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Using conventional and high-resolution transmission electron microscopy (HRTEM),
the effects of rolling at room temperature on the microstructures of amorphous
AlgoFesGds and Algg ¢Ni; ;Y4 s were compared. In rolled AlyoFesGds, nanocrystallites
were observed at shear bands, whereas none were observed in rolled Algg ¢Nis ;Y 5.
When HRTEM was combined with with Fourier transform filtering, nanoscale,
low-density defects were imaged. In Aly,FesGds, the shear bands contain few defects,
which are concentrated at the boundary zone between the shear bands and undeformed
region, whereas in Algg ¢Ni; ;Y 5, the shear bands contain a uniform distribution of
defects with a density higher than the undeformed region. The preferential precipitation
of nanocrystallites in rolled Aly FesGds is attributed to a kinetic effect due to
uniformly-distributed excess free volume in the shear bands.

. INTRODUCTION

Recently, mechanically induced nanocrystallization in
amorphous alloys, achieved by ball milling,' bend-
ing,*” rolling,® tension,”® and nanoindentation,”'® has
received much attention. The process of mechanically
induced nanocrystallization is of potential practical sig-
nificance for the synthesis of amorphous-nanocrystallite
composites and their processing and service. In addition,
the mechanisms of atomic displacement and formation of
crystalline phases under plastic deformation are of sig-
nificant fundamental interest.

To date, no consensus concerning the microscopic
mechanism of mechanically induced nanocrystallization
has been reached. Since atomic mobility is very sluggish,
it has been suggested that a temperature rise may play a
crucial role in their formation.'' Recently, we combined
nanoindentation with transmission electron microscopy
(TEM) to study the effect of deformation at a low strain
rate on amorphous AlyFesGds alloy, to rule out a tem-
perature rise during deformation. The results indicated that
mechanical deformation at or near room temperature led
to the precipitation of nanocrystalline Al.'® Furthermore,
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our work also demonstrated that the stress state is an
important factor in mechanically induced nanocrystalli-
zation of an amorphous alloy. Nanocrystallization oc-
curred only in the predominantly compressive region of
a sample bent at room temperature.'> Mechanically in-
duced nanocrystallization appears to be a general phe-
nomenon, since it has been observed in Al-, Zr-, and
Fe-based alloys.'~'> However, this process is composition
dependent; it may vary between otherwise similar alloys."*

Mechanically induced nanocrystallization occurs ex-
clusively at shear bands, which are the main microstruc-
tural response to plastic deformation in amorphous al-
loys. They are usually identified and characterized mor-
phologically using a scanning electron microscope
(SEM). However, little information is available on their
atomic structure, as the relatively small differences be-
tween them and the undeformed matrix are frequently
undetectable by TEM. Recently, Miller and Gibson'?
have developed a quantitative high-resolution transmis-
sion electron microscopy (HRTEM) method of charac-
terizing the medium-range atomic structure of amor-
phous solids. This method includes quantitative analysis
of electron images and their Fourier amplitudes, essen-
tially combining small-angle scattering analysis and
high-resolution imaging from the same microscopic
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region. It has led to the identification of nanometer-scale
voids in amorphous silica thin films. Utilizing this
method, Li et al.'* studied shear bands in bulk, Zr-based,
metallic glasses and found that they contained a higher
concentration of nanometer-scale voids than the unde-
formed regions. A correlation of the structure of shear
bands in amorphous Al-based alloys with the presence or
absence of mechanically induced nanocrystallites is es-
pecially significant in the present context.

The present work employs quantitative HRTEM to
examine nanoscale defects at shear bands of rolled amor-
phous Aly,FesGds and Algg ¢Ni; ;Y4 s alloys, of which
only the former contains mechanically induced nanocrys-
tallites." The results are used to elucidate the mechanism
of mechanically induced nanocrystallization in an amor-
phous alloy, confirming the mechanism we have previ-
ously proposed.

Il. EXPERIMENTAL

Two amorphous Al-based alloys, AlyFesGds and
Algg ¢Ni; ;Yo s (at.%), were used in the present work.
Alloy ingots were prepared by arc melting a mixture of
the constituent elements in a purified argon atmosphere.
Amorphous ribbons (1 x 0.022 mm) were prepared from
the master-alloy ingots using a single-roller melt-
spinning apparatus. A Cr-plated copper wheel with a tan-
gential velocity of 40 m/s was used in either vacuum or
an Ar atmosphere. X-ray and electron diffraction analy-
ses were used to confirm the amorphous structure of the
as-spun alloy ribbons.

As-spun ribbons were rolled at room temperature in up
to 100 small steps to a final thickness reduction of 45.5%.
TEM specimens were prepared electrolytically using a
single-side jet-thinning electropolisher from the wheel
side of the ribbons, in a solution of 25% nitric acid and
75% methanol at 243 K and a voltage of 90 V. The
samples were investigated using a JEOL 2010F HRTEM
(Tokyo, Japan) at an operating voltage of 200 kV. The
HRTEM images were collected on a charge-coupled device
(CCD) camera and their further processing was performed
digitally. The instrumental camera length was used for
lattice-parameter determination from diffraction patterns.

We performed a set of observations aimed at ruling out
an artifact due to atomic displacements by the electrons
in the TEM. We observed no detectable change in the
microstructure of shear bands at a magnification of 100 K
for constant exposure to the electron beam up to 30 min.
All the results we report were obtained by avoiding
placement of the focused beam on one location for a
prolonged time. Our conventional-resolution observations
were generally performed at a magnification not higher
than 100 K for less than 5 min. Selected-area electron
diffraction (SAED) patterns, showing nanocrystallization
at shear bands, were obtained in 1 or 2 min.

lll. RESULTS AND DISCUSSION

Rolling resulted in the formation of numerous shear
bands in both the amorphous Al,,FesGds and
Alge gNis ;Y4 s ribbons, indicating inhomogeneous
plastic deformation. Typical microstructures morpholo-
gies of rolled amorphous alloys are shown in Fig. 1.
The shear band appears brighter than the undeformed
region, which is a result of a thickness contrast; as they
have less resistance to chemical attack during thinning,
the shear bands are thinned at a higher rate than the
matrix.'” In rolled Aly,FesGds, an SAED pattern, ob-
tained from a region containing a shear band, shows four
sharp diffraction rings plus diffuse rings originating from
the amorphous matrix, indicating the occurrence of crys-
tallization [Fig. 2(a) inset]. The sharp rings were indexed
as {111}, {200}, {220}, and {311}, respectively, of a

(b)

FIG. 1. TEM bright-field images of rolled amorphous (a) Aly,FesGds
and (b) Algg¢Niz;Yys.
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FIG. 2. TEM dark-field images of rolled amorphous (a) Aly,FesGds
and (b) Alge gNis ;Y s. Insets are the corresponding SAED patterns,
in which the location of the objective aperture is illustrated
schematically.

face-centered-cubic (fcc) phase with a lattice constant of
0.405 nm, as compared with 0.40414 nm for pure AL'® A
dark-field image [Fig. 2(a)] reveals nanocrystallites at a
shear band. This demonstrates that rolling at room tem-
perature induced nanocrystallization in Aly FesGds. In
rolled Algg sNis ;Y 5, the SAED pattern [Fig. 2(b) inset]
contained diffuse halos but no sharp rings. Furthermore,
dark-field micrographs [Fig. 2(b)], obtained from the

same region of Fourier space as Fig. 2(a), revealed no
crystallites.

Following the method developed by Miller and Gib-
son,'® and later extended by Li et al.,'* the nanoscale
structural characteristics of the shear bands in the rolled
samples were investigated. First, images were obtained at
a defocus value of around —200 nm. This maximizes the
intensity for the relevant range of spatial frequencies (see
below)'* while avoiding a potential artifact due to con-
trast reversal. Fourier transforms of the images were
computed. We detected a prominent difference in the
Fourier-transform amplitude between the shear band and
undeformed region in the small-angle scattering region,
similar to the results of Li et al.'* Similar results were
also obtained by Donovan and Stobbs, using axially
aligned dark-field images for amorphous Ni,.P,, and
Fe,,Ni,oB,o.!” To image the defects giving rise to the
small-angle scattering, the Fourier transform was filtered
by passing the spatial frequencies of interest (0.5 < k <
1.5 nm™") and excluding all other spatial frequencies (see
Li et al.'*). A reverse Fourier transform was then calcu-
lated to obtain a filtered image, which displays the pro-
jected atomic density. It does not contain contributions
from the sample’s thickness variations since these have
long wavelengths, thus the uniform mesoscopically av-
eraged intensity. Regions with locally lower density ap-
pear bright; those with higher density appear dark.'* To
identify density fluctuations that exceed those expected
statistically in an amorphous alloy, a threshold filter was
then applied, set to display a signal only when the mean
brightness is exceeded by three standard deviations. Fi-
nally, the images were inverted. Although the choice of
the threshold filter is somewhat arbitrary, and accurate
quantification cannot be made, the results are of qualita-
tive, even semi-quantitative, significance.'*'*

A shear band is about 20-30 nm wide. Figure 3(a) is a
HRTEM image of rolled Aly,FesGds, containing both a
part of a shear band and its neighboring, undeformed,
matrix. Nanocrystalline particles, 4-6 nm in diameter,
are observed within the shear band. Figure 4(a) is an
image obtained at a defocus value of —200 nm and fil-
tered as described above. From it, a threshold-filtered
and inverted image was obtained [Fig. 5(a)]. Low-
density, nanoscale defects are observed predominantly in
the shear bands near the boundary with the undeformed
matrix. These defects will be referred to as nano-
voids.'*'* Few such defects are observed in interior of
the shear band or in the undeformed matrix.

Figure 3(b) is a HRTEM image of rolled Alg, ¢Nis ;Y 5
containing both a part of a shear band and its neighboring
undeformed matrix. Again, the shear band appears bright
and the undeformed region dark. No nanocrystals are
observed within the shear band. Figure 4(b) is an image
obtained at a defocus value of =200 nm and filtered, as
described above. From Fig. 4(b), a threshold-filtered and
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FIG. 3. HRTEM images of a part of a shear band (bright) and its
neighboring undeformed matrix (dark) in (a) rolled Aly,FesGds and
(b) rolled Algg gNis ;Y s. The dash lines indicate the boundary be-
tween a shear band and an undeformed matrix.

inverted image was obtained [Fig. 5(b)]. Evidently, the
nanovoids are located mainly in the shear band and dis-
tributed uniformly.

If the results for the two rolled amorphous ribbons are
compared, it is evident that imaging features viewed by
this technique result from the structural details of the
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FIG. 4. (a, b) Images corresponding to Figs. 3(a) and 3(b), respec-
tively, but defocused —200 nm, Fourier filtered to pass 0.5 < k <
1.5 nm™".

materials, rather than from a smaller sample thickness at
the shear bands. This comparison also lends support to
the effectiveness of the method. However, it must be
mentioned that a comparison of the absolute density of
defects in different samples [Figs. 5(a) and 5(b)] is not
possible. Despite the fact that the images were processed
in the same way, the imaging conditions for Figs. 5(a)
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FIG. 5. (a, b) Images corresponding to Figs. 4(a) and 4(b), respec-
tively, but threshold filtered and inverted.

and 5(b) were not identical, resulting in incomparability
in the intensity. Although the threshold filters were set
using the same criterion, the standard deviations are dif-
ferent for the two samples. It is the comparison of varia-
tions within each sample that is significant.

It has been demonstrated that mechanically-induced
nanocrystallization is dependent on alloy composition.
Bending resulted in the precipitation of the nanocrystal-
line Al particles in amorphous Aly,FesGds alloy*'? but
failed to induce nanocrystallization in amorphous
AlgsNi,,Ces.* Also, ball milling for 1 h could form
nanocrystallites in amorphous Aly,FesGds, Alg,FesCes,
and Alg,Feg ,Gd, 5, while ball milling, even for 5 h,

could not cause the formation of nanocrystallites in
amorphous AlgsNisY .. Such differences are used here
to help us understand the mechanisms of nanocrystalli-
zation induced by mechanical deformation.

The observed phenomena are best explored by study-
ing the structural nature of the shear bands. The direct
observation of defects in amorphous alloys is more chal-
lenging than in crystalline materials. Using a recently
developed quantitative HRTEM technique, the present
work clearly demonstrates a substantial difference be-
tween the shear bands of a deformed amorphous alloy
that exhibits nanocrystallization and another alloy that
does not. In rolled Aly,FesGds, the interior of the shear
bands contains few nanovoids while the boundary zone
between the shear band and undeformed region contains
most nanovoids [Fig. 5(a)]. In rolled Algy¢Niz- Yo,
the shear bands contain a higher density of nanovoids
than the surrounding undeformed region [Fig. 5(b)]. Li
et al.,'* using the same method for a Zr-based amorphous
alloy, reported a higher density of nanovoids in the shear
bands than in the amorphous matrix. These shear bands
were at the tip of cracks developed during the electropo-
lishing. The defect distribution they observed is similar
to that of the rolled Algq gNis ;Y 5 alloy in the present
work. We note that no nanocrystals were observed in
Ref. 14.

In an investigation of shear bands in deformed, amor-
phous nickel-phosphorus thin films, using axially
aligned, dark-field TEM, Donovan and Stobbs'’ ob-
served dilated bands forming in both compression and
tension. They also observed a large small-angle scatter-
ing signal for bands obtained in tension, which they at-
tributed to voids. They argued that the shear bands were
dilated in both compression and tension, which is re-
quired for atomic motion to take place. Recently, using
real-time diffraction using synchrotron radiation,
Hajlaoui et al.'® observed a 37% increase in the amount
of free volume when subjecting Zr-based metallic glasses
to cold deformation. Their measurement was based on
the assumption that the magnitude of the wave vector at
which the diffraction pattern has a maximum is propor-
tional to the cubic root of the number density. Using
positron annihilation spectroscopy and differential scan-
ning calorimetry (DSC), Kanungo et al.'"® observed an
increase in free volume in Cu- and Zr-based bulk metallic
glasses after rolling at room temperature. Sundar Daniel
et al.?® reported similar observation in a Zr-based bulk
metallic glass at different stages of tensile creep at
elevated temperature around its glass transformation
temperature.

Our previous work'? showed that bending of amor-
phous AlyyFesGds alloy ribbon at room temperature in-
duced nanocrystallization only in the compressive region
but not in the tensile region. Furthermore, the shear
bands in the compressive and tensile regions, imaged
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using HRTEM with Fourier transform filtering, exhibited
different nanovoid distributions. In the compressive re-
gion, nanovoids were observed mainly in the shear bands
near the boundary with undeformed region, whereas in
the tensile region, the shear bands contained a uniform,
higher, density of nanovoids than the undeformed matrix.
This correlation between the defect distribution and
nanocrystallization is analogous to the present results.
Below, we argue for a causality relationship between the
absence of nanovoids and nanocrystallization. This is
plausible because the average separation between
nanocrystallites in AlyFesGds is several orders of mag-
nitude larger than the average separation between nano-
voids in shear bands in Alg, gNis ;Yo 5. Therefore, it is
unlikely that the nanocrystallites would affect nanovoid
formation.

We note that Alyo FesGds and Algg gNisz ;Y4 5
(AlgsNisY,,) have different stability against thermal
devitrification, with first crystallization temperatures
of 220 and 280 °C, respectively.1 However, this small
difference in thermal stability seems to be less relevant to
deformation-induced crystallization; Kim et al.” ob-
served nanocrystallization induced by nanoindentation at
room temperature in Zrs, sCu,; oNi;, ¢Al,(Tis bulk me-
tallic glass, whose first crystallization temperature is
much higher, 431 °C.>* The first thermal crystallization
product in Aly,FesGds is primary Al whereas in
AlgsNisY , it is not." However, primary crystallization is
not a requirement for deformation-induced crystalliza-
tion; the first crystallization products in Zrs, sCu;; ¢
Ni,, ¢Al,(Tis are Zr,Ni and [Ni,(Zr,Ti)], not primary
phases.”

Amorphous alloys are known to have a varying
amount of excess free volume. Regions with high free
volume are expected to have a lower strength. Steif et
al.?! and argon,22 in their free volume creation models,
suggested that a pre-existing, narrow, “weakened band”
precedes the localization of plastic flow. The weakened
band may develop into a highly locally deformed band,
i.e., shear band, during mechanical deformation. In a bent
sample, the shear strain within the shear band can be as
high as 10°% to 10°%.* Therefore, a large number of the
atoms within shear bands is subject to local displace-
ments. Thus, atomic dilation in the shear bands is the
likely cause of enhanced atomic mobility. We suggest, as
we did in our comparison of compressive and tensile
regions in Aly,FesGds,'” that the cause of the absence of
nanocrystallization in the Algq ¢Nis ;Y 5 alloy is that free
volume condenses into nanovoids during deformation,
even under compression, resulting in its reduced avail-
ability to enhance atomic transport. A possible reason for
the difference in nanovoid formation under compression
between the alloys could be a difference in surface ten-
sion and hence in the driving force for free-volume coa-
lescence. The voids at the boundary zone of the shear

bands in rolled Aly Fes;Gds alloy may be a result of
shrinkage due to nanocrystallization within the shear
bands.

IV. CONCLUSIONS

Through TEM and HRTEM techniques, the effect of
rolling at room temperature on the microstructures of
amorphous Al FesGds and Algg gNisy Y, 5 alloys was
investigated. The main results can be summarized as
follows.

1) In rolled amorphous Aly,FesGds, nanocrystalliza-
tion occurred at shear bands, whereas no nanocrystallites
formed in rolled amorphous Algg gNi5 ;Y s.

2) Combining HRTEM with Fourier transform and
filtering techniques allowed nanovoids in the shear bands
to be imaged. In rolled Aly,FesGds, nanovoids are con-
centrated in the shear bands, near the boundary with the
undeformed matrix, but they are rare in the interior of the
shear bands. In rolled Algq ¢Ni;;Yqs, the shear bands
contain a higher, evenly distributed concentration of
nanovoids than the surrounding undeformed region.

3) The preferential precipitation of nanocrystallites in
rolled AlyyFesGds is attributed to a kinetic effect due to
the uniformly distributed free volume in the shear bands.
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