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Molecular dynamics investigation of the fracture behavior of nanocrystallinea-Fe
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We carried out classical atomistic studies of crack propagation in fully three-dimensional nanocrystalline
a-Fe (body-centered cubic structyréo 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.
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[. INTRODUCTION Molecular dynamics techniques have been used in the
study of fracture phenomena for many years now. Two-
In the last two decades, grain-size refinement in polycrysdimensional studies have been perforiiedt as well as
talline metals has been the subject of intensive researchiree-dimensional studiéé?®
These materials with reduced grain sizes have been found to Many studies have been performed in the recent years to
exhibit novel and often improved mechanical properties. Orgxplore the particular atomistic processes of crack propaga-
a very basic level, grain-size refinement associated with aton in_a-iron (body-centered cubic structuresingle
increase in the amount of grain boundaries can make crackystals:*~* These studies have stressed the effects of tem-
propagation more difficult and, therefore, in conventionalperature and crack orientations on fracture properties for
grain size materials, increase the apparent fracture toughness:Fe single crystal. However, very few results have been
Thus, through reduction in grain-size, improved toughnesgublished on nanocrystalline-Fe>~%
can be achieved, in a similar way as an increase in yield In the present study, we explore a mode | fracture behav-
strength and hardness, which is described by the Hall-Petdar in nanocrystallinex-Fe at temperatures ranging from 100
relation!? It is a very unique mechanism since other K to 600 K. We address the dual intergranular/intragranular
strengthening mechanisms usually lead to an inverse relatidifiacture process at such small grain sizes and the effect of

between yield strength and fracture toughness. temperature on these mechanisms.
Grain-boundary(GB) hardening according to the Hall-
Petch relation only applies as long as dislocations are pro- II. TECHNIQUES

duced and can pile up at the grain boundary. After the density

of dislocations that can flow freely and pile up against the Atomistic computer simulation and particularly molecular
grain boundaries reaches a certain level, the strengthenirdynamics (MD) simulation is a very useful technique to
potential through a further grain refinement successively destudy the fracture mechanisms in metallic matertéi4?The
creases, and the Hall-Petch slope decreases. The Hall-Petgpproach is very similar to real experiments and yields de-
behavior for polycrystalline materials has been described btailed information about the deformation and failure mecha-
several dislocation modefs® For nanocrystalline metals, a nisms operating in the simulated systems. For the purposes
breakdown in the Hall-Petch relation is expected at a criticabf the present study, three nanocrystalline samplesS2,
grain size, where dislocation pileup is no longerandS3 corresponding to three different grain siz6s9, and
supported—® Moreover, grain-size refinement decreases pin12 nm, respectivelywere geometrically created using the
ing distances preventing dislocations generation by Frankvoronoi constructiof® In this construction, fully three-
Read sources. Computer simulatidiiéhave shown that this dimensional grains are randomly nucleated within a cube.
type of breakdown occurs below a critical grain sipéthe = Each grain grows with a random crystallographic orientation
order of 10-20 nm for metglsand that instead, plastic de- until the grains reach one another, generating grain bound-
formation occurs by intergranular mechanisms. Also, experiaries. The Voronoi construction gives a random nanocrystal-
mental evidence shows a corresponding change in the crackne sample with grain-boundary structure similar to what is
ing pattern and morphology below a critical grain si?é*  expected in polycrystalline materials. The three samples cre-
At the smallest grain sizes, grain-boundary sliding, grain ro-ated contained 15 grains each and 250000, 800000, and
tation, and grain-boundary triple junction activity have been2 000 000 atoms, respectively.

proposed to account for plastic deformation without disloca- The samples were then relaxed into a minimum-energy
tion motion®~18 nanocrystallinen-Fe structure using molecular statiddS)
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TABLE I. Surface energy values predicted by the potential forprocess in each sample was conducted for the three tempera-
various orientations in J/m The energy of & =5 symmetrical tilt  tures by incrementally loading the semi-infinite mode | crack

[001](310 grain boundary is also included for comparison. starting from a stress intensity value slightly below that
: : given by the Griffith criterion for single crystals
Orientation 110 100 111 310 (0.6 eV/A52=0.96 M Pa/m). We let the system evolve for
Surface energy (/) 1.43 1.62 1.79 1.64 100071l5\)/ID steps be'F\Neen each loaditgach step is 8
GB energy (J/f) 11 X 10" s). The load is kept constant for 1000 MD steps and

then increased to the next level. The overall simulation time
was 200 ps. Under the stress intensity at a certain tempera-

and an EAM(embedded atom methpihteratomic potential ~ture, the sample evolves constrained to the equations of mo-
for a-Fe* A comparison of this potential with other inter- tion. The temperature is kept constant using a velocity scal-
atomic potentials available in the literature can be found in dng algorithm. Since the MD technique follows the actual
previous papet® This potential has also been tested previ-forces on the atoms as they migrate, the fracture mechanisms
ously in MS simulations of crack propagationdaFe single ~ can be determined by direct observation, without having any
crystals?®® MS is a technique designed to determine the2 priori assumptions. As the simulation progresses and the
minimum-energy configuration of a given system. Everystress intensity is increased, the crack begins to advance and
atom within the simulation block interacts with its surround- We follow the crack for a stress intensity up to three times the
ings as described by the interatomic interaction potentialGriffith value. The simulated strain rate is very high com-
Using a conjugate gradient meth&tthe minimization tech- pared to real experiments, as is usually the limitation of the
nique, the minimum-energy state is reached through an iteréﬂOlecular dynamiCS teChnique. To address this limitation, we
tive relaxation process. The total energy and forces on ever§onducted MS simulations of the same samples to compare
atom are computed after each iteration and the system I@em with MD simulations at low temperature. Since in the
assumed to be at equilibrium when the total energy changMS technique, the system reaches equilibrium at each load-
and the forces on each atom are below the specified conveld level these results are representative of low strain rates,
gence values. The relaxation process yields minimum-energyhere the system has enough time to reach equilibrium. We
grain-boundary structures with no differences observed |rYer|f|ed that the same fracture and deformation mechanisms
grain shape or size from the initial construction. Table | re-occur using the MS conjugate gradient technique, as ob-
ports the values of surface energies for various surface orserved with MD. The molecular statics technique used is
entations that are given by this potential, using moleculasimilar to that used previously in studying fracture in nano-
statics relaxation. For comparison, Table | also includes thérystalline fcc Ni*® Even though it is not possible to com-
prediction of the potential for the grain-boundary energy of aPletely rule out high strain rate effects, the comparison with
symmetrical tiltf001] grain boundary along é310) plane. the conjugate gradient helps establish confidence in the re-
The difference in energy between the bcc phase and the feglts. We also point out that because of energy release
phase given by this potential is 0.03 eV. mechanisms other than crack propagation, our simulations
The grain-boundary structures obtained using the methotesult in slow crack growth. The crack velocities that we
of sample generation and relaxation described above corré@btain with our technique are between 10 and 20 m/s.
spond to random general boundaries. In previous work, the
resulting boundaries have been characterized in detail for a
similar sample creation algorithfd.The main result of that
characterization is that the boundaries are not generally The three samples do not have the same grain size, but
amorphous. They consist of ordered regions that are joinetheir initial geometric structure is the same. In other words,
by more disordered regions. In many boundaries, the ordethe three samples have the same number of grfdifisand
portions were found to contain structural units typical of spethe same grain arrangement, with the same orientation of
cial coincident lattice boundaries, whereas the disordered reeach grain and grain boundaries; only the grain size differs.
gions accommodate the deviations that the random orient&his aspect makes comparison between samples more mean-
tions may have from coincident lattice boundaries. ingful, by isolating grain-size effects. Observation inside the
A semi-infinite mode | crack was introduced in theFe  sample is made possible by digitally cutting the sample into
samples using the isotropic elastic approximation. The crackslices perpendicular to the crack front line. Therefore, the
can be loaded at particular stress intensity values, with thatomic structure and fracture process in each sample is stud-
load imposed through displacements that are calculated aged by exploring a collection of different slices taken at vari-
cording to the elastic solution for a mode | semi-infinite ous levels along the crack front line. In order to compare the
crack at the given stress intensity. MS was used to relax ththree samples, the slices have to be at the same correspond-
crack tip region to a minimum energy configuration. Periodicing location. To clearly represent the atomistic structure of
boundary conditions are used in the direction of the crackhe samples, a shading code associated with the atomic ar-
front. The initial crack is an atomically sharp wedge with its rangement of the atoms is adopted. Three different shades of
tip located near the center of the simulation block. Thegray are assigned to atoms in perfect bcc arrangert@&nt
cracked samples were equilibrated at three different tempera&oordinated atom)satoms with less than eight neighbors and
tures (100 K, 300 K, and 600 Kusing MD for 2000 steps atoms with more than eight neighbors. The number of neigh-
(each step is 8 10 *°s). With this technique, the fracture bors is calculated within a distance of 0.27 nm, and the non-

Ill. RESULTS
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Slice (a)

Slice (b)

FIG. 1. Intragranular/
Intergranular fracture inS3 (12
nm grain sizg¢ at 100 K: slices at
different positions along the crack

Slica fe] front line at loadings of just below
the Griffith value, two times the
Griffith value, and three times the
Griffith value. The darker shades
of gray represent atoms that have
nonperfect coordination.

Slice (d)

Slice (e)

Kinitial K=2 * Griffith K=38 * Griffith
Below Griffith

perfectly coordinated atoms are given darker shades of grayell as the effect of temperature and grain size. The fracture
This procedure allows us to distinguish grain boundarieprocess is found to occur mainly as an intergranular fracture
from the inner part of the grains, with atoms in perfect bccprocess combined with various deformation mechanisms.
arrangement, and also reveals eventual defects due to defaremperature and grain size are found to highly influence the
mation and fracture mechanisms. combination of fracture and deformation mechanisms that
Initially, the crack tip is situated at the center of the cubicoperate.

shaped sample. This somewhat artificially introduced crack
has its crack front edge ending in different positions with
respect to the grain boundaries. Therefore, the crack tip starts
in the inner region of grains, at grain boundaries, or at grain- Figure 1 represents a selection of slices along the crack
boundary triple junctions. These different configurations in-front line of the 12 nm sampl&3, at different stress inten-
fluence the crack propagation. The incremental mode | loadsities. This figure allows us to observe the combined
ing is applied to the three samples at three differenintragranular/intergranular fracture process at 100 K. In this
temperatures. Observations at an atomic scale enable us and subsequent sample slices we calculated the number of
explore the different mechanisms of the fracture process aseighbors up to a distance of 0.27 nm. If this number is not

A. Intragranular /Intergranular fracture process
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TABLE II. Number of dislocations observed in four different slices of the 9 nm grain-size sample at 100
K and the expected crack blunting due to these dislocations, compared with the observed blunting.

Slice level(nm) 0 —2 -6 —8 Average Expected bluntinghm) Observed bluntingnm)

Number of Dislocations 6 6 6 5 5.75 0.8 1.4

equal to 8(the perfect lattice coordination for the bcc struc- emitted as the sample was loaded using four different slices,
ture), the atoms are represented in a darker shade of gray. Aaken at different levels along the crack front. This was done
it can be seen in this figure, the initial crack front line ends atin order to compare the blunting produced by the observed
different locations in the structure with respect to graindislocations with the total blunting observed in the crack,
boundaries. The crack tip starts in the inner region of grainend the results are shown in Table II.

[slice (c) and(e)], at grain boundariekslice (b) and(d)], or We found that as the sample was loaded up to three times
at grain-boundary triple junctiorislice (a)]. These different the Griffith load, 5 to 6 dislocations were emitted, depending
initial configurations influence the crack propagation. on the location of the slice studied. We estimate that each

Slices(c) and (e) enable us to observe directly the intra- dislocation of3(111) Burgers vector, when projected per-
granular fracture process, due to the fact that the initial popendicular to the crack surfaces should cause an average
sition of the crack in these slices is near the center of a grairblunting of about half the lattice parameter or 0.14 nm. The
Therefore, in the case of slicés and(e), the crack starts far total blunting expected from the dislocations observed is
from a grain boundary and propagates intragranularly until itherefore approximately 0.8 nm. This number can be com-
reaches a grain boundary. With increased loading, the cragiared with the actual blunting observed for this sample of 1.3
propagates in a different manner depending on the crystallde 1.5 nm. This comparison suggests that not all the blunting
graphic orientation of the grain and the temperature of thebserved can be attributed to dislocation mechanisms. The
simulation. For intragranular propagation, as the sample iadditional blunting produced can be attributed to other
loaded, the crack deviates to the most favorable crystallomechanisms. These may include grain-boundary accommo-
graphic orientation, which corresponds to the lowest surfaceation mechanisms and new grain formation. This latter
energy. For this potential this is tH&10 type surface, with mechanism is discussed in detail in recent paper B Tie
a surface energy of 1.43 JrfiTable ) An example of thisis mechanisms of plastic deformation at such small grain sizes
seen in slicgc), where the crack was initially oriented with are thought to be different than the regular dislocation based
{100 type crack faces. The crack deviates as soon as it ideformation process for conventional size polycrystalline
loaded to propagate along the lowest surface enét@@  metals. At these extremely small grain sizes other phenom-
type plane. The intragranular fracture process is also obena, such as grain-boundary sliding, grain rotation, and
served in slicge). In this slice, the grain is oriented so that grain-boundary triple junction activity, are proposed to ac-
the crack plane already lies close to the lowest surface ercount for plastic deformation. Indeed, the crack propagation
ergy orientation. The increase in loading causes the crack tm slice (c) is associated with a stress induced grain nucle-
propagate in a straight direction without any blunting. Theation at the crack tip that accounts for plastic energy release.
crack remains atomically sharp and no dislocations are obthis process occurs through the formation of a metastable
served. A brittle behavior is observed at low and high tem-compact phase, possibly aided by the high local pressures
perature. In both configurations, the crack keeps advancingresent at the crack tip. This mechanism of grain nucleation
until it reaches a grain boundary. In both configurations ofat the crack tip resembles that reported recently in Fe by
slices(c) and(e), the crack keeps propagating and eventuallyHolian et al®® and was analyzed in detail in a separate study
reaches a grain boundary. At that point, the fracture enters amsing the same potential and the same sample configurations
intergranular mode. as the present work.

The propagation of the crack is associated with some de- The intergranular fracture initiation and propagation de-
gree of crack blunting and dislocation activity even at lowpends on the configuration crack/grain boundary orientation
temperature. The origin of the localized plasticity associateds well as temperature. When the crack reaches a grain
with blunting of the crack is complex. In bcc metals, dislo- boundary, it does so in different crack/grain boundary con-
cations do not leave any stacking fault behind them as in fcfigurations, as we see in sli¢a), (b), and(d) of Fig. 1. In
metals. In the study of nanocrystalline fcc mateffathe  slice (a), the grain-boundary is nearly perpendicular to the
stacking faults were used in the visualization of dislocationcrack propagation direction. However, in sli@® and (d),
activity. In the bcc lattice there are no stacking faults and inthe angle between the grain boundary and the crack propa-
the present case the visualization of dislocations is more difgation direction is smaller. In slio@) crack arrest along with
ficult. Nevertheless, it is possible to detect and follow thesignificant blunting occurs after increasing stress intensity to
emitted dislocations by constructing Burgers circuits as thewice the Griffith value. For the same stress intensity, a crack
sample is loaded. These dislocations are present at the thrpeopagation along the grain boundary is observed for the two
temperatures 100 K, 300 K, and 600 K. The dislocations arether sliceqb) and(d). In slice (a), as the stress intensity is
seen to travel from the crack tip region through the grainsncreased the crack tip keeps blunting without crack propa-
towards a neighboring grain boundary. For the 9 nm samplgation. Eventually, when the stress intensity reaches a certain
loaded at 100 K, we monitored the number of dislocationdevel, a nanovoid is created ahead of the blunted crack in a
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600K

FIG. 2. Temperature effect on crack propagation in slimeof S3 (12 nm grain sizeat the maximum loadin@a stress intensity factor
equal to three times the Griffith valueThe darker shades of gray represent atoms that have nonperfect coordination.

grain-boundary region more favorably oriented, forming atemperatures. The same trend is observed for the two other,
smaller angle with the crack propagation direction. At latersmaller grained sample§1l andS2. With increasing tem-
stages, these nanovoids join the main crack. In sligeand  perature, the atomic vibrations increase causing atoms to
(d), the grain boundaries are oriented close to the cracknove more easily when subjected to loading. Thus, at higher
propagation direction and the crack advances intergranularliemperature plastic deformation becomes easier and crack
as the stress is increased. When the crack reaches a neablynting occurs. From these atomistic observations, fracture
perpendicular grain boundary, the same scenario as in sliaesistance is increased with increasing temperature, as ex-
(@) occurs and a nanovoid is created ahead of the bluntegected.

crack. This phenomenon occurs in sli@® and the crack

propagates in the favorably oriented grain boundary ahead of C. Energetics of crack propagation

the crack tip. In slicgd), crack arrest occurs further to the By following the excess potential energy of the simulation
right of the sample and the same scenario would occur as th§ack as a function of crack advance, we can introduce a
stress intensity is increased. By measuring the angles b%‘lmple method to obtain the critical energy release Gte,
tween grain boundaries and crack plane in various slices, Wenich can be directly related to the fracture toughniégs

can deduce simple conditions for crack propagation or Crackhrough classical fracture mechani@c represents the re-
arrest due to grain-boundary orientation. Indeed, for angl_e§istance to crack propagation, i.e., the energy per surface
between 0 and about 45°, we observe crack propagatiofres that is needed to open the crack. For instance, in a

along the grain boundary. On the other hand, for angles beﬁerfectly brittle materialG,c would be equal to twice the

tween 75° and 90°, crack arrest is observed. surface energy. Figure 3 shows the excess energy of the
simulation block per unit length of crack front, plotted as a
B. Effect of temperature function of the average crack propagation distance S8r

Figure 2 compares slio) of the largest grained sample (12 nm grain size The figure illustrates the effect of the
S3 at the three temperatures for the maximum loading simuthree temperatured.00 K, 300 K, and 600 KonG,c . Gic
lated. The effect of temperature is the same for all the differiS given by the slope of each curve. Thus, the slope of each
ent slices, therefore only slig) is presented. It is clear that CUrve represents the average fracture resistance-ieé at
the increase in temperature from 100 K to 600 K causedemperatures 100 K, 300 K, and 600 K. These slopes have
more blunting at the crack tip and more crack arrest. At lowP€en calculated as an average over the entire range of the
temperature(100 K), the crack has propagated along thecrack propagatlon distance. Table Ill summarizes the valqes
grain boundary. At higher temperatu@00 K), the crack still for G, obtained from 'the average_slopes for the three dif-
propagates along the grain boundary, but the increase in dugere_:nt temperatures smulated. It is cIear_ that thg fracture
tility does not enable the crack to propagate as much. Finally€sistance increases with temperature. This result is not sur-
at the highest temperature testé00 K), the blunting of the ~ Prising and can be a_ssomated W|th an increase in plasfumty
crack is more pronounced and crack arrest is observed at tidth temperature, which has been illustrated in the previous
boundary. We can also observe that at 300 K and 600 K, thebseryatlons. With increasing temperature, the at_om|c wbra—
crack propagation is associated with grain nucleation at th#0ns increase and the atoms move more easily enabling
crack tip accounting for plastic energy release. At highefmore plastic deformation in the structure.
temperatures, with increasing stress intensity nanovoids will
eventually be formed ahead of the crack tip and the crack
will propagate along the grain boundary. Hence, higher stress Figure 4 illustrates the same equivalent slices as in Fig. 1
intensity is needed to initiate intergranular fracture at higheffor the three sampleS1, S2, andS3 (grain sizes of 6, 9, and

D. Effect of grain size
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12 nm, respectivelyat the maximum loading of the simula- diate grain-size sampl2 it is 14+ 4 A, and for the smallest
tion (three times the Griffith value for single crystaind at grained samplél it is 9+2 A. Figure 5 illustrates the ef-
100 K. From the figure, we can clearly see that at the samgact of grain size on the COD for the three samples at 100 K.
maximum loading the average crack front has advanceg can be seen that the COD at the crack tip, i.e., fracture
more for the larger grained sample. In the three samples, thgsijstance, increases with decreasing grain size. From these
crack has propagated in a mixed intragranular/intergranulgfagyits, we observe an increase in fracture resistance with
fracture process described in the previous sections. For ﬂ_’tﬁ‘ecreasing grain size in nanocrystalliaeme. Therefore, we
larger grained sample, the crack progress is associated Wilhain the same trend as for conventional grain-size poly-
further propagation along the grain boundaries by voidgystalline materials, where fracture toughness is also ob-
nucleation and grain nucleation within certain grains. As theseryed to increase with decreasing grain size. However, the
grain size is decreased, the volume fraction of grain boundmechanisms responsible for the increase in fracture tough-
aries increases and b_Iur_mng and c_rack arrest become MOKRss with decreasing grain size may not be the same in the
important. From atomistic observations at such small grainoarse-grained polycrystalline material and in the nanocrys-
sizes, we see that fracture resistance is lowered with increagsjiine material. Grain-boundary arrest of the crack is a com-
ing grain size. As the grain size is decreased, blunting of theyon effect at both scales, but in conventional grain sized
crack tip becomes more important and fracture resistancgyycrystals, dislocation activity is a main mechanism asso-
increases. The resistance to fracture can be estimated by tg@ted with plasticity that is not present in the nanocrystalline
Wells-Cottrell concept of cr_ltlcal crack osgenlng d|§placementmateria|_ Instead, other mechanisms such as grain-boundary
(COD) at the crack tip during fractur#: From direct ob-  accommodation, grain-boundary triple junction activity,
servation, the COD at the crack tip can be estimated for thgain nucleation, and grain rotation dictate the plastic energy
three samplesSl, S2, andS3 (grain sizes of 6, 9, and 12 rejease mechanisms at the nanoscale. We have also analyzed
nm, respectively Practically, the COD for each sample is the effects of grain size on the dynamics of grain propagation
estimated by considering a collection of slices along théyng we have found that as the grain size increases, the ve-
crack front line and averaging the COD values measured gity of crack propagation increases. In the simulations pre-
the atomistic scale. The COD for the largest grained samplgented here the average crack velocities at 100 K increase
S3 has been estimated to be18 A, whereas the interme-  from 14 m/s for the smallest grained sample to 19 m/s for the

largest grained sample. A similar increase was observed at
TABLE Ill. Dependence of the fracture energy on temperatureg00 K from 10 to 13 m/s.
for S3 (12 nm grain sizg in ev/nnt.

TemperaturgK) 100 300 600 [V. CONCLUSIONS

G,c for 12 nm grains 94 eV/nfr 129 eV/inn? 194 eV/nn} In this study, we used computer-simulation techniques to
explore the fracture and deformation behavior in nanocrys-
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Slice (a)

Slice (b) FIG. 4. Slices at different po-
sitions along the crack front line
of the three different sampleSl

(6 nm grain sizg S2 (9 nm grain
sizg), andS3 (12 nm grain sizgat

a stress intensity factor equal to
three times the Griffith value and
100 K. The darker shades of gray
represent atoms that have nonper-
fect coordination.

talline a-Fe at temperatures ranging from 100 K to 600 K.than dislocation-based mechanisms. A stress induced mecha-
The fracture process was conducted using molecular dynanmism accounting for the plastic deformation at the crack tip
ics for three samples corresponding to three different grainvill be studied in detail in a separate work. Intergranular
sizes 6, 9, and 12 nm. The fracture behavior in each sampleacture is found to be highly dependent on the grain-
was followed directly at the atomic scale by incrementallyboundaries orientations. If the angle between the grain
loading a mode | crack to high stress intensities. boundary and the crack plane is below 45°, crack propaga-
The fracture process in nanocrystallineFe is observed tion along the grain boundary is observed. However, if the
to occur as an intragranular fracture process combined witangle is larger than 75°, crack arrest occurs. Between these
an intergranular fracture process. Intragranular fracture is dewo critical angles, a combination of the two mechanisms is
pendent on crystallographic orientation. If the crystal is fa-believed to occur. In the case of crack arrest, with increasing
vorably oriented, the crack propagates in a brittle mannestress intensity, intergranular fracture proceeds by the coales-
even at high temperature. On the other hand, crack deviatiocence of nanovoids formed in more favorably oriented grain
is associated with plastic deformation. We observe dislocaboundaries ahead of the crack.
tions at the tip of the crack for the three temperatures tested, Temperature and grain size are found to highly influence
but not enough to account for the blunting. At such smallthe fracture mechanisms. From direct observations of the
grain sizes, the mechanisms of plastic deformation aréracture process, it is clear that the increase in temperature
thought to occur by grain-boundary accommodation, graircauses more blunting and crack arrest. We also observe more
rotation, and grain-boundary triple junction activity rather grain nucleation sites associated with crack propagation at
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COD versus Grain Size
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o and a loading equal to three times
81 the Griffith value.
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higher temperatures. From energy consideration, the overailting dislocations, no impuritigshat would allow more dis-
average fracture resistance is found to increase with increafcation activity and an increase in fracture toughness for the
ing temperature. For the larger grain s{i2@ nm), the overall same grain sizes studied. Furthermore, in our simulations,
critical energy release rate3(c) is equal to 94 eVinfhat grain-boundary fraction is found to highly influence crack
100 K. This value can be directly related to fracture tough-Propagation and fracture toughness is observed to increase
ness Kc) using plain-strain classical fracture mechanicsWith decreasing grain size. This trend parallels the increase
equation.K,c is equal to 1.05 eV/AX1.7 MPa/m). This N fractu.re toughness with deqreasmg grain size observed in
value corresponds to the critical stress intensity for the onsétonventional size polycrystalline material. For the smaller
of crack propagation inS3 (12 nm grain size at drain sizes, the large number of grain boundaries causes
100 K. Similarly, we obtairK, equal to 1.23 eV/A%(1.97  blunting and crack arrest. The effect of grain size on fracture
M Paym) at 300 K. In polycrystallinea-Fe with conven- resistance is estimated py the crac;k tip opening displace-
tional grain sizes (10-30am), the fracture toughness is MeNt which increases with decreasing grain size.

between 450 and 500 M Ran at room temperatur® The The use of molecular dynamics was motivated by the

lower values obtained for fracture toughness in the nanocrys.‘e—;]bi”ty of the éechni(?]ue'\;%reprﬁquce tfhﬁ phychaI behall\:cior of
talline material can be explained by the change in plasti& e system. Since the technique follows the actual forces

mechanisms from conventional to nanograin sizes. For th n the atoms as _they migrate, Fhe fra_cture mec_hanisms_ can be
nanocrystalline material, dislocation activity is not the main e_termlned _by direct observgt!or!, without having anpri-
mechanism accounting for plastic deformation. Instead®" as'sur.nptlons. However,'|t IS |mportant to stress that the
grain-boundary accommodation, grain-boundary triple junc_quant_ltatlve_ accuracy of this technique, as well as the MS
tion activity, grain nucleation, and grain rotation dictate thetechnlque, is limited by that of the potentials used.

fracture behavior. Hence, plastic energy release mechanisms
are not the same for the polycrystalline and the nanocrystal-
line material, which result in lower values for fracture tough-  This work was supported by the office of Naval Research,
ness in nanocrystalline-Fe. In addition, although disloca- Division of Materials SciencéGrant No. N00014J-1351
tions are not believed to be the main mechanisms for plasti¥he authors would like to thank Helena van Swygenhoven
deformation in nanocrystalline materials, no dislocationfor help in creating the digital samples and valuable
sources are present in our simulation®io preex- discussion.
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