whereas the neighboring areas become enriched
with alloying elements. The decomposition of the amorphous phase with further consolidation of the
main element in nanofields is observed prior to nanocrystallization. The phenomenon of a similar
decomposition of alloys during ball milling was recently discussed in [79]. As was shown in [79], HPT
processing can induce local redistribution of elements in alloys, as well as changes in the concentration
of the main element in nanofields due to the formation of vacancy flows.

The following explanation of the observed effect was proposed [58]. The temperature of
nanocrystallization of pure metals decreases significantly with a decrease in grain size; for the nanostructured
state, nanocrystallization occurs at temperatures of 0.25 Tmelt [16,31,80]. Moreover, due to the high values of
the driven force of nanocrystallization, the crystallization temperature of amorphous films of pure metals
(Fe, Ni) produced by deposition on a cold substrate is about 4 K [80]. Due to the relative simplicity of
the crystalline lattice of a pure metal, the lattice can be easily restored, since to move adjacent atoms to
the positions of the crystalline nodes, it is sufficient to move them to distances shorter than atomic radii.
This process does not require diffusion activity. Thus, the crystallization of clusters with an increased
concentration of the main metal formed during SPD occurs at room or even lower temperatures [58].

It was assumed [77] that with a local temperature growth, high values of local stresses cause
crystallization, otherwise it would be difficult to explain the events of nanocrystallization that
were observed at cryogenic temperatures (77K) [77]. It has been suggested that stress induces
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temperature-dependent processes: high values of stresses lead to the lowest temperature value of the
temperature-activated process of crystallization.

The following hypothesis was proposed to explain the processes of stabilization of the structural
state under HPT-induced nanocrystallization: the formation of crystals occurs during the processing,
not after its completion [58,77]. During the HPT processing, nanocrystals are formed in the amorphous
phase, and they affect the processes of further deformation. The crystallites interact with the newly
formed shear bands in the amorphous matrix. As a result, the generation and accumulation of
dislocations inside the crystallites occur. The highest dislocation density will obviously be near
the border of the crystallite/amorphous matrix, where the interaction between the shear bands and
crystalline boundaries will be the most active [77]. At some point (the moment of the highest dislocation
density in the frontier zone), the frontier zone or even the entire crystalline particle spontaneously
goes into the amorphous state due to the minimum of the free energy of the amorphous state in
comparison with the high-defective crystal, that is the stress-induced process of crystals “dissolution”
in the amorphous matrix will occur. Very small crystalline particles (less than 10 nm) are not able to
accumulate dislocation-type defects [81]. Therefore, the nanocrystalline particles of the amorphous
matrix smaller than 10 nm will not be dissolved under HPT processing because they will effectively
push dislocations at the interface and remain defect-free. In other words, nanocrystals with a size less
than 10 nm, arising in the amorphous matrix either directly upon crystallization in shear bands or under
partial deformation “dissolving” of larger crystallites, will have structural stability during further
stages of HPT processing. Thus, a new amorphous-nanocrystalline state, stable in the conditions of
deformation, is formed. Based on the foregoing, it is easy to explain the fact that in all the studies,
in which the process of crystal formation during the SPD of amorphous alloys was studied, the crystals
were always nanoscale, i.e., only nanocrystallization was observed, and relatively large crystals were
never observed [77].

Complex structural transformations take place during HPT in the amorphous MS Ti50Ni25Cu25 alloy.
According to [41,51], during the HPT processing of this alloy, very small (about 3 nm in size) nanocrystals
of the B2 (Ti2NiCu) phase similar to the composition of the amorphous phase are formed, and the volume
fraction of nanocrystals is probably not large. However, in addition to some nanocrystallization in the
Ti50Ni25Cu25 alloy during the HPT processing, other transformations of the structure and, consequently,
the properties of this alloy took place. In the studies [55,56], the microstructure of the amorphous MS
Ti50Ni25Cu25 ribbons subjected to HPT was investigated. HPT processing was performed for up to
10 revolutions under a pressure of 6 GPa at room temperature (RT) and at a temperature of 150 ◦C. As a
result, solid samples with a thickness of 0.2–0.3 mm and a diameter of 10 mm were produced from
the initial MS ribbons. According to the XRD and SAED patterns, the structure of the HPT-processed
samples, as well as that of the initial MS ribbons was amorphous [55]. The bright-field image of the
initial Ti50Ni25Cu25 alloy exhibits in this case the characteristic “salt-pepper” contrast, which is typically
observed in amorphous materials. Figure 5b shows a TEM image of the MS alloy subjected to HPT at RT.
The SAED pattern contains an amorphous halo. In the bright-field image, brighter and darker regions
with a size of about 20 nm can be distinguished [55].
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Figure 5. TEM images of the MS Ti50Ni25Cu25 alloy: (a) the initial MS state, bright-field image, SAED
pattern; (b) HPT at T = 20 ◦C, bright-field image, SAED pattern, (c) HPT at T = 150 ◦C, bright-field image,
SAED pattern; the dashed lines encircle the dark and bright regions (“clusters”) in the microstructure [55].
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Similarly, the SAED pattern from the sample subjected to HPT at 150 ◦C contains an amorphous
halo. The microstructure exhibits the following features observed using TEM (Figure 5c). Dark regions
(“clusters” with a size of about 40 nm) become visible in the bright-field image (Figure 5c). These “clusters”
are separated from each other by thin brighter interfaces, and they also have internal contrast. Small
nanocrystals of the B2 phase about 3 nm in size in HPT-processed MS Ti50Ni25Cu25 are observed in the
dark-field TEM image. However, the size of nanocrystals is much smaller than the size of clusters visible
in the bright-field image. Thus, it follows that nanocrystals and clusters are different structural elements.

Hence, the observed contrast in the TEM bright-field micrographs differs for the samples in
different conditions: for the initial amorphous ribbons, for the MS alloy after HPT at 20 ◦C and after
HPT at 150 ◦C, suggesting that the structure of the material depends on the temperature of deformation.
Moreover, these “clusters” represent some kind of amorphous structure. This contrast could be the
result of the existence in the amorphous phase of regions with a reduced free volume (bright regions,
bright boundaries) and with an enhanced free volume (dark regions).

During the HPT processing of a number of other amorphous alloys, nanocrystallization was not
observed [24,50,57,58]. The influence of HPT on the Au49Ag5.5Pd2.3Cu26.9Si16.3 BMG samples was
investigated in [50]. The atomic structure of the as-cast and SPD-treated specimens was analyzed by X-ray
diffraction using a synchrotron radiation source at the BW5 station of HASYLAB. From X-ray diffraction
analyses, the structure factor, S(q), and the pair distribution function (PDF), g(r), were deduced [82].

Investigation by X-ray diffraction using the synchrotron radiation detected the difference in the
pair distribution function between the as-cast and SPD-treated Au-BMG samples recorded at ambient
temperature and in a supercooled liquid state at a temperature of approximately 10 K below the onset
of crystallization, Tx. As was shown in [50], the SPD treatment leads to the rearrangement of atoms in
the BMG, e.g., atoms that were originally located in the first, second, and following nearest neighbor
shells are displaced into the space between these shells. Consequently, the degree of short-range order
(SRO) of atomic arrangements in the SPD-treated sample was reduced. This corresponds to an increase
in free volume of approximately 0.6% and, consequently, to an increase in the lattice strain of about
0.2%. This implies that shear strain is mostly accumulated in high-density shear bands rather than
between atoms. The differences in the atomic structures between the SPD-treated and as-cast BMGs is
preserved even in the supercooled liquid region [50].

Comparing the PDFs for the as-cast samples with the SPD-treated below and/or above Tg, one
can conclude that the temperature-dependent structural changes detected in the SPD-treated sample
are weaker than those in the as-cast sample. These results indicate that the SPD-treated sample is
relatively unstable at room temperature and during annealing, but it experienced less structural changes
when it was heated at 2.5 K·min−1 up to the supercooled liquid (before crystallization). Thus, a new
amorphous structure in the Au-based BMG formed as a result of HPT, consisting of an amorphous
phase with high-density shear bands and a lower degree of short-range order [50]. The HPT processing
of Au-based BMGs leads to the formation of a nanoglass-type structure with a reduced density and
modified physical properties [83,84].

Thus, HPT can lead to complex structural modifications of the amorphous state even without
nanocrystallization of the amorphous phase. Herewith, it can lead to the formation of a high
density of shear bands, where the spacing between the bands is about 50–100 nm [50]. In other
works [24,41,52–57,85], shear bands were not observed in the amorphous structure after HPT processing.

As mentioned earlier, in [77], it was shown that under HPT for the number of revolutions >1,
the process of plastic flow became quasi-homogeneous. For some cases, TEM showed the formation of
a cluster structure. For MS TiNiCu- and Zr-based BMGs, deformation proceeds through the formation
of a high density of shear bands, which disappear in the final stages.

Therefore, it is possible to propose the following model of the transformation of an amorphous
structure in MS TiNiCu during SPD. In the first stage, in initial amorphous structure of primary SBs
appears, and the spacing between the SBs is several thousand nanometers (Figure 6). In the second
stage, the subsequent increase in strain leads to the formation of secondary bands, with the spacing up
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to one hundred nanometers. Perhaps, in the third stage, a partial redistribution of the free volume and
relaxed atoms in the amorphous state after SPD takes place, and a nanoglass-type structure is formed.
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Figure 6. The proposed model of the transformation of the amorphous structure during SPD: (a) initial
amorphous structure; (b) appearance of primary shear bands (SBs) under a low strain; the spacing
between the SBs is several thousand nanometers; (c) subsequent increase in strain leads to the formation
of secondary bands, with the spacing up to one hundred nanometers; (d) relaxed amorphous state after
SPD (inset: enlarged view).

It is necessary to say a few words about the structure and properties of nanoglasses produced by
the bottom-up technology.

Recent studies have revealed methods to introduce microstructural defects in the form of glass-glass
interfaces into the homogenous structure of a glass so that amorphous solids result with microstructures
that are comparable to the microstructures of polycrystalline materials. About 20 years ago, Herbert
Gleiter and his group developed the idea of nanoglasses, in which nanometer-sized clusters with an
amorphous structure comparable to the one of the corresponding melt-cooled glasses wre connected by
interfaces with reduced atomic densities [83,84,86,87]. This idea may be understood by comparing the
microstructure of nanoglasses with the microstructure of nanocrystalline solids. It is well known that
one way of introducing a high density of interfaces into crystals is by consolidating nanometer-sized
crystals with identical (Figure 7c) or different (Figure 7d) chemical compositions.
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Figure 7. The analogy between the defect and the chemical microstructures of nanocrystalline materials
and nanoglasses: (a) Melt of identical atoms and (b) a single crystal. The defect microstructure (c) and
chemical microstructure (d) of nanocrystalline materials are compared with the corresponding defect
microstructure (g) and the chemical microstructure (h) of nanoglasses. (f) displays the glassy structure
obtained by quenching the melt shown in (e) (reprinted from [86], with permission from Elsevier).

Nanoglasses are based on the idea [83,84,86–91] of applying analogous approaches for creating
glasses with controllable defect microstructures in the form of interfaces between adjacent glassy
regions with identical or different chemical compositions. Again, if we start from a melt consisting of
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one kind of atom only (Figure 7e), a glass may be obtained by quenching the melt with a sufficiently
high cooling rate (Figure 7f). By analogy to Figure 7c, it is proposed to introduce a high density of
glass–glass interfaces by consolidating nanometer-sized glassy clusters (Figure 7g) with identical or
different chemical compositions (Figure 7h).

Initially, nanoglasses were synthesized using the method of inert gas condensation (IGC), i.e.,
the consolidation of amorphous powder-clusters (IGC-samples). This production process involves the
following two steps. During the first step, nanometer-sized glassy spheres are generated by evaporating
(or sputtering) the material in an inert gas (e.g., He) atmosphere. The resulting glassy nanospheres are
accumulated on the surface of a cold finger. After scraping from the cold finger, the material in the
form of flakes is compacted into a pellet shaped nanoglass specimen. The compaction is performed at
high pressures up to 5 GPa. This production procedure is basically identical to the one used to generate
nanocrystalline materials. Until now, using this method, nanoglasses have been synthesized from
various alloys: Au-Si, Au-La, Fe-Si, Fe-Sc, La-Si, Pd-Si, Ni-Ti, Ni-Zr, and Ti-P [86]. Using magnetron
sputtering under certain conditions (gas pressure, target–substrate orientation), almost all amorphous
alloys can be produced in the form of nanoglasses [86]. Both described bottom up methods have
certain disadvantages, such as the possible oxidation and contamination of nanopowders during the
preparation processes and the presence of pores in samples after consolidation; nanoglass materials
processed by magnetron sputtering usually contain columnar “grains”.

It is possible that the structures produced by SPD in several amorphous alloys are comparable in
some aspects with the structures of the nanoglass-type produced by IGC. However, at present, there is
no direct evidence for this. Special studies are required to answer this question.

3. Transformation of the Properties of Amorphous Alloys as a Result of SPD Processing

One of the widely used characteristics of amorphous materials is the free volume [5,8]. XRD is
one of the possible methods for estimating the free volume ∆V in amorphous alloys, including those
subjected to HPT [61,78,92,93]. X-ray diffraction makes it possible to determine the radius of the
first coordination sphere (R1) of the amorphous phase and the change in ∆V as a result of structural
transformations [61]. Studies have shown that HPT leads to an increase in the value of R1, and an
increase in free volume [61].

Samples of HPT-processed BMG contain many SBs [50,94,95]. It is known that the atomic structure
of the SBs and the regions nearest to them also differ from the amorphous matrix ∆V [13]. Therefore,
the structure of BMG subjected to HPT can be represented as two phases: the structure in SB and
the amorphous structure in the matrix. With large strains, ∆V of the matrix can also change. It is
interesting to use direct density measurement to estimate ∆V and compare these values with ∆V
obtained using XRD. An estimate of the change in ∆V in the HPT of amorphous alloys from a change
in R1 in accordance with XRD may show a significant error. However, this approach can also be used
to analyze changes in the amorphous structure during HPT.

Usually, the hydrostatic weighing method is used to measure the density, and the density, in turn,
depends on the free volume [96]. However, the application of this method to determine the density of
samples subjected to HPT is difficult, due to the complex shape of the samples themselves. In [97],
a new unique method of direct density measurement was proposed. In [98], XRD and this new method
for density measurement of small samples [97] were used in order to measure changes in density and
free volume of the amorphous alloy Zr62Cu22Al10Fe5Dy1 subjected to HPT.

According to XRD, the structure of the as-cast and HPT-processed Zr62Cu22Al10Fe5Dy1 BMG is
amorphous (Figure 8a). The position of the first amorphous halo shifts towards the lower angles after
HPT (Table 2). The values of the R1 could be estimated using the Ehrenfest equation [78,93]:

2R1sinθ = 1.23λ, (2)
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where θ is the scattering angle and λ is the radiation wavelength. The initial BMG and BMG after HPT
n = 5 at RT and 150 ◦C have the R1 2.999, 3.003, and 3.006 Å, respectively (Table 2) [98]. The variation
of R1 is correlated with the relative variation of the free volume ∆V by the equation [21]:

R3
0

R3
HPT

=
VHPT

V0
∆V =

R3
HPT −R3

0

R3
0

× 100%, (3)

where R0 and RHPT are the R1 sphere of the initial and HPT-processed BMG, respectively; V0 and VHPT
are the mean atomic volumes of the initial and HPT-processed BMG, respectively. HPT at RT and
150 ◦C lead to an increase in the ∆V by 0.44 and 0.74%, respectively. HPT leads to an increase in the
values of full width at half maximum (FWHM). The increase in FWHM was also explained by the
structure transformation [92].

The formation of an asymmetrical amorphous halo reflects the separation of the amorphous
phase into amorphous phases with different compositions [98]. The effects of separation of the
amorphous phase after HPT in Nd-Fe-B and Al-Ni-RE amorphous MS alloys were observed in [41,93].
The amorphous halo of the initial Zr62Cu22Al10Fe5Dy1 BMG retains its symmetrical shape after HPT
processing [98], which means the absence of HPT-driven chemical separation in this BMG.

The density of the as-cast and HPT-processed Zr62Cu22Al10Fe5Dy1 BMG was measured using the
new technique [97]. The density measurements demonstrate that the initial Zr62Cu22Al10Fe5Dy1 BMG
has a density ρ equal to 6.98 kg/m3 (Table 2) [98], which correlates well with data for bulk samples of this
BMG produced by hydrostatic weighing [96]. HPT at temperatures of 20 ◦C and 150 ◦C leads to a decrease
in the density values (∆ρ) by 2.1 and 1%, respectively, in comparison with the initial state (Table 2) [98].

A decrease in density values for samples after HPT treatment may be due to an increase in free
volume. It was shown on the Zr62Cu22Al10Fe5Dy1 BMG alloy, subjected to HPT at a temperature
of 150 ◦C, that the ∆ρ value obtained from direct density measurements was close to the ∆V value
obtained by the XRD method. The corresponding ∆ρ = 2.1% for BMG treated with HPT at 20 ◦C is much
larger than the ∆V = 0.44% [98], which is probably due to the fact that HPT at a lower temperature can
lead to the formation of pores or cracks in the HPT-treated sample, although SEM studies do not reveal
the presence of pores and cracks in the samples. However, it should be borne in mind that pores and
cracks may not be detected during microscopic studies, if they are nanometer in size. This feature
introduces an additional error into the ∆V values determined by the direct method. It should be noted
that the increase in ∆V values by 0.44 and 0.74% obtained in work [98] is close to the ∆V values (up to
1%) observed in other HPT-processed BMGs [61].

Table 2. Parameters of the amorphous structure of the Zr62Cu22Al10Fe5Dy1 BMG in the initial state
and after HPT (n = 5) processing at temperatures of 20 and 150 ◦C from XRD and direct density
measurements [98].

State 2θ, deg R1, Å FWHM, deg ∆VXRD, % ρ, g/cm3 ∆ρ, %

Initial BMG 36.84(3) 2.999 5.50 - 6.98 -
HPT at 20 ◦C 36.780(16) 3.003 6.106 0.44 6.83 2.14

HPT at 150 ◦C 36.743(15) 3.006 6.309 0.74 6.90 1.07

The value of ∆V = 0.44% obtained by XRD for BMG after HPT at room temperature is less than the
value of ∆V = 0.74% for samples treated with HPT at 150 ◦C, i.e., processing at a higher temperature
leads to a more expressed formation of free volume. It is possible that an increase in the temperature of
HPT to 150 ◦C should contribute to the deformation of BMG and the generation of SB in the sample.

In [57], the behavior of Zr62Cu22Al10Fe5Dy1 BMG after HPT during nanoindentation and its
sensitivity to the strain rate were investigated. Samples in the form of disks were subjected to HPT
n = 5 at room temperature and at 150 ◦C. According to XRD, differential scanning calorimetry (DSC),
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and TEM, the structure of the initial BMG was amorphous. Annealing at 500 ◦C caused partial
crystallization of BMG, as shown in the X-ray diffraction patterns of Figure 8b.

The mechanical behavior of the as-cast BMG and samples after HPT is markedly different.
Serration was visible on the nanoindentation curves for the as-cast BMG and annealed at 370 ◦C.
In contrast, BMG after HPT at room temperature did not exhibit a serrated flow (Figure 9a). It can be
assumed that the HPT treatment led to more homogeneous deformation compared to the as-cast BMG
during nanoindentation due to an increase in the free volume and concentration of shear bands [99].
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The strain rate sensitivity m was calculated from the nanoindentation data in [95]. HPT at room
temperature leads to a significant 2.5-fold increase in the parameter m, from m = 0.014 to m = 0.036, while
the elastic modulus decreases slightly, from 90 to 85 GPa; thus, the correlation between Young’s modulus
and m was found. Moreover, HPT leads to a decrease in hardness. Annealing at 500 ◦C leads to a decrease
in m by 0.01. This is typical for RT straining of crystalline alloys. Interestingly, HPT at 150 ◦C leads to an
increase in Young’s modulus and hardness, but m increases as well (as compared to the initial BMG). The
changes in m can be explained by changes in the ∆V and its distribution induced by HPT.

The following pattern of structural changes induced by HPT may be proposed. HPT introduces
a significant amount of SB into the amorphous matrix and forms boundaries with an increased
∆V. Therefore, for HPT samples, the deformation area causes the propagation of many shear bands
previously formed under HPT, which leads to a more uniform flow, which is expressed as the
disappearance of the serrated flow on the indentation curve for the HPT sample and, consequently,
an increase in m. The clusters in nanoglasses play the same role [86].

In [100], the effect of HPT on the tendency to plastic flow in the Zr60Cu18.5Nb2Ni7.5Al10Ti2 BMG
was studied using microindentation and measurements of the relative height of the “pileup” at the
base of the indent. The BMG are characterized by the formation of a “pileup” at the base of the indent
during microindentation because of a tendency to local plastic flow. The plasticity of the deformed
volume is determined from the “pileup” [101]. To assess plasticity, one should correlate the “pileup”
height in the recovered indent with depth H [101]:

δh = h/H. (4)

The h had been adjusted by reducing it to constant HV in the following form:

∆h = δh

(
1−

∆HV
HV0

)
, (5)

where ∆HV = HVn −HV0; HVn is the microhardness after HPT (n is number of anvil revolutions) and
HV0 is the microhardness in the initial state.

At HPT n = 2, the ∆h of the Zr60Cu18.5Nb2Ni7.5Al10Ti2 BMG increases by 35–50%. At n = 5, the ∆h
abruptly decreases and becomes lower than that in the initial BMG [100].

Nanoglasses may exhibit unique properties as compared to their homogeneous amorphous
alloy [83,84,86,87]. The properties of nanoglasses may be modified by controlling the size of the glassy
regions and by varying their chemical composition. A Fe90Sc10 nanoglass is (at 300 K) ferromagnetic,
whereas the corresponding MS glass is paramagnetic. Moreover, nanoglasses were more ductile, more
biocompatible, and catalytically more active than the corresponding MS glasses. Thus, varying the
structural state of amorphous alloys provides an opportunity to control the properties [86].

As shown in the above section, HPT leads to the transformation of the structure of amorphous
alloys, the formation of SB, nanocrystallization, and the formation of inhomogeneities similar to the
structure of nanoglasses. Correspondingly, HPT leads to essential transformations of the properties of
amorphous alloys.

The results of studies of the effect of HPT on the structure of MS Ti50Ni25Cu25 have already been
presented above [54]. Tensile tests of the initial Ti50Ni25Cu25 ribbon and the HPT-processed Ti50Ni25Cu25

samples were conducted [102]. The vein-like pattern, typical for amorphous materials [103–105],
is observable on the fracture of initial MS Ti50Ni25Cu25. The distance between the expressed veins
is about 10 µm (Figure 10a). The veins become more branched, and the distance between them is
smaller: about 3 µm after HPT RT (Figure 10b). HPT at 150 ◦C leads to the appearance of areas with
dimples with a size of about 3 µm [102]. Such fracture corresponds to a more ductile fracture behavior.
The changes in the fracture surfaces can be interpreted as a successive increase of the material’s local
ductility due to HPT, which is connected with changes in the structure after HPT.
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(b) HPT at T = 20 ◦C; (c) HPT at T = 150 ◦C [102].

Enhanced tensile ductility of the Zr65Al7.5Ni10Cu12.5Pd5 BMG after HPT was reported in [85].
The BMG was subjected to a compression stage and HPT processing. The deformation behavior was
analyzed using the digital image correlation (DIC) method and SEM. The changed ∆V and possible
nanocrystallization were studied by DSC, positron annihilation spectroscopy, TEM, and synchrotron XRD.
Studies showed that numerous SB nuclei were formed during tensile tests through shear transformation
zones (STZs), which occurred in softer vacancy cluster regions, and that SB propagation was impeded by
the typical free volume regions and SB interactions. The finite element method (FEM) was performed to
investigate theoretically during HPT and residual stresses after HPT. The deformation behavior of the
initial, compressed, and HPT specimens was investigated. The yield strengths of the initial and compressed
BMG were similar (Figure 11a) [85]. The tensile deformation behaviors of the HPT specimens were
different as compared with that of initial BMG. The values of yield strength of the HPT specimens were
lower. The stress-strain curves demonstrated clear work-hardening behavior. The maximum strengths
exceeded the yield stress of the initial BMG. HPT processing led to an increase of the plastic deformation
region (DIC analyses), and the strain distribution became more homogeneous (Figure 11b) [85].Metals 2020, 10, 415 16 of 31 
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Investigations revealed that the HPT-processed specimens had a heterogeneous microstructure,
consisting of a mixture of SBs and undeformed matrix. The heterogeneity prevented strain localization. In [85],
it was also assumed that the work-hardening behavior with a tensile ductility of the Zr65Al7.5Ni10Cu12.5Pd5

BMG resulted from the multiple SB caused by uniformly distributed heterogeneous microstructures without
cracks or pores after HPT.

It was shown that the HPT of the Zr-based BMG led to a decrease in the elastic modulus E.
The simultaneous effect of a decrease in the E and an increase in tensile ductility was crucial for
applications of amorphous alloys.

4. Influence of HPT on the Behaviors of Amorphous Alloys during Annealing

In [24], the relation between hardness (HV), elastic modulus (E), and relaxation enthalpy (∆H) of
HPT-processed BMG was investigated. The Zr50Cu40Al10 BMG was subjected to HPT under a pressure of
5 GPa at room temperature for up to 50 revolutions. Both elastic modulus E and hardness H, which were
measured using nanoindentation, decreased with an increase in the number of revolutions (Figure 12a) [24].

The specimen for the DSC measurement was heated two times: the first time above the finishing
of glass transition (743 K), and the second time above the crystallization temperature up to 873 K. The
structural relaxation enthalpy ∆H was measured as the difference between the first and second heating
DSC in the range of 400–730 K. The DSC curves for the HPT-deformed samples showed a pronounced
exothermic peak due to structural relaxation in the temperature range below the glass transition
temperature (Tg). An example of the DSC curve for the sample deformed by HPT for 50 revolutions
is shown as an inset in Figure 12b. HPT did not alter Tg significantly, but led to a pronounced
exothermic heat flow due to the relaxation of the deformed structure. Figure 12b shows an increase
in the structural relaxation enthalpy with an increase in number of revolutions [24]. The relaxation
enthalpy exhibited an excellent linear correlation with the observed decrease in the values of hardness
and elastic modulus [24].
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Figure 12. (a) Elastic modulus and hardness as a function of the number of revolutions. The values for
the initial BMG are plotted for n = 0. (b) Structural relaxation enthalpy as a function of the number
of HPT revolutions. The value for the initial Zr50Cu40Al10 BMG is plotted for n = 0. The inset shows
the DSC curves of the sample deformed by HPT for 50 revolutions, where Tg and Tx denote the glass
transition and crystallization temperature, respectively. The red and black lines denote the first and
second heating curves, respectively (reprinted from [24], with the permission of AIP Publishing).

The observed decrease in hardness and elastic modulus can be attributed to the rejuvenated
structure by HPT deformation. Local atomic environments in the rejuvenated structure BMG have a low
local shear modulus. Thus, they are potential sites to become an STZ under the stress. The introduction
of a rejuvenated volume decreases the overall mechanical strength. This is supported by the good
linear correlation between E and H and the relaxation enthalpy [24]. It was shown that for the initial
BMG state, the value of ∆H =5 J/g, and after HPT, it grew up to 25 J/g [24].
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In [50], the DSC investigation of the as-cast and HPT-treated Au49Ag5.5Pd2.3Cu26.9Si16.3 BMG was
conducted. The increase of the free volume and ∆H was suggested by the broad exothermic peak prior
to the Tg, (Figure 13). The Tg remained unaltered (404 K) for all samples (as-cast, HPT, and HPT-treated
specimen stored for three months under RT), whereas the crystallization behavior was significantly
altered after HPT. A considerable exothermic event in the below Tg was detected in the HPT sample as
compared to the initial state (inset of Figure 13). The ∆H was about 0.33 kJ mol−1 for the HPT sample,
and only ∆H = 0.06 kJ mol−1 for the initial state. The area of this peak decreased for the HPT sample
aged at RT for three months by 55% (H ~ 0.15 kJ mol−1). These observations suggested that the HPT
enhanced the free volume of the BMG. During annealing at RT for three months, the free volume was
recovered. The crystallization temperature Tc for the HPT sample was about 12 K lower than that
measured for the initial state. Furthermore, the crystallization signal in the DSC curve HPT sample
split into two peaks, indicating that the mode of crystallization was modified by HPT.
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Figure 13. DSC traces of the as-cast and SPD-processed Au49Ag5.5Pd2.3Cu26.9Si16.3 BMG. The third DSC
curve was obtained for the SPD-treated sample after aging for three months at ambient temperature.
The inset is the local magnification of the selected regime below Tg. A heating rate of 20 K·min−1 was
used in all DSC measurements, endotermic effects up (Endo.) (reprinted from [50] with permission
from Elsevier).

In [54], the relaxation enthalpy was measured during heating in the range of 20–400 ◦C for the
initial MS TiNiCu and for the sample after HPT processing n = 5 at RT and 150 ◦C. Tc and ∆H are
shown in Table 3. As a result of HPT at RT, the Tc temperature dropped down by about 40 ◦C in
comparison with the initial state, and Tc dropped down by 20 ◦C as a result of HPT at 150 ◦C (Table 3).
HPT led to a decrease in ∆H in comparison with the initial ribbons (Table 3). The value of ∆H remained
virtually the same for the samples processed by HPT at RT, 50, and 100 ◦C (Table 3). For the sample,
subjected to HPT at 150 ◦C, ∆H dropped 1.5 times in comparison with the HPT-treated samples at RT
and approximately two times in comparison with the initial ribbons. The reduction of the ∆H may be
associated with the reduced free volume ∆V in the amorphous phase [24].

Table 3. Crystallization temperatures and energy of structural relaxation occurring during heating for
the as-spun and HPT-processed MS Ti50Ni25Cu25 samples [55].

Sample Crystallization
Peak, ◦C

Crystallization
Start, ◦C

Crystallization
Finish, ◦C

Relaxation Energy,
J/g

as-spun 460 444 463 41
HPT20 432 401 450 37
HPT50 437 408 453 37
HPT100 437 414 455 35
HPT150 441 421 455 24
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Thus, the HPT processing results in an increase in the relaxation energy for the Zr50Cu40Al10 and
Au49Ag5.5Pd2.3Cu26.9Si16.3 BMGs [24,50] and in a decrease for MS Ti50Ni25Cu25 [54]. According to our
data, the value of relaxation enthalpy for MS Ti50Ni25Cu25 is significantly higher than the value of
relaxation enthalpy of the Zr50Cu40Al10 BMG. We can speculate that the HPT processing of the state
with increased (probably corresponding to the maximum possible stored energy due to high quenching
rates of producing) values of relaxation enthalpy (melt-spun ribbon) leads to a decrease in these values
due to processes of relaxation. However, for BMGs, apparently, the opposite tendency for changes in
energies is observed. From the initial low values, relaxation enthalpy increases due to the accumulation
of energy via HPT processing. On the other hand, SPD leads to partial nanocrystallization in the
Ti50Ni25Cu25 alloy [41,51], which should lead to a decrease in relaxation energy. At the same time, in Zr-
and Au-based BMGs, HPT-nanocrystallization does not occur. The question of whether SPD-induced
nanocrystallization is the only way to reduce the relaxation energy under SPD is still open.

The process of crystallization taking place during annealing of amorphous alloys after HPT
significantly differs from this of the non-deformed analogues [41,51]. For instance, in the MS
Ti50Ni25Cu25 alloy, HPT and annealing result in markedly finer nanograins than the annealing of the
initial amorphous alloy [15,50]. The grain size in the MS Ti50Ni25Cu25 alloy after annealing at 450 ◦C
10 min is 1.5 µm (Figure 14a), whereas in the sample subjected to HPT and subsequent annealing,
dg = 100 nm (Figure 14b).
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Figure 14. Bright-field TEM image and the corresponding SAED pattern for the MS Ti50Ni25Cu25 alloy:
(a) after annealing at 450 ◦C for 10 min, note the martensite plates inside the grains; (b) subjected to
HPT (T = 200 ◦C) and subsequent annealing at 450 ◦C for 10 min [55].

It has been also revealed that the crystallization during annealing of the MS Nd12Fe82B6,
Nd9Fe85B6, and Nd9Fe84B7 alloys subjected to HPT differs from crystallization of the non-deformed MS
alloy [41,52–54]. As a result of HPT-induced nanocrystallization, a high density of α-Fe nanocrystals
with a size 10 nm has been induced in amorphous Nd-Fe-B after HPT at RT. These α-Fe nanocrystals
are the nuclei for crystallization of the Nd2Fe14B phase. As a result, a homogeneous structure of
the nanocrystalline α-Fe and nanocrystalline Nd2Fe14B phases is formed after annealing in the HPT
sample, as compared with the non-deformed MS alloy [53]. In the results, the values of Hc and σr

are ~30% higher for the annealed MS+HPT alloy in comparison to the annealed non-deformed MS
Nd12Fe82B6 alloy (Table 4) [52].
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Table 4. Hysteresis properties of the MS Nd12Fe82B6 alloy after HPT and annealing at 600 ◦C, 10 min [76].

State Hc (kA/m) σr (Am2/kg)

MS + annealing 336 72
MS + HPT + annealing 528 86.5

The Nd9Fe85B6 magnets prepared by a combination of HPT and subsequent thermal annealing
show enhanced magnetic properties with an increase by 13% in Br, 19% in Hc, and 30% in BHmax as
compared with the magnets prepared by annealing of amorphous Nd9Fe85B6 [53].

4.1. The Strain Achieved by HPT and Special Monitoring Schemes for the Formation of Shear Bands

Some recent results on the HPT processing of BMGs are shown in the following papers. In [106],
the shear band evolution with the HPT deformation was examined in the Vit105 (Zr52.5Cu17.9Ni14.6Al10Ti5)
bulk metallic glass. For this purpose, a new HPT deformation scheme was developed. Under this scheme,
two halves of disks of the bulk metallic glass were joined together and processed by high-pressure torsion
for various strains (Figure 15).
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The images of the Vit105 and Cu samples after the HPT processing of two halves of a disk are 
shown in Figure 16. 

The SEM examination samples of internal surfaces were subsequently used to study the 
formation of SPD under HPT. An increase in deformation led to a significant increase in SBs’ 
density. The highest density was observed for the HPT state n = 5. The distance between the shear 
bands was down to 500 nm (Figure 17). The maximum density of shear bands was observed at the 
edges of HPT-treated samples and in the areas adjacent to the upper anvils (Figures 15 and 17) [107]. 
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revolutions; (c) BMG after HPT for n = 5 revolutions; (d) two halves of pure Cu after HPT for n = 1/4 
revolutions (reprinted from [106] with permission from Elsevier). 

From the obtained shear angle of the lower part relative to the upper part (Figure 16), one can 
see that the shear strain by HPT for n = 5 can be estimated, which equals γr5 ≈ 1, whereas the 
well-known formula 𝛾 = 2𝜋𝑛𝑅 ℎ⁄  (6) predicts γr5 = 290. Thus, HPT introduces into this BMG a much 
smaller strain in comparison with the prediction of Formula (6). A soft metal–pure Cu was subjected 
to HPT for 1/4 revolution under a similar scheme, and in this case, the shear angle was consistent 
with that predicted by Formula (6). It was also shown in [107–109] that the HPT of high-strength 
BMGs actually produced a smaller strain than predicted by Formula (6). In [107], it was shown that 
in Vitreloy LM-1B BMG, HPT with rotation n = 0.1 led to plastic strain of γR=2 = 0.12 instead of the 
nominal γR=2 = 2.0 value predicted by Formula (6). This discrepancy can be explained by the effect of 
“slippage” during HPT [17].  

However, the density of the shear bands in the Vit105 BMG changed considerably as a result of 
HPT. According to XRD, HPT n = 5 led to an increase in the free volume (by about 1.3%) [106]. Thus, 
though the actual SB in the HPT samples was significantly lower in comparison with the expected 
value, the BMG under HPT experienced significant transformations in the structure. This fact 
requires further study. 

Figure 15. (a) Image of the two halves of the as-cast HPT disk. (b) Scheme of constrained HPT
processing: the lower anvil has a groove with a depth of 0.5 mm, and the upper anvil is flat. (c) SEM
image of the internal surface of the sample subjected to HPT for one revolution (reprinted from [106]
with permission from Elsevier).

The images of the Vit105 and Cu samples after the HPT processing of two halves of a disk are
shown in Figure 16.

The SEM examination samples of internal surfaces were subsequently used to study the formation
of SPD under HPT. An increase in deformation led to a significant increase in SBs’ density. The highest
density was observed for the HPT state n = 5. The distance between the shear bands was down to
500 nm (Figure 17). The maximum density of shear bands was observed at the edges of HPT-treated
samples and in the areas adjacent to the upper anvils (Figures 15 and 17) [107].
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From the obtained shear angle of the lower part relative to the upper part (Figure 16), one can see
that the shear strain by HPT for n = 5 can be estimated, which equals γr5 ≈ 1, whereas the well-known
formula γ = 2πnR/h (6) predicts γr5 = 290. Thus, HPT introduces into this BMG a much smaller strain
in comparison with the prediction of Formula (6). A soft metal–pure Cu was subjected to HPT for 1/4
revolution under a similar scheme, and in this case, the shear angle was consistent with that predicted by
Formula (6). It was also shown in [107–109] that the HPT of high-strength BMGs actually produced a
smaller strain than predicted by Formula (6). In [107], it was shown that in Vitreloy LM-1B BMG, HPT
with rotation n = 0.1 led to plastic strain of γR=2 = 0.12 instead of the nominal γR=2 = 2.0 value predicted
by Formula (6). This discrepancy can be explained by the effect of “slippage” during HPT [17].

However, the density of the shear bands in the Vit105 BMG changed considerably as a result of
HPT. According to XRD, HPT n = 5 led to an increase in the free volume (by about 1.3%) [106]. Thus,
though the actual SB in the HPT samples was significantly lower in comparison with the expected
value, the BMG under HPT experienced significant transformations in the structure. This fact requires
further study.Metals 2020, 10, 415 21 of 31 
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Figure 17. SEM images of the internal surface of the Vit105 BMG after HPT for n = 5: (a) general view
of the sample; (b) region r-2.5 mm, magnification ×390; (c) magnification ×5000 (reprinted from [106]
with permission from Elsevier).

The temperature increase that occurs during the HPT of BMG is important. The problem of the
temperature increase during the HPT of various metallic materials is reflected in some studies [110–117].
The data available in the papers are rather contradictory, but in most papers, the heating of metal
samples during HPT was estimated from 30 to 200 ◦C. The data on the temperature increase during
the HPT of amorphous alloys are even more contradictory. According to [36,118], the temperature
of the alloy increased to Tg during HPT for n = 1 (at an anvil rotation speed of 1 rpm) and reached
400 ◦C for CuZr(Al) [118]. However, these provisions are questionable. If the temperature during
the HPT increases to Tg, then homogeneous deformation should take place in amorphous alloys,
without the formation of shear bands, and the relaxation of the material should occur (the free volume
decreases, and the relaxation energy decreases) [65,119]. However, in many works SBs were observed
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in amorphous alloys after HPT [61], and the free volume and relaxation energy increased. It can be
assumed that during the HPT of BMGs, they are heated up to approximately the same temperatures as
during the HPT of crystalline materials—to 200 ◦C [110–116].

The structural transformations of amorphous alloys during HPT are caused by several factors,
including an increase in the temperature of the sample as a whole. However, it can be argued that the
main physical mechanism that causes the transformation of the structure of amorphous alloys during
HPT is the formation and motion of a very large density of shear bands in the samples. According
to [106], the distance between the bands, calculated from SEM images, can be about 500 nm. Estimation
of the gaps between the shear bands in amorphous materials after HPT based on TEM data showed
that they reached 30 nm [94,120–122].

The mechanism of the structural transformation of an amorphous material during the propagation
of a shear band can be described as follows: in the band itself (representing the shear plane),
at the moment of motion, the material becomes heated to the melting temperatures [123]. However,
this heating occurs in just microseconds, and the material heated in the narrow zone of the shear band
(about 10 nm wide) also cools down in just microseconds due to the outflow of heat into the material
surrounding the band [123]. Therefore, in the zone of the shear band, both relaxation/crystallization of
the amorphous phase due to the heating and a high density of quasi-vacancies–defects of the atomic
volume and the growth of non-equilibrium (growth of the free volume and internal energy) due to
very rapid cooling of the material heated in the band take place.

According to [124], the structure of an amorphous material transforms even at a distance of 10 µm
from the shear band that has passed. Thus, at the density of shear bands observed during the HPT
processing, all of the amorphous material subjected to deformation should transforms.

Furthermore, the following notes can be made. During the HPT processing, the effect was
observed when the height of the materials under processing, h, decreases with increasing number of
anvil revolutions, n, due to the outflow of the material from under the anvils into the flash. The sample
experiences a complex deformation by compression under high pressure, combined with torsion
and the flow of the material into the flash. Correspondingly, at the initial stages of deformation,
the structure is significantly influenced by the deformation. However, as the number of revolutions
increases and n reaches a certain critical value (roughly estimated for BMGs as n = 3–5), the values
of h become practically stabilized. “The deformation by compression combined with material flow
into the flash” ceases or grows minimally with further increasing n. As shown above, the “torsional
deformation”, as such, of BMG samples due to the displacement of the lower part of the sample with
respect to its upper part does not take place. The effect of sliding of the anvil surface on the sample
surface under high pressure occurs. The frictional work is transformed into heat, and consequently
into the heating of the sample and the anvils (as mentioned above, to the temperatures around 200 ◦C,
or somewhat higher in the sliding mode). No significant deformation of the sample occurs here. Hence,
in the HPT processing of BMGs and other solid materials, the initial stage can be distinguished, with a
noticeable actual strain and strain-induced structural transformation. After n reaches a certain critical
value, the strain as such decreases with increasing n, the heating makes a considerable contribution
into the structural transformation, and the increasing number of revolutions leads rather to an increase
in the time of exposure (annealing) at the temperature of self-heating during HPT processing (although
this is undoubtedly subject to discussion). On the other hand, in some works, it is reported that when
n during the HPT processing exceeds n = 5 (up to n = 10 and higher), structural changes also occur
in BMG, as in crystalline alloys: the internal energy increases, which indicates a higher strain with
increasing n [77]. These issues certainly require further study and analysis.

4.2. Accumulative HPT Procedure

As shown in [106], the actual shear strain in samples subjected to HPT is significantly lower in
comparison with the expected value. In order to achieve high strain in BMGs, the authors proposed a
new method: “accumulative HPT [125]. In the accumulative HPT procedure, the sample undergoes
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several cycles of HPT processing, then cutting, stacking, pressing, and subsequent HPT, as shown
in Figure 18. Finally, the stacked segments are subjected to HPT with n ≥ 3 as a result of which the
fragments are consolidated into a monolithic disk [125]. The total number of revolutions during the
“accumulative HPT” processing of Vit105 BMG was n = 5, and the total deformation of the BMG by
pressing and shear was roughly estimated as γ∑ = 6 [125].

Some of the BMG disks were processed by conventional HPT with n = 5. In this case, the
total deformation of the BMG could be estimated as γ∑ = 2. These estimates are very approximate,
but they show that the total deformation at the “accumulative HPT” was 2.5 times greater than during
conventional HPT.

The structure of the initial BMG is amorphous, as shown by the XRD method, and the position
of the amorphous halo of the BMG after HPT shifts towards lower angles (Table 5). This means an
increase in R of the first coordination sphere (R1) (Table 5) [82,98]. The relative changes in ∆V after HPT
could be estimated from R1 according to [82]. The increase in free volume (∆V) after conventional HPT
n = 5 was ∆V ≈ 1% and ∆V after accumulative HPT was ≈ 2.5%. The ∆V = 2.5% is too large compared
to the ∆V usually observed during HPT of a BMG [82]. This is due to the large error in determining
∆V from the XRD [82]. However, these results indicate that the structure of BMG after accumulative
HPT transforms much more significantly than after conventional HPT. The increase in the FWHM
after HPT (Table 5) was also explained by changes in the structure of BMG [92]. The growth of FWHM
after “accumulative HPT” is greater than after conventional HPT (Table 5), which also indicates the
efficiency of accumulative HPT.
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Table 5. Parameters of the amorphous structure of the BMG in different states from XRD (reprinted
from [125] with permission from Elsevier).

BMG state 2θ (deg) R1 (ang.) FWHM (deg) ∆V

Initial 37.57(4) 2.942 6.34(4) -
conventional HPT n = 5 37.42(4) 2.953 6.69(4) 1.1

accumulative HPT 37.22(4) 2.969 7.25(4) 2.5
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5. Conclusions

Thus, recent studies have shown that SPD significantly affects the atomic structure and properties
of amorphous alloys. The variation of microstructure resulting from SPD processing is closely related
to processing parameters (amount of shear strain, temperature of processing, imposed pressure).

In a number of publications, it was shown that nanocrystallization in the amorphous phase occurs
under SPD. We should note that under conventional schemes of deformation, nanocrystallization was
observed in a small fraction of amorphous material in shear bands, whereas during HPT, it takes place
throughout the entire volume of amorphous samples. It is interesting to note that during HPT of an
amorphous alloy (for instance Nd–Fe-B), the amorphous phase is decomposed into the amorphous
and crystalline phases of basic pure metals. In some amorphous alloys (for instance, MS Ti50Ni25Cu25),
besides nanocrystallization during HPT processing other complex transformations of the structure
were observed. Amorphous “clusters” become visible, and these “clusters” represent some kind of
amorphous structure. This contrast could be the result of the existence in the amorphous phase of
regions with reduced free volume and with enhanced free volume.

During the HPT processing of a number of other amorphous alloys, nanocrystallization was not
observed, but a new amorphous structure could be formed as a result of HPT, depending on changes in the
short-range order, the total amount, and the redistribution of free volume. Perhaps, structures produced by
the SPD methods are in some aspects comparable to the nanoglass-type structures produced by IGC.

Correspondingly, as a result of the HPT processing of amorphous alloys, essential transformations
occur in their properties, in particular mechanical properties. For instance, as a result of preliminary
HPT processing, the fracture fractography changes. Nanoindentation studies have shown that HPT
processing leads to a significant increase in the values of the strain rate sensitivity in comparison
with the initial state. At the same time, the course of change of the elastic modulus in a Zr-based
BMG depends on the temperature of the HPT processing (20 or 150 ◦C). In some cases, HPT leads to a
decrease in the values of Young’s modulus. The first work, indicating the emergence of tensile ductility
in some BMGs (Zr65Al7.5Ni10Cu12.5Pd5) after HPT processing, has been published. The emergence of
tensile ductility can be explained by the formation of a high density of nanoscale inhomogeneities in
the amorphous state. High tensile strength, high hardness, and low elastic modulus provide the great
potential of BMGs for various commercial applications; however, these applications are limited by the
brittleness of amorphous materials. Thus, a decrease in the elastic modulus and an increase in tensile
ductility via HPT processing can provide wide applications for amorphous alloys.

It has been also revealed that the process of crystallization that occurs during the annealing
of the MS amorphous alloys subjected to HPT differs significantly from the crystallization of the
non-deformed analogues. In the case of MS Nd-Fe-B alloys, this enabled producing higher magnetic
properties via a combination of HPT processing and annealing than via annealing of non-deformed
analogues. Therefore, the combination of HPT processing and annealing in some cases can lead to the
formation of specific nanostructured states with improved functional properties. However, currently,
many aspects of the nature of the transformation of the structure and properties of amorphous alloys
subjected to HPT are still unclear and require further research.

A discrepancy between the experimentally observed and predicted shear strains has been detected.
The actual strain is significantly smaller than the predicted one.

The authors proposed a new method, “accumulative HPT”, to achieve high strain in hard materials,
including BMGs. The study showed that the structure of the Zr-based BMG during accumulative
HPT transforms much more significantly than in the case of conventional HPT with the same number
of revolutions.
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