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Abstract: The structural mechanisms of formation of a hybrid-layered amorphous-nanocrystalline Cu/Fe B, _Si,/Cua
composite (crystalline copper as outer layers and amorphous Fe B, Si, alloy as inner layer) upon deformation by high-
pressure torsion (HPT) were investigated. Consolidation of the constructed composite was carried out by the HPT method at
a degree of deformation corresponding to 1/4, 1, 5, 10, 20, and 25 revolutions. It was found that the hybrid composite consists
of a strengthened copper matrix with embedded hard amorphous Fe B _Si; phase fragments. The morphological features of
the consolidation of a hybrid layered composite are associated with vortex instabilities of the deformation of material upon
the HPT process. Because of the turbulence of the composite deformation, stresses arise on the irregularities of the hard
phase layer, and, as a result, thin sites (bridges) appear in the layer of the amorphous Fe. B _Si, alloy. The ductile copper layers

75717
become thinner, and the initially rectangular cross-section of the hard amorphous Fe B _Si layer becomes “cigar-shaped”

75717778
and bridges are formed in it. Further, with increasing degree of deformation, this layer becomes fragmented by breaking the

bridges. The fragments are mixed with the matrix layer along the entire sample. The structure of the composite even after

severe deformation by HPT is characterized by the absence of continuous interlayer boundaries.
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1. Introduction

It is known that amorphous-nanocrystalline composites
can inherit the unique properties of the amorphous or
nanocrystalline state, such as high magnetic softness,
extraordinary wear and corrosion resistance, as well as
high hardness and strength [1]. On the other hand, the
amorphous-nanocrystalline composites are characterized by
increased thermal stability and plasticity, which are hardly
achieved by amorphous or nanocrystalline alloys separately.
One of the directions for preparation of hybrid amorphous-
nanocrystalline composites (along with the methods of
controlled crystallization of amorphous alloys, mechanical
activation, etc.) is the consolidation of freely laying alternating
amorphous-crystalline layers by high-pressure torsion (HPT).

For example, the HPT method was used to consolidate
two materials such as single-phase fcc CoCrFeMnNi and

bcc HINbTaTiZr high-entropy alloys [2,3]. Upon HPT,
vortex structures can be formed in layered composites due
to the substantial deformation inhomogeneity typical of this
deformation method [4]. The specific features of the vortex
structure formation in Al/Cu and Al/Ni multilayer samples
upon HPT deformation were studied in [5]. The possibility of the
preparation of the layered amorphous-crystalline aluminum-
based composites by the HPT method was examined in [6,7].
For example, upon the consolidation of such composite,
nanocrystallization processes with the precipitation of the Al
phase begin in the amorphous part of the Al, Ni ,Gd, ribbon
and substantially increase the hardness of the alloy. Similar
data were obtained in [6, 8] upon the consolidation of layered
composites consisting of two amorphous Al Ni,Gd, ribbons
put between two multilayer aluminum foil stacks. The
presence of several types of boundaries (transition regions)
between dissimilar amorphous phases has been revealed
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in [9] upon the HPT consolidation of initially amorphous-
nanocrystalline composite of two dissimilar Ti, Ni .Cu,,
and Fe, Ni, B alloys. It has been experimentally shown
that, in these composites, all observed types of transition
regions (boundaries) between layers prevent noticeable
mutual diffusion of elements between dissimilar layers. It is
natural that the consolidation of layers by the HPT method
is currently used for a wide range of composites [10-13].
Nevertheless, the structural features of freely laid, alternating
amorphous-crystalline layers consolidated under HPT to date
have been studied only fragmentarily. Therefore, the task of
clarifying the general patterns of obtaining such composites
under HPT conditions is very important and urgent. It is also
reasonable to simultaneously identify the structural features
of possible layer consolidation boundaries and the zones
adjacent to them. In relation to the above, the aim of this
work was to identify the structural features and mechanisms
of deformation of the layered amorphous-crystalline
Cu/FeSiB/Cu composite combining a high hardness of the
amorphous layer and a high plasticity of the crystalline layer.

2. Experimental

Hybrid composites were prepared by stacking samples by a
combination of amorphous and crystalline alloys, such as two
technically pure crystalline copper ribbons and an amorphous
Fe B _Si, alloy ribbon between them. The consolidation of the
constructed composite was carried out by the HPT method at
a degree of deformation corresponding to (1) 1/4, 1, 5, 10, 20,
and 25 revolutions of the movable anvil at a rotation velocity
of 1 rpm under a quasi-hydrostatic pressure of 6 GPa in flat
anvils. The diameter of the anvils was 8 mm. After completion
of the deformation, the samples looked consolidated.

The amorphous Fe B, _Si, alloy was melted in a Balzers
vacuum-induction furnace. Round rods with a diameter of
6 -8 mm and alength of 300 - 400 mm were used as blanks for
obtaining amorphous Fe_ B _Si, ribbons by the melt spinning
method. The rods were prepared by drawing the melt into
quartz tubes. The melt temperature was not substantially
higher than the solidification temperature of this alloy.
Such requirements are caused by an intense development of
porosity and oxidation with an increase in melt overheating.
Then the rods were cut into pieces of about 50 g in weight.
Stainless steel and copper with nickel and chromium coating
were used as the material for the quenching disk for melt
spinning. The nozzle slit width was 1.3 mm, the rotation
velocity of the quenching disk was 2100 rpm, and the cooling
rate was =10° K/s. The melt-spun amorphous Fe B _Si, alloy
ribbon was 10 mm wide and 20 um thick.

Flat ingots of commercially pure Cu were prepared by
casting. Then they were rolled and annealed at 500°C for
30 minutes in air to relieve internal stresses after rolling. The
final thickness of the Cu strips was 100 pm.

Detailed studies of the structural-phase transformations and
mechanical properties of the samples after HPT were carried
out on transverse sections, except for the X-ray diffraction
analysis using the external surfaces of the hybrid composite.

The structure of the hybrid composites and the
distribution of chemical elements in their cross section
were examined using a (SEM) Tescan Vega 3SBH scanning

electron microscope with an electron microprobe analyzer in
the backscattered electron mode at a magnification of x500.
The structure of the composite was studied in the center of
the sample and in the middle of its radius.

The distribution of indentation hardness (H,) and
indentation modulus (E, ) across the cross-section of composite
samples was measured with a NanoScan-3D automatic
ultramicrotester ataload 10 g. The X-ray diffraction examination
of the external surfaces of the composites (Cu crystalline layer)
was performed with a DRON-3M diffractometer by the Bragg-
Brentano method in a step-by-step mode in Cu, radiation
using a graphite monochromator on a diffracted beam.

3. Results and discussion

The XRD patterns of the crystalline and amorphous layers
are shown in Fig. 1.

As is seen in Fig. la, only two halos typical for the
amorphous state are present in the X-ray diffraction pattern
of the Fe B _Si, alloy. Figure 1b represents the crystalline
lines belonging only to the Cu phase. The broadening of
the diffraction lines of the outer Cu layers of the composite
during HPT was observed. The half-width of the (113)_ line
in the initial state was 0.373£0.007. After HPT at n =25, this

same line had a half-width of 0.732+0.018.
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Fig. 1. (Color online) XRD patterns and typical dark-field TEM
image of the initial state of the Fe B Si, amorphous layer (a) and
Cu crystalline layer in the initial state and after HPT (b).
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The SEM images of the cross-sections of the Cu/FeSiB/Cu
composite after HPT show a consolidated material (Fig. 2).
The fragments of the hard amorphous Fe B, _Si, phase (of
8.8 GPa in the initial hardness) are distributed along the
entire sample against the background of the copper matrix
(of 0.9 GPa in the initial hardness). The fragments are usually
“cigar-shaped” with bridges (Fig. 2a). After HPT deformation
to small degrees, from n=1/4 to n=1, the fragment length
varies between =50 and 400 pum.

Similar “cigar-shaped” fragments of a small size are
also present after HPT to n=25 (Fig. 2b). As a rule, it is
impossible to detect any continuous boundary between the
copper matrix and fragments of the amorphous Fe B _Si,
phase. There is a gap everywhere between the layers, and
its width decreases with increasing degree of deformation.
Upon HPT, the gap between the copper matrix and the
amorphous Fe B _Si, phase decreases from =4 pm to
=~0.5 um with increasing number of revolutions from n=1
to n=25. Note that even the smallest fragments of the
amorphous Fe B _Si; alloy exhibit gaps with the matrix up
to severe deformation (Fig. 3).

The chemical composition of the crystalline copper matrix
and the amorphous Fe B, _Si, alloy consolidated in it remains
unchanged at all degrees of deformation. For example, Fig. 3
shows a consolidated fragment of the amorphous Fe B _Si,
phase in a copper matrix after HPT to n=25. It is seen that
the chemical composition of the composite layers has not
changed.

The indentation hardness (H,;) and indentation modulus
(E,) of different composite layers were measured both
in the initial state and after HPT (Fig. 4). It is shown that
H_ of the copper layer of the composite increases upon
deformation and reaches saturation after HPT to n=5. The
increase in H is associated with a decrease in the grain size
in the copper layer and the accumulation of the density of
deformation defects [14] upon HPT. The increase in the half-
widths of the diffraction maxima in the X-ray patterns by
HPT also confirms the deformation of the copper layers of
the composite (Fig. 1). The amorphous Fe B, _Si, layer with
increasing degree of deformation exhibits virtually constant
H_ and E  levels within the measurement error.

a
Fig. 2. SEM images of the cross-sectional structure of the composite after HPT: n=1 (a) and n=25 (b).
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Fig. 3. (Color online) SEM image of a fragment of the hard phase and
changes in the chemical composition along the analysis line of the
composite after HPT to n=25.
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Fig. 4. (Color online) Dependence of H . (a) and E (b) on the

number of revolutions n for the Cu and Fe B, Si, layers.
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Observing the changes in the shape and size of fragments
of the hard Fe_B,_Si, amorphous phase, we can imagine a step-
by-step mechanism of its refinement. The most informative
data were obtained from the composite structure evolution at
the middle of the sample radius. Already after HPT to n=1/4,
the transverse section of the hybrid composite exhibits
(Fig. 5) that the layer of the hard amorphous Fe B, _Si, phase
was disintegrated into fragments, which are located along the
entire sample. The fragments are “cigar-shaped” with sharp
ends. The longest fragments have bridges. Further refinement
of the amorphous Fe B _Si, layer is associated with the
rupture of the bridges and the destruction (refinement) of the
fragments. The soft and very ductile copper matrix (Fig. 4),
becomes thinner, envelops the layer of the amorphous
Fe B, _Si, phase and transmits deformation to this layer. The
harder amorphous Fe B _Si, layer with low plasticity (Fig. 4)
is destroyed and disintegrated into primary fragments. The
copper matrix envelops the resulting primary fragments.
With increasing degree of deformation, the process of
crushing the primary fragments is reproduced many times.

The stages of the structure evolution on the hybrid
amorphous-crystalline composite with increasing degree of
deformation by HPT are schematically shown in Fig. 5.

1. Deformation (thinning and refinement) of the copper
layer of the composite with the simultaneous formation of
bridges in the layer of the amorphous Fe B _Si, phase under
the effect of HPT.

2. Breakdown of bridges and the beginning of the
refinement of the hard Fe_ B _Si, amorphous phase.

3. Mixing and distribution of the hard Fe B, Si, phase
fragments along the sample. The gap between soft copper
and the hard amorphous Fe B Si, phase is saved up to the
highest degrees of deformation because of the lack of affinity
between the atoms of the main chemical components of the
original layers and the difference in the atomic structure of
the layers under study.

It is known that the individual layers constituting the
hybrid composite under study differ in deformation behavior
upon HPT under similar conditions. For example, copper

=
HPT DEFORMATION

initial state

bridges

taken separately is refined and strengthened [14]. An isolated
amorphous Fe B _Si; alloy is nanocrystallized upon HPT
already to n=1 [15]. In the present study, the final composite
consists of a fine-crystalline [14] and strengthened copper
matrix (Fig. 4) with embedded fragments of the hard
Fe B Si, amorphous phase. That is, the copper matrix is
strengthened and refined, but the gap between the matrix and
the Fe B _Si, amorphous phase, as noted above, is retained
up to n=25 (Fig. 2). The presence of a gap between the
layers of the hybrid composite can be explained as follows.
First, as follows from the Fe-Cu phase diagram [16], the
mutual solubility between Fe and Cu at room temperature
is chemically impossible, and, second, mixing can also
be hindered by a significant difference in the mechanical
properties and atomic structures of the composite layers of
crystalline copper and the amorphous Fe B _Si, phase. Note
that a three-layer composite consisting of the amorphous
Fe Ni B, alloy between two crystalline Ti, Ni Cu,, alloy
layers after HPT exhibited mainly consolidated boundaries
between the layers [8]. Consequently, the occurrence and
retention of the gaps between the layers in our case is most
likely explained by the impossibility of the room-temperature
interaction between the main components of the layers under
study.

The preparation of hybrid composites from samples
of various configurations at room temperature has been
investigated in a number of works [17-23]. The characteristic
features of changes in the structure of layered composites after
HPT in the present work generally correlate with the above-
mentioned literature data. The deformation rates of the layers
in the composite upon HPT substantially differ because of a
great difference between their mechanical properties (Fig. 4).
The deformation of the entire sample enters a turbulent stage.
Because of the turbulence of the composite deformation,
stresses arise on the irregularities of the hard phase layer,
and, as a result, thin sites (bridges) appear in the layer of
the amorphous Fe B _Si. alloy. The ductile copper layers
become thinner, and the initially rectangular cross-section of

the hard amorphous Fe B, Si, layer becomes “cigar-shaped”,

100 pm

Fig. 5. (Color online) Optical-microscopic images of the Cu/FeSiB/Cu composite structure and scheme of its change upon HPT.
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and, as is mentioned above, bridges are formed in it. Further,
with increasing degree of deformation, this layer becomes
fragmented by breaking the bridges. The fragments are mixed
with the matrix layer along the entire sample. In this study, no
crystallization of the amorphous Fe_ B _Si_ layer was recorded
upon HPT [8]. The fragment size, as a rule, decreases from the
center to the edge of the composite sample. Hard fragments
of the amorphous Fe_ B, _Si, phase become obstacles to the
development of plastic deformation of the softer copper
matrix. Some researchers [5,24] believe that the vortices
of metal layers observed upon HPT in layered composites
consisting of dissimilar layers are caused by instabilities in
plastic deformation at the expense of local blocking of shear

deformation in ductile layers.
4. Conclusion

The structure evolution of the layered amorphous-
crystalline Cu/FeSiB/Cu composite subjected to HPT at
room temperature has been examined by various structural
methods. The composite combines the high hardness of
the amorphous Fe B, Si; phase and the plasticity of the
crystalline copper layers. Under the effect of HPT, the
copper component of the composite becomes thinner.
Simultaneous thinning of the hard amorphous Fe B, _Si,
phase layer is accompanied by the formation of bridges in
it. With increasing degree of deformation, the bridges break,
the Fe__B,_Si, amorphous phase is refined, and the hard phase
fragments are mixed and distributed along the sample. As a
result, the final material consists of a strengthened copper
matrix with fragments of the hard amorphous Fe B, _Si,
phase embedded in it. It is assumed that the observed effects
are associated with vortex instabilities of deformation in
ductile copper layers under the effect of local braking of
shear deformation by fragments of the hard amorphous
Fe B, Si, phase. The structure of the composite even after
severe deformation by HPT is characterized by the absence

of continuous interlayer boundaries.
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