
120 R.J. Hebert

Corresponding author: R.J. Hebert, e-mail: rainer.hebert@int.fzk.de

Rev.Adv.Mater.Sci. 6 (2004) 120-130

© 2004 Advanced Study Center Co. Ltd.

DEFORMATION-INDUCED  SYNTHESIS  OF  Al-BASED
HETEROGENEOUS  NANOSCALE  MICROSTRUCTURES

R.J. Hebert

Forschungszentrum Karlsruhe GmbH, Institut für Nanotechnologie, P.O. Box 3640, D-76021 Karlsruhe,
Germany

Received: March 05, 2004

Abstract. Intense plastic deformation of Al-based crystalline multilayers and amorphous ribbons
serves as a processing technique to synthesize nanoscale heterogeneous microstructures with
improved mechanical properties. Underlying principles of deformation-induced structural
transformations are examined including the strong increase in transformation site densities
during deformation and the athermal nature of the structural transformations that should be
relevant for a wider class of driven system processing techniques.

1. INTRODUCTION

The development of light-weight, high-strength ma-
terials is one of the most abiding and important
objectives in materials science. The basis of light-
weight, high-strength materials in the field of metal-
lurgical engineering for near ambient temperature
applications have been and continue to be mainly
Al-based alloys. Magnesium-alloys, titanium-alloys,
and polymer composites are alternative light-weight
materials with moderate to high-strength at near
ambient temperatures, but the comparatively low
price combined with an extensive processing ex-
perience has certainly enhanced the widespread
use of Al-alloys. Progress in the development of
structural, light-weight materials was made for many
years mainly in the areas of alloy selection, cast-
ing and heat treatment. Seminal achievements in
the research of strengthening mechanisms such
as precipitation strengthening [1,2] were closely
related to the ever more demanding mechanical
property requirements for structural light-weight al-
loys.

In recent years, the progress in the development
of structural materials has been increasingly biased

by concepts akin to nanoscale materials. Two con-
cepts have received particular attention: improve-
ments based on size-scale effects, i.e. property
changes that occur as a result of the reduction of a
characteristic size scale to the nanometer level [3],
and novel materials properties that emerge from high
volume fractions or specific interface areas of na-
nometer-sized phases [4]. An example of size-scale
effects that is appealing for structural applications
is, for example, the strenghtening effect that is based
on an inverse power-law dependence of the strength
on a characteristic microstructural length scale [5,6].
Ultrafine-grained materials as well as multilayers with
nanoscale layer thicknesses are examples where
exceptional strength levels have been achieved due
to the refinement of the microstructure to the na-
nometer scale [7,8].

Aside from size-scale effects, materials with novel
properties have emerged because of extremely high
specific interface areas in heterogeneous microstruc-
tures. Two examples of heterogeneous nanoscale
microstructures are highlighted in this article. Based
on a repeated rolling and folding process of elemen-
tal foils, sheet materials can be processed at true
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strain levels in excess of ten. Similar to related se-
vere plastic deformation techniques such as equal
channel angular extrusion, bulk samples are retained
during the rolling and folding process while refining
the microstructure to a nanometer-level [9-12]. For
the sustained rolling and folding deformation of
multilayers comprised of dissimilar elemental foils,
mixing reactions can be induced in addition to the
reduction in layer thickness that offer the opportu-
nity to synthesize novel phases [10, 13]. Al-Y and
Al-Y-Fe multilayers serve in this article as model
systems to highlight key aspects of cold-rolling in-
duced amorphization reactions. The analysis of the
cold-rolling experiments follows two main schemes,
the change of the layer arrangement with folding
and rolling, and the mixing reactions at the inter-
faces.

The intense deformation of multilayers involves
a multitude of complex phenomena, for example,
the microstructure evolution within each of the lay-
ers or the evolution and the effect of residual stresses
on the structural transformations. In this work, how-
ever, the emphasis is placed on the effect of re-
peated folding and rolling on the structural transfor-
mations and on the identification of transformation
principles that apply not only to deformation-induced
mixing and amorphization reactions, but could be
applied to similar deformation processes involving a
repetitive forcing of heterogeneous microstructures.

An entirely different approach to the advance-
ment of Al-alloys emerged with the discovery of Al-
based metallic glasses by Inoue and coworkers at
Tohoku University [14] and independently by Shiflet
and coworkers at the University of Virginia in 1988
[15]. The transition from crystalline materials to
amorphous phases propelled the amorphous Al-al-
loys to a new strength/density domain that had pre-
viously been limited to ceramic materials [16]. Soon
after the discovery of Al-glasses, it was found that
the strength could be enhanced further with the con-
trolled primary crystallization of nanometer-sized Al-
crystals embedded in the amorphous matrix. Care-
ful annealing experiments yielded amorphous ma-
terials with particle densities of up to 1023 m-3 [17,18].
While the annealing-induced crystallization pro-
cesses are subject to ongoing investigations [19,20],
deformation experiments with melt-spun ribbons and
bulk metallic glasses have revealed that
nanocrystallites can also be induced during bend-
ing, cold-rolling, or nanoindentation of metallic
glasses at near-ambient temperatures [21-25].
Based on rolling and on annealing experiments
mainly with melt-spun amorphous Al

88
Y

7
Fe

5
 ribbons,

distinctions are highlighted between thermally-in-
duced and deformation-induced crystallization re-
actions. Moreover, the deformation-induced crystal-
lization reactions are compared with the mixing re-
actions in multilayers in order to identify common
underlying grounds.

2. EXPERIMENTAL

For the rolling of the multilayers, arrays of elemen-
tal foils were stacked with the desired nominal com-
position, wound manually as a spiral, and then rolled
and folded repeatedly in a two-high rolling mill. De-
tails of the rolling and folding process are given in
[26]. Due to the folding process, the sample main-
tains a thickness of approximately 100 microme-
ters. The true strain was determined from measure-
ments of the sample thickness before rolling, t

i
, and

after rolling, t
f
, and is given as ln (t

i
/t

f
). The rolling

and folding process allows for the processing of
samples with a true strain in excess of -10.

Amorphous ribbons were melt-spun in a single-
roller melt-spinner at a wheel-speed of 42 m/s in a
Helium atmosphere of 200 mbar pressure. The rib-
bon lengths used for the experiments was approxi-
mately 1 m with a width of 4 mm and a thickness of
approximately 30 µm. The melt-spun ribbons were
rolled and folded as described in [26]. Prior to the
rolling, each ribbon piece was examined based on
X-ray diffraction in order to ensure that all ribbon
pieces were initially X-ray amorphous. Moreover, the
continuous heating differential scanning calorimetry
(DSC) curves of pieces from both ends of the rib-
bons were examined and found to be identical. This
precaution is necessary since the thermal behavior
and the concentration of clusters in the amorphous
matrix in ribbons with the same composition can
change slightly from batch to batch and also along
the ribbon. For the X-ray diffraction (XRD) analysis,
Philips X’Pert and a STOE diffractometer were used
with Cu-Kα radiation. The scanning electron micros-
copy (SEM) analysis was conducted with a JEOL-
6100 SEM and the transmission electron micros-
copy (TEM) analysis with a Philips CM30 TEM (ac-
celerating voltage: 300 kV). The rolled ribbons were
electrolytically thinned with a mixture of nitric acid
(1/3 volume fraction) and methanol (2/3 volume frac-
tion). Comparing the images at the beginning and
at the end of the TEM analysis of a particular sample
area, it could be ruled out that the electron beam
induced nanocrystallites during the TEM investiga-
tions. In order to observe all nanocrystallites in a
given viewing area, particular the nanocrystals in
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shear bands, some dark-field images were taken in
a dynamic hollow cone mode, i.e. with the broad
halo in the electron diffraction pattern centered on
the optical axis and rotating continuously. Since the
exposure time for the images was approximately
three times the time for one rotation of the halo, all
nanocrystallites that existed in the TEM viewing
volumes were visible in the images. The calorimet-
ric analysis was conducted with a Perkin Elmer Pyris
DSC1 and a standard heating rate of 20 K/min.

Fig.1. Cross-sectional SEM images of an Al
89

Y
11

 multilayer. (a) ε
true

 = -13, (b) ε
true

 = -31, (c) ε
true

 = -50,
(d) ε

true
 = -70.

3. RESULTS AND DISCUSSION

3.1. Rolling of Al-Y and Al-Y-Fe
multilayers

Layer refinement. A sequence of cross-sectional
SEM images of a cold-rolled multilayer with a nomi-
nal composition of Al

89
Y

11 
is depicted in Fig. 1. The

bright layers in the images correspond to Y. The
initial foil thickness of the Y and Al foils was 25
micrometers. The image depicted in Fig. 1a shows
that the Y layers have disintegrated into pieces with
a thickness that ranges from nearly 25 microme-
ters to less than one micrometer. The original lay-
ers have ruptured into pieces that often display a
cigar-shaped cross-sectional morphology. Inside the
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original layers, cracks are visible that can extend to
the Al/Y interface where Y pieces can detach from
the original Y layers. As a result of the detachment
process, Y pieces with a thickness of less than 1
micrometer are dispersed in the Al matrix. In addi-
tion to the small Y particles, elongated Y layers
form at the tip of the original layers. Figs. 1c and 1d
show that with increasing strain the thickness of
the Y layers decreases from 25 micrometers ini-
tially to less than one micrometer at a strain of -70.
While for the Y layers embedded in the Al matrix
secondary particles rupture from the original layers
at the Al/Y interfaces and develop into secondary
layers, the generation of secondary layers at the
interfaces of rolled ductile multilayers can also re-
sult from an interface roughness. Interface undula-
tions can develop into protrusions into the matrix
that become elongated with further deformation [27].
As explained in more detail in [28], for fcc-fcc layer
combinations the prediction whether the layers co-
deform or rupture into pieces at early deformation
stages can be based on the difference in the flow
stresses or yield strength between adjacent layers.
Since it is the difference between the flow stresses
and not the absolute value that is crucial for the
layer refinement, elemental layers such as Pt lay-
ers can reveal strong differences in the layer cross-
section morphology depending on the matrix they
are embedded in [29]. The reason why the differ-
ence in the yield strength between adjacent layers
affects the layer refinement is likely to be related to
the interface stress that appears as a result of the
yield strength difference when the multilayer is com-
pressed [30]. The layer with the higher flow stress
experiences according to [30] a tensile stress at
the interface while the softer layer experiences a

a) b)

Fig. 2. (a) Cross-sectional SEM image of an Al-Ta multilayer at ε
true

 = -10, (b) Cross-sectional SEM image
of an Mo

55
Ta

45
 multilayer at ε

true
 = -20.

compressive stress. It must be considered, how-
ever, that during the severe deformation of multilayers
additional stresses can develop at the interfaces
that result, for example, from solubility extensions
or from lattice mismatch that can influence the pre-
diction based only on the flow stress differences. If
the ratio of the flow stress exceeds a limit that has
been found empirically to be approximately three,
the matrix can flow past the harder phase [31]. In
this case, the harder phase remains nearly
undeformed in the matrix and the strain partitions
to the matrix. Rolling experiments with Al-Ta
showed, for example, that the Ta layers barely re-
fine and even at true strain levels of -10 the Ta lay-
ers remained close to their original foil thickness of
25 micrometers as depicted in Fig. 2a. By contrast,
rolling of a Mo-Ta multilayer resulted in a co-defor-
mation of both elemental layers (Fig. 2b).

For multilayer systems with three or more com-
ponents, the strain partitioning can cause the two
components that deform in the softer matrix to de-
form at different rates. An example is shown in Fig.
3 for a multilayer with a nominal composition of
Al

85
Y

7.5
Fe

7.5
. In the starting multilayer the sequence

of the foils was Al/Y/Fe. Fig. 3a reveals that at the
early deformation stage the Y and Fe foils remained
in contact and in some cases even deformed as a
‘bilayer’ particle. With increasing strain, however,
the Y and Fe layers detached. Since deformation-
induced mixing distances across the interfaces are
of the order of nanometers [32], in order to generate
a ternary mixture, it is necessary that both solute
layers in a ternary multilayer are within a distance
of the order of nanometers. Clearly, for the
Al

85
Y

7.5
Fe

7.5
 multilayer depicted in Fig. 3b, the dis-

tance between the Fe and the Y layers in the Al
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a)

b)

Fig. 3. Cross-sectional SEM images of an Al
85

Y
7.5

Fe
7.5

 multilayer at (a) ε
true

 = -1, (b) ε
true

 = -3.

matrix exceeded the nanometer range by far. While
in standard rolling operations the distance between
layers can not be changed considerably, the com-
bined process of folding and rolling not only enhances
the specific interface area, S

V
, but also reduces the

distance between the layers greatly. The average
distance between the Y layers in Fig. 1c, for ex-
ample, has diminished to a few hundred nanom-
eters from 25 micrometers, initially.

The deformation process has so far been gauged
in terms of the overall true strain imparted on the
multilayer. For multilayers with strong strain parti-
tioning, the deformation is limited mainly to the
matrix and as a consequence the specific interface
area does not increase proportionally to the true
strain. It has therefore been proposed to use the
specific interface area directly as a measure of the
multilayer deformation level [28]. A hallmark of the
repeated rolling and folding process of multilayers
is indeed the strong increase in S

V
. Scaled by S

V
 at

the beginning of the deformation process, the rela-
tive specific interface area can increase from one to
about 8000 as demonstrated for Al-Pt multilayers
[28].

Intermixing at interfaces. The effect of the re-
peated rolling and folding on the Al

95
Y

5
 and Al

89
Y

11

multilayer, measured based on X-ray diffraction
measurements, is depicted in Fig. 4 for both
multilayers at a strain of -70. The X-ray patterns
show that intermetallic phases have not formed dur-
ing the rolling up to a strain of -70. However, a broad
peak develops in addition to the remaining Al-peaks.
Both, the Al-peaks and the Y-peaks shift in posi-
tion with increasing strain. For the Al

95
Y

5
 multilayer,

the Al lattice parameter decreases from 4.0450 ±
0.004 Å at a strain of -11 to 4.035 ± 0.012 Å at a
strain of -70. The Y lattice parameters change from

3.665 Å (a-axis) at a strain of -11 to 3.644 Å at a
strain of -70 and from 5.722 Å (c-axis) at a strain of
-11 to 5.728 Å at a strain of -70. The broad peak in
the X-ray diffraction pattern can be explained based
on the formation of an amorphous phase. Although
the nominal multilayer composition of Al

95
Y

5
 is out-

side the reported glass-forming range for the Al-Y
system, the local composition in the mixing zone
at the interfaces can be within the glass forming
range as long as the remaining crystalline phases
comply with the mass balance.

For the Al
89

Y
11

 sample, at a strain of -70 the in-
tensity of the Y peaks has vanished. This is sur-
prising given that at the same strain the Al

95
Y

5

sample did reveal Y peaks and the Y foils used for
the two rolling experiments had initially the same
thickness. The unexpected behavior might be linked
to the dependence of the strain partitioning on the
ratio of the layer thickness to the average distance
between the layers. A relation between the distance
between inclusions and their aspect ratio has been
established in structural geology. The model pro-
posed in [33] assumes a matrix with Newtonian vis-
cous behavior and concludes that the larger the con-
centration of inclusions in the matrix, the larger is
the ratio of the flattening rates between the stiff in-
clusions and the matrix, i.e., the strain partitioning.
Following this argument, the strain partitioning would
be more pronounced in the Al

89
Y

11
 sample. Although

the model proposed in [33] has yet to be verified
experimentally for metallic multilayers, the relative
motion of adjacent layers at the interfaces during
deformation that scales with the level of strain parti-
tioning can be expected to be crucial for the mecha-
nism of the intermixing reactions. While disloca-
tions play an important role in existing models of
intermixing reactions [34] across interfaces, molecu-
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lar dynamic simulations have revealed that the mix-
ing should be attributed to an interface roughening
effect [35].
Amorphization criteria for cold-rolling. The in-
sight into the layer refinement behavior of multilayers
during deformation together with phase diagram in-
formation and the results obtained with respect to
the alloying behavior at interfaces allow to draw con-
clusions about the amorphization criteria for cold-
rolling. From a thermodynamic viewpoint, mixing
reactions are observed to occur more rapidly as a
function of strain for systems with a strong negative
heat of mixing. However, multilayer systems with a
heat of mixing in excess of approximately -60
kJ/mol between the elemental foils such as Al-Pt or
Al-Pd often react exothermically to form intermetal-
lic phases during rolling. On the other hand, inter-
mixing of layers with a heat of mixing near zero, for
example the Al-Cu system, remains very limited
even after continued rolling and even if the increase
in the relative specific interface area at true strain
levels of 40 or more is of the order of 103 as it is the
case for the Al-Cu multilayer. The layer refinement
to a layer thickness at the nanometer scale is there-
fore a necessary but not a sufficient condition and
must be combined with the requirement of a nega-
tive heat of mixing in order to obtain significant vol-
ume fractions of amorphous phase.

3.2. Cold-rolling of melt-spun
amorphous ribbons

In the current discussion of deformation-induced
nanocrystalline bulk materials, a thrust area is the

Fig. 4. XRD patterns of an Al
95

Y
5
 multilayer (a) and an Al

89
Y

11
 multilayer, both at ε

true
 = -70.

reduction in grain-size of fcc-materials. For room-
temperature deformation, the grain-size reduction
of Al appears to be mainly limited because of dy-
namic recovery and recrystallization processes that
can, however, be diminished upon deformation at
cryogenic temperatures [36]. As an alternative to
the reduction in grain-size, nanoscale Al crystal-
lites can be induced upon crystallization of mar-
ginal glass formers. It has been demonstrated that
upon annealing of, for example, melt-spun amor-
phous Al

88
Y

7
Fe

5
 alloy nanocrystalline Al particles

develop with size distributions that have their aver-
age typically in the range between 5 and 22 nm,
depending on the annealing time and temperature
[19, 37]. A size distribution of Al-nanocrystals in
the size range between approximately 5 nm and 14
nm has been observed to develop during intense
deformation of melt-spun amorphous Al

88
Y

7
Fe

5
 rib-

bons [26]. Aside from a strong interest to identify
the mechanism of deformation-induced crystalliza-
tion reactions, earlier work on Fe-based glasses
suggests that based on a combination of rolling and
folding as well as annealing an increase in the
nanocrystal density could be achieved as well as a
reduction in the grain-size compared with ribbons
that were annealed only [38].

In order to understand the response of amorphous
metallic alloys to intense deformation, it is crucial
to focus first on the amorphous phase in the as-
prepared condition. It has become clear in recent
years that for Al- or Fe-based glasses primary crys-
tallization reactions can occur that are linked to
heterogeneities or clusters retained during the
quenching process [39]. In addition, computer simu-
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Fig. 5. Continuous heating DSC curves of as-spun
amorphous Al

88
Y

7
Fe

5
 ribbons and after rolling at

room-temperature and at liquid nitrogen tempera-
ture.

Fig. 6. Continuous heating DSC curves of as-spun
amorphous Al

88
Y

7
Fe

5
 ribbons and after rolling and

uniaxial compression.

lations suggest that the amorphous matrices can
contain defects such as small volume elements with
increased or diminished stress, density, or with a
locally retained shear-stress [40,41]. Germane to
primary crystallization reactions is a characteristic
microstructural length scale, e.g. the average pri-
mary nanocrystal size which is of the order of a few
nanometers. A key question is therefore, whether
the deformation processes tend to homogenize the
microstructures or if the level of heterogeneity is
increased upon deformation. Experimental evidence
for a cold-rolling induced dissolution of intermetallic
CuTi

2
 crystallites dispersed in an amorphous ma-

trix was already found in [42]. Bending experiments
with Al

85
Ni

10
Ce

5
 ribbons demonstrated that

nanocrystallites did not form in shear bands upon
bending while for Al

90
Fe

5
Gd

5
 ribbons nanocrystallites

did develop [43]. Similar to bending, upon cold-roll-
ing the formation of Al-nanocrystallites in  Al

85
Ni

10
Ce

5

ribbons is not observed until strain levels in excess
of -13 [44]. By comparison, for Al

88
Y

7
Fe

5
 or Al

92
Sm

8

ribbons, nanocrystallization occurs already at strain
levels of -3 [26]. The Al

85
Ni

10
Ce

5
 alloy differs not only

from the Al
88

Y
7
Fe

5
 and the Al

92
Sm

8
 alloys with re-

spect to the deformation-response, but also in their
thermally-induced crystallization behavior. The amor-
phous Al

85
Ni

10
Ce

5
 sample does in contrast to the

marginal glass formers Al
88

Y
7
Fe

5
 or Al

92
Sm

8 
not re-

veal a primary crystallization reaction, but a crys-
tallization of fcc-Al plus an unknown compound
phase as crystallization products during the first

crystallization reaction upon heating. Although the
comparison between the marginal glass formers and
amorphous ribbons such as Al

85
Ni

10
Ce

5
 seems to

suggest that retained heterogeneities are crucial to
the rolling-induced crystallization reactions, more
work is necessary to clarify, for example, whether
the rolling process yields a growth of clusters or
mediates a nucleation reaction in the amorphous
matrix. The localization of the structural transfor-
mations to specific sites in the amorphous phase
has been inferred also from molecular dynamic
simulations. The simulation results indicate that
shear transformation occurred at atomic sites that
had the surrounding atoms organized in a geomet-
ric arrangement that had an orientation relation with
respect to the external shear direction [45,46].

As an alternative explanation for the differences
in the response to deformation, the formation of crys-
tallites during deformation could result from adia-
batic heating. Arguments in favor and against adia-
batic heating as the reason for the deformation-in-
duced crystallization reactions have been presented
in [47], where it was concluded that an adiabatic
heating effect could not explain the crystallization
behavior observed during bending of Al

90
Fe

5
Gd

5
 rib-

bons. In order to examine, if a deformation-induced,
intrinsic heating effect in the ribbon could alter the
thermal behavior of the ribbons after deformation,
Al

88
Y

7
Fe

5
 ribbons were cold-rolled at room-tempera-

ture and in a second rolling experiment with a liquid
nitrogen flow that was directed into the roll gap dur-
ing rolling. The melt-spun Al

88
Y

7
Fe

5
 ribbons used

for this experiment revealed an exothermic peak in
the continuous heating DSC curve in the tempera-
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ture range between the primary crystallization peak
(onset temperature 278 °C) and the formation of the
intermetallic phase (onset temperature 369 °C) as
depicted in Fig. 5. The ribbon pieces used for the
rolling at room-temperature and for the rolling in the
liquid nitrogen flow were taken from the same mas-
ter ribbon and were about 5 centimeters long, each.
Both ribbons were rolled five times with the rollers
touching each other. The DSC curves of the rolled
ribbons that are depicted in Fig. 5 show the identi-
cal changes in the DSC curves, notably the strong
increase of the transformation enthalpy for the sec-
ond exothermic peak and the decrease for the third
peak. The result indicates that the difference in the
sample temperatures during deformation did not
change the effect of the deformation on the post-
deformation thermal behavior. This suggests that the
mechanism causing the change in the thermal be-
havior of both ribbons is related to a mechanical
rather than a heating effect. In an additional experi-
ment, a melt-spun amorphous Al

88
Y

7
Fe

5
 ribbon was

divided into two halves. One half was compressed
in a hand-press between two steel cylinders at a
pressure of 300 MPa. The second half of the ribbon
was cold-rolled, but not folded. Four pieces were
again stacked on top of each other prior to the cold-
rolling. The continuous heating DSC curves of the
compressed and cold-rolled ribbons are depicted in
Fig. 6. The primary crystallization peak is not af-
fected at the given strain level, however, the second
exothermic peak reveals changes for the rolled and
compressed ribbons compared to the as-spun rib-
bon. Since the ribbons were in full contact with
massive steel cylinders during the compression, a
substantial heating effect during the compression

Fig. 7. XRD patterns of partially crystalline Al
88

Y
7
Fe

5

ribbons after rolling at different strain levels.

Fig. 8. TEM dark-field image of partially crystalline
Al

88
Y

7
Fe5 ribbons at ε

true
 = -3.2.

can be ruled out. It appears, therefore, that the
change in the thermal behavior of the compressed
ribbons can not be thermally-induced.

In the discussion of crystallization processes it
is important to identify, whether nucleation occurs
homogeneously throughout the volume, or if nucle-
ation is confined to specific nucleation sites. It is
therefore helpful for the analysis of deformation-in-
duced crystallization reactions to pay attention to
the deformation mechanism of metallic glasses and
to identify deformation-related nucleation sites. At
temperatures below the glass transition tempera-
ture and for high stress levels, the deformation of
amorphous materials is thought to be localized into
shear bands while the regions surrounding the shear
bands appear to be largely unaffected [43]. A key
parameter is the free volume that appears to be
enhanced in the shear bands. The average free vol-
ume per atom denotes the difference between the
average volume per atom in the amorphous state
and the Van der Waals volume of the atom [48]. It is
the current understanding that the free volume in-
crease in the shear-bands enhances the mobility in
the shear-bands that in turn promotes nanocrys-
tallization processes [49, 50]. This line of thought
is undermined experimentally, since deformation-
induced nanocrystals have been observed mainly
at shear-bands so far.

The bending and cold-rolling experiments with
Al-based amorphous alloys indicate a deformation-
induced formation of nanocrystallites. The biggest
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nanoparticles that have been observed after defor-
mation of the Al

88
Y

7
Fe

5
 alloy have a diameter of ap-

proximately 14 nm. While the growth of Al-
nanocrystals during thermally-induced crystalliza-
tion is limited due to solute partitioning and an over-
lap of diffusion-fields (soft impingement) [37], the
size-limiting factors for deformation-induced crys-
tallites have yet to be determined. In order to test, if
the deformation process can induce a continued
growth of pre-existing Al nanocrystallites, X-ray
amorphous Al

88
Y

7
Fe

5
 ribbons were annealed at 260

°C, i.e. 18 degrees below the onset of the primary
crystallization reaction and afterwards cold-rolled to
a strain of -3.2. The X-ray pattern of the annealed
sample revealed the presence of Al. The X-ray pat-
terns of the ribbons after annealing and after an-
nealing and rolling that are depicted in Fig. 7 are
very similar except for a slight broadening of the
Al(200) peak. The TEM analysis of the sample that
was rolled after annealing shows that there are Al-
nanocrystals depicted in Fig. 8 that have a ‘banded’
microstructure. Since the TEM samples are in-plane
samples, i.e. the electron beam direction is parallel
to the sample normal, the bands observed in the Al-
particles could reflect a Moiré effect. For rolled
samples without annealing, a ‘banded’ image of the
Al-nanocrystallites has never been observed. If the
band structures are indeed due to a Moiré effect,
then the rolling process would tend to align pre-ex-
isting or rolling-induced nanocrystals. This demon-
strates again that the deformation processing of-
fers opportunities for microstructure control that can
not be achieved by thermal processing.

Parallel to the advances in the experimental find-
ings, it is intriguing to consider the theoretical ba-
sis upon which the deformation-induced crystalli-
zation reactions can be rationalized. The key char-
acteristic of deformation-induced transitions is the
continuous energy input into the systems that must
therefore be considered as open systems. Anneal-
ing-induced transformations, by contrast, are closed
processes, where equilibrium thermodynamics is
applicable [51]. Phase transformations are governed
thermodynamically by the minimization of free en-
ergies. As described in detail in [52], driven system
processing, e.g. deformation-processing, can no
longer be rationalized in terms of the minimization
of a thermodynamic potential, but must be addressed
as a competition between the external forcing and
thermal relaxation processes that evolves towards
a dynamic steady-state. The rolling experiments
with the Al

88
Y

7
Fe

5
 ribbons demonstrate that the con-

cepts that are applicable to thermal processing have
to be modified for deformation processing. For ex-

ample, the crystallites seem to develop mainly in
the shear bands that, however, evolve during the
deformation and an interaction between the crystal-
lites and the shear band formation cannot be ruled
out. By contrast, the nucleation sites for heteroge-
neous nucleation exist in most cases prior to the
thermal processing.

4. CONCLUDING REMARKS

Two examples have been highlighted in this contri-
bution that are based on a novel synthesis route for
nanoscale materials that is promising particularly
for structural materials. A continued rolling and fold-
ing process has been applied to multilayers of Al-
based elemental foils as well as to Al-based amor-
phous ribbons. Despite the differences between
multilayers of crystalline foils and amorphous rib-
bons, common underlying principles of deformation-
induced structural transformation processes have
been recognized. The transformations occur at
structural heterogeneities of the parent phase. While
the transformations in rolled multilayers occur at
the interfaces between the dissimilar layers, the
identification of the transformation sites in deformed
ribbons is less obvious. At first glance, crystalliza-
tion seems to be confined to bands in the amor-
phous matrix that are often identified as shear-
bands. However, crystallites following deformation
are also observed in the matrix, without any visible
bands surrounding the crystallites. Studies based
on Mössbauer spectroscopy of Fe-based, amor-
phous cold-rolled ribbons indicated that the defects
that are introduced during the deformation were not
localized, but distributed throughout the volume [53].
Certainly, the analysis of the crystallization sites in
deformed amorphous alloys requires further atten-
tion. A second underlying principle is that the defor-
mation-induced local transformation volumes are of
the order of nanometers. For the multilayers, the
local transformation volumes are the mixing zones
across the interfaces that are limited to the nanom-
eter level. The deformation-induced crystallites in
the amorphous ribbons have diameters of less than
approximately 15 nanometers. Since heating-effects
have been ruled out, the mechanism of the defor-
mation-induced growth of intermixed zones in
multilayers or of nanocrystallites in amorphous
matrices appears to be due to an athermally-en-
hanced mobility. A key characteristic of the defor-
mation-induced transformations is that the transfor-
mation site density increases strongly. For the
multilayers, the relative specific interface area can
increase three orders of magnitude. For the ribbons,
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the number of shear-bands or delocalized defects
increases with deformation although the details are
the subject of current research. The rapid increase
of the transformation site density during the trans-
formations sets the driven processing apart from
thermal processing. In order to gauge the transfor-
mation behavior of driven systems, it is necessary
to understand the dynamics of the evolution of the
transformation sites. The rolling and folding experi-
ments with the multilayers, but also with the amor-
phous ribbons demonstrate that the increase in the
transformation site densities is governed mainly by
the mechanical behavior of the multilayers or the
amorphous phases.

A challenge for the application of nanoscale
materials for structural applications is the availabil-
ity of bulk samples. The cold-rolling process offers
the prospect of a scale-up. Moreover, the laboratory
rolling experiments have demonstrated that upon
intense rolling the initial array of ribbons can be
compacted into sheet material with thicknesses of
more than 300 micrometers. In light of the outstand-
ing success of thermal processing for the synthe-
sis of structural materials, the application of driven
system processing to heterogeneous microstruc-
tures represents a novel approach with an intricate
link between mechanics and thermodynamics.
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