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Molecular dynamics investigation of the fracture behavior of nanocrystallinea-Fe

A. Latapie and D. Farkas
Department of Materials Science and Engineering, Virginia Polytechnic Institute and State University,

Blacksburg, Virginia 24061-0237, USA
~Received 8 August 2002; published 21 April 2004!

We carried out classical atomistic studies of crack propagation in fully three-dimensional nanocrystalline
a-Fe ~body-centered cubic structure! to examine the influence of temperature and average grain size on the
fracture mechanisms and properties. Digital samples with grain sizes ranging from 6 to 12 nm are reported at
temperatures ranging from 100 K to 600 K using atomistic simulations. For all grain sizes, a combination of
intragranular and intergranular fracture is observed. Mechanisms such as grain boundary accommodation, grain
boundary triple junction activity, grain nucleation and grain rotation are observed to dictate the plastic defor-
mation energy release. Intergranular fracture is shown to proceed by the coalescence of nanovoids formed at
the grain boundaries ahead of the crack. The simulations also show that at an atomistic scale the fracture
resistance and plastic deformation energy release mechanisms increase with increasing temperature. The ob-
served fracture toughness increases with decreasing grain size.

DOI: 10.1103/PhysRevB.69.134110 PACS number~s!: 62.20.Mk
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I. INTRODUCTION

In the last two decades, grain-size refinement in polycr
talline metals has been the subject of intensive resea
These materials with reduced grain sizes have been foun
exhibit novel and often improved mechanical properties.
a very basic level, grain-size refinement associated with
increase in the amount of grain boundaries can make c
propagation more difficult and, therefore, in convention
grain size materials, increase the apparent fracture tough
Thus, through reduction in grain-size, improved toughn
can be achieved, in a similar way as an increase in y
strength and hardness, which is described by the Hall-P
relation.1,2 It is a very unique mechanism since oth
strengthening mechanisms usually lead to an inverse rela
between yield strength and fracture toughness.

Grain-boundary~GB! hardening according to the Hal
Petch relation only applies as long as dislocations are
duced and can pile up at the grain boundary. After the den
of dislocations that can flow freely and pile up against
grain boundaries reaches a certain level, the strengthe
potential through a further grain refinement successively
creases, and the Hall-Petch slope decreases. The Hall-P
behavior for polycrystalline materials has been described
several dislocation models.3–5 For nanocrystalline metals,
breakdown in the Hall-Petch relation is expected at a crit
grain size, where dislocation pileup is no long
supported.6–8 Moreover, grain-size refinement decreases p
ing distances preventing dislocations generation by Fra
Read sources. Computer simulations9–12have shown that this
type of breakdown occurs below a critical grain size~of the
order of 10–20 nm for metals! and that instead, plastic de
formation occurs by intergranular mechanisms. Also, exp
mental evidence shows a corresponding change in the cr
ing pattern and morphology below a critical grain size.13,14

At the smallest grain sizes, grain-boundary sliding, grain
tation, and grain-boundary triple junction activity have be
proposed to account for plastic deformation without dislo
tion motion.15–18
0163-1829/2004/69~13!/134110~9!/$22.50 69 1341
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Molecular dynamics techniques have been used in
study of fracture phenomena for many years now. Tw
dimensional studies have been performed19–21 as well as
three-dimensional studies.22,23

Many studies have been performed in the recent year
explore the particular atomistic processes of crack propa
tion in a-iron ~body-centered cubic structure! single
crystals.24–34 These studies have stressed the effects of t
perature and crack orientations on fracture properties
a-Fe single crystal. However, very few results have be
published on nanocrystallinea-Fe.35–37

In the present study, we explore a mode I fracture beh
ior in nanocrystallinea-Fe at temperatures ranging from 10
K to 600 K. We address the dual intergranular/intragranu
fracture process at such small grain sizes and the effec
temperature on these mechanisms.

II. TECHNIQUES

Atomistic computer simulation and particularly molecul
dynamics ~MD! simulation is a very useful technique t
study the fracture mechanisms in metallic materials.38–42The
approach is very similar to real experiments and yields
tailed information about the deformation and failure mech
nisms operating in the simulated systems. For the purpo
of the present study, three nanocrystalline samplesS1, S2,
andS3 corresponding to three different grain sizes~6, 9, and
12 nm, respectively! were geometrically created using th
Voronoi construction.43 In this construction, fully three-
dimensional grains are randomly nucleated within a cu
Each grain grows with a random crystallographic orientat
until the grains reach one another, generating grain bou
aries. The Voronoi construction gives a random nanocrys
line sample with grain-boundary structure similar to what
expected in polycrystalline materials. The three samples
ated contained 15 grains each and 250 000, 800 000,
2 000 000 atoms, respectively.

The samples were then relaxed into a minimum-ene
nanocrystallinea-Fe structure using molecular statics~MS!
©2004 The American Physical Society10-1
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and an EAM~embedded atom method! interatomic potential
for a-Fe.44 A comparison of this potential with other inte
atomic potentials available in the literature can be found i
previous paper.45 This potential has also been tested pre
ously in MS simulations of crack propagation ina-Fe single
crystals.29 MS is a technique designed to determine t
minimum-energy configuration of a given system. Eve
atom within the simulation block interacts with its surroun
ings as described by the interatomic interaction poten
Using a conjugate gradient method,46 the minimization tech-
nique, the minimum-energy state is reached through an it
tive relaxation process. The total energy and forces on ev
atom are computed after each iteration and the system
assumed to be at equilibrium when the total energy cha
and the forces on each atom are below the specified con
gence values. The relaxation process yields minimum-en
grain-boundary structures with no differences observed
grain shape or size from the initial construction. Table I
ports the values of surface energies for various surface
entations that are given by this potential, using molecu
statics relaxation. For comparison, Table I also includes
prediction of the potential for the grain-boundary energy o
symmetrical tilt @001# grain boundary along a~310! plane.
The difference in energy between the bcc phase and the
phase given by this potential is 0.03 eV.

The grain-boundary structures obtained using the met
of sample generation and relaxation described above co
spond to random general boundaries. In previous work,
resulting boundaries have been characterized in detail f
similar sample creation algorithm.47 The main result of that
characterization is that the boundaries are not gener
amorphous. They consist of ordered regions that are joi
by more disordered regions. In many boundaries, the o
portions were found to contain structural units typical of sp
cial coincident lattice boundaries, whereas the disordered
gions accommodate the deviations that the random orie
tions may have from coincident lattice boundaries.

A semi-infinite mode I crack was introduced in thea-Fe
samples using the isotropic elastic approximation. The cra
can be loaded at particular stress intensity values, with
load imposed through displacements that are calculated
cording to the elastic solution for a mode I semi-infin
crack at the given stress intensity. MS was used to relax
crack tip region to a minimum energy configuration. Perio
boundary conditions are used in the direction of the cr
front. The initial crack is an atomically sharp wedge with
tip located near the center of the simulation block. T
cracked samples were equilibrated at three different temp
tures~100 K, 300 K, and 600 K! using MD for 2000 steps
~each step is 8310215 s). With this technique, the fractur

TABLE I. Surface energy values predicted by the potential
various orientations in J/m2. The energy of aS55 symmetrical tilt
@001#~310! grain boundary is also included for comparison.

Orientation 110 100 111 310

Surface energy (J/m2) 1.43 1.62 1.79 1.64
GB energy (J/m2) 1.1
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process in each sample was conducted for the three temp
tures by incrementally loading the semi-infinite mode I cra
starting from a stress intensity value slightly below th
given by the Griffith criterion for single crystal
(0.6 eV/Å5/250.96 M PaAm). We let the system evolve fo
1000 MD steps between each loading~each step is 8
310215 s). The load is kept constant for 1000 MD steps a
then increased to the next level. The overall simulation ti
was 200 ps. Under the stress intensity at a certain temp
ture, the sample evolves constrained to the equations of
tion. The temperature is kept constant using a velocity s
ing algorithm. Since the MD technique follows the actu
forces on the atoms as they migrate, the fracture mechan
can be determined by direct observation, without having a
a priori assumptions. As the simulation progresses and
stress intensity is increased, the crack begins to advance
we follow the crack for a stress intensity up to three times
Griffith value. The simulated strain rate is very high com
pared to real experiments, as is usually the limitation of
molecular dynamics technique. To address this limitation,
conducted MS simulations of the same samples to comp
them with MD simulations at low temperature. Since in t
MS technique, the system reaches equilibrium at each lo
ing level these results are representative of low strain ra
where the system has enough time to reach equilibrium.
verified that the same fracture and deformation mechani
occur using the MS conjugate gradient technique, as
served with MD. The molecular statics technique used
similar to that used previously in studying fracture in nan
crystalline fcc Ni.48 Even though it is not possible to com
pletely rule out high strain rate effects, the comparison w
the conjugate gradient helps establish confidence in the
sults. We also point out that because of energy rele
mechanisms other than crack propagation, our simulati
result in slow crack growth. The crack velocities that w
obtain with our technique are between 10 and 20 m/s.

III. RESULTS

The three samples do not have the same grain size,
their initial geometric structure is the same. In other wor
the three samples have the same number of grains~15! and
the same grain arrangement, with the same orientation
each grain and grain boundaries; only the grain size diffe
This aspect makes comparison between samples more m
ingful, by isolating grain-size effects. Observation inside t
sample is made possible by digitally cutting the sample i
slices perpendicular to the crack front line. Therefore,
atomic structure and fracture process in each sample is s
ied by exploring a collection of different slices taken at va
ous levels along the crack front line. In order to compare
three samples, the slices have to be at the same corresp
ing location. To clearly represent the atomistic structure
the samples, a shading code associated with the atomi
rangement of the atoms is adopted. Three different shade
gray are assigned to atoms in perfect bcc arrangemen~8-
coordinated atoms!, atoms with less than eight neighbors a
atoms with more than eight neighbors. The number of nei
bors is calculated within a distance of 0.27 nm, and the n

r
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FIG. 1. Intragranular/
Intergranular fracture inS3 ~12
nm grain size! at 100 K: slices at
different positions along the crac
front line at loadings of just below
the Griffith value, two times the
Griffith value, and three times the
Griffith value. The darker shade
of gray represent atoms that hav
nonperfect coordination.
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not
perfectly coordinated atoms are given darker shades of g
This procedure allows us to distinguish grain boundar
from the inner part of the grains, with atoms in perfect b
arrangement, and also reveals eventual defects due to d
mation and fracture mechanisms.

Initially, the crack tip is situated at the center of the cub
shaped sample. This somewhat artificially introduced cr
has its crack front edge ending in different positions w
respect to the grain boundaries. Therefore, the crack tip s
in the inner region of grains, at grain boundaries, or at gra
boundary triple junctions. These different configurations
fluence the crack propagation. The incremental mode I lo
ing is applied to the three samples at three differ
temperatures. Observations at an atomic scale enable
explore the different mechanisms of the fracture proces
13411
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well as the effect of temperature and grain size. The fract
process is found to occur mainly as an intergranular fract
process combined with various deformation mechanis
Temperature and grain size are found to highly influence
combination of fracture and deformation mechanisms t
operate.

A. Intragranular ÕIntergranular fracture process

Figure 1 represents a selection of slices along the cr
front line of the 12 nm sampleS3, at different stress inten
sities. This figure allows us to observe the combin
intragranular/intergranular fracture process at 100 K. In t
and subsequent sample slices we calculated the numbe
neighbors up to a distance of 0.27 nm. If this number is
0-3
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TABLE II. Number of dislocations observed in four different slices of the 9 nm grain-size sample a
K and the expected crack blunting due to these dislocations, compared with the observed blunting.

Slice level~nm! 0 22 26 28 Average Expected blunting~nm! Observed blunting~nm!

Number of Dislocations 6 6 6 5 5.75 0.8 1.4
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equal to 8~the perfect lattice coordination for the bcc stru
ture!, the atoms are represented in a darker shade of gray
it can be seen in this figure, the initial crack front line ends
different locations in the structure with respect to gra
boundaries. The crack tip starts in the inner region of gra
@slice ~c! and ~e!#, at grain boundaries@slice ~b! and ~d!#, or
at grain-boundary triple junctions@slice ~a!#. These different
initial configurations influence the crack propagation.

Slices~c! and ~e! enable us to observe directly the intr
granular fracture process, due to the fact that the initial
sition of the crack in these slices is near the center of a gr
Therefore, in the case of slices~c! and~e!, the crack starts far
from a grain boundary and propagates intragranularly unt
reaches a grain boundary. With increased loading, the c
propagates in a different manner depending on the crysta
graphic orientation of the grain and the temperature of
simulation. For intragranular propagation, as the sampl
loaded, the crack deviates to the most favorable crysta
graphic orientation, which corresponds to the lowest surf
energy. For this potential this is the$110% type surface, with
a surface energy of 1.43 J/m2 ~Table I! An example of this is
seen in slice~c!, where the crack was initially oriented wit
$100% type crack faces. The crack deviates as soon as
loaded to propagate along the lowest surface energy$110%
type plane. The intragranular fracture process is also
served in slice~e!. In this slice, the grain is oriented so th
the crack plane already lies close to the lowest surface
ergy orientation. The increase in loading causes the crac
propagate in a straight direction without any blunting. T
crack remains atomically sharp and no dislocations are
served. A brittle behavior is observed at low and high te
perature. In both configurations, the crack keeps advan
until it reaches a grain boundary. In both configurations
slices~c! and~e!, the crack keeps propagating and eventua
reaches a grain boundary. At that point, the fracture enter
intergranular mode.

The propagation of the crack is associated with some
gree of crack blunting and dislocation activity even at lo
temperature. The origin of the localized plasticity associa
with blunting of the crack is complex. In bcc metals, disl
cations do not leave any stacking fault behind them as in
metals. In the study of nanocrystalline fcc materials48 the
stacking faults were used in the visualization of dislocat
activity. In the bcc lattice there are no stacking faults and
the present case the visualization of dislocations is more
ficult. Nevertheless, it is possible to detect and follow t
emitted dislocations by constructing Burgers circuits as
sample is loaded. These dislocations are present at the
temperatures 100 K, 300 K, and 600 K. The dislocations
seen to travel from the crack tip region through the gra
towards a neighboring grain boundary. For the 9 nm sam
loaded at 100 K, we monitored the number of dislocatio
13411
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emitted as the sample was loaded using four different slic
taken at different levels along the crack front. This was do
in order to compare the blunting produced by the obser
dislocations with the total blunting observed in the crac
and the results are shown in Table II.

We found that as the sample was loaded up to three ti
the Griffith load, 5 to 6 dislocations were emitted, depend
on the location of the slice studied. We estimate that e
dislocation of 1

2 ^111& Burgers vector, when projected pe
pendicular to the crack surfaces should cause an ave
blunting of about half the lattice parameter or 0.14 nm. T
total blunting expected from the dislocations observed
therefore approximately 0.8 nm. This number can be co
pared with the actual blunting observed for this sample of
to 1.5 nm. This comparison suggests that not all the blun
observed can be attributed to dislocation mechanisms.
additional blunting produced can be attributed to oth
mechanisms. These may include grain-boundary accom
dation mechanisms and new grain formation. This lat
mechanism is discussed in detail in recent paper by us.49 The
mechanisms of plastic deformation at such small grain s
are thought to be different than the regular dislocation ba
deformation process for conventional size polycrystall
metals. At these extremely small grain sizes other phen
ena, such as grain-boundary sliding, grain rotation, a
grain-boundary triple junction activity, are proposed to a
count for plastic deformation. Indeed, the crack propagat
in slice ~c! is associated with a stress induced grain nuc
ation at the crack tip that accounts for plastic energy relea
This process occurs through the formation of a metasta
compact phase, possibly aided by the high local press
present at the crack tip. This mechanism of grain nuclea
at the crack tip resembles that reported recently in Fe
Holian et al.50 and was analyzed in detail in a separate stu
using the same potential and the same sample configura
as the present work.49

The intergranular fracture initiation and propagation d
pends on the configuration crack/grain boundary orienta
as well as temperature. When the crack reaches a g
boundary, it does so in different crack/grain boundary co
figurations, as we see in slice~a!, ~b!, and ~d! of Fig. 1. In
slice ~a!, the grain-boundary is nearly perpendicular to t
crack propagation direction. However, in slice~b! and ~d!,
the angle between the grain boundary and the crack pro
gation direction is smaller. In slice~a! crack arrest along with
significant blunting occurs after increasing stress intensity
twice the Griffith value. For the same stress intensity, a cr
propagation along the grain boundary is observed for the
other slices~b! and~d!. In slice ~a!, as the stress intensity i
increased the crack tip keeps blunting without crack pro
gation. Eventually, when the stress intensity reaches a ce
level, a nanovoid is created ahead of the blunted crack
0-4
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FIG. 2. Temperature effect on crack propagation in slice~b! of S3 ~12 nm grain size! at the maximum loading~a stress intensity facto
equal to three times the Griffith value!. The darker shades of gray represent atoms that have nonperfect coordination.
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. 1
grain-boundary region more favorably oriented, forming
smaller angle with the crack propagation direction. At la
stages, these nanovoids join the main crack. In slice~b! and
~d!, the grain boundaries are oriented close to the cr
propagation direction and the crack advances intergranu
as the stress is increased. When the crack reaches a n
perpendicular grain boundary, the same scenario as in
~a! occurs and a nanovoid is created ahead of the blun
crack. This phenomenon occurs in slice~b! and the crack
propagates in the favorably oriented grain boundary ahea
the crack tip. In slice~d!, crack arrest occurs further to th
right of the sample and the same scenario would occur as
stress intensity is increased. By measuring the angles
tween grain boundaries and crack plane in various slices
can deduce simple conditions for crack propagation or cr
arrest due to grain-boundary orientation. Indeed, for ang
between 0 and about 45°, we observe crack propaga
along the grain boundary. On the other hand, for angles
tween 75° and 90°, crack arrest is observed.

B. Effect of temperature

Figure 2 compares slice~b! of the largest grained sampl
S3 at the three temperatures for the maximum loading sim
lated. The effect of temperature is the same for all the dif
ent slices, therefore only slice~b! is presented. It is clear tha
the increase in temperature from 100 K to 600 K cau
more blunting at the crack tip and more crack arrest. At l
temperature~100 K!, the crack has propagated along t
grain boundary. At higher temperature~300 K!, the crack still
propagates along the grain boundary, but the increase in
tility does not enable the crack to propagate as much. Fin
at the highest temperature tested~600 K!, the blunting of the
crack is more pronounced and crack arrest is observed a
boundary. We can also observe that at 300 K and 600 K,
crack propagation is associated with grain nucleation at
crack tip accounting for plastic energy release. At high
temperatures, with increasing stress intensity nanovoids
eventually be formed ahead of the crack tip and the cr
will propagate along the grain boundary. Hence, higher st
intensity is needed to initiate intergranular fracture at hig
13411
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temperatures. The same trend is observed for the two o
smaller grained samples,S1 andS2. With increasing tem-
perature, the atomic vibrations increase causing atom
move more easily when subjected to loading. Thus, at hig
temperature plastic deformation becomes easier and c
blunting occurs. From these atomistic observations, frac
resistance is increased with increasing temperature, as
pected.

C. Energetics of crack propagation

By following the excess potential energy of the simulati
block as a function of crack advance, we can introduc
simple method to obtain the critical energy release rateGIC ,
which can be directly related to the fracture toughnessKIC
through classical fracture mechanics.GIC represents the re
sistance to crack propagation, i.e., the energy per sur
area that is needed to open the crack. For instance,
perfectly brittle material,GIC would be equal to twice the
surface energy. Figure 3 shows the excess energy of
simulation block per unit length of crack front, plotted as
function of the average crack propagation distance forS3
~12 nm grain size!. The figure illustrates the effect of th
three temperatures~100 K, 300 K, and 600 K! on GIC . GIC
is given by the slope of each curve. Thus, the slope of e
curve represents the average fracture resistance ofa-Fe at
temperatures 100 K, 300 K, and 600 K. These slopes h
been calculated as an average over the entire range o
crack propagation distance. Table III summarizes the val
for GIC obtained from the average slopes for the three d
ferent temperatures simulated. It is clear that the fract
resistance increases with temperature. This result is not
prising and can be associated with an increase in plast
with temperature, which has been illustrated in the previo
observations. With increasing temperature, the atomic vib
tions increase and the atoms move more easily enab
more plastic deformation in the structure.

D. Effect of grain size

Figure 4 illustrates the same equivalent slices as in Fig
for the three samplesS1, S2, andS3 ~grain sizes of 6, 9, and
0-5
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FIG. 3. Excess potential en
ergy vs average crack advance f
S3 ~12 nm grain size! at 100 K,
300 K, and 600 K.
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12 nm, respectively! at the maximum loading of the simula
tion ~three times the Griffith value for single crystal! and at
100 K. From the figure, we can clearly see that at the sa
maximum loading the average crack front has advan
more for the larger grained sample. In the three samples
crack has propagated in a mixed intragranular/intergran
fracture process described in the previous sections. For
larger grained sample, the crack progress is associated
further propagation along the grain boundaries by v
nucleation and grain nucleation within certain grains. As
grain size is decreased, the volume fraction of grain bou
aries increases and blunting and crack arrest become m
important. From atomistic observations at such small gr
sizes, we see that fracture resistance is lowered with incr
ing grain size. As the grain size is decreased, blunting of
crack tip becomes more important and fracture resista
increases. The resistance to fracture can be estimated b
Wells-Cottrell concept of critical crack opening displaceme
~COD! at the crack tip during fracture.51,52 From direct ob-
servation, the COD at the crack tip can be estimated for
three samplesS1, S2, andS3 ~grain sizes of 6, 9, and 12
nm, respectively!. Practically, the COD for each sample
estimated by considering a collection of slices along
crack front line and averaging the COD values measure
the atomistic scale. The COD for the largest grained sam
S3 has been estimated to be 1663 Å, whereas the interme

TABLE III. Dependence of the fracture energy on temperat
for S3 ~12 nm grain size!, in ev/nm2.

Temperature~K! 100 300 600

GIC for 12 nm grains 94 eV/nm2 129 eV/nm2 194 eV/nm2
13411
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diate grain-size sampleS2 it is 1464 Å, and for the smallest
grained sampleS1 it is 962 Å. Figure 5 illustrates the ef-
fect of grain size on the COD for the three samples at 100
It can be seen that the COD at the crack tip, i.e., fract
resistance, increases with decreasing grain size. From t
results, we observe an increase in fracture resistance
decreasing grain size in nanocrystallinea-Fe. Therefore, we
obtain the same trend as for conventional grain-size po
crystalline materials, where fracture toughness is also
served to increase with decreasing grain size. However,
mechanisms responsible for the increase in fracture tou
ness with decreasing grain size may not be the same in
coarse-grained polycrystalline material and in the nanoc
talline material. Grain-boundary arrest of the crack is a co
mon effect at both scales, but in conventional grain siz
polycrystals, dislocation activity is a main mechanism as
ciated with plasticity that is not present in the nanocrystall
material. Instead, other mechanisms such as grain-boun
accommodation, grain-boundary triple junction activi
grain nucleation, and grain rotation dictate the plastic ene
release mechanisms at the nanoscale. We have also ana
the effects of grain size on the dynamics of grain propaga
and we have found that as the grain size increases, the
locity of crack propagation increases. In the simulations p
sented here the average crack velocities at 100 K incre
from 14 m/s for the smallest grained sample to 19 m/s for
largest grained sample. A similar increase was observe
600 K from 10 to 13 m/s.

IV. CONCLUSIONS

In this study, we used computer-simulation techniques
explore the fracture and deformation behavior in nanocr
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FIG. 4. Slices at different po-
sitions along the crack front line
of the three different samplesS1
~6 nm grain size!, S2 ~9 nm grain
size!, andS3 ~12 nm grain size! at
a stress intensity factor equal t
three times the Griffith value and
100 K. The darker shades of gra
represent atoms that have nonpe
fect coordination.
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ce
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ore
at
talline a-Fe at temperatures ranging from 100 K to 600
The fracture process was conducted using molecular dyn
ics for three samples corresponding to three different g
sizes 6, 9, and 12 nm. The fracture behavior in each sam
was followed directly at the atomic scale by incrementa
loading a mode I crack to high stress intensities.

The fracture process in nanocrystallinea-Fe is observed
to occur as an intragranular fracture process combined
an intergranular fracture process. Intragranular fracture is
pendent on crystallographic orientation. If the crystal is
vorably oriented, the crack propagates in a brittle man
even at high temperature. On the other hand, crack devia
is associated with plastic deformation. We observe dislo
tions at the tip of the crack for the three temperatures tes
but not enough to account for the blunting. At such sm
grain sizes, the mechanisms of plastic deformation
thought to occur by grain-boundary accommodation, gr
rotation, and grain-boundary triple junction activity rath
13411
.
m-
in
le

th
e-
-
r

on
a-
d,
ll
re
n

than dislocation-based mechanisms. A stress induced me
nism accounting for the plastic deformation at the crack
will be studied in detail in a separate work. Intergranu
fracture is found to be highly dependent on the gra
boundaries orientations. If the angle between the gr
boundary and the crack plane is below 45°, crack propa
tion along the grain boundary is observed. However, if
angle is larger than 75°, crack arrest occurs. Between th
two critical angles, a combination of the two mechanisms
believed to occur. In the case of crack arrest, with increas
stress intensity, intergranular fracture proceeds by the coa
cence of nanovoids formed in more favorably oriented gr
boundaries ahead of the crack.

Temperature and grain size are found to highly influen
the fracture mechanisms. From direct observations of
fracture process, it is clear that the increase in tempera
causes more blunting and crack arrest. We also observe m
grain nucleation sites associated with crack propagation
0-7
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FIG. 5. Crack opening dis-
placement~COD! at the crack tip
versus sample grain size at 100
and a loading equal to three time
the Griffith value.
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higher temperatures. From energy consideration, the ov
average fracture resistance is found to increase with incr
ing temperature. For the larger grain size~12 nm!, the overall
critical energy release rate (GIC) is equal to 94 eV/nm2 at
100 K. This value can be directly related to fracture toug
ness (KIC) using plain-strain classical fracture mechan
equation.KIC is equal to 1.05 eV/Å5/2(1.7 M PaAm). This
value corresponds to the critical stress intensity for the on
of crack propagation inS3 ~12 nm grain size! at
100 K. Similarly, we obtainKIC equal to 1.23 eV/Å5/2(1.97
M PaAm) at 300 K. In polycrystallinea-Fe with conven-
tional grain sizes (10–300mm), the fracture toughness i
between 450 and 500 M PaAm at room temperature.53 The
lower values obtained for fracture toughness in the nanoc
talline material can be explained by the change in pla
mechanisms from conventional to nanograin sizes. For
nanocrystalline material, dislocation activity is not the ma
mechanism accounting for plastic deformation. Inste
grain-boundary accommodation, grain-boundary triple ju
tion activity, grain nucleation, and grain rotation dictate t
fracture behavior. Hence, plastic energy release mechan
are not the same for the polycrystalline and the nanocrys
line material, which result in lower values for fracture toug
ness in nanocrystallinea-Fe. In addition, although disloca
tions are not believed to be the main mechanisms for pla
deformation in nanocrystalline materials, no dislocati
sources are present in our simulations~no preex-
13411
all
s-

-

et

s-
ic
e

,
-

ms
l-

-

ic

isting dislocations, no impurities! that would allow more dis-
location activity and an increase in fracture toughness for
same grain sizes studied. Furthermore, in our simulatio
grain-boundary fraction is found to highly influence cra
propagation and fracture toughness is observed to incr
with decreasing grain size. This trend parallels the incre
in fracture toughness with decreasing grain size observe
conventional size polycrystalline material. For the smal
grain sizes, the large number of grain boundaries cau
blunting and crack arrest. The effect of grain size on fract
resistance is estimated by the crack tip opening displa
ment, which increases with decreasing grain size.

The use of molecular dynamics was motivated by
ability of the technique to reproduce the physical behavior
the system. Since the MD technique follows the actual for
on the atoms as they migrate, the fracture mechanisms ca
determined by direct observation, without having anya pri-
ori assumptions. However, it is important to stress that
quantitative accuracy of this technique, as well as the
technique, is limited by that of the potentials used.
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