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A B S T R A C T

Effect of cryogenic treatment on amorphous phase rejuvenation in Al-based alloys was studied by X-ray dif-
fraction, transmission and high-resolution electron microscopy. It was established that cryogenic cycling may
lead to amorphization of nanocrystalline regions and amorphous phase rejuvenation in partially crystalline
samples. The composition of nanocrystals in the investigated samples differed from that of amorphous phase,
therefore, the process of amorphization under cryogenic cycling was accompinied by mass transfer. A degree of
amorphization depends on the duration of cryogenic cycling and increases with an increase in its duration.
Amorphization of a partially crystalline structure under cryogenic cycling is observed for nanocrystals formed
under both heat treatment and deformation.

1. Introduction

Amorphous and partially crystalline alloys are of a great interest
due to their good physical and chemical properties. Al-based alloys are
characterized by high yield strength, superior corrosion resistance and
other desirable properties [1–4]. Fe- and Co-based alloys have a
splendid combination of hysteresis properties, high values of saturation
induction and effective permeability; depending on the composition
they are characterized by high magnetic permeability and magnetic
susceptibility. A number of these alloys have zero magnetostriction
constant [5–6]. There are a lot of works devoted to the study of a
structure of amorphous and partially crystalline alloys [7–9], specific
features of phase transitions in these materials [10,11] and changes in
physical properties caused by structural transformations [12,13]. For-
mation of a partially crystalline amorphous-nanocrystalline structure
allows obtaining Al-based materials with high mechanical properties
[14–18]. However, the possibilities of practical application of these
materials are limited: the plasticity of alloys decreases under low-
temperature annealing or just aging, they become brittle which sig-
nificantly limits the areas of their potential applications in instruments
and devices.

In a number of researches, attempts were made to recover plasticity
by severe plastic deformation of samples [19–21]. In [21] it was shown
that as a result of high-pressure torsion deformation changes in the pair
distribution function of atoms were observed. This indicated that

marked atomic restructurings caused by rejuvenation of an amorphous
structure occur as a result of deformation. The authors of [21] assumed
that these structural changes may be the result of local heating due to
deformation. An increase in the degree of structure disordering under
plastic deformation was noted also in [20,22]. A change of mechanical
properties (hardness, modulus of elasticity, etc.) in Zr50Cu40Al10 bulk
metallic glass under severe plastic deformation was observed in [19].

However, it was found in recent years that plasticity can be re-
covered under thermal cycling in the temperature range between the
temperature of liquid nitrogen and room or elevated temperature
[23–25]. This process was called rejuvenation. A change in a structure
under cryogenic thermal cycling is related to the following process. In
an amorphous alloy there are heterogeneity regions which differ in the
chemical compositions, density, short-range order degree, shear band,
etc. In [25,26] a hypothesis was discussed that since such heterogeneity
regions are characterized by different coefficients of thermal expansion,
an abrupt change in temperature (heating ↔ cooling) will lead to the
appearance of internal stresses which are capable of causing irreversible
local atomic restructurings, thus, resulting in structure rejuvenation. At
that rejuvenation of the structure in metallic glasses was linked to in-
homogeneous values of the coefficient of thermal expansion in different
sample regions (in the regions of intersection of shear bands, etc.). One
of the examples of an increase in plasticity can be [23] the authors of
which demonstrated recovery of the plasticity of Zr55Cu30Al10Ni5 bulk
metallic glass under cryogenic cycling. However, the authors of [23]
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did not find changes in the structure under this treatment.
Note that a significant change in an amorphous structure has not

been observed to date. At the same time, the idea of induction of
stresses in a system with inhomogeneous distribution of the coefficients
of thermal expansion seems to be very promising. One of the methods to
test this hypothesis can be to create an initial structure with a possible
greater difference in the coefficients of thermal expansion between
different regions. The present works made an attempt of cryogenic
cycling influence on an amorphous-nanocrystalline structure

representing a system “amorphous matrix+ nanocrystals” the compo-
nents of which have a greater difference in the coefficients of thermal
expansion than just different regions within an amorphous matrix.

2. Experimentals

Al-based amorphous alloys (Al88Ni6Y6 and Al87Ni8Gd5) were ob-
tained in the form of ribbons by rapid melt quenching. The thickness of
the ribbons was about 30 µm, the width was 1 cm. The amorphous
samples were subjected to preliminary heat treatment in order to pro-
duce a partially crystalline structure, following which they were sub-
jected to cryogenic cycling in the different temperature range (77 K -
room temperature and 77–373 K). Under this treatment, the samples in
a metal holder were placed to a container with liquid nitrogen, exposed
at the temperature of liquid nitrogen during N s, removed from the
container and exposed in the air at room temperature during N s. The
duration of exposure in liquid nitrogen and in the air was similar and
was from 30 s to 3min, the number of these treatment cycles was from
30 to 200. The structure of the as-prepared and treated samples was
investigated by X-ray diffraction and transmission electron microscopy.
The X-ray diffraction studies were carried out on a Siemens D500 dif-
fractometer using CоKα radiation. To perform the X-ray diffraction
studies, special substrates were used which do not give intrinsic re-
flections [27]. The use of soft Co Kα radiation enabled to stretch the X-
ray diffraction pattern and, on the one hand, to see distortions of diffuse
maxima more clearly, and, on the other hand, to determine their lo-
cation more precisely. The fraction of the nanocrystalline phase was

Fig. 1. High-resolution electron microscope image of initial Al87Ni8Gd5 amor-
phous.

Fig. 2. Part of the X-ray diffraction patterns of annealed Al87Ni8Gd5 sample (1 –
experimental curve, 3 and 4 – diffuse halos from the first and second amorphous
phases, 5 – diffraction peak from Al nanocrystals, 2 – summary of curves 3–6).

Fig. 3. Bright-field (a) and dark-field (b) TEM images of annealed Al87Ni8Gd5 alloy and electron diffraction pattern (inset).

Fig. 4. Distribution of Al nanocrystals by size in annealed Al87Ni6Gd5 alloy.
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determined by the ratio of integral intensities of the phases according to
[28–30]. All the X-ray diffraction patterns were recorded at room
temperature after completion of the cryogenic thermal cycling process.
Up to the beginning of the structural researches the samples were stored
in liquid nitrogen and removed take out immediately before the be-
ginning of the recording of X-ray diffraction patterns. The foils for
electron microscopic investigations were obtained by ion thinning. The
calorimetric studies were carried out on a Perkin Elmer DSC-7 differ-
ential scanning calorimeter at a heating rate of 20 K/min. The electron
microscopic studies were performed on JEM-100 CXII and JEM 2100
transmission electron microscopes.

3. Results

3.1. Evolution of the structure of Al87Ni8Gd5 amorphous alloy

After quenching all ribbons were amorphous. Fig. 1 shows a high-
resolution electron microscopy image of the as-prepared amorphous
alloy. For the formation of a partially crystalline (amorphous-nano-
crystalline) structure, the samples were annealed at 373–443 K during
1–5 h. Fig. 2 illustrates an X-ray diffraction pattern of Al87Ni8Gd5 alloy
after 1-hour annealing at 443 K (curve 1). It is seen that the diffuse
maximum is non-symmetric and represents a superposition of two dif-
fuse maxima (curves 3 and 4) and two diffraction reflections (curves 5
and 6). Curve 3 corresponds to the amorphous phase with a large radius
of the first coordination sphere; this amorphous phase is enriched in
gadolinium (the largest atom in the system under study). The amor-
phous phase characterized by a smaller radius of the first coordination
sphere (curve 4) corresponds to the phase depleted in gadolinium and
enriched in nickel. Curves 5 and 6 represent (111) and (200) diffraction
reflections from the fcc phase. Curve 2 represents a sum of curves 3 - 6.
Thus, after annealing the structure of the samples represents a hetero-
geneous amorphous phase with nanocrystals randomly distributed in it.

The heterogeneous amorphous phase in Al-based amorphous alloys
after heat treatment and deformation was observed earlier [31–34].
The released nanocrystals are precipitations of pure aluminum; neither
nickel nor gadolinium dissolves in Al lattice [35]. At the analysis of the
diffuse maximum the values of half-widths of amorphous phase Gaus-
sians and the position of aluminum reflections were taken into con-
sideration [36–38]. The average nanocrystal size is about 10 nm.

Fig. 3 demonstrates a microstructure of annealed Al87Ni8Gd5 alloy.
In a bright-field (a) and dark-field (b) images one can see nanocrystals
in the amorphous matrix. In an electron diffraction pattern (inset in
Fig. 3a) one can see point reflections from the nanocrystals in a diffuse
ring. Distribution of the nanocrystals by size in the annealed alloy is
shown in Fig. 4. The average nanocrystal size is 10 nm which corre-
sponds to the data of the X-ray diffraction studies. Fig. 5 demonstrates a
high-resolution electron microscope image of Al nanocrystal in the
amorphous matrix of Al87Ni8Gd5 alloy after annealing. In the image
there are nanocrystals formed during heat treatment, one of them being
shown by a box. Note that the nanocrystal does not contain linear de-
fects. Such defect-free nanocrystals in Al-based alloys were observed
earlier [10].

The annealed samples with an amorphous-nanocrystalline structure
were subjected to cryogenic thermal cycling in the temperature range of
77–373 K. A decrease in the fraction of the nanocrystalline phase was
observed after 50 cycles of treatment. A decrease in the fraction of the
nanocrystalline phase was observed under both X-ray diffraction and
electron microscopic studies. The average nanocrystal size did not
change at that. Fig. 6 illustrates a bright-field (a) and dark-field (b)
electron microscope images of the sample structure after 100 cycles of
treatment. Fig. 7 shows distribution of the nanocrystals by size.

A decrease in the fraction of the nanocrystalline phase became ap-
parent in the X-ray diffraction patterns in a decrease in the intensity of
the diffraction maxima (curves 5, 6) in Fig. 8 compared to the intensity
of the diffraction reflections in Fig. 2 (curves 5, 6). Nanocrystals are

Fig. 5. High-resolution electron microscope image (a) and enlarged image of the region limited by a box (b) of Al nanocrystal in the amorphous matrix of Al87Ni8Gd5
alloy.
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found more rarely in the electron microscope images of the samples
after cryogenic cycling. At the similar number of the images obtained,
under the similar conditions the total number of the observed nano-
crystals after cryogenic cycling is less than that before it. This is in-
dicated, in particular, in the histograms of distribution by size: the
number of crystals (coordinate axis) in the samples after cryogenic
cycling (Fig. 7) is less than that before cryogenic cycling (Fig. 4).

Since the method of transmission electron microscopy is local, a
rarer location of nanocrystals may be accidental, and a thickness of the
foil in the area under study may be less. Additional experiments were
carried out to test the observed effect. The additional investigations

Fig. 6. Bright-field (а) and dark-field (b) electron microscope images of the
sample structure after 100 cycles of treatment.

Fig. 7. Distribution of nanocrystals by size after cryogenic thermal cycling.

Fig. 8. Part of the X-ray diffraction pattern of Al87Ni8Gd5 sample after an-
nealing and cryogenic cycling (100 cycles) (1 – experimental curve, 3 and 4 –
diffuse reflections from two amorphous phases, 5 and 6 – reflections from Al
nanocrystals, 2 – summary of curves 3–6).

Fig. 9. High-resolution electron microscope image (a) and enlarged image of
the region limited by a box (b) of Al nanocrystal in Al87Ni8Gd5 alloy after
thermal cycling.
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were performed on the samples which had the similar absorption
contrast ratio, i.e., the similar thickness. The results of the investiga-
tions showed that indeed the number of nanocrystals in the samples
after thermal cycling is less than that in the annealed sample before
cryogenic thermal cycling. At that, a significant change in distribution
of the crystals by size after thermal cycling was not observed.

Fig. 9 presents a high-resolution electron microscope image of Al
nanocrystal after thermal cycling. As it is seen, nanocrystals remain
defect-free after this treatment.

As cryogenic cycling continues, the fraction of the nanocrystalline
phase goes on decreasing. Fig. 10 demonstrates X-ray diffraction pat-
terns of the annealed sample (1) and the samples after cryogenic cycling
(2–100 cycles, 3–200 cycles). The reflections from aluminum nano-
crystals are marked by asterisks. One can see that the intensity of the
most intense Al (111) reflection reduced significantly after cryogenic
cycling. According to the data of the X-ray diffraction study, the

samples are completely amorphous after 200 cycles of treatment.

3.2. Evolution of the structure of Al88Ni6Y6 amorphous alloy

Changes in an amorphous-nanocrystalline structures were made
also in Al88Ni6Y6 alloy, however, in contrast to Al87Ni8Gd5 alloy the
partially crystalline structure in Al88Ni6Y6 alloy was produced by de-
formation. The amorphous samples were deformed by multiple rolling
at room temperature. The value of deformation was ~50%. An initial
section of the X-ray diffraction pattern of the deformed sample is illu-
strated in Fig. 11. As well as in the case of annealing, after deformation
the amorphous phase is heterogeneous and contains regions differing in
the chemical composition (diffuse halos 3 and 4) and a small amount of
nanocrystals (curve 5). In this alloy, yttrium atom is the largest one; the
phase corresponding to the left diffuse subpeak is enriched in this
component. Accordingly, the second amorphous phase (curve 4) is
depleted in it. The average size of Al nanocrystals determined by the
Selyakov-Scherrer formula [39] is 6 nm.

An image of the structure of Al88Ni6Y6 alloy after deformation is
shown in Fig. 12. The structure of the rolled sample consists of an
amorphous phase with a small amount of nanocrystals. According to the
data of the electron microscopic study, the average nanocrystal size is
also 6 nm.

The deformed samples of Al88Ni6Y6 alloy were subjected to cryo-
genic cycling similarly to the annealed samples of Al87Ni8Gd5 alloy. As
well as in the case of the alloy with Gd, cryogenic cycling leads to a
significant decrease in the fraction of the nanocrystalline phase. Fig. 13
shows an X-ray diffraction pattern of deformed Al88Ni6Y6 alloy after
cryogenic cycling in the temperature range of 77–373 K (60 cycles).
With an increase in the number of cycles to 100 and more no signs of
the crystalline phase were observed in the X-ray diffraction pattern.

A comparison of the X-ray diffraction patterns in Figs. 11 and 13
demonstrates unambiguously a significant decrease in the fraction of
crystals in the sample after cryogenic cycling. We estimate that after
this treatment the fraction of the nanocrystalline phase decreased ap-
proximately by 6 times. A microstructure of the sample after cryogenic
cycling is shown in Fig. 14 where one can clearly see a decrease in the
amount of nanocrystals.

The similar results were obtained also under cryogenic cycling in
the temperature range of 77–273 K. Thus, in both of the partially
crystalline alloys cryogenic cycling leads to reduction and/or dis-
appearance of the crystalline phase, i.e., structure rejuvenation.

4. Discussion

The obtained results demonstrate that under cryogenic cycling a
decrease in the fraction of the crystalline phase occurs, i.e., nanocrys-
tals amorphize. The works on investigation of the transition from the
crystalline to the amorphous state (for example, under deformation)
were carried out earlier [40,41]. One of these examples can be the in-
vestigation of Ni-Ti alloys where amorphization of the crystalline phase
occurred due to the martensite transformation without a change in the
chemical composition. In the studied alloys the transition from the
crystalline to the amorphous state (“dissolution” of nanocrystals) occurs
by the other mechanism. As noted above, nanocrystals in the in-
vestigated alloys represent precipitations of pure aluminum, whereas
the amorphous matrix is three-component. Consequently, during
cryogenic cycling not only system disordering, but also component re-
distribution occurs. Apparently, the observed change in the structure is
initiated by the stresses caused by thermal gradients between the
neighboring regions in the heterogeneous structure, difference in the
coefficients of thermal expansion. As shown above, the heterogeneous
amorphous structure in the investigated alloys is formed after both
annealing and deformation, with nanocrystals and heterogeneous
amorphous structure being formed in both of the cases.

To estimate thermotension arising at temperature change one can

Fig. 10. X-ray diffraction patterns of samples after annealing (1) and cryogenic
cycling (2 – 100 cycles, 3 – 200 cycles).

Fig. 11. Part of the X-ray diffraction pattern of deformed Al88Ni6Y6 alloy (1 –
experimental spectrum, 3 and 4 – diffuse reflections from two amorphous
phases, 5 and 6 – reflections from Al nanocrystals, 2 – summary of curves 3–6).
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use the Selsing model [42] which is described by the formula:
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where σp is the average stress inside particles;
∆α is the difference in the coefficients of thermal expansion of

particles and a matrix;

νm and νp are the Poisson's ratios of a matrix and particles;
Em and Ep are the Young's moduli of a matrix and particles, re-
spectively.

The average stress σm in a matrix is determined by the equation:
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Eq. (1) shown above works in the case when the volume fraction of
second phase particles does not exceed 10%. The general formula with
regard to the fraction of particles f has the form [42]:
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where Kp, Km are the bulk moduli of particles and a matrix, respectively;
Gm is the shear modulus of a matrix.

From Eqs. (2) and (3) it follows that stresses inside particles and in a
matrix have opposite signs. That means that if there is tensile stress in
particles, there is compressive stress in a matrix, and conversely. Stress
inside particles by the absolute value decreases approximately by the
linear law with an increase in particle fraction, whereas stress in a
matrix increases.

Since according to the data of the X-ray diffraction studies the
amount of the crystalline phase did not exceed a few percent, Eq. (1)
was used for the subsequent estimations. The mechanical character-
istics for Al and the amorphous matrix in the case of Al87Ni8Gd5 alloy,
which were used for the calculations of thermotension, are presented in
Table 1.

The calculation result shows that in the case of Al87Ni8Gd5 alloy the
stress inside Al nanocrystals may reach 90MPa under a change in the
temperature in the range of 77–393 K. Due to heterogeneity of the
amorphous matrix this stress has both normal and shear components
and cannot be considered as a hydrostatic one.

The stress of dislocation generation τ according to the Frank-Read
source can be estimated in the first approximation as corresponding to
the equation:

= Gb
L

, (4)

where G is the shear modulus; b is the modulus of Burgers vector; L is
the nanocrystal size.

Such defects as twins and stacking faults [46] usually arise most
frequently in nanocrystals. Passage of partial Shockley dislocations with
the Burgers vectors a/6<121> in Al nanocrystals is necessary for the
formation of twins and stacking faults in them. According to Eq. (4), at
L=10 nm stress of about 450MPa is necessary for the formation of
such a dislocation. This stress turns to be much larger than that esti-
mated by the Selsing formula for thermotensions arising inside nano-
crystals. However, the calculation did not take into account cyclical
influence on the material and rate of temperature change. Assuming
that stresses increase with an increase in the number of cycles (or that
the stress of dislocation generation decreases under cyclic load), that
may lead to the occurrence of dislocations in nanocrystals and basically
to their deformation amorphization.

As it was mentioned above, deformation amorphization is known in
principle [40,41] however amorphization investigated in [40,41] oc-
curred without concentration redistribution. The distinction of the
present work is also in the fact that due to different compositions of the
amorphous and crystalline phases amorphization should be accom-
panied by mass transfer. It is also important to note that in Al-based
alloys the amorphous matrix is heterogeneous [10,38], the presence of

Fig. 12. Bright-field (a) and dark-field (b) TEM images of the structure of de-
formed Al88Ni6Y6 alloy.

Fig. 13. Part of the X-ray diffraction pattern of deformed Al88Ni6Y6 alloy (1 –
experimental spectrum, 3 and 4 – diffuse reflections from two amorphous
phases, 5 and 6 – reflections from Al nanocrystals, 2 – summary of curves 3–6).
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heterogeneities with different coefficients of thermal expansions will
also contribute to the occurrence of thermotensions in the material. In
different areas the value of thermally induced stress, of course, turns to
be different.

Apparently, additional experiments are necessary to establish defi-
nitively the mechanism of nanocrystal amorphization under thermal
cycling.

5. Conclusion

It has been shown that application of cryogenic cycling actually to
partially crystalline samples may result in amorphization of nanocrys-
talline regions and rejuvenation of an amorphous phase. Amorphization
of the partially crystalline structure occurs both when nanocrystals
were formed under heat treatment and in the case of their formation
during deformation. The composition of nanocrystals differs from that
of amorphous phases, that is why the process of amorphization under
cryogenic cycling is accompanied by mass transfer. The degree of
amorphization depends on the duration of cryogenic cycling and in-
creases with an increase of its duration.
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