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ABSTRACT

A commonality between nanocrystalline metals and metallic glasses is their dependence of structure and properties upon preparation
history and postprocessing. Depending on preparation conditions, stored excess enthalpy and volume—relative to the crystalline ground
state—can vary significantly. Annealing of material states of elevated enthalpy or volume induces structural relaxation and concomitant
depletion of excess energy and volume. We analyzed the kinetics of volume relaxation in nanocrystalline PdAu alloys by partitioning the
overall process into a set of independent and parallel reactions for arbitrary time-temperature protocols. The obtained spectra of kinetic
parameters imply a complex relaxation behavior that violates time-temperature superposition and time aging-time superposition. The analy-
sis will enable to reconstruct the effective energy landscape underlying the relaxation dynamics.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5121520

I. INTRODUCTION

It is well established that glassy materials (polymers, silica
glasses, metallic glasses, and molecular systems) change their prop-
erties years after the time of manufacture. This slow change of
material properties with time far from equilibrium was termed
(physical) aging.1,2 The origin of the time scale for aging is related
to the way of synthesizing and processing the materials. Glassy
materials are usually generated by cooling the material fast enough
to avoid crystallization so entering the regime of the supercooled
liquid to eventually—when the temperature falls below the
liquid-to-glass transition temperature Tg—condense into the state
of an amorphous solid.3–5 This disordered matter resides in a non-
equilibrium state that proceeds to spontaneously evolve toward a
temporally distant equilibrium state (metastable, confined, or
unconfined/true). During this course, the state variables of the
system, e.g., volume or enthalpy, alter.2 Concomitantly, it is
observed that macroscopic properties, such as mechanical,6,7 trans-
port,8 dielectric,9 etc., properties, change with time.1 Aging affects
these properties through changes in the respective relaxation times
of microscopic processes manifesting the system’s structural
relaxation dynamics toward lower-energy states at a given

temperature.10,11 We note that there is a reverse process, termed
rejuvenation,12 entailing an evolution of materials into higher-
energy states through application of external forces, e.g., thermome-
chanical processing or irradiation.13,14 An overwhelming wealth of
literature related to these topics has been published by the glass
community and has been surveyed and critically assessed over the
years to leave a number of excellent review articles1,2,4,15–19 to the
interested reader. Finally, we note that aging is a general phenome-
non, which is not restricted to the glassy state but should be found
in all kinds of disordered materials irrespective of their chemical
nature and of their atomic structure or microstructure.20

In this regard, nanocrystalline (NC) materials21 are candidate
materials that should exhibit pronounced relaxation and associated
aging phenomena. In contrast to amorphous materials, they are
composed of ordered regions, the crystallites, which are separated
by disordered interfaces. This microstructure is characterized by a
structural correlation length, the grain size D.22 Creation of NC
materials ordinarily results in nonequilibrated material states,23

where energy in excess to the crystalline ground state is mainly
stored in the core regions of the interfaces which accommodate the
atomic-site mismatch between abutting and differently oriented
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crystal lattices.24 Additional excess energy is related to crystal lattice
distortions due to the mechanical interplay between interfaces and
grain interior or defects in the interior of individual nanocrys-
tals.25,26 In this work, we will focus on dilute solid solution PdAu
NC metals and use the standard term grain boundaries (GBs) to
denote the interfacial phase of NC metals. Since the interface area
per unit volume of crystal scales as 1=D, this is also true for the
capacity to store excess energy in the network of GBs. Therefore,
decreasing the grain size of NC metals to the low end of the nano-
scale (≃10 nm) entails a stored excess energy comparable to glassy
metals27 and hence should reveal a rich variety of relaxation and
aging phenomena.

Regarding the pertinent literature, GB relaxation in NC
metals was studied in the nineties of the last century. This
research was driven by conflicting results obtained for nominally
the same material.28 Using X-ray diffraction,29 calorimetry,23,30

dilatometry,31 MD simulations,32 and HRTEM33 to analyze GB
relaxation, it turned out that energy and volume release went
along with a reduction of atomic-site disorder in/at GBs whenever
annealing temperatures were low enough to avoid grain growth.
Hence, we may assume that the reported conflicting results are
related to different synthesis protocols or different thermal history
before measurement. A subsequent careful study on microstruc-
tural evolution during heat treatment of NC pure metals and
alloys unveiled the interplay between GB relaxation, grain growth,
GB segregation, and chemical ordering in a microstructural evolu-
tion map.34 GB relaxation and its effect on plasticity, in particular,
on strain rate sensitivity and on hardness was investigated in NC
Fe.28 Recently, the complex defect annealing kinetics in ultrafine-
grained Cu and Ni were studied with special emphasis on extract-
ing the GB excess volume35 related to site mismatch in the core
region of GBs and to their capability of acting as sinks and
sources for zero- and one-dimensional lattice defects, e.g., vacan-
cies, segregants, and dislocations, respectively. However, careful
studies of long-term relaxation dynamics and related aging phe-
nomena have been scarcely explored.30,36 Likewise, state-of-the-art
analysis of relaxation data, based on simultaneous fitting of sets of
relaxation data received from different time-temperature proto-
cols, is missing.

It is the objective of this study to analyze the kinetics of relax-
ation processes in NC PdAu alloys that are initiated by applying
different time-temperature protocols. In particular, we investigate
volume (length) release, a macroscopic quantity that directly
couples to structural changes related to microstructure and inter-
atomic distances. The epistemic goal of this work will focus on
extracting the spectrum of kinetic parameters that are at the root of
the relaxation dynamics and constitute an essential part of the
underlying potential energy surface. As a practical purpose, kinetic
parameters may be useful to predict process rates and material reli-
ability/performance.

The realm of enthalpy and volume relaxation is a longstanding
issue in amorphous materials so that, not surprisingly, many con-
cepts and terminology have been introduced and set by this field.
Therefore, the following paragraphs are devoted to address nomen-
clature issues and deliver a framework, which enables to draw links
between metallic glasses and NC metals at the low end of the
nanoscale.

II. BASIC CONCEPTS

To define the scope of the problem, we refer to the canonical
glass-science diagram4 shown in Fig. 1. It illustrates how extensive
quantities such as enthalpy, volume, and entropy evolve when a
liquid is cooled fast enough to supercool (regime A) then enter
regime B where the liquid-to-glass transition takes place to eventu-
ally form an amorphous solid or glass in regime C upon further
cooling. In regime A, the glass former is in internal equilibrium;
therefore, no dependencies on preparation history are observed and
whenever the crystal formation is prohibited the system behaves
ergodic.

In regime C, the glass is restricted to a configurationally
frozen state below Tcf—like a mechanically rigid solid—and exhib-
its essentially reversible behavior with respect to temperature
changes. A remaining source of dynamics relates to fluctuations of
atoms or molecules which are confined to rather loosely packed
regions (nanoscale spatial heterogeneities) in metallic glasses.
However, this so-called β- or Johari-Goldstein relaxations freeze by
cooling far enough below Tg.

37

A variety of phenomena can be observed in regime B not least
since the properties of the system depend on the preparation route

FIG. 1. Schematic of evolution of state variables enthalpy H, volume V , and
entropy S of a glass upon cooling from above the melting temperature Tm.
Below Tm, the thermodynamic stable state is the crystal. If crystallization is
avoided, by applying suitable time-temperature protocols, a variety of glassy
states (glass A, glass B, etc.) can be prepared. Regime A displays ergodic
material behavior, and regime C represents the kinetically frozen glassy state.
For details to transition regime B, we refer to the text.
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into this regime, on the duration of the actual measurements at a
given temperature, and on the time-temperature history before
measurement. This relates to the fact that the system manifests
degrees of freedom of atomic and molecular movement which
promote its evolution toward equilibrium that is driven by a
decrease of the free energy of the system. Many terms were coined
to describe this behavior: relaxation, aging or aging dynamics,
structural relaxation, enthalpy relaxation, enthalpy recovery, and
physical aging to stress absence of chemical reactions like degrada-
tion, phase separation, clustering, or surface reactions with the
environment.2 Likewise, there are different terminologies for time
(e.g., annealing, aging, and retardation time) and temperature
(fictive and effective temperature)—this list does not qualify for
completeness. Unfortunately, the use of nomenclature is rather
nonuniform.

To clarify the terminology relevant to this study, we will intro-
duce an adapted scheme to provide a framework for NC metals in
Fig. 2. As for glasses, it depicts the crystalline ground state that
entails genuine reversible behavior in all regimes below the melting
temperature Tm, thus providing a common baseline for both types
of material. Strictly speaking, the single crystalline material mani-
fests the true equilibrium ground state. However, since we are not
aware of any evidence suggesting that a single crystal can emerge
from a coarse grained polycrystal, even by annealing just below the

melting point, the coarse grained polycrystal is taken as a reference
state for practical reasons.

Similar to glasses in regime C (Fig. 1), there exist multiple
configurationally frozen and far out of equilibrium states at
different levels of enthalpy (volume, entropy) in regime I (Fig. 2) in
which the material behaves essentially reversible. Departure from
equilibrium at the low end of the nanoscale is not only caused by
the escalation of interfacial area and the inherent excess energy.
There is a second energy contribution related to the fact that,
depending on preparation and processing, the GBs themselves
reside in nonequilibrium configurations. As an upper bound esti-
mate, the specific excess energy stored in nonequilibrium GBs
could be twice as large as the value of their locally equilibrated
counterparts.23

Increasing the temperature above Tcf leads to a reduction of
free energy, which involves enthalpy release through structural
relaxation (regime II) and with further increase of temperature
grain growth (regime III). In NC metals, a strict separation of these
processes generally fails.25 Nevertheless, we can identify time-
temperature settings which allow one to investigate the structural
relaxation dynamics underlying enthalpy or volume release at prac-
tically constant grain size; a detailed analysis of this issue will be
addressed in a follow-up paper.

In NC metals, the crystal lattices of nanocrystals and their
conjoined GBs are in mechanical equilibrium requiring continuous
stress σ across the interfaces. Because of the reduction of the
effective elastic moduli of GBs relative to the grain interior,38,39

they are subjected to higher effective strains ε and thereby capable
of storing higher energy densities w ¼ σ � ε than the grain interiors.
Moreover, molecular dynamics simulations reveal the presence of
an inhomogeneous strain concentration in the immediate vicinity
of interface regions of nanocrystals,40,41 which entails an even more
pronounced concentration of stored energy at/near GBs. As a con-
sequence, we expect the volume/enthalpy release in regime II to be
dominated by interfacial relaxation dynamics which mainly
involves structural rearrangement in the core region of GBs and a
concomitant change of their defect character; a coupling of interfa-
cial relaxation modes to the abutting nanocrystals can be regarded
as a second order effect.

The transition from nanocrystallinity into the coarse grained
state occurs beyond the temperature TGG, which marks the onset of
significant grain growth (regime III). Different modes of growth
and kinetics deviating from classical curvature driven growth have
been reported for NC metals.25,42–44 Summarizing the details of
underlying mechanisms, addressing the possible coexistence of
relaxation and growth, etc., is beyond the scope of this work.

The comparison between glasses and metals reveals a funda-
mental difference related to thermoreversibility: many glasses can
be reheated without crystal formation or clustering to above Tg

where they assume the state of an equilibrated supercooled liquid
again.19 Thermoreversibility is completely absent in NC materials,
since the abundance of nanocrystallites enforces the evolution of
the system for any time-temperature protocol, that provides
sufficient kinetics for GB boundary migration, toward the coarse
grained equilibrium state.

Generating NC bulk materials45 can be achieved by two
different synthesis strategies: top-down or bottom-up. The

FIG. 2. Schematic of evolution of state variables enthalpy H, volume V , and
entropy S of a nanocrystalline material as a function of temperature. The nano-
crystalline states manifest elevated energies compared to the crystalline refer-
ence state. The green arrows indicate distinguished synthesis routes enabling to
enter the nanocrystalline domain, either by energizing (top-down) or by deener-
gizing (bottom-up) bulk or atomic/molecular material states; the arrowheads
symbolize direction, however, they are not meant to mark specific enthalpy
values of nanocrystalline states. For details to the different regimes (I, II, and
III), we refer to the text.
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top-down approach (cf. Fig. 2) starts from coarse grained polycrys-
talline materials which are energized below Tcf , typically through
cycled severe plastic deformation,46 to evolve in a self-organized
manner into a NC microstructure. Energy is stored as interfacial
excess energy but also as strain energy associated with crystal lattice
distortions and presence of high densities of dislocations and
excess vacancies in the interior of the nanocrystallites. As expected,
the concomitant stored excess enthalpy (volume, entropy, etc.)
depends on the specific conditions of the preparation history.

In the bottom-up approach (cf. Fig. 2), nanoscale microstruc-
tures are grown by adding individual atoms to a substrate thereby
forming a growing layer which preserves the nanoscale microstruc-
ture upon further accumulation of atoms or molecules.
Alternatively, individual nanocrystallites are created followed by a
transformation of their free surfaces to internal interfaces. In both
scenarios, the high energy of the initial state (single atoms,
nanometer-sized crystals) is reduced by generating solids with a
high density of interfaces. Again, the amount of stored enthalpy
depends on the specific preparation and processing conditions,
which may vary significantly.

In what follows, we concentrate on the bottom-up approach
and in particular on NC materials prepared by inert gas condensa-
tion (IGC). This process generates rather perfect nanocrystals in a
He atmosphere which are collected and subsequently compacted in
vacuum.21 IGC-prepared NC metals are distinguished by a random
texture and a random interface orientation distribution function,47

basically equiaxed grain shape and a lognormal grain size distribu-
tion function.22 Hence, they can be considered as prototypical
random polycrystals, however, with enhanced localized stress and
strain fluctuations due to the initial incompatibility of abutting
crystallite shapes. Therefore, they seem predestined candidate mate-
rials to study nonequilibrium relaxation and related physical aging
phenomena; the presence of pronounced anisotropies (texture)
and/or macroscopic inhomogeneities would tremendeously compli-
cate the task.

Regarding nomenclature, we use the term annealing in its
most general sense that is any time-temperature processing of spec-
imens at elevated temperatures. This includes the commonly used
isothermal and constant heating/cooling rate methods, as well as
combinations thereof and nonlinear heating/cooling. During
annealing, we measure the time evolution of volume (length)
release, which is driven by free energy reduction of the system. This
scenario has been labeled by alternative terms such as enthalpy
recovery, physical aging, or (structural) relaxation. In this article,
we will use the term structural relaxation to describe processes that
reduce the free energy of the material system as well as the associ-
ated changes of physical properties.

III. METHODS OF ANALYSIS

Relaxation in glasses or quite general in disordered systems is
typically probed by monitoring the evolution of a macroscopic
quantity in response to the variation of an external control parame-
ter, e.g., temperature. The study of enthalpy or volume release trig-
gered by abruptly increasing the temperature or applying a heating
rate to a system is the basis for understanding physical aging phe-
nomena. The processes that govern physical aging are related to the

out-of-equilibrium dynamics of structural degrees of freedom
enabling the system to approach a distinct constraint equilibrium
state, metastable or true equilibrium, set by the variations of exter-
nal control parameter(s). This scenario is the root cause of what is
termed structural relaxation which typically involves nonequilib-
rium and nonlinear dynamics in disordered systems.4,20,48,49

To interpret and understand structural relaxation, a variety of
models have been devised to analyze data from relaxation and
aging experiments. Most prominent are the Tool-Narayanaswamy-
Moynihan (TNM),50–52 the Kovacs-Aklonis-Hutchinson-Ramos
(KAHR),53 and the Lunkenheimer-Wehn-Schneider-Loidl (LWSL)9

models. The latter is a phenomenological and simple tool, which is
limited to analyze aging isotherms with emphasis on extracting
very long relaxation time constants. The KAHR and TNM models
assume that a single dynamical variable is sufficient to characterize
the state of a system in a nonequilibrium situation. The standard
TNM model is formulated in terms of a fictive temperature Tf to
model the total deviation from equilibrium. Conceptually, this
approach assumes that a homogeneous relaxation dynamics is
operating where all relaxing units of the system follow the same
nonexponential decay pattern and the characteristic relaxation time
constant τ depends on real temperature and fictive temperature,
i.e., τ ¼ τ(T , Tf ). The latter accounts for the dependence of τ on
structure or the configurational state.

The KAHR approach53 is based on the premise of heteroge-
neous dynamics thereby supposing that the typically observed non-
exponential relaxation patterns originate from an assemblage of
individual domains, characterized by different relaxation time con-
stants τ i. The departure from equilibrium of each domain i is given
by δi where

PN
i¼1 δi ¼ δ over all domains N represents the total

departure from equilibrium in terms of enthalpy H: δ ¼ H � H1,
where H1 denotes the (constraint) equilibrium value the systems
tends to in the long time limit. As a consequence, the distinct relax-
ation time constants τ i depend on their individual δi values, i.e.,
τ i ¼ τ i(T , δi). However, in a later step, the KAHR model assumes
that the relaxation dynamics must depend on the overall state of a
system but not on the specific values of each domain, resulting in
τ i ¼ τ i(T , δ). It follows that both models can be made mathemati-
cally equivalent, provided the Boltzmann superposition princi-
ple54,55 holds, which implies that in the linear response regime the
response to a previously applied generalized force is not affected by
a subsequent application and vice versa.11 In fact, it is implied here
that δ plays the same role as Tf in the TNM model and as a conse-
quence, heterogeneous and homogeneous modeling of enthalpy
relaxation becomes equivalent.

It follows from the formalism of the TNM and KAHR models
that time temperature superposition (TTS) or thermorheological
simplicity54 and time aging-time superposition (TaTS)1 should be
valid. Both approaches are based on the assumption that upon
relaxation the underlying shape of the relaxation time spectrum
remains constant when external forces or fields, e.g., temperature
and aging time te, vary. Considering relaxation time spectra, TTS
requires that all relaxation times are identical functions of tempera-
ture. Technically, such a behavior enables to generate a master
curve by shifting relaxation data, recorded over long time (.105 s)
and for several different temperatures, along the time axis relative
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to an unshifted reference temperature. Similarly, TaTS implies that
an increase in aging time changes all relaxation times by exactly the
same factor. It follows that the time evolution of relaxation data,
taken at a given temperature and for a set of increasing aging times,
can be mapped onto a master curve by horizontal shifts and
stretches along the time axis.

In most cases, the models discussed above do not describe
experimental data of glasses accurately and are not capable of dis-
criminating between homogeneous or heterogeneous nature of the
relaxation dynamics. This is essentially related to an observed
response behavior, which deviates from linearity and violates time
invariance of time constants. Since we are interested in modeling
structural relaxation in NC materials, which are in contrast to
glasses essentially heterogeneous—yet statistically homogeneous—
materials, it seems evident that fictive temperature approaches must
fail. In particular, the heterogeneous nature of the network of GBs
can be imagined as an assemblage of a variety of structural units,
reflecting the local fluctuations of overlapping potential fields of
abutting and differently oriented crystallites. These structural units
or domains are characterized by a site-specific deviation from local
equilibrium, which entails that different domains own their individ-
ual δi-values.

To adapt to the nature of GBs, it is mandatory to employ a
model that goes beyond the single dynamical variable approach.
Therefore, we decided to follow the recommendations of the
Kinetics Committee of the International Confederation for
Thermal Analysis and Calorimetry (ICTAC)56 to model and
analyze the data obtained from thermal analysis methods. Since we
are going to apply the kinetic approach to dilatometry data, where
the evolution of linear strain is monitored as a function of different
time-temperature protocols, we formulate the kinetic approach in
terms of strain rate response; an adaption to calorimetry data is
straightforward and could be introduced when required.

To handle the complexity of the relaxation process, we con-
sider a distributed reactivity model that partitions the overall
process into a set of independent and parallel reactions. As a start
and for the sake of simplicity, we omit cross talking between
different modes and neglect hierarchical reaction schemes where
the activation of a specific mode(s) enables further modes.

The rate equation for overall strain evolution, dε=dt, reads

dε
dt

¼
Xn
i¼1

ki(T(t))fi(εi(t)), (1)

where ki(T(t)) represents the temperature dependence of the
process rate, and the function fi(εi(t)) models the influence of
strain conversion of the ith process on its conversion rate.

We implement ki(T(t)) by an Arrhenius-type expression
given as

ki(T(t)) ¼ _ε0,i(T(t))exp(�ΔG*
i=kBT(t)): (2)

The kinetic parameter ΔG*
i denotes the Gibbs free energy of activa-

tion of the ith reaction. We distinguish free energies/enthalpies of
activation (ΔG*

i , ΔH*
i ) by an asterisk from free energy/enthalpy

differences (ΔG, ΔH) related to different states of the system; kBT(t)

has its usual meaning. The Gibbs free energy of activation is a
lower bound for the Helmholtz free energy of activation
ΔF*

i ¼ ΔG*
i þ ΔW, where ΔW is the mechanical work provided by

the stress/strain release from the nanocrystallites and GBs. This
work term, or rather its decrease with proceeding relaxation, is a
manifestation of the exhaustion of the driving forces for the relaxa-
tion. Moreover, the mere decrease of ΔW is sufficient to cause a
distribution of ΔG*

i parameters even if all ΔF*
i were identical.

The preexponential factor _ε0,i(T(t)) differs from the usually taken
constant reference strain rate for the following reasons. For
thermally activated overcoming of energy barriers that manifest
transformation dilatational strain Δε, the deformation rate due to
kinematically possible local dilatational relaxations is given as
_ε0,i(T(t)) ¼ ciΔεiνc,i(T(t)).

57 Here, ci represents the initial volume
fraction of domains that take part in configurational transformation
by operating in the ith reaction mode. The term νc,i(T(t)) repre-
sents a cluster frequency—much smaller than the Debye frequency
—involving many atoms that take part in a collective deformation
event associated with the ith mode. The temperature dependence
of νc,i(T(t)) originates from the temperature dependence of the
phonon dispersion relation.58 Referring to the Boson statistics, it is
straightforward to derive νc,i(T(t))/ 1=(exp(�hω=kBT(t))� 1).
Analyzing real data will in general not allow one to separate out the
different factors that contribute to _ε0,i(T(t)), instead we treat
_ε0,i(T(t)) ¼ _εmax,i=(exp(�hω=kBT(t))� 1) as a temperature depen-
dent parameter with _εmax,i being the high temperature strain rate
limit.

The second term in Eq. (1), the reaction model fi, considers
the contribution of the ith process to the overall strain rate depend-
ing on the already provided strain by this process in relation to its
maximum possible strain contribution. We chose a decelerating
reaction model according to the criteria in Ref. 56,

fi(εi(t)) ¼ 3 1� εi(t)
εmax,i

� �0:78

, εi(t) � εmax,i, (3)

where εmax,i denotes the maximal possible strain contribution of
the ith reaction mode. The exponent 0:78 was chosen in order to
deliver the best fit to the data and takes care of the fact that pro-
cesses decelerate more quickly for strains approaching εmax,i. In
fact, the reaction model fi can be interpreted as a model of the evo-
lution of ci, the volume fraction of domains that take part in the
relaxation process i, resulting in ci(t) ¼ cifi(t).

In summary, each distinct reaction mode i is characterized by
a triplet of kinetic parameters: ΔG*

i , εmax,i, and _εmax,i. For any type
of time-temperature protocol and given discrete triplets of kinetic
parameters, differential equation (1) can be solved for ε(t) numeri-
cally. Using the kinetic parameters as fit parameters, the so com-
puted strains can be fitted simultaneously to several experiments
carried out on the same material but with different time-
temperature protocols. We like to emphasize that fitting only a
single experiment generally produces unreliable results for the fit
parameters.56 Therefore, the kinetic parameters are not specific to a
single experiment, but characterize the general relaxation behavior
of the material—however, not necessarily the intrinsic relaxation
mode of a physical domain. Hence, they rather represent effective
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kinetic parameters that may deviate from the intrinsic heteroge-
neous relaxation dynamics.

IV. EXPERIMENTAL PROCEDURE

A. Sample synthesis

The NC Pd90Au10 samples were synthesized by inert gas con-
densation21 using an ultrahigh-vacuum system (base pressure
10�7 mbar) and thermal evaporation of high purity Pd and Au
wires in a 6mbar helium atmosphere. The nanocrystalline powder
was subsequently transferred to a piston and anvil device and com-
pacted under high vacuum (,10�6 mbar) at a pressure of 1.8 GPa
for a time period of 30 s to obtain disk-shaped samples (pellets)
with a diameter of 8 mm, a thickness of 500–600 μm, and an initial
grain size of �10 nm.

It is a known fact that friction between the powder and the wall
of the compaction tool leads to nonuniform applied stress and conse-
quently to a nonuniform compaction of the NC pellet. To quantify
the resulting circularly symmetric inhomogeneity in density, a sacrifi-
cial sample was gradually ground down to smaller diameters. After
each step, the bulk density ρbulk of the remaining pellet, i.e., the
density of the sample including closed porosity, was determined by
the method of Archimedes59 using a beam balance Sartorius S3D with
a resolution of 1 μg and the reference media air and diethyl phthalate
(DEP). From these data, the mean relative bulk density of every radial
segment could be reconstructed, which is shown in Fig. 3.

B. Dilatometry

The macroscopic length change during thermal annealing was
measured using a Netzsch TMA402 Hyperion dilatometer with an
temperature range from �150 �C to 1000 �C. The specimens were
positioned on a silica sample holder and contact was made by
applying a force of 50 mN on a push rod with a circular contact
area of 1 mm diameter. Thermal expansion of the silica sample

holder was corrected automatically via the built-in calibration func-
tion of the Netzsch Proteus Analysis software. To extract the irre-
versible share of the length change, the reversible thermal
expansion was estimated by linear thermal expansion and subse-
quently subtracted from the measurement. The mean thermal
expansion coefficient α ¼ 12:5� 10�6 K�1 was extracted from the
reversible linear expansion of the specimen before and after relaxa-
tion. In the limited temperature range regarded in this study and
compared to the magnitude of the relaxation effect, this approach
is sufficiently accurate. The remaining irreversible length changes
ΔL were related to initial length L0 in measuring direction to obtain
the corresponding engineering strain ε ¼ ΔL=L0.

V. RESULTS AND DISCUSSION

To study the strain relaxation phenomenon, a NC Pd90Au10
pellet produced by IGC was cut into 4 qudratic pieces with 2 mm
edge length and several rounded edge pieces (see Fig. 4). The 4
quadratic pieces from the center of the pellet are identified as
samples A1–A4 and have a relatively uniform density due to their
central position in the pellet (cf. Fig. 3). Beyond that, four extra
samples B1–B4 from the edge of the pellet were also selected for
analysis. Although chemically identical to set A, they have a signifi-
cantly lower density and a more pronounced density gradient. In
the framework set out in Fig. 2, the lower density of the B samples
directly corresponds to higher (specific) volume, likewise to higher
initially stored enthalpy or entropy, which effectively renders them
into less structurally relaxed versions of the A samples.

Mounted in the dilatometer, samples A and B were subjected
to 8 different time-temperature protocols [see Table I and Figs. 5(a)
and 6(a)], respectively, and the resulting evolution of irreversible
engineering strains due to structural relaxation is shown in
Figs. 5(b) and 6(b) (solid lines). They invariably show a pro-
nounced length reduction during annealing, where the respective
strain evolution with time sensitively depends on the corresponding
time-temperature protocol. The less dense B samples exhibit a

FIG. 3. Radial bulk density distribution of a nanocrystalline Pd90Au10 specimen
with 8 mm diameter.

FIG. 4. Schematic representation of the partitioning of the as-received speci-
men into the different samples of the two sets A and B.
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higher total strain and less tendency to approach a steady state, so
indicating that their initial (as-prepared) state resides farther away
from equilibrium.

As introduced above (cf. Sec. III), strain data constitute the basis
for analyzing thermal activation parameters. However, it is a priori
unknown which number of terms i in Eq. (1) are required to ade-
quately model the corresponding relaxation processes. Therefore, we
performed a series of fits with increasing number of triplets to ascer-
tain the convergence of the minimal sum of weighted quadratic devi-
ations of the model from experiment (see Fig. 7). As it turns out,
there is no significant improvement beyond the use of 8 triplets, so
we restrict all further analysis to this number of triplets.

The experimentally observed strains for all time-temperature
protocols could be modeled individually with very high accuracy.
However, in order to achieve a similar level of agreement between
model and experiment for a global fit of all samples from the sets A
or B, respectively, we had to introduce an additional degree of
freedom in the form of a compensation temperature Tc,x , where x is
the number of the sample (here 1–4). This temperature modifies the
experimentally observed temperature T according to T 0

x ¼ T þ Tc,x ,
where T 0

x is used instead of T for strain computation. The purpose
of Tc is to compensate all relative variations in relaxation behavior
between individual samples of a set. Such variations may originate
from small deviations between corresponding δi-values. As only rela-
tive variations within a set are of relevance, we can freely choose the
first sample in both sets as a reference sample so that Tc,1 ¼ 0K and

use the remaining 3 compensation temperatures as additional fit
parameters the values of which are reported in Table II. More details
of the fitting procedure are given in the Appendix.

The resulting global fits are shown as dashed lines in Figs. 5(b)
and 6(b), and the corresponding activation parameter triplets are
reported in Tables III and IV. To evaluate the impact of Tc on the
modeled thermal activation, we straightforwardly calculate the cor-
responding relative change in the thermal energy term
ΔQ=Q ¼ (kBT 0 � kBT)=kBT ¼ Tc=T , which quantifies the extend
of statistical inhomogeneity in δi-values of different samples relative
to the reference sample. We obtain upper bounds of ΔQ=Q for the
center samples A of 1:8% and for the edge samples B of 4:1%, indi-
cating an increased spread of inhomogeneity of initial states
between samples of set B. Moreover, the larger radial density

FIG. 5. (a) Evolution of temperature during dilatometry of all samples of set A.
(b) Corresponding measured irreversible strain (solid lines) and modeled strain
(dashed lines).

TABLE I. Time-temperature protocols of relaxation experiments. Heating seg-
ments are not strictly linear, the reported rates represent averages over the
entire segments.

Sample Segment
Duration Temperature Rate

(min) (°C) (K/min)

A1 Heating 1072 21.4–124.7 0.096
Isotherm 7737 124.7 …

A2 Heating 240 23.6–105.4 0.341
Isotherm 8584 105.4 …

A3 Heating 55 26.9–86 1.075
Isotherm 8772 86 …

A4 Heating 272 21.6–86 0.237
Isotherm 4320 86 …

B1 Heating 20 23.1–120 4.845
Isotherm 8800 120 …

B2 Heating 40 21.7–120 2.458
Isotherm 1731 120 …

B3 Heating 29 21.8–95.7 2.548
Isotherm 3168 95.7 …

B4 Heating 26 21.6–71.6 1.923
Isotherm 1740 71.6 …
Heating 4978 71.6–120 0.0097
Isotherm 2077 120 …
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gradient across these samples (cf. Fig. 3) renders the dilatometer
measurement sensitive to the exact positioning of the push rod, so
additionally affecting the observed relaxation behavior and contrib-
uting to Tc.

The two sets of activation parameters (cf. Tables III and IV)
unveil the following key feature. First, the spread in the Gibbs free
energy of activation of sample set B expands over a larger range of
values (0.84–1.25 eV) than that of set A (0.99–1.25 eV). We notice
that their largest Gibbs free energies of activation are almost identi-
cal; however, B samples exhibit significantly smaller minimal
values. Obviously, the larger amount of stored enthalpy (volume,
entropy, etc.) in the initial state of B samples is correlated with a
broadening of the activation energy spectrum toward the lower
end. However, the total strain contribution εmax,i of the two most

easily activated processes i ¼ 1 and 2 is relatively small, thus limit-
ing their impact to the early stages of relaxation. In fact, for the
time-temperature protocols applied to the set of B samples, pro-
cesses i ¼ 1 and 2 only contribute to strain relaxation within the
first 100 min; their effect is negligible beyond that time.

The second feature relates to the values of _εmax,i and εmax,i of
the B samples, which are significantly larger than their counterparts
in set A. We note that processes i ¼ 1 and 2 operating in set B
have no equivalent in set A and remain therefore unconsidered in
what follows. Nevertheless, the second finding can only originate
from the factors ci and/or Δεi entering the deformation rate
_ε0,i(T(t)) [cf. Eq. (2)]. Since ci represents the volume fraction of
domains that can undergo the relaxation process i and Δεi the
associated transformation dilatational strain, it becomes evident
that the higher the volume fraction of in parallel relaxing domains
is, the higher is the resulting strain rate as well as the maximally
achievable total strain by this process. The same is true for an
increase in the transformation dilatational strain. Consequently, the
higher stored enthalpy (volume, entropy, etc.) of B samples corre-
lates with a higher concentration of relaxation domains and/or

FIG. 6. (a) Evolution of temperature during dilatometry of all samples of set B.
(b) Corresponding measured irreversible strain (solid lines) and modeled strain
(dashed lines).

FIG. 7. Residual of the optimization function χ2 as a function of the number of
activation parameter triplets n (equivalent to the number of processes i) for
sample sets A (squares) and B (triangles).

TABLE II. Compensation temperatures Tc for samples of sets A and B. See the text
for further information.

Set A Set B

Sample Tc (K) Sample Tc (K)

A1 0 B1 0
A2 5.19 B2 −7.24
A3 −1.16 B3 −5.01
A4 0.26 B4 −12.09
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higher transformation dilatational strain of these domains during
relaxation. However, in the realm of the utilized model, it is impos-
sible to discriminate between the two contributions.

A further, more technical aspect pertains to the existence of
duplicate energy values (1.153 eV for A and 1.254 eV for B) in both
sample sets. They coincide with comparatively low values for εmax,i

whereas the maximum strain rates _εmax,i seem not affected. This is
a clear indication that the choice of 8 triplets is already on the
verge of overdetermination, where the effect of a single process is
distributed among two separate processes. This reasoning becomes
also evident from the small improvement in fit quality when
increasing the number of triplets from 7 to 8 as displayed in Fig. 7.

As a matter of fact, we cannot guarantee completeness of this
spectrum of activation free energies for the following fundamental
reason: strain measurements span only a limited period of time. As
a consequence, the relaxation process does not reach the regime of
stagnation so causing a lack of information about the relaxation
behavior for very long relaxation times. This regime is essentially
characterized by the highest activation energies which, therefore,
may elude our analysis. Resolving this problem requires increasing
the measuring time to the completion of the relaxation process,
provided that this state does exist.

Regarding the pertinent literature dealing with metallic
systems, we are to the best of our knowledge only aware of the
work of Atzmon and co-workers.60,61 They analyzed the time

dependent component of the room temperature deformation of
Al-based metallic glass at strains far below yield. Their results are
compatible with the idea that the buildup of back stresses in the
elastic matrix leads to fully reversible anelastic behavior that origi-
nates from localized and isolated shear transformations, the charac-
teristic flow event in metallic glasses. Direct spectrum analysis of
the strain vs time data yielded relaxation-time spectra, which con-
sisted of a hierarchy of peaks each characterized by an effective and
also distinct time constant. Each peak value was modeled by a
linear-dashpot-and-spring model to yield several properties of
shear transformations. Interestingly, the number of distinct peaks
amounted to 7–8 and so compares favorably with the number of trip-
lets we found in our analysis; however, further studies are needed to
elucidate whether this finding has a common background or is just a
coincidence. In line with this reasoning, Atzmon et al. identified 7
distinct Helmholtz free energies of activation ΔF*, which were related
to different shear transformation events and varied between 0.85 eV
and 1.26 eV per atom. However, these values are not directly com-
parable with the Gibbs free energies of activation ΔG* we deter-
mined for NC PdAu. Even if the mechanical work term that needs
to be added to ΔG* to allow for comparison with ΔF* were negligi-
bly small, Young’s modulus of PdAu alloys is more than two times
larger than the value of the Al-based metallic glass and therefore
prohibits meaningful comparison.

VI. SUMMARY AND CONCLUSIONS

Materials residing in nonequilibrium states tend to spontane-
ously evolve toward a temporally distant equilibrium state, when-
ever it is kinetically facilitated at a given temperature. The
concomitant slow change of material properties was termed (physi-
cal) aging or (structural) relaxation—just using the most prominent
nomenclature. Aging is essentially related to changes in the relaxa-
tion times of microscopic processes underlying the system’s struc-
tural relaxation dynamics toward lower-energy states. Studying
aging phenomena was and still is an active field of the glass com-
munity, covered by a number of excellent review articles.1,2,4,15–19

We like to emphasize that aging is not restricted to the glassy state
but is a manifestation of all kinds of disordered materials. In this
study, we deal with NC materials that are heterogeneous materials
where disorder (atomic-site mismatch) predominantly prevails in
the core region of the three-dimensional network of grain boundar-
ies and triple junctions. We concentrate on the low end of the
nanoscale (D � 10 nm) where the interfacial phase becomes a
prominent element of microstructure.

Upon aging, NC materials respond to applied stimuli with a
behavior deviating from linearity and violating time invariance of
the relaxation time constants. Therefore, the commonly used
approaches, the LWSL,9 TNM,50–52 or KAHR53 models, likewise,
the empirical fitting of relaxation data with stretched exponen-
tials,62,63 are not adequate to model structural relaxation in NC
materials, which require to take into account that deviation from
global equilibrium entails a spectrum/distribution of site-specific
deviations from local equilibrium.

In this study, we managed for the first time to analyze the
structural relaxation kinetics in NC PdAu alloys with a grain size of
�10 nm based on a distributed reactivity model.56 It partitions the

TABLE III. Kinetic parameters of sample set A. ΔGi* are Gibbs free energies of
activation, εmax,i is the maximum strain contribution of process i to the overall strain,
and _εmax,i is the high temperature strain rate limit.

Process i ΔGi* (eV) εmax,i (%) _εmax,i (10
8/s)

1 0.991 −0.114 −1.875
2 1.014 −0.183 −1.964
3 1.069 −0.170 −1.893
4 1.153 −0.078 −1.929
5 1.153 −0.080 −1.982
6 1.179 −0.140 −2.000
7 1.234 −0.107 −1.911
8 1.246 −0.160 −1.946

TABLE IV. Kinetic parameters of sample set B. ΔGi* are Gibbs free energies of
activation, εmax,i is the maximum strain contribution of process i to the overall strain,
and _εmax,i is the high temperature strain rate limit.

Process i ΔGi* (eV) εmax,i (%) _εmax,i (10
8/s)

1 0.839 −0.014 −0.129
2 0.881 −0.047 −1.132
3 0.899 −0.216 −0.125
4 1.057 −0.237 −2.850
5 1.131 −0.182 −2.782
6 1.171 −0.219 −2.646
7 1.254 −0.151 −2.714
8 1.254 −0.144 −2.579
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overall process into a set of independent and parallel reactions for
arbitrary time-temperature protocols. Each individual reaction
mode is represented by a triplet of effective kinetic parameters the
whole set of which characterizes the overall relaxation behavior of
the material. Different from the commonly assumed phenomeno-
logical stretched-exponential behavior,62,63 the spectrum of kinetic
parameters was obtained without making any a priori assumptions
with regard to their distribution functions, etc. Moreover, these
parameters have a well defined physical meaning given by the uti-
lized reactivity model.

The applied approach of modeling relaxation dynamics,
although yielding effective kinetic parameters, is sensitive to the
intrinsic heterogeneous relaxation dynamics. In fact, we could show
that the set of kinetic parameters is significantly influenced—apart
from material selection—by preparation history and sample pro-
cessing of nominally the same material. As expected, the investi-
gated NC PdAu alloy violates time temperature superposition and
time aging-time superposition, revealing the actual complexity of
the relaxation behavior already on a macroscopic level. It would be
desirable to also apply this way of modeling aging behavior to
metallic glasses to overcome the pitfalls related to analyze the time
evolution of isotherms individually.

Greater insights will be obtained by analyzing configurational
enthalpy, volume, and elastic moduli changes between different
states assumed by the system along its path to stable equilibrium.
In fact, we are interested in to quantitatively extract the potential
energy bias toward the global minimum. In a forthcoming paper,
we will address this issue and then combine kinetic and state analy-
sis. This will enable to reconstruct the effective energy landscape of
the system and so advance the understanding of relaxation in nano-
crystalline materials.
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APPENDIX: FITTING PROCESS

In order to achieve a rapid and reliable convergence in the
fitting process, all three thermal activation parameters have to be
constrained to physically reasonable ranges. It is furthermore oblig-
atory to choose reasonable start values for all parameters. In the
following, we will report these values along with the underlying
physical reasoning.

Start values for the maximal achievable strain per process
εmax,i were straightforwardly chosen by dividing the largest experi-
mentally observed strain by the number of modeled processes i.
The fitting procedure then could refine εmax,i in the interval
(�5%, 0).

To estimate values for the maximum strain rate _εmax,i, we refer
to the relation _ε0,i(T(t)) ¼ ciΔεiνc,i(T(t)),

57 which can be split in
the two factors ciΔεi and νc,i(T(t)). With the previous reasoning,
we estimate εmax,i ¼ ciΔεi � �1%. To assess the value of νc,i, we
assume that the phonon spectrum of the GB phase is identical to
that of the crystalline phase, which results in an overestimation of
νc,i by less than an order of magnitude. We further postulate that

the spatial extent of the coherent movement of atoms for thermal
activation spans at least the width of the GB (�1 nm). This
imposes a limit on the phonon spectrum of Pd64 that goes along
with reduced wave vectors ξ smaller than 0.2; we note that Pd
exhibits higher phonon frequencies than gold. Overall, this leads to
the upper bound estimate νc,i � 1012 s�1 resulting in _ε0,i � 109 s�1.
Consequently, 109 s�1 was chosen as a start value for _εmax,i, which
could be refined in the interval (107 s�1, 2� 109 s�1).

The start value of ΔG*
i was located in the range of 0.9–1.1 eV

that could be varied during fitting from 0.75 eV to 1.375 eV.
Lastly, the bounds for Tc were assumed to lie in the interval

(�20K, 20K) and the start value for Tc was set to 0 K.
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