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Introduction

The unique and desirable tensile, fatigue and
fracture behavior of nanocrystalline materials
(NCMs) is singularly attributed to the large number
of grain boundaries relative to their coarse grain
material (CGM) counterparts, which translates into
a significant fraction of atoms (on the order of 50%)
located in interfacial regions. Thus, the atomic
structure and properties of the grain boundaries are
of extreme importance in determining the
macroscopic physical and mechanical properties of
NCMs. However, one of the biggest challenges is to
produce durable nanostructures that will not lose
their properties during service.

Hardness, strength, fracture toughness, creep and
fatigue experiments have been conducted to assess
the properties of nanostructured Cu and their
durability under temperature and stress in our
laboratory. In parallel studies conducted by
collaborating groups, molecular dynamics
calculations were carried out to investigate how
segregated dopant atoms affect the energetics of
grain boundaries and their implications on grain
growth in nanocrystalline metals.

Nanocrystalline materials (NCMs) are defined as
polycrystalline solids with an average grain size, d,
of less than 100 nm. It is well established in the
literature that nanocrystalline materials have
unique and often superior properties compared to
those with coarse grained microstructures [1-3].
The unique and desirable behavior of NC materials
is singularly attributed to the high density of grain
boundaries (GBs), which translates into a significant
fraction of atoms (up to 50%) located at or near
interfacial regions [2-4]. These materials have the
potential to revolutionize the performance of next

generation products in biomedical, aerospace,
electronics, automotive and renewable power
industries, thereby considerably improving the

quality of human lives. Unfortunately, previous
experimental results have also reported [5-8] that
metallic materials in nanocrystalline form including
Fe, Cu, Al, Ag, Pd, and Pb undergo microstructural
coarsening at ambient temperature. Consequently,
grain growth destroys the nanocrystalline structure
of the material and as the grain diameter
approaches the microscale, the superior properties of
the material are lost.
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Mechanical Properties of Nanocrystalline Materials

Previous molecular dynamics simulation results
have shown that dopant atoms which have a natural
affinity for grain boundary regions (such as Sb in
Cu) can stabilize the grain structure in metallic NC
materials [9-12]. The thermal instability of
nanocrystalline materials is inherent due to the
large excess enthalpy associated with the high
density of grain boundaries composed of atoms that
are not fully coordinated. The introduction of
dopant atoms at the grain boundaries can stabilize
the grain structures by reducing the interface excess
enthalpy.

NCMs used in our studies are produced via an
equal-channel angular extrusion (ECAE) technique
that results in nanocrystalline materials with
average grain sizes of approximately 45 nm and a
distribution of sizes that range between 15 to 70 nm
for Cu and between 10 and 52 nm for Ni [13]. Our
experimental results have definitively shown that
the strength, the high cycle fatigue behavior and the
fatigue crack growth properties of NC metals are
enhanced several fold in comparison to their
conventional grain size counterparts [16-18]. The
accompanying reduction in fracture toughness and
low cycle fatigue was not significant. A summary of
these results for commercially pure Cu is shown in
Fig.1. We found that the microstructures in
nanocrystalline materials are unstable even when
subjected to temperatures that are well below their
conventional recrystallization temperatures and/or
when they are subjected to sustained or cyclic
loading. Figure 2 shows examples of creep curves
for nanocrystalline copper and nickel subjected to
temperatures well below their known
ecrystallization temperatures (100°C and 250°C for
Cu and Ni, respectively) at stress levels of 0.87
times yield strength. Previous thermal exposure
experiments at these same temperatures confirmed
that there was no significant grain growth without
the presence of stress. Measurable creep strains
were also observed in these materials at these
temperatures under sustained loading. Creep
curves exhibited both primary and steady-state
stages similar to that observed for coarse-grained
metals at temperatures higher than 35 percent of
the melting point in degrees Kelvin.
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Figure 1. (a) Stress-strain diagram; (b) High cycle fatigue; (c) Low cycle fatigue; and
(d) Fatigue crack growth behavior of nanocrystalline Cu. The affect of grain growth on
material properties is evident in (a), (b) and (d) [16-18].

Several characteristics in the creep behavior of
these materials are indicative of dominant
diffusive mechanisms that seem to become
operative in the presence of stress. The primary
creep component of the deformation has the
classical time dependence with the power of 1/3.
For NC Cu and Ni, the secondary creep rate
dependence on stress is governed by a power-law
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with exponents (Fig. 3(a)) approximately twice
those of their microcrystalline counterparts and
there exists a threshold stress below which the
steady-state creep rate (SSCR) is very low. This
threshold stress value is 200 MPa in case of
copper and about 500 MPa for nickel. Since creep
deformation is constrained by the surrounding
grains, the high stress exponent in nano-
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Figure 2. Creep curves for nanocrystalline (a) copper as a function of temperature at a stress
level of 392 MPa and (b) nickel as a function of temperature at a stress level of about 713 MPa
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crystalline metals is understandable due to
geometrical compatibility conditions. High
values of n and the existence of a critical
threshold stress 1implies the presence of
additional mechanisms, for instance grain
rotation and coalescence, to accommodate the
necessary changes in grain shapes and sizes. It
also suggests that GBs of nano-grained copper or
nickel are not perfect sources and sinks for atoms
(or vacancies). GB diffusion could be limited by
grain rotation / coalescence and emission /
absorption of atoms or vacancies. In other words,
the grains first rotate to minimize mismatch with
neighboring grains and coalesce, and only then
does GB diffusion occur [13]. The initial rotation
and coalescence of neighboring grains could be
the source of primary creep which was prominent
in all reported creep tests.

When the SSCR is correlated to the difference
between applied stress and the threshold stress,
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stress in the boundary plane, which maximizes
diffusion flux through the GBs and also
minimizes energy dissipation during deformation.
Other authors [20-22] have made similar
observations of GB diffusion creep in
nanocrystalline materials. Yamakov et al. [23]
have demonstrated Coble-creep as the main creep
mechanism in nanocrystalline Pd accompanied by
geometrically necessary GB  sliding to
accommodate the elongation of grains. This GB
sliding to accommodate Coble creep is known as
Lifshitz sliding.

Effects of Dopants on the
Nanocrystalline Materials

Doping nanocrystalline materials with impurity
atoms should enhance creep performance along
with preventing grain growth. The addition of
impurities should also inhibit grain
rotation/coalescence by inducing ‘solute-drag’ at
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Figure 3: (a) Steady state creep rate as a function of applied stress for nano-grained pure copper
and nickel. (b) Creep rupture surfaces for nanocrystalline copper at 373 °K and 392 MPa [13,18].

the exponent reduces to around 3 for both
materials, indicative of diffusive processes. We
determined that the activation energy for creep
deformation 1is indeed comparable to the
activation energies of self-diffusion along grain
boundaries for Cu and Ni, respectively. In the
presence of such grain boundary activity, one
would expect grain growth to ensue during creep
deformation. Figure 3(b) shows the fracture
surface of a specimen that ruptured under creep
conditions clearly showing dimples large enough
to encompass several grains thus implying grain
growth/grain coalescence.

Furthermore, the experimental evidence provided
here agrees very well with molecular dynamics
simulations on creep of nanocrystalline metals.
Haslam et al. [19] in their simulation of creep in
nanocrystalline Pd have reported alignment of
GBs in a direction 450 to the loading axis. This
orientation results in maximum resolved shear
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grain  boundaries thereby reducing creep
deformation at NC grain boundaries. Deng et al.
[24] studied the stress dependence of SSCR at a
temperature near 0.5TM, where TM is the
melting point in degrees Kelvin, for a
nanocrystalline (~28 nm grain size) Ni-P alloy
and compared it with a coarse-grained (~257 nm
grain size) alloy. They concluded that the creep
rate of mnano-grained samples was mainly
controlled by grain (and/ or phase) boundary
diffusion, while the creep rate of the coarse-
grained samples was controlled by a combined
mechanism that also involves dislocation creep.
It has also been shown by our group via MD
simulations [10] that the presence of impurities
at nanocrystalline GBs improves the sliding
resistance which would be effective in enhancing
the creep resistance of the material.

More specifically, Millett, Selvam and Saxena [9]
have utilized molecular dynamics (MD)
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simulations to investigate how segregated dopant
atoms affect the energetics of grain boundaries
and their implications on grain growth in
nanocrystalline metals. Previous results are
shown in Fig. 4. These preliminary studies
consisted of a monolayer of atoms (two-
dimensional domain) constructed in a bicrystal
configuration. Dopant atoms were created near
the interface at randomly selected sites. In the
preliminary studies, the Lennard-Jones (LdJ)
potential was chosen for the atomic energies
because its parameters can be easily varied to
approximate many materials. The pair-wise
nature of this potential is not as accurate for
metallic bonding as many-body functionals, such
as the embedded atom method (EAM); however,
the EAM has only been fitted for a limited
number of metallic elements and its parameters
cannot be varied systematically. Two parameters:
o (linear function of atomic radius) and e (the

(Jim?2)

Yen

0 2 4 6 8
I, (dopants / nm2)

12

Figure 4. Grain boundary energy as a
function of dopant concentration for
various atomic radii mismatch ratios, Ar
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Figure 5. (a) Initial structure of the pure nanocrystalline Cu specimen; (b) MD simulation of
grain structure after 300 ps at 800K; (¢) MD simulation of grain structure of doped NC
sample after 600 ps at 800K. Grain growth is suppressed by the addition of a critical
concentration of dovpants [11]. The scale in (b) and (c) is identical to that presented in (a).

cohesive energy of the bonded pair) define the
form of the LJ pair potential. Millet et al.
systematically varied the atomic radius mis-
match, Ar (Gdopant/Ocu), cohesive energy (edop), and
concentration (Xaop) of the dopant atoms and
measured the change in grain boundary energy,
y. MD simulations indicated that edop had little
effect on y; whereas, Ar effectively lowered vy
when the dopant atom was located at the
interface. As shown in Fig. 4, upon increasing
the dopant concentration, the grain boundary
energy could be driven to zero.

This principle was extended to a NC
microstructure to determine if grain growth could
be suppressed [11,12]. Dopant atoms with
varying Ar and Xqdop were randomly placed in the
grain boundary regions of a Voronoi-constructed
nanocrytalline microstructure, shown in Fig. 5(a).
These specimens were then subjected to
isothermal annealing at 800K wusing the
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isothermal-isobaric =~ NPT  ensemble  [25].
Extensive grain growth of the pure Cu specimen
by means of grain rotation and grain boundary
migration was observed; the final topology (at 300
ps) is shown in Fig. 5(b). With the addition of
dopants at the grain boundaries, grain growth
was suppressed to varying degrees (depending on
the dopant concentration). The excess enthalpy,
AH, of the alloy samples was measured prior to
annealing, and it was found that for each Ar, a
critical Xqop existed such that AH=0 cor-
responding to a completely thermodynamically
stable state. For these samples, no grain growth
occurred as shown by Fig. 5(c). These results
offer support for the notion that the grain
boundary energy can be reduced to zero and that
dopant segregation can successfully stabilize the
microstructure of nanocrystalline materials at
high temperatures as also envisioned by
Weissmiiller [26].
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