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Abstract: The effect of free volume on the process of crystallization of an Al87Ni8Gd5 amorphous
alloy is investigated. The deformation of the amorphous alloys leads to the formation of shear bands,
which contain an enhanced free volume concentration. To retain the free volume the amorphous alloy
was coated with a layer of a refractory metal. The structure of the Al87Ni8Gd5 alloy with a protective
Ta coating was studied by X-ray diffraction and transmission electron microscopy methods. The
fraction of the nanocrystalline phase formed in the amorphous samples with a protective Ta coating
under annealing was found to be larger than that in the uncoated samples. The size of Al nanocrystals
formed in the coated and uncoated samples is the same. A higher rate of crystal nucleation in the
deformed amorphous samples with a protective coating is caused by a higher diffusion coefficient
due to an enhanced free volume concentration.
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1. Introduction

Amorphous–nanocrystalline alloys are materials with unique physical and chemical
properties [1–3]. The properties of these materials depend on both chemical and phase
compositions and a number of structural parameters, such as the morphology and size of
nanocrystals, the fraction of the crystalline phase, and the localization of nanocrystals. In an
amorphous–nanocrystalline structure formed during heat treatment, nanocrystals are usually
randomly oriented and uniformly distributed over the sample. If a nanocrystalline structure is
formed during deformation, the formation of nanocrystals begins in deformation bands (shear
bands) and their vicinity [4–7]. Today, much work is devoted to the study of shear bands
in amorphous materials [8–11] and changes in the structure in shear bands [12]. According
to different data, the width of shear bands can range from 5–30 nm [9,13] to hundreds of
nanometers (10–210 nm [12]), and the density of the amorphous phase in a shear band can
decrease by 1–12% [12]. No obvious correlation between a shear band and a change in the
density (free volume concentration) is observed. However, greater changes in the density
usually correspond to thicker shear bands. Investigations showed that there was a local region
around shear bands in which deformation resulted in significantly larger atomic displacements
than those in the surrounding matrix and in an enhanced free volume concentration. This
region was called the shear transformation zone (STZ) [9,14].

As mentioned above, the process of amorphous alloy crystallization under the action of
deformation usually begins in shear bands and their vicinity. When analyzing nanocrystal
nucleation in shear bands, the emergence of nanocrystals in these places is generally
explained by two possible mechanisms: (1) a local strong but short-term (~30 ps) increase
in the temperature [15,16] and (2) a decrease in the material density (an increase in the free
volume fraction) in the shear band [17–19]. Both an increase in the temperature and an
increase in the free volume fraction result in a significant increase in the diffusion coefficient,
which inevitably leads to an increase in the rates of crystal nucleation and growth, i.e., to
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the acceleration of crystallization in these regions. An increase in the diffusion rate in a
shear band is very significant and can reach 3 × 10−24 m2/s at room temperature [20]. The
data available in the literature support both explanations. For instance, in [15], the melting
of a thin Sn coating on the surface of Zr41.2Ti13.8Cu12.5Ni10Be22.5 amorphous alloy was
observed in places where shear bands migrated to the deformed sample surface. On the
other hand, the acceleration of diffusion due to increased free volume was demonstrated
in [21–23]. Shear bands that contained only the amorphous phase after the completion of
the deformation process were then filled with nanocrystals, which were formed at room
temperature [6,23]. Since, in the latter case, the sample was at room temperature during
aging, the crystallization process could be caused only by an increase in the parameters
of mass transfer in a less dense structure in the region of a shear band, i.e., by a higher
concentration of free volume.

Amorphous alloys produced by rapid melt quenching are not at equilibrium; their
density is 2–5% lower than that of the corresponding crystalline materials. Annealing
at temperatures below the crystallization temperature leads to structural relaxation, ac-
companied by a 2–3% decrease in the free volume [24,25] and an increase in the density.
Plastic deformation leads to an increase in the free volume, and the value of this increase
can be significant in some places (the change in the density in shear bands is from 1%
to 12% [12]). The amount of free volume in a sample changes its properties. A decrease
in the free volume concentration (under amorphous phase relaxation) leads to a change
in the properties of amorphous alloys, such as an increase in the brittleness. To estimate
the effect of free volume on the crystallization process, it is necessary to create conditions
that maintain its concentration in a sample and, in particular, hinder its migration to the
sample surface by diffusion. This can be realized by creating coatings on the surface that
hinder the migration of free volume. The ability of such a coating to hinder the migration
of the free volume of a sample was demonstrated in [26]. The authors of [26] showed that
the deposition of a crystalline coating (tungsten) onto the surface of Zr50.7Cu28Ni9Al12.3
amorphous alloy allowed most of the free volume to be maintained. The estimates made in
their work demonstrate that the migration of free volume from the amorphous phase to
crystalline W is thermodynamically unfavorable. This idea of maintaining free volume due
to the deposition of a protective coating was used in the present work to study the effect
of free volume on the crystallization of Al87Ni8Gd5 amorphous alloy subjected to plastic
deformation. As noted above, under the deformation of amorphous alloys, shear bands
are formed that contain an enhanced free volume concentration, with the total free volume
concentration increasing.

2. Materials and Methods

Al87Ni8Gd5 amorphous alloy was produced by rapid melt quenching on a fast-
spinning disk in a helium atmosphere in the form of ribbons with a thickness of about
50 µm and a width of ~15 mm. Alloy ingots with nominal Al87Ni8Gd5 composition were
prepared by arc melting under purified argon from elemental Al (99.99%), Ni (99.9%), and
Al3Gd compound (Gd 99.7%), preliminarily prepared as a master alloy under similar con-
ditions. The cooling rate was about 106 K/s. The chemical compositions of the master alloy
and the melt-spun ribbon were analyzed by energy-dispersive X-ray analysis. The initial
and deformed samples were annealed in a resistance furnace. The samples were deformed
in a VEB Schwermaschinenbau four-roll mill by using the multiple rolling technique with a
run number of 50–150. The strain value was calculated by the formula ε = ∆h/h0, where
h0 and ∆h are the original thickness and its deformation-induced change, respectively. To
maintain free volume inside the deformed samples, a Ta coating was sputtered onto both
sides of the deformed ribbon. The coating was deposited by cathode sputtering, and its
thickness was about 100 nm. The quality of the coating was monitored using scanning
electron microscopy.

The structure of the samples was investigated by X-ray diffraction, differential scan-
ning calorimetry, and scanning and transmission electron microscopy. For X-ray diffraction
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experiments, Co Kα and CuKα radiation were used. To perform the X-ray diffraction
studies, special substrates that do not produce intrinsic reflections were used [27]. At the
early crystallization stages, the samples contained amorphous and nanocrystalline phases;
therefore, separation of the overlapped peaks was performed. The size of the formed
nanocrystals was determined from X-ray diffraction data.

3. Results and Discussion

The quenched ribbons of Al87Ni8Gd5 amorphous alloy were amorphous; no signs of
crystalline phases were observed in the X-ray diffraction patterns and electron diffraction
patterns. Figure 1 depicts the scheme of sample treatment. The samples were subjected
to multiple rolling deformation (AS-d, Figure 1), and the deformation level was 40–75%.
A Ta coating (AS-dc) was deposited onto the deformed samples, after which the samples
were subjected to isothermal annealing at different temperatures and heating at a constant
rate. The annealing duration was 1–4 h, and the temperature was 423–453 K. In each heat
treatment, all samples (initial, deformed, and deformed with a protective coating) were
annealed simultaneously.

Figure 1. Scheme of sample treatment.

AS-d denotes deformed samples, AS-dс denotes deformed samples with a protective
coating, and AS-dca, AS-da, and AS-a denote annealed coated samples after deformation,
deformed samples, and initial samples, respectively.

Figure 2 shows DSC curves of the samples immediately after quenching (1), after
deformation (2), and after deformation and deposition of a protective coating (3). For
illustration purposes, the curves are shifted along the y-axis. Within the accuracy of
measurements, no significant difference in the behavior under heating was revealed.

Figure 2. DSC curve of the samples after quenching (1), after deformation (2), and after deformation
and deposition of a protective coating (3).

The DSC curve has three peaks corresponding to three stages of crystallization. The
temperature of the first stage of crystallization is 487 K (the temperature of the beginning



Metals 2022, 12, 332 4 of 10

of the transformation is 474 K); the temperatures of the second and third stages of crystal-
lization are 606 K and 635 K, respectively. The thermal effects of crystallization are 26.2 J/g,
39.0 J/g, and 53.5 J/g for the first, second, and third stages, respectively. In the first stage
of crystallization, Al nanocrystals precipitate in the amorphous phase. Since neither Ni
nor Gd dissolves in the aluminum lattice, these nanocrystals are one-component. In the
second stage of crystallization at 606 K, the formation of Al4NiY-type crystals begins; the
structure of the samples consists of Al nanocrystals and an Al4NiY-type phase, and the
chemical composition of the remaining amorphous matrix changes. After the third stage,
completely crystalline samples contain Al, Al3Ni, and Al2Gd crystals and an Al4NiY-type
phase. Figure 3 illustrates an X-ray diffraction pattern of the sample after heating to 773 K
in a calorimeter.

Figure 3. X-ray diffraction pattern of Al87Gd5Ni18 alloy samples: initial (1) and heated to 773 K
(2) (triangles are Al reflections, arrows are Al3Ni, squares are Al2Gd, rhombuses are an Al4NiY-
type structure).

Figures 4 and 5 show X-ray diffraction patterns of the annealed samples after deforma-
tion of 40% (Figure 4) and the same sample with a protective Ta layer (Figure 5). Figures 4
and 5 demonstrate the region of the main diffusion maximum from the amorphous phase;
the insets show full X-ray diffraction patterns. One can see that after annealing, the sample
of the deformed alloy without a Ta coating remains amorphous. In Figure 4, curve 1 is an
experimental curve, curves 3 and 4 correspond to the amorphous phases with different radii
of the first coordination sphere, and curve 2 (red) is a summation curve (curve 3 + curve 4).
In the system under study, Gd is the largest atom (the radii of Al, Ni, and Gd atoms are
1.431, 1.246, and 1.802 Å, respectively). Therefore, the first coordination sphere of the
amorphous phase enriched with this element has a larger radius (curve 3). The amorphous
phase with a smaller radius of the first coordination sphere (curve 4) is depleted of Gd. The
formation of this structure after heat or deformation treatment in alloys of an Al-TM-RE
system (TM is a transition metal, and RE is a rare-earth metal) has been observed many
times [28–30]. In [31], more free volume was present near the largest atoms (Gd in our case);
therefore, the Gd-rich regions should be represented as regions of free volume segregation.
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Figure 4. X-ray diffraction pattern of the deformed (40%) sample after 1 h annealing at 428 K
(1—experimental curve; 3, 4—amorphous phases with different radii of the first coordination sphere;
2 (red)—summation curve).

Figure 5. X-ray diffraction pattern of the deformed (40%) sample with a protective Ta layer after 1 h
annealing at 428 K (1—experimental curve; 3, 4—amorphous phases with different radii of the first
coordination sphere; 5, 6—diffraction reflections from nanocrystals; 2 (red)—summation curve).

The structure of the deformed sample with a protective Ta layer after the same anneal-
ing becomes more complex, and, in addition to the heterogeneous amorphous phase, it
contains a small number of nanocrystals. As in the previous case, in Figure 5, curve 1 is an
experimental curve, and curves 3 and 4 correspond to amorphous phases with different
radii of the first coordination sphere. Curves 5 and 6 are (111) and (200) reflections from Al
nanocrystals, respectively, and summation curve 2 (red) contains four curves (3–6). The
size of the nanocrystals, determined using the Scherrer equation [32], is about 5 nm; the
number of nanocrystals is small.
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Thus, after annealing at 428 K, the amorphous phase in both samples is heterogeneous;
a small number of nanocrystals are also present in the samples with a protective coating.
The positions of (111) and (200) reflections in Figure 5 correspond exactly to those of
reflections from fcc Al. As noted above, neither Ni nor Gd dissolves in the Al lattice [33];
therefore, the formation of Al nanocrystals is natural. The crystallization of amorphous
alloys of Al-TM-RE systems usually begins with the precipitation of Al nanocrystals.

A typical picture of the structure of a partially crystalline Al87Ni8Gd5 alloy is demon-
strated in Figure 6. This figure shows an electron microscope image of the sample heated to
the temperature corresponding to the first DSC peak (before the completion of the first crys-
tallization stage). In the figure, one can clearly see Al nanocrystals in the amorphous matrix.

Figure 6. TEM image of the sample after 1 stage of crystallization.

With an increase in the annealing duration, the number of nanocrystals increases.
Figure 7 illustrates X-ray diffraction patterns of the alloy with a protective coating annealed
for 1 h and 4 h. With an increase in the deformation level, the number of the formed
nanocrystals increases.

Figure 7. X-ray diffraction pattern of the samples with a protective Ta layer after annealing at 428 K
for 1 (1) and 4 (2) h. The arrow marks the position of Al reflection (200).

Figures 8 and 9 show X-ray diffraction patterns of the samples, the deformation of
which was 50%. In addition to scattering from the amorphous phase (curves 3 and 4),
Al (111) reflection (curve 5) is present in the X-ray diffraction pattern. In the annealed
sample with a protective Ta layer, the number of nanocrystals is greater (Figure 9). The
size of the nanocrystals is the same in both samples. The analysis of the integral intensities
demonstrated that the fraction of nanocrystals in the sample with Ta is about 1.6 times
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greater than that in the samples without a protective coating, whereas the nanocrystal size
is the same and is ~7 nm. An increase in the annealing temperature, of course, leads to
an increase in the nanocrystal fraction. Figure 10 illustrates an X-ray diffraction pattern
of the sample with Ta deformed by 50% after 1 h annealing at 453 K. One can clearly
see that the intensity of the reflections corresponding to nanocrystals (curves 5 and 6)
significantly increased.

Figure 8. X-ray diffraction pattern of the deformed (50%) sample after 1 h annealing at 428 K
(1—experimental curve; 3, 4—amorphous phases with different radii of the first coordination sphere;
5—Al reflection (111); 2 (red)—summation curve).

Figure 9. X-ray diffraction pattern of the annealed (at 428 K) deformed (50%) sample with a protective
Ta layer (1—experimental curve; 3, 4—amorphous phases with different radii of the first coordination
sphere; 5, 6—diffraction reflections from the nanocrystals; 2 (red)—summation curve).
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Figure 10. X-ray diffraction pattern of the deformed (50%) sample with a protective Ta layer annealed
at 453 K for 1 h (1—experimental curve; 3, 4—amorphous phases with different radii of the first
coordination sphere; 5, 6—diffraction reflections from the nanocrystals; 2 (red)—summation curve).

Thus, the number of nanocrystals formed in the deformed coated samples becomes
greater than that in the corresponding uncoated samples. The size of the nanocrystals in
the coated and uncoated samples is the same. The observed difference in the number of the
formed crystals with similar average size may be caused by an increase in the rate of crystal
nucleation in the samples with an enhanced free volume concentration. The samples that
we investigated were subjected to plastic deformation, which led to an increase in the free
volume concentration. Immediately after the deformation, the coating was deposited onto
both ribbon surfaces. As was shown in [26], the deposition of a protective coating allows
one to prevent the migration of free volume to the sample surface. In the samples with a
protective coating, the possibility of the migration of free volume to the sample surface
became extremely limited; i.e., the concentration of free volume was higher.

This aspect is very important since, with an increasing temperature, the processes of
structural relaxation take place in amorphous alloys even before the onset of crystallization.
During structural relaxation, free volume usually annihilates on the surfaces. If a protective
crystalline layer is present on the surface, this process is hindered. In this case, free volume
moving to the surface (emerging from an amorphous alloy in the absence of a protective
coating) should form quasi-vacancies, which, in turn, can migrate to the Ta layer surface.
For this process to take place, the energy of vacancy formation in a crystalline layer must be
lower than that of the formation of an elementary carrier of free volume in the amorphous
phase. Since the atomic packing in an amorphous structure is less dense than that in a
crystalline structure, correspondingly, the energy of the formation of a vacancy analog in
an amorphous alloy will be lower. In [26], an approach is described that allows estimating
the efficiency of a barrier made of a material in the form of a surface layer for the migration
of free volume to the surface. The approach proposed in [26] is based on the comparison of
the energy of vacancy formation in different crystalline materials. Our estimates based on
this approach showed that the weighted mean energy of vacancy formation for Al87Ni8Gd5
crystalline alloy is about 1.35 × 1029 eV/m3, whereas for Ta, this value is significantly
greater and is 2.72 × 1029 eV/m3. This means that tantalum is an effective barrier for the
migration of free volume of Al87Ni8Gd5 amorphous alloy to the surface, providing an
enhanced free volume concentration in the coated amorphous alloy.

It is known that the number of nanocrystals formed in deformed amorphous alloys
depends on the conditions under which they are generated and grow [34,35]. From the
results obtained, it follows that in the case when regions with an increased concentration
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of free volume are preserved in the amorphous phase (regions with an increased value
of the diffusion coefficient), the formation of nanocrystals is facilitated, and under the
same heat treatment conditions, the number of nanocrystals is greater. The properties
of amorphous nanocrystalline materials depend on the size of the nanocrystals and the
proportion of the crystalline component [36]. Restricting the possibility of free volume
reaching the sample surface makes it possible to develop principles for the preparation of
amorphous–nanocrystalline materials with different structural parameters.

Thus, the obtained results show that using protective coatings makes it possible to
obtain partially crystalline materials with a larger number of nanocrystals. This shows the
possibility of developing nanomaterials with different contents of the crystalline phase and,
as a result, with different physicochemical properties.

4. Conclusions

It is shown that the fraction of the nanocrystalline phase formed in the samples of
Al87Ni8Gd5 amorphous alloy with a protective Ta coating under annealing is larger than
that in the uncoated samples. The size of Al nanocrystals formed in the coated and uncoated
samples is the same.

A higher rate of crystal nucleation in the deformed amorphous samples with a protec-
tive coating is caused by an enhanced diffusion coefficient, which corresponds to a material
with an enhanced free volume concentration.
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