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a b s t r a c t

The devitrification of amorphous phases can be controlled to yield a nanoscale microstructure based upon
either a high density of nanocrystals dispersed in an amorphous matrix or a completely nanocrystalline
solid. For both rapidly solidified marginal glass forming alloys and slowly cooled bulk glass forming
alloys, the high nanocrystal densities are related to nucleation reactions that are sensitive to the ini-
tial as-prepared state of the amorphous phase. For example, nucleation densities of 1021 m−3 can be
enhanced to 1023 m−3 by selective doping of Al-based glasses and the glass forming ability of bulk amor-
phous alloys is known to be sensitive to minor impurities. The addition of only 1 at.% of Cu to amorphous
Al–Sm–Ni or Al–Y–Fe alloys is an effective microstructure control by narrowing the size distribution of
Al nanocrystals and reducing the average size of the nanocrystals from 10 nm to about 7.5 nm while
increasing the particle number density. Calorimetry and microstructural analyses of the primary Al
crystallization reaction suggest that the addition of Cu modifies the atomic arrangement and induces
structural heterogeneities based upon medium range order (MRO) that can act as nucleation sites. The
strong composition dependence of the crystallization reactions and resulting microstructures reflect not
only underlying thermodynamic constraints, but also indicates a strong composition dependence of the
amorphous phase atomic arrangement. These features point to a central role for heterogeneities in the
evolution of nanoscale microstructures. During nanostructure synthesis by deformation of multilayers

the thermodynamic constraints are also important, but the co-deformation of layers governs the genera-
tion of interfacial area that allows for the nanoscale alloying reaction. Moreover, kinetics studies have also
revealed that the governing reactions often proceed under transient conditions and can lead to relatively

le m
stable and robust nanosca

1. Introduction

The major attention that is currently focused on nanostructured
materials has generated numerous synthesis methods, but the vast
majority of these innovations yield microscopic material quanti-
ties. While there are many electronic and photonic applications
where small material quantities or modified surfaces are satisfac-
tory, structural applications require large scale and reproducible
synthesis methods. For this purpose devitrification reactions [1]
and intense deformation [2] are established as most effective
techniques. At the same time the achievement of reproducible
nanostructured microstructures implies a control over the reac-

ions which in turn requires an understanding of the atomistic

echanisms.
For devitrification reactions the remarkably high nucleation

umber densities for primary crystallization have been related
o different nanoscale heterogeneities. For example, with Fe base
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icrostructures.
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amorphous alloys such as FINEMET, an Fe–Si–B–Nb–Cu alloy, Cu
aggregates develop into a precursor site for primary crystallization
of �-Fe [3–6]. With amorphous Al alloys primary crystallization
also yields a high number density of nanocrystalline Al, but there
does not seem to be any solute aggregation as the origin [7]. How-
ever, a nanoscale heterogeneity has been observed in the form of
medium range order (MRO) [8]. It is also apparent that the com-
position dependence of the crystallization onset temperature, Tx, is
much steeper for amorphous Al alloys than is typical for metallic
glass alloys [1]. In fact, another form of composition sensitivity is
also apparent in the strong shift in Tx with minor solute doping.
For example, in Al–Ni–Sm the substitution of Ni by 1%Cu causes Tx

to decrease by almost 60 K [9]. In addition, Latuch et al. [10] and
Inoue [11] have looked at the Al–Y–Ni base system with Cu and Co
additions where similar changes in the crystallization temperature
occur. The composition sensitivity of the primary nanocrystalliza-

tion reaction is of fundamental importance, but also has a practical
impact on the achievement of reproducible nanoscale microstruc-
tures.

During intense deformation of crystalline multilayers or amor-
phous ribbons nanoscale microstructures are possible by different

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:perepezk@engr.wisc.edu
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are examined to provide some insight into the governing mecha-
nisms.

2. Primary crystallization

Microstructures based upon a dispersion of primary nanocrys-
tals in an amorphous matrix greatly affect the mechanical and
corrosion properties. Whether mechanically driven or quenched
into a glass, forging a connection between the state of a precursor
glass and the resulting microstructure after primary crystallization
is an important but challenging goal. Dopant level additions of Cu
for Fe in Al88Y7Fe5 are shown, in Fig. 1, to enhance nucleation with
respect to temperature, shifting the primary crystallization tem-
perature from 549 to 490 K during continuous heating at 20 K/min
and exemplifying the sensitivity of crystallization onset tempera-
ture and nanocrystal number density to composition. Furthermore,
it has been found that the same doping level not only changes the
crystallization temperature, but also changes the number density
and size of nucleated crystals as illustrated in Fig. 2. This phenom-
ena is observed not only in the Al–Y–Fe system, but has also been
studied in Al–Ni–Sm [9], Al–Y–Ni [16], and Al–Y–Ni–Co–(Cu,Pd)
[11,17]. In the case of the aluminum alloys mentioned, atom probe
studies have found no evidence for copper clustering, as in iron
glasses, and have in fact shown that the primary crystals contain
no copper [9]. Similar effects have been reported for Ag, Au and
other transition metal additions [18]. This type of behavior could
be explained by an increase in the heterogeneous site density and
in fact TEM evidence and nucleation kinetics analysis point toward
increased site density in the form of medium range order regions.

Fluctuation electron microscopy, FEM, allows for observation
of new details concerning the heterogeneous nature of atomic
arrangements in a glass [19]. By analyzing the variance in TEM
image contrast within an amorphous sample, regions have been
ig. 1. DSC thermogram showing the difference in crystallization onset for Al–Y–Fe
ith and without copper substitution for different components.

riven reaction pathways. For example, the nanoscale alloying that
evelops at multilayer interfaces can yield nanocrystalline alloys or
etallic glass. In this case both the process and system response are

mportant in alloying and phase development [12,13]. On the other
and for deformed amorphous ribbon different reactions ranging

rom nanocrystallization to a change in phase selection are possi-
le [14,15]. Since deformation of amorphous phases involves the
eneration and propagation of shear bands the range of response
uggests that the interaction between shear bands and an initial
tomic configuration in the amorphous phase is important.
In the current work several highlights are discussed relating
o nanostructure development during deformation and devitrifica-
ion. A perspective on nanocrystal nucleation during devitrification
s considered in terms of the role of MRO. In addition some new
bservations on deformation induced alloying and devitrification

identified that exhibit aluminum-like order on sub nanometer size
scales [20]. Previous study on Al92Sm8 amorphous samples has
determined that the ordering is like that of FCC aluminum and not
rare earth centered icosahedra or the intermetallic Al11Sm3 phase
[8]. If local ordering is incompatible with the nucleating phases

Fig. 2. (a) Bright-field micrographs and (b) nanocrystal population size statistics for Al88Y7Fe5 and Al88Y7Fe5Cu.
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hen the activation barrier could effectively be increased, which
ay explain why the thermodynamically preferred intermetallic

hase is not the first to crystallize upon heating [21]. Most recent
ndings have shown that these regions of order change in num-
er density, overall volume fraction, and possibly size, with doping
17]. In as spun ribbons of Al88Y7Fe4Cu1, there is nearly a two fold
ncrease in the overall volume fraction of amorphous matrix which
as significant medium range ordering and the number density of
he MRO regions approaches 1027 m−3.

In order to examine the kinetic changes induced by doping,
alorimetric and stereological analyses were conducted. The DSC
ontinuous heating results for Al88Y7Fe5 and Al88Y7Fe4Cu1 sam-
les in Fig. 1 show typical primary crystallization behavior with an

nitial exotherm representing the development of Al nanocrystals
nd a final exotherm for crystallization of an Al and intermetallic
hase mixture. It is interesting to note that the secondary reaction
lso changes both in temperature and character of the signal. While
his shift is not as dramatic as the primary crystallization, it serves
o indicate that small changes in composition affect the charac-
er of reaction and the onset reaction temperature sensitivity. It
s evident that the addition of Cu depresses the onset of primary
rystallization by approximately 60 ◦C. A further comparison of the
rystallization behavior was obtained by annealing at temperatures
bout 30 ◦C below the onset of crystallization. Microstructural anal-
sis, as shown in Fig. 2, reveals that Cu substitution increases the
umber of nanocrystals fourfold and decreases their average size
y 50% resulting in Al88Y7Fe4Cu1 having roughly 1.5 times more
rystallized material than Al88Y7Fe5.

Similar to the Al–Y–Fe, selective substitutions of Cu for Ni
n Al88Ni8−xSm4Cux melt-spun ribbon samples (x = at.% Cu, rang-
ng from 0.2 → 1 at.%) shift the calorimetrically measured onset of
rimary crystallization to successively lower temperatures with

ncreasing amount of Cu substitution (Fig. 3). The enthalpy of
rimary crystallization does not change appreciably with Cu sub-
titution level indicating that the volume of amorphous precursor
aterial transforming to primary Al nanocrystals remains essen-

ially constant. Furthermore, the shape of the primary exothermic
ignal deviates from a sharp peak to a more gradual depression

xtending over a wider temperature range. Microstructure analy-
is of ribbon samples of Al88Ni8Sm4 and Al88Ni7Sm4Cu1 annealed
or 30 min at the onset of primary crystallization for each com-
osition, 154 and 104 ◦C respectively, indicates that the average
ize of the primary phase nanocrystals is reduced by nearly 25%

ig. 3. DSC traces (dT/dt = 20 K/min) of Al88Ni8−xSm4Cux MSR samples; as the crys-
allization onset shifts to lower temperatures with greater Cu addition, integrated
rystallization enthalpy remains constant.
Compounds 495 (2010) 360–364

from about 10 nm to about 7.5 nm with Cu substitution. The esti-
mated nanocrystal number density increased from 9 × 1021 to
1.6 × 1022 m−3 with substitution of 1 at.% Cu for Ni in the base alloy
composition.

Since the doping effect on primary crystallization is observed
in multiple systems and in at least two of these systems the
identification of MRO changes has been confirmed, it is impor-
tant to consider the possible role of MRO in the primary reaction.
An analysis to determine whether the origin of the MRO regions
is related to the quenching in of the cluster concentration can
be considered in terms of C(n) = C0exp(−�Gn/kBT), where C(n) is
the population of clusters of size n, C0 is the monomer concen-
tration and �Gn is the energy barrier for a cluster of n atoms.
A parallel tangent construction was utilized to obtain �GV [22]
and subsequently the activation barrier, �Gn through the rela-
tionship of �Gn = [4�(3n�a/(4�))2/3� + n�GV], where �a is the
atomic volume (1.65 × 1029 m−3) and � is the interfacial energy
as calculated with the Spaepen model [23] as 0.104 J/m3. Fig. 4
shows that the “quenched-in” temperature to achieve the mea-
sured number density of MRO regions is significantly below room
temperature and inappropriate for accounting for the observed
NC density. Estimates of C(n) from a the linked flux [24] anal-
ysis result in even less favorable values. This suggests that the
MRO regions may be representative of the inherent amorphous
phase atomic configuration rather than a fluctuation clustering
process.

The usual fluctuational clustering processes have proven defi-
cient to explain the number density so that it is reasonable to
look for an additional feature aiding in nucleation. If it is assumed
that the MRO regions are the key feature in considering the high
nanocrystal densities, then a more complete kinetic picture can be
drawn. For this analysis an initial model based upon homogeneous
nucleation was inconsistent with the observed nucleation densi-
ties. Instead, the implementation of a seeded nucleation model in
which the Al-like MRO regions are assumed to aid in the nucleation
process was found to be consistent with the observations. Briefly,
the kinetics model is based upon the calculation of �GV and � as
described earlier but with the MRO considered as an internal cat-
alyst that is enveloped by the evolving Al nanocrystal. Under this

heterogeneous process the volume and the nucleation barrier, �G*,
for Al nanocrystal nucleation is reduced considerably for an MRO
size of 0.370 nm. For example, at 550 K, �G*/kT is reduced to 26 for
catalyzed nucleation. Within this model, the steady state nucleation

Fig. 4. Calculated equilibrium cluster concentrations for a variety of clusters of n
atoms. MRO regions are indicated by horizontal dashed lines. The vertical dashed
line indicates 0 ◦C.



J.H. Perepezko et al. / Journal of Alloys an

F
a
c

r

J

w
t
d
D
m

I
a
t
a
c
a
t
t
d
b
I
1
s
d
t
i
J
b
w
t
t
a
a

3

t
F
t
n
t

ig. 5. The calculated steady state nucleation rate with temperature for Cu doped
nd undoped Al88Y7Fe5 samples. TA is the annealing temperature and Tx is the
rystallization temperature during constant heating (20 K/min).

ate [25] may be evaluated from

SS = �ˇZ exp
(

−�G∗

kT

)
(1)

here � is the MRO site density and Z is the Zeldovich factor which
ypically varies between 0.1 and 1. The attachment frequency, ˇ, is
etermined by ˇ = 4�r*2DX0a−4 where r* is the critical nucleus size,
is the diffusivity [22,26], X0 is the aluminum concentration of the
atrix, and a is the jump distance.
The temperature dependence of Jss is presented in Fig. 5.

nterestingly, the steady state nucleation rates showed a peak
t temperatures below the constant heating crystallization onset
emperatures for both Al88Y7Fe5 and Al88Y7Fe4Cu. The clear devi-
tion between the crystallization start temperature under heating
onditions and the temperatures which yield a maximum in nucle-
tion rate suggests that transient effects are important during
he nucleation process. In order to explore these differences, a
horough study of the nucleation rate at 225 ◦C and 245 ◦C was con-
ucted with Al88Y7Fe5 in which samples were annealed at intervals
etween 1 and 10 min and the microstructures were investigated.

t was found that the first discernable crystals were observed at
0 min at 225 ◦C and approximately one minute at 245 ◦C, corre-
ponding to a number density of roughly 1020 m−3. These data
irectly confirm an incubation time during which the system moves
oward steady state. The transient effect on nucleation can be
ncorporated by evaluating the time dependent nucleation rate
(t) = Jssexp(−�/t) where � = (ˇZ)−1. With this refinement it is possi-
le to account for the change in crystallization onset temperature
ith doping if there is a change in the corresponding incubation

ime. However, it is also expected that potential modifications in
he medium range order and changes in the bonding character on
local level [21,27], that will also impact the transport and nucle-
tion behavior.

. Deformation induced mixing

The response of materials to intense deformation is expressed

hrough different reaction pathways depending on the initial state.
or crystals undergoing plastic deformation it is well established
hat in single phase materials there is a structure refinement to
anoscale grain sizes and high dislocation densities [2]. For mix-
ures of different materials various alloying reactions can develop
d Compounds 495 (2010) 360–364 363

leading to stable or metastable solid solutions, intermediate phases
or metallic glass products. With an initial amorphous phase, intense
deformation yields shear banding that in some cases can interact
with the local atomic configurations to result in nanocrystalliza-
tion [14,28,29]. While the final structures are well established, the
reaction paths and mechanisms are in most cases uncertain.

Some insight on the possible reaction paths has been developed
from simulation studies on driven systems. With crystalline mul-
tilayers the interplay of process and control parameters results in
different microstructural patterns ranging from full mixing even for
immiscible components to self organized motifs [30–35]. For the
conditions of the simulations that involve small groups of atoms
and very high strain rates the mixing has been called superdiffu-
sive since the time dependence is linear rather than the thermally
driven parabolic kinetics [30]. There are also computational stud-
ies of dislocation behavior in deformed multilayers that indicate
several types of interaction [36–38]. Dislocations within the inter-
face contribute to multilayer sliding while dislocations within the
layers can intersect the interface to create steps or translate into
an adjacent layer. These characteristics can provide opportunities
for atomic scale interfacial mixing during deformation as the mul-
tilayer structure is refined.

For the deformation induced reaction in multilayers it is evi-
dent that components that form an isomorphous system offer a
number of advantages. For example, in a Ni/Cu multilayer there is
background thermodynamic and diffusion data [37,39,40] available
for the interpretation of the intermixing. During the repeated cold
rolling and folding process an initial laminar structure is iteratively
refined by the action of the rollers to yield a high interfacial area
that increases according to a sigmoidal function. When the sample
is in a nanometer scale multilayer structure, the amount of internal
interface area for phase reaction is large [40].

Initial work has shown that intense deformation yields a signif-
icant layer reduction. For Cu–Ni multilayers after 50 rolling passes,
the multilayer has a mean spacing of about 88 nm, for a relative
specific interfacial area (i.e. interfacial area/initial interfacial area)
of about 280. Moreover, X-ray diffraction measurements of the
lattice parameters that are presented in Fig. 6 also indicate that
alloying does occur with increasing strain and seems to occur in
stages. For the Cu60Ni40 multilayer there is an initial alloying up
to a composition of Cu70Ni30 that reflects the asymmetric mixing.
This composition remains for a period of increasing strain before
the disappearance of the Ni layers and the completion of mixing to
the nominal composition of the initial multilayer. The solid solution
becomes the only phase present at around 50 passes.

The behavior for the Cu40Ni60 multilayer is a bit different than
that in the Cu60Ni40 sample even though the layer refinement is
similar, Fig. 6. There appears to be a trend for the Cu layer to exhibit
dissolution of Ni as an initial stage that continues with increasing
deformation until the alloyed layer develops at about 35 passes.
Again, with the disappearance of the Ni layers, the solid solution is
the only phase present at about 50 passes.

The width of the copper and nickel peaks rise in a very similar
fashion as grain size decreases. The solid solution peak however
starts out very broad comprising essentially the entire breadth
of composition between the two pure elements. With continued
deformation, the peak width decreases. During this time the layers
are undergoing mixing. Since the main source of peak sharpen-
ing in the solid solution is the reduction of composition gradient,
this provides further evidence of mixing stages. At the same time
there is a marked increase in the relative volume of solid solution
present. Once all the copper has been consumed continued defor-

mation can drive the system to dissolve the remaining nickel and
reach the nominal composition of the multilayer.

A further kinetics analysis is necessary for the complete mod-
eling of the reactions, but some initial observations can be made



364 J.H. Perepezko et al. / Journal of Alloys a

F
r

t
r
w
a
o
o
m
3
t

4

t
a
p
A
t
s
t
d
s
c
a
c
o

[37] J. Wang, R.G. Hoagland, J.P. Hirth, A. Misra, Acta Mater. 56 (2008) 3109.
[38] M.A. Shehadeh, G. Lu, S. Banerjee, N. Kioussis, N. Ghoniem, Philos. Mag. 87

(2007) 1513.
[39] J.-M. Roussel, P. Bellon, Phys. Rev. B 73 (2006) 085403.
[40] D. Mitlin, A. Misra, T.E. Mitchell, J.P. Hirth, R.G. Hoagland, Philos. Mag. 85 (2005)

3379.
ig. 6. Lattice parameter measurements for a Cu–Ni multilayer as a function of strain
ate (a) Cu60Ni40 (b) Cu40Ni60.

hat relate to the driven system behavior. For example, from the
eported diffusivities DNi/DCu is about 10−5 at room temperature
hich would indicate a much stronger asymmetry that observed

nd reported in simulations [39]. Moreover, the homogenization
f the alloy from 30 to 50 passes over an active deformation time
f 60 s for a strain rate of 0.4 s−1 cannot be accomplished by ther-
al diffusion, but is possible for an effective temperature of about

45 ◦C that suggests an important role for deformation enhanced
ransport.

. Summary

Amorphous Al alloys present a number of intriguing challenges
o the contemporary understanding of amorphous phase formation
nd stability. While the widely accepted guidelines for amorphous
hase formation seem to apply to component selection, the typical
l-rich compositions and relatively high crystallization tempera-

ures suggest another role for the specific solutes in facilitating
tability. At the same time, the strong composition dependence of
he thermal stability and the remarkably high nucleation density
eveloped during primary crystallization are unusual. Moreover,
tructural determinations reveal a heterogeneous structure that is
haracterized by a high level of Al-like MRO. When these char-
cteristic features are considered together it is evident that the
onventional kinetics analysis should be modified to take account
f the heterogeneous behavior. A model to incorporate the inher-
nd Compounds 495 (2010) 360–364

ent structure of local MRO regions as sites for the initiation of Al
nanocrystals has been formulated that accounts for the observed
nucleation density and the crystallization behavior during anneal-
ing. From the analysis it is also evident that transient kinetics plays
an important role in the evolution of the nanoscale microstruc-
ture during primary crystallization. Similarly, nanoscale processes
control the deformation induced reaction of elemental multilayers.
The initial stage of the reaction develops mainly by an exten-
sive refinement of the multilayer spacing. Accompanying the layer
refinement, there is a steep increase in the relative interfacial area
per unit volume that yields a detectable mixing volume. During
the later stage of reaction the convergence of the layer refinement
with the mixing volume yields full alloying that is facilitated by
deformation enhanced transport.
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