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bstract

With nanostructured matter advancing from laboratory samples to application-relevant or even applied materials, basic and prevalent issues related

o the stability of the nanoscale structures against coarsening need to be addressed. The assembly of nano-composites, where isolated nanoscaled
articulates or fibrous components are encased in an inert matrix, gives one important processing option that stabilizes the microstructure against
oarsening. However, the impact of heterophase boundaries between the nanoscale structures and the matrix or also between different phases in
ulticomponent nanoscale systems on the product properties yet remain to be understood.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Properties of nanostructured—or nanocrystalline materials
re significantly affected by the large fraction of atoms that are
ituated at or near an external or internal interface, i.e. near the
urface or near a grain (or heterophase) boundary [1]. In addi-
ion to finite size effects due to the occurrence of similar length
cales for a characteristic interaction distance or wavelength
nd the spatial dimension of the system, the excess free energy
ssociated with interfaces in general accounts for modifications
f materials properties at small particle—or grain size. For
pplications of nanostructured materials, such interface-
ontrolled property modifications need to be considered in
eneral, i.e. also for properties that are affected by the reduction
f the system size, since the phase stability as well as the
tability of the microstructure that determine the performance
f materials are interface controlled. Despite the apparent
mportance of the relation between system size, interface
tructure and materials properties, the underlying mecha-

isms that cause the observed modifications remain purely
nderstood.
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. Impact of external interfaces

One example that highlights the importance of the struc-
ural details of the particle/matrix interfaces is presented by
he melting point shift of pure Pb particles that are embed-
ed in an insoluble and polycrystalline Al matrix [2,3]. It has
een shown that Al/Pb composites which were synthesized
y mechanical attrition present Pb particles with curved inter-
aces that melt at size-dependent melting temperatures, Tm,
hat are lower than the bulk melting temperature, T 0

m, of Pb.
apidly melt-quenched material of identical composition on the
ther hand, display Pb-nanoparticles within the grains of the
olycrystalline Al matrix with faceted interfaces and – associ-
ted with this interface morphology—with Tm > T 0

m. Thus, the
hange of the interface morphology modifies the melting behav-
or of the Pb particles even qualitatively. It is important to note,
hat reversible microstructure modifications can be performed
y plastic deformation of the melt-quenched [4]—or by high-
emperature annealing of ball-milled material (Fig. 1) [5]. In
hese instances, not only the morphology of the particle/matrix
nterfaces changes from faceted to curved or from curved to
aceted, but the respective melting characteristics is also modi-
ed qualitatively from Tm > T 0

m to Tm < T 0
m and vice versa. Just

ecently, it was shown by HRTEM analysis together with Fourier

ltering that specific misfit dislocation arrangements exist for

he different morphologies and in the case of faceted particles,
ven for the different interfaces [6]. These results clearly indicate
he importance of interface contributions and also show that the
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Fig. 1. (a) HRTEM image of a Pb particle in ball-milled material after high-temperature annealing. The arrow on the lower left side of the particle indicates the
presence of a dislocation within the particle. (b) Calorimetry results on ball-milled material after high-temperature annealing. The shoulder above the bulk melting
t t-quen
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emperature is indicated by the arrow. (c) HRTEM image of Pb particles in mel
esults on melt-quenched material after the same treatment.

anoscale size just provides a necessary precondition for inter-
ace effects to become significant, but that the atomistic details
f the interfaces determine the property modifications even qual-
tatively. Moreover, the observations support the interpretation
f the modifications observed at small sizes being thermody-
amic in nature and thus being related to the excess interface
ree energy rather than to changes of the nucleation kinetics of
he phase transformations.

. Internal interfaces in multicomponent alloy
anoparticles

Aside from the conditions where the actual phase transfor-
ations, such as melting or freezing, occur, the majority of

anoscale systems that have been studied concerning the size
ependence of phase equilibria or phase transformations, as, e.g.
he Pb particles described above, are single component systems.
n practice where temperatures are generally not maintained
trictly constant, the actual phase transformations represent

ransient processes that often involve metastable or even unsta-
le states. Thus, in the overwhelming part of temperature-time
arameter space, single-component systems are single-phase.
he situation is completely different for multicomponent

t
a
o
s

ched material after additional high-pressure torsion straining. (d) Calorimetry

ystems where extended stable composition-temperature fields
xist that are represented by two or more phases that coexist
ndependent of time and at equilibrium. Thus, multicomponent
lloy systems in general entail internal heterophase interfaces in
ddition to the external surface or the interface of the particles
ith a matrix. Yet, despite the obvious importance of the extra
egree of freedom provided by the composition for materials
esign and controlled property optimization, only few studies
xist on the impact of heterophase boundaries in nanoscale
ulticomponent systems on the respective phase equilibria and

hase transformations, or – in other words – it is generally not
ell-established if and how alloy phase diagrams change if the

ize of the alloy structure is reduced to the nanoscale.
In order to systematically address the issue of phase dia-

ram modifications in interface-controlled situations, i.e. for
lloy structures that are sufficiently small so that interface con-
ributions to the thermodynamic potentials become significant,
e focused our attention on binary alloys that – for the respec-

ive bulk system – have a simple eutectic phase diagram between

he pure constituents. Real-world model alloys for that situation
re given, e.g. by the Bi–Cd system [7]. Yet, since experiments
n nanoscale systems almost inevitably involve distributions of
ize and composition of finite width, an idealized theoretical
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odel eutectic was constructed to analyze the general implica-
ions of finite size in detail. A rather uncomplicated case is given
y alloys with no solid solubility and an ideal liquid solution,
hich for the bulk case results in a simple eutectic phase diagram

etween the pure constituents that is symmetric concerning the
quiatomic composition. In a reduced representation, the three
aterials constants that need to be specified (the atomic volume,
elting entropy and interfacial free energy in scaled represen-
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ig. 2. (upper left) Schematic diagram of molar Gibbs free energies, g, vs. solute
onstruction of Gibbs free energy curve for two-phase coexistence of alloys A an
ross-sections through the particle, illustrating the geometric arrangement of the phase
middle) Calculation results showing the phase diagram of the macroscopic alloy sy
tart out vertically at high temperatures, represent lines of equal solute fraction in the
xample of a Bi–Cd alloy nanoparticle embedded in a polycrystalline Al matrix, sh
nterpretation of the references to color in this figure legend, the reader is referred to
mpounds 434–435 (2007) 286–289

ations) are similar for most metals. Details of the computation
re given elsewhere [8].

Quite generally, the internal heterophase interface – as any
nterface – contributes an excess free energy to the total Gibbs

ree energy and that excess is given as γ �A (specific interface
ree energy density of the heterophase interface, γ , multiplied by
he change in area of that interface, �A), reflecting the change of
he relative amount of matter per phase during phase transforma-

fraction x for two phases indicated by concave parabolas (in red and blue).
d B. Dashed: macroscopic system; solid: finite size system. Inserts represent
s and the maximum of the interfacial area A for equal amounts of the two phase.
stem as well as stability diagrams of nanoscale alloy systems. The lines that
liquid phase for three arbitrarily chosen values. (bottom right) Representative

owing clearly the presence of a heterophase interface within the particle. (For
the web version of the article.)
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ions, which correspondingly changes the interface area between
he two coexisting phases. In order to analyze the impact of this
nternal interface on the thermodynamic equilibrium at different
article sizes, an idealized particle embedded in a solid matrix
s regarded where the matrix, as in an experiment, serves to
revent coarsening; this implies that the particle shape and con-
equently (when volume changes during the phase transition
an be neglected) the particle-matrix interface area are fixed.
he excess free energy due to the outer surface of the particle

s then a constant, which can be ignored altogether since under
hese conditions it does not affect the phase equilibrium. As
hown in detail in [8], the excess term γ �A, which takes on
maximum value for equal atomic fractions of the coexisting

hases, removes the linearity of the Gibbs free energy of two-
hase states (Fig. 2). Thus, the well-known tangent rule ceases
o apply, with important consequences for the phase diagrams,
hich result from minimization of the total Gibbs free energy at
ifferent particle sizes. For instance, the compositions of coex-
sting phases at constant temperature depend on the nominal
omposition, i.e. the lever rule is not applicable, and furthermore
he composition of the majority phase is not continuous across
phase boundary (indicated by he shaded lines in the diagrams
f Fig. 2). The above-mentioned novel features are consistent
ith the observation by [9], which indicate that the tie lines
etach from the phase boundary lines at small size. Thus, it is
ot possible to obtain the compositions of coexisting phases for
given nominal composition from these phase diagrams, but the

emperature-composition fields are given where the respective
hase(s) are representing the state of lowest Gibbs free energy.

It may be debated whether or not the graphs of phase sta-
ility regions in the temperature-composition domain such as
ig. 2 can still be termed ‘phase diagrams’ or rather ‘stability
iagrams’—as compared to the phase diagrams of infinite sys-
ems, with which we have become familiar. Yet, although infor-

ation, e.g. concerning the compositions of the stable phases
s not obtained as straight forward as for conventional phase
iagrams for bulk systems, these phase diagrams that take the
nterfacial excess properly into account represent the richer and

ore general phenomenology at finite size and asymptotically
educe to the familiar ones as the system size tends to infinity. In
ddition to the above-mentioned modifications at small particle
izes, the topology of the phase diagram changes dramatically,
ith the most pronounced change being the loss of the invari-

nce of the solidus temperature. Thus, the eutectic point of the
ulk phase diagram degenerates to an interval where melting
ccurs discontinuously without involving a three-phase equilib-
ium. First calorimetric results obtained on Bi–Cd nanoparticles

hat are embedded in a polycrystalline Al matrix support the the-
retical analysis and actually show a composition-dependence
f the solidus temperature at small particle sizes [10]. A TEM
mage of one representative Bi–Cd alloy nanoparticle is shown

[
[
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n Fig. 2. Additionally, some observations obtained by in situ
lloying and melting analyses within a TEM [11] agree also
ith the modeling results.

. Summary

Interfaces can affect in various ways the properties and the
erformance or the stability of materials, e.g. by long-range
train fields, by providing paths for rapid diffusion or by provid-
ng regions of enhanced solubility or charge accumulation. Yet,
ven the presence of interfaces that contribute an excess energy
an drastically and even qualitatively modify the phase equilib-
ium. The experimental results on single-component systems,
.e. Pb embedded in an inert Al matrix, emphasize the impor-
ance of the local atomic arrangements as well as the details of
he defect structure in analyzing the relation between size, mor-
hology and properties. With multicomponent nanoscale alloy
articles, modifications at small size are even more pronounced
nd are affected by internal heterophase interfaces in addition
o the impact of the surface of the particle or its interface with
matrix. While even the first results obtained by modeling and

lso by experiment indicate dramatic changes that affect stabil-
ty, properties and processing, it seems clear that even more and
lso more pronounced changes are anticipated for more com-
lex alloy systems with a stronger dependence of the interaction
otential on the nominal composition. It will be a crucial step in
he development of advanced nanostructured materials to elu-
idate the rules of nanostructured alloy thermodynamics before
roperties or processing pathways can be designed.
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eferences

[1] H. Gleiter, Acta Mater. 48 (2000) 1.
[2] H.W. Sheng, G. Ren, L.M. Peng, Z.Q. Hu, K. Lu, Phil. Mag. Lett. 73 (1996)

179.
[3] K. Chattopadhyay, R. Goswami, Prog. Mater. Sci. 42 (1997) 287.
[4] H. Rösner, G. Wilde, Scr. Mater. 55 (2006) 119.
[5] H. Rösner, P. Scheer, J. Weissmüller, G. Wilde, Phil. Mag. Lett. 83 (2003)

511.
[6] H. Rösner, J. Weissmüller, G. Wilde, Phil. Mag. Lett. 84 (2004) 673.
[7] T.B. Massalski, Binary Alloy Phase Diagrams, 2nd ed., Materials Park,

American Society for Metals (ASM), Ohio, 1990.

[8] J. Weissmüller, P. Bunzel, G. Wilde, Scr. Mater. 51 (2004) 813.
[9] W.A. Jesser, G.J. Shiflet, G.L. Allen, J.L. Crawford, Mater. Res. Innovat.

2 (1999) 211.
10] P. Bunzel, Thesis, Saarland University, 2004.
11] J.G. Lee, H. Mori, Phil. Mag. 84 (2004) 2675.


	Phase equilibria and phase diagrams of nanoscaled systems
	Introduction
	Impact of external interfaces
	Internal interfaces in multicomponent alloy nanoparticles
	Summary
	Acknowledgements
	References


