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In order to elucidate the role of total strain and strain rate during high pressure torsion of AlgsCegNisCo,
metallic glass, different deformation conditions were applied to devitrify the as-quenched alloy. The
disk-shaped specimens were characterized by X-ray diffraction, transmission electron microscopy and
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1. Introduction

Single phase amorphous Al-based aluminium-transition-
metal-rare-earth alloys (Al-TM-RE) have successfully been
synthesized over a wide composition range in the last decades [1].
An extensive survey on the crystallization of these alloys has been
proceeded, because of the superior mechanical properties, asso-
ciated with the primary precipitation of fcc-Al nanocrystals in the
residual amorphous matrix [2]. According to the A topological insta-
bility criterion [3] and the Ax electronegativity differences among
the constituent elements, AI-TM-RE glass formers can be grouped
into three categories, reflecting to different thermal and crystal-
lization features: nanocrystalline, glassy and nanoglassy [4,5].

Apart from heat-induced crystallization, deformation can also
promote nanocrystallization in certain amorphous Al-based sys-
tems [6-10], however, the role of composition, thermodynamics
and crystal growth kinetics has not been elucidated unambigu-
ously. In a recent work we suggested that the growth of the
crystalline nuclei is determined by the available free volume fluc-
tuations [11]. Interestingly, similarities between deformation and
irradiation induced crystallization have been found, indicating the
importance of stability of the developing crystalline phases against
irradiation [12].
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In a recent study it was shown that AlgsCegNisCo, amor-
phous alloy exhibits eutectic crystallization after a clearly
resolved glass transition [13], in line with A=0.109>0.1 and
Ax=0.154>0.135-0.145, corresponding to glassy nature [4,5]. On
contrary, during extreme deformation obtained by high pressure
torsion (HPT), the devitrification starts with the primary precipita-
tion of Al nanocrystals [8].

In the present work, we investigate in detail the role of the strain
and strain rate on the growth kinetics and stability of the nucleating
crystalline phases during HPT of amorphous AlgsCegNisCo, alloy.

2. Experimental

Ingot of Algs CegNis Co, was synthesized by induction melting of a mixture of high
purity (99.9%) Al, Ce, Ni and Co metals. Fully amorphous ribbon sample was obtained
using a single roller melt spinning technique in inert atmosphere. The as-quenched
ribbon was cut into small pieces (flakes), pre-compacted and then deformed
between anvils of the HPT device resulting in porosity free disks with a radius of
R=5mm and thickness of L=0.7 mm. The torsion straining was performed under
different conditions, i.e., f=1revolution/min for N=>5 whole turns (5 rot@1 min~1),
f=0.2revolution/min for N=5 whole turns (5 rot@0.2 min~1), f=0.2 revolution/min
for N=1 whole turn (1rot@0.2min~'). The shear strain and strain rate for torsion
deformation at a radius r can be represented by y(r)=2rmN/L and dy(r)/dt=2rf]L,
respectively. For sample 5rot@1 min~! the calculated values are y(R)~220 and
dy(R)/dt~0.7s1.

Local area X-ray diffraction (XRD) measurements were carried out on a high
resolution double crystal diffractometer with negligible instrumental broadening
equipped with a fine focus rotating copper anode (Nonius, FR 591) operating at
45kV and 80 mA. The symmetrical Ge (220) primary monochromator produced
monochromatic Cu Ka radiation. The spot size of the X-ray beam on the specimen
was 100 wm x 500 wm. Diffraction patterns were registered by FUJI Imaging Plate
(BAS MS2025).
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For transmission electron microscopy (TEM), parts of the HPT disks were pre-
pared by twin-jet electropolishing (Tenupol-5) in a solution of water, ethanol,
butoxyethanol and 1/78 ml perchloric acid (Struers A2 Electrolyte). The thin part
of the sample around the perforation was investigated in a JEOL FX 2010 TEM at
200 keV. Standard dark-field (DF) images were recorded in “plane view” of the HPT
disk together with selected area electron diffraction patterns (SAED).

Continuous thermal scans at 40 K/min were carried out in a PerkinElmer power
compensated differential scanning calorimeter (DSC), under purified argon atmo-
sphere. The temperature and enthalpy were calibrated by using pure Al and In.

3. Results and discussion

A general view of the effect of the external deformation param-
eters on the microstructure of the HPT disks can be inferred
from Figs. 1 and 2. The XRD pattern corresponding to the as-
quenched alloy exhibits featureless halo corresponding to fully
amorphous nature (Fig. 1). The diffractogram of the centre of the
1rot@0.2min~! sample shows weak diffraction peaks of fcc-Al
superimposed on the amorphous halo. Applying the same rate up
to 5 whole rotations some new crystalline peaks emerged iden-
tified as Aly1Ces besides the fcc-Al peaks. On contrary, increasing
the strain rate significantly (5 rot@1 min—1), no detectable crystal-
lization occurs in the central region of the disk. The XRD patterns
obtained on the edge of the HPT disks results in a slight increase of
peak intensity for disks processed by the lower strain rate, whereas
noticeable crystallization of fcc-Al nanocrystals takes place in the
perimeter of the disk at higher strain rates.

Fig. 2 summarizes the TEM analysis obtained on the edge of the
different disks. The typical SAED pattern of the 1rot@0.2 min~!
sample shows the amorphous halo with distinct faint crystalline
spots (Fig. 2a). By analyzing these spots, it was found that they
well fit on the diffraction rings of crystalline Al;;Ce3 and fcc-Al.
The DF image taken by one of the Al;;Ces diffraction spots (see
the circle) illustrates the formation of elongated particle with a
length of 200 nm. The extremely low number of these intermetallic
particles is in line with the absence of the Al;Ce3 Bragg peaks in
the corresponding XRD pattern (see Fig. 1). At the same time, the
density of Al nanocrystals (10 nm) is also very small (not shown
here). As the revolution number increases up to 5, the SAED pattern
is still dominated by diffuse halos, indicating that the amorphous
state is present in large volumes, however, the density of the crys-
talline spots on the SAED pattern of the partially crystalline regions
increases (see Fig. 2b). The DF image reveals well defined Al;1Ce3
blocks with a size of 400 nm. It noted that the SAED pattern taken
on an Al diffraction spot still shows small nanocrystals with slightly
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Fig. 1. XRD patterns of the as-quenched amorphous AlgsCegNisCo, alloy and the
centre and edge of the HPT disks performed under different conditions. For the
abbreviations, see the text.

higher density distributed more homogeneously than the Al;;Ces
blocks in the amorphous matrix (not shown here). The SAED pat-
tern of the sample 5 rot@1 min~! consists of a halo with some faint
diffraction rings of fcc-Al phase (see Fig. 2¢), in accordance with the
XRD results. The corresponding DF image taken by partofthe (111)
fcc-Al diffraction ring reveals that the Al nanocrystallites with a size
of 5-10 nm are abundantly and homogeneously distributed in the
residual amorphous matrix.

As seen in Fig. 3, the as-quenched AlgsCegNi5;Co, amorphous
alloy exhibits a two-stage thermal devitrification process char-
acterized by the T; and T, crystallization peaks. Before the
crystallization, the DSC thermogram also reveals a well defined
glass transition (Tg). The inner part of the disks performed at the
lower angular speed (0.2min~!) has similar thermal character-
istics. However, when the strain rate is larger (1min~1), a high
temperature thermal event (T3) also appears. If we have a closer
look on the effect of strain (i.e. at the edge of the disks), it is noticed
that the magnitude of the T; decreases for the disk performed at
1rot@0.2 min~! and simultaneously a splitting of the T, peak occurs
for 5rot@0.2 min~!. When the AlgsCegNisCo, alloy is subjected
to the larger deformation rate (5rot@1 min~!), the T; thermal
event is completely eliminated, while the T, and T3 peaks become
much sharper. The total change of the DSC curves corresponds
to the depletion of Al in the residual amorphous matrix result-
ing in a chemically different, but more stable amorphous structure
[8].

The corresponding total enthalpy release (AH) determined from
the thermograms is shown in Fig. 4. As seen, AH decreases by about
15-20% after the torsion deformation. For all states the heat release
corresponding to edge of the disk is slightly lower than for the
centre. In the case of 1rot@0.2 min~! and 5 rot@0.2 min~! samples
AH is practically the same, referring to similar crystalline volume
fraction. The somewhat larger value of the 5rot@1 min~—"! alloy can
be associated with the different crystalline products of different
morphology.

Summarizing the experimental results, it is found that low strain
rate (0.2min~') devitrifies the fully amorphous AlgsCegNisCoy
into the mixture of Aly;Ces crystalline blocks and Al nanocrystals
sparsely distributed in the amorphous matrix (Fig. 2b and c). On
contrary, the much higher strain rate (5rot@1 min—!) promotes
the formation of homogeneously distributed small Al nanoclus-
ters (Fig. 2a). Similarly, homogenous nanocrystals were observed
in nanoindentation around the indents [14,15]. Based on defect
annihilation kinetics, Atzmon and co-workers has predicted that
the number of nuclei decreases and the size of the nanocrystals
increases with increasing strain rate [14]. In spite of the lower
apparent strain rate, the presence of sub-micrometer blocks for
samples 1rot@0.2min~! and 5rot@0.2 min—' foresees extremely
high atomic mobility and local strain rate in the vicinity of the
crystals.

Based on a thermoplastic model involving thermal balance
between the plastic work input and heat conduction during HPT,
Hébor et al. proposed that the temperature can reach Ty above
a critical value of f [16]. Evidently, for smaller f, the average
temperature increase is smaller and the deformation should be
localized.

4. Conclusions

High pressure torsion of fully amorphous AlgsCegNisCo, at low
strain rate devitrifies the matrix into the mixture of sparsely dis-
tributed Al;;Ces crystalline blocks and Al nanocrystals. On other
hand, high strain rate promotes only the formation of homoge-
neously distributed small Al nanoclusters and inhibits the growth
OfAl11C€3.
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Fig.2. SAED patterns and corresponding DF image of the HPT disks performed under different external conditions: (a) 1 rot@0.2 min~',(b) 1 rot@1 min~! and (c) 5 rot@1 min~'.
Dashed and continuous rings correspond to fcc-Al and Aly; Ces, respectively.
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Fig. 4. Total enthalpy release (AH) obtained from the DSC curves for the as-
quenched amorphous AlgsCegNisCo, alloy and the HPT disks performed under
different conditions.

Fig. 3. DSC thermograms of the as-quenched amorphous AlgsCegNisCo, alloy
and the centre and edge of the HPT disks performed under different

conditions.
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