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Molecular dynamics was used to simulate tensile testing of columnar grain samples of nanocrystalline Zr with random rotations
around the [000 1] axis. For grain sizes smaller than a critical size the results show an inverse Hall-Petch effect. For larger grains the
calculated Hall-Petch constant agrees well with the experimental data. Grain size effects on deformation mechanisms, including

grain boundary sliding and dislocation emission, are also discussed.
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In the past decades extensive research has been
performed on the preparation, characterization and sim-
ulation of nanocrystalline (nc) materials, due to their
special mechanical properties when compared with con-
ventional polycrystalline materials [1-6]. Most of this
work has concentrated on face-centered cubic (fcc)
metals.

Zirconium, an hexagonal close-packed (hcp) metal
with high resistance to corrosion and irradiation as well
as good biocompatibility, has been extensively used in
various applications such as the nuclear industry. There
is a strong interest in Zr and Zr alloys with a nanoscale
microstructure that might offer improved mechanical
properties. Experimental mechanical properties of hcp
Zr single crystals [7] or polycrystals with grain sizes of
a few microns have been available for some time now
[8,9]. Going from coarse grains to nanograins has not
been an easy task and many different methods have been
tried [10-15]. Most of these involve surface modifica-
tions such as a combination of extrusion, drawing and
annealing [10], surface mechanical attrition treatment
[11], surface circulation rolling treatment at cryogenic
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temperatures [12] or cryorolling annealed Zr at high
strain rates [13]. The results generally lead to samples
with grain size distributions ranging from the nanoscale
to the microscale. Micropillar samples of hcp nc-Zr
(grain size ~30nm) were fabricated from thin films
using focussed ion beam machining, and engineering
stress—strain curves were obtained under compression,
showing plastic behavior up to 12% deformation [14].
Thin films of nc-Zr with columnar grain sizes ranging
between 10 and 55 nm were manufactured by Wang
et al. [15] using magnetron sputtering. Indentation tests
showed an inverse Hall-Petch behavior below a critical
grain diameter of ~30 nm.

Molecular dynamics (MD) has been widely used to
gain insight into the effects of grain size on the mechan-
ical properties of nanocrystalline metallic systems [16].
Most simulations have focused on fcc metals [17-21]
or body-centered cubic (bcc) metals [22], but recently
they have been extended to hcp metals such as
Mg (c/a =1.624) [23-26] and Ti (c/a = 1.587) [26]. In
this paper we will address nc-Zr (¢/a = 1.593).

The samples for the MD simulations reported here
were generated using a Voronoi construction with ran-
dom misorientation angles around the [000 1] axis and
random grain boundary orientations. This texture is of-
ten found in plates or tubes of different Zr alloys used in
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the nuclear industry [27-30]. The procedure to generate
the simulation samples was similar to that used in a pre-
vious work on columnar fcc structures [18]. All the grain
boundaries (GBs) in the textured sample were of tilt
character, with random misorientation angles around
the [0001] axis. Figure 1 shows the initial structure of
a six-grain sample. It should be pointed out that in this
study grain shapes are random, rather than the hexago-
nal columns used in previous MD studies of hcp materi-
als [23-26]. Periodic boundary conditions were used in
all directions, with the periodicity in the [000 1] direction
being that of the crystalline lattice. The average grain
size varied from 7 to 130 nm (10*-2.3 x 10° atom sam-
ples) by changing the simulation domain dimensions
while keeping the number and geometry of grains un-
changed, obtaining self-similar samples.

Strain-controlled tensile deformation was applied
perpendicular to the [000 1] axis, keeping zero pressure
in the other two directions. In this geometry, only
straight dislocations can be observed as a result of the
deformation. The geometry was chosen to allow the
activation of the (11-20){1-100} first-order prismatic
slip. We can focus on the interplay between dislocation
emission and GB sliding because twinning rarely ap-
pears with this orientation [27]. However, we note that
the geometry of our samples does not allow the study
of all the possible twins that have been observed in Zr
which may have important effects in the behavior of
nanocrystalline Zr [31-37].

The MD simulations were performed using LAM-
MPS [38] and the embedded atom method (EAM) po-
tential by Pasianot and Monti [39]. Elastic constants
of hep Zr depicted by EAM potentials are representative
of experimental values [40]. In general, the ability of
EAM potentials to properly describe slip system choice
and dislocation core structure in Zr is more problematic
than in fcc metals. Recently, the core structure of screw
dislocations was calculated using ab initio and EAM
calculations, with encouraging results [41]. The choice
of slip system in our simulations is limited by the sample
geometry.

The samples were relaxed for 30 ps at 300 K and
0 bar pressure to achieve a relaxed GB structure. After

GB [
12 20
13 5
14 23
15 31
16 37
23 25
24 3

25 11
26 17
34 28
36 42
46 14
56 6

[0001]

Figure 1. Sample visualization, showing misorientations of the grains
and grain boundaries. Only non-hcp atoms are shown, as filtered by
common-neighbor analysis (CNA) [42].

relaxation a uniaxial tensile test was simulated at a con-
stant strain rate and zero pressure in the directions per-
pendicular to the tensile axis. Two strain rates, 1 x 10
and 5 x 10%s7!, were used, and two different tempera-
tures, 10 and 300 K, controlled by a Nosé-Hoover ther-
mostat. The stress—strain curves obtained are shown in
Figure 2a for different grain sizes. The resulting struc-
tures and deformation mechanisms were visualized
using OVITO [42] and its built-in common neighbor
analysis (CNA).

The shape of the stress—strain curves is similar to
curves for fcc [17] and bec [22] nanocrystalline metals,
and also similar to recently presented curves for nanoc-
yrstalline Mg [23]. The maximum stresses, in the range
1.6-2 GPa, are much larger than experimental yield
stress values for Zr with micron-size grains, in the range
~0.3-0.5 GPa [43], as expected for nanocrystalline sam-
ples [1-6]. The oscillations in the stress at large strains
are due to the relatively small number of grains included
in our sample. To ensure that the average stresses are
independent of the number of grains, we carried out
some selected simulations doubling the number of
grains, and found that oscillations are greatly reduced,
but the average flow stress does not change compared
to the smaller simulations, within a ~10% error.

The average flow stresses of our nc Zr samples were
calculated between 5% and 12% strain and their varia-
tion with the inverse square root of the grain size d is dis-
played in Figure 2b for two different temperatures. Our
simulation data also showed that the maximum flow
stress decreases with decreasing strain rate, and the effect
is more important at large grain sizes. This behavior has
been found in many MD studies [21,43-45], which con-
clude that the lower strain rates allow for more time
available for defects to nucleate and accommodate the
applied strain, reducing the resulting flow stress.

The average flow stresses in our simulations are lower
at higher temperatures, as expected. We found for a
sample with average grain size d~40nm (//d"’ =
0.16 nm~%°) a maximum stress and a flow stress that
are 28% lower at 300 K than at 10 K. The reason for this
is that at higher temperatures there are larger numbers
of atoms with sufficient energy to overcome activation
energy barriers for plasticity [21]. Figure 2b shows that
the variation of the average flow stress with grain size
at the two different temperatures is quite similar, with
similar slopes both in the Hall-Petch regime and in the
inverse Hall-Petch region.

The Hall-Petch slope k& for Zr, taken from hardness
(HV) measurements and based on slip as the main defor-
mation mechanism, was reported to be 0.25 MN m >
[46]. From our results k=3.45GPa nm~ /2 =
0.109 MN m 2 for 300 K and k = 3.56 GPa nm~ /> =
0.112 MN m>? for 10 K. Using a simple model for
the relationship between hardness and flow stress
HV =30, [47], there is very good agreement between
our results and experiment. Note also in Figure 2b that
the experimental points at grain sizes in the micrometer
regime [9] also show excellent agreement with the
extrapolation of our results.

For grains smaller than a critical size we observe an
inverse Hall-Petch effect (see Fig. 2b). The critical size
is smaller at 300 K (20 nm) than at 10 K (30 nm). This
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Figure 2. (a) Stress—strain curves for nc-Zr of different average grain
5 x 10%7'. (b) Average flow stresses vs. //d”’ for 10 and 300 K.

is quite similar to Wang’s [15] experimental results on
thin films of nc-Zr with columnar grains.

The main possible mechanisms of plastic deformation
in nc-Zr are emission and glide of dislocations, GB slid-
ing and twinning. Experimentally, slip in Zr has a strong
preference for the (11-20){1-100} first-order prismatic
slip system at room temperature [27,31,32,48]. The
geometry of our samples was chosen to allow the activa-
tion of the preferred slip system. We analyzed the pro-
cess of dislocation emission and glide in detail.

Figure 3a shows examples of the dislocation emission
process observed. The Burgers vectors, as shown in Fig-
ure 3b and c, are indeed of the (11-20) type and the
cores are typically planar in the {1-100} plane with a
width about three times the Burgers vector magnitude
a, but they can be deformed if they interact with another
dislocation nearby, as shown in Figure 3b and c. The
core structure observed agrees well with that simulated
for single dislocations [48]. Figure 3d shows the number
of dislocations emitted as a function of grain size. Our
results indicate that the number of dislocations involved
exhibits a linear dependence on the grain size. The slopes
of the linear dependence translate to approximately one
dislocation for every 5.5 nm of the length of the grain
boundary trace at 10 K and one dislocation every
4 nm of the length of the grain boundary trace at 300 K.

We also investigated the glide process of the emitted
dislocations. The paths of individual dislocations were
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size d at 10 K. Six-grain samples, under tension loading at a strain rate of

visualized using a grayscale plot of the displacement
field, with homogenous deformations subtracted. Sup-
plementary Fig. S1 shows the paths of dislocations ob-
served between 6.5% and 9% strain. As seen in this
visualization, the average distance traveled by the dislo-
cations also increases with grain size. This, together with
the linear dependence of the number of dislocations
emitted with grain size, indicates that the contribution
of dislocation activity to the total strain also increases
with the grain size.

We measured the extent of grain boundary sliding as
a function of grain size, using marker atoms that form a
straight line crossing the grain boundary in the unde-
formed sample. This is shown in the insets of Supple-
mentary Fig. SI for the grain boundary between
grains 1 and 5, which presents the most significant slid-
ing values. The absolute magnitude of the sliding vector
for this boundary increases with grain size but its contri-
bution to deformation decreases with grain size. At 10%
strain the sliding distance measured for this boundary is
12% of d (the grain size) for d = 17 nm and only 7% of d
for d =131 nm.

In this paper, we studied in detail the activated glide
systems that were expected from experiments (prismatic
glide along (11-20){1-100}) and grain boundary sliding.
As a summary, we found that nc-Zr samples with
columnar grains randomly oriented around [000 1] show
a Hall-Petch behavior for grain sizes larger than a
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Figure 3. (a) Snapshots at 300 K, 10% strain, d = 26 nm, strain rate 5 x 10% s~!. Atom coloring is according to CNA and red arrows indicate atomic
displacements. (b and c) Burgers circuits around each dislocation are drawn in the insets. (b) Two dislocations on two different slip systems that meet.
The cores are planar with a width about three times the Burgers vector magnitude, a. (c) Detail of two dislocations with opposite Burgers vector
interacting. (d) Number of dislocations observed as a function of grain size and temperature in the interval between 6.5% and 9% deformation.
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critical size of ~20 nm. Our results reproduced the
experimental value of the Hall-Petch constant and
extrapolate to experimental values for submicron grain
sizes. For grains smaller than a critical size, the average
flow stress of nanopolycrystalline hcp Zr decreased with
decreasing grain size (inverse Hall-Petch effect). These
results suggest that a grain size of the order of 10-
30 nm represents the so-called “strongest size” for
nanopolycrystalline hcp Zr. A detailed analysis of the
deformation mechanisms shows that the number of dis-
locations emitted is proportional to the grain size, and
increases with temperature, indicating that the number
of dislocations emitted per unit length of grain bound-
ary trace is constant with grain size. We also found that
the extent of grain boundary sliding measured as a frac-
tion of the grain size decreases with increasing grain size.
The analysis suggests that GB sliding dominates plastic
deformation for grains below that critical size, and dis-
location emission dominates plasticity for grain sizes
near and above the maximum. This interplay between
dislocation-mediated deformation and grain boundary
accommodation processes is qualitatively similar to
observations for nanocrystalline fcc and bec systems, de-
spite their significantly different dislocation properties.
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