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Atomistic modeling of the fracture of polycrystalline diamond
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A series of molecular-dynamics simulations using a many-body interatomic potential has been performed to
investigate the behavior under load of sevef@1) and(011) symmetrical tilt grain boundarie€GB’s) in
diamond. Cohesive energies, the work for fracture, maximum stresses and strains, and toughness as a function
of GB type are evaluated. Results indicate that special short-period GB’s possess higher strengths and greater
resistance to crack propagation than GB’s in nearby misorientation angles. Based on dynamic simulations, it
was found that the mechanism of interface failure for GB’s without preexisting flaws is not that implied by
Orovan’s criterion, but rather GB strength is defined by GB type instead of cleavage energy. In simulations of
crack propagation within GB’s on the other hand, it was found that critical stresses for crack propagation from
atomistic simulation and from the Griffith criterion are consistent, indicating that GB cleavage energy is an
important characteristic of GB toughness. Crack propagation in polycrystalline diamond samples under an
applied load was also simulated and found to be predominantly transgranular rather than intergranular.

[. INTRODUCTION curs. This approach accounts for part of the plastic response
of the GB to the work for fracture, that can be computed
With strength values ranging between 180 and 5190 MPdyom the area under a stress-strain curve.
and fracture toughness between 5.3 and 8 MN/AI—2 Atomistic simulations have also provided important in-
chemical vapor depositedCVD) diamond films have re- sights into the mechanisms of crack propagatfoand have
ceived considerable attention for applications requiring hardiinked atomic-scale concepts to the Griffith condition for
wear-resistant coatings. Relationships between specific vafailure in systems with preexisting flawéThe first atomis-
ues for these properties, and microstructure and crack propée simulations of crack propagation were carried out in the
gation mechanisms, however, are not well understood. Thisarly 1970s using model systems representing bcc and fcc
is largely due to the small size and relatively high cost ofmetals, and diamondlike materidfs2°More recently, large-
specimens, and the large variability in microstructure resultscale atomistic simulations of crack propagation in more
ing from different deposition conditions. It is well estab- complicated systems and microstructures have been carried
lished experimentally in metad® and ceramics that cer-  out. These have included, for example, a bicrystaiano-
tain types of grain boundaries can facilitate crackcrystalline solid€2 notched grapherfé,and other more com-
propagation, while others increase fracture toughness. Thislicated networks of grains and grain boundafies.
has led to the concept of grain boundary de¥ign which In the present paper, results from a series of molecular-
the fracture resistance of polycrystalline materials is opti-dynamics simulations designed to yield insight into the rela-
mized through the production of microstructures with an op-tionship between microstructural elements and the fracture
timal distribution and arrangement of “fracture-resistant” properties and crack propagation mechanisms in polycrystal-
boundaries. This concept could be applied to CVD diamondine diamond are reported. The fracture properties of indi-
provided that the role of specific microstructural elements orvidual (001) and(011) symmetrical tilt GB’s both with and
crack propagation was better understood. without preexisting flaws are studied in several sets of simu-
Atomistic modeling techniques have been used to estilations. The simulations predict that special short-period
mate intergranular cohesion and theoretical fracturéGB’s possess higher strengths than GB’s in the nearby mis-
strengths3~1° These quantities can be determined for indi-orientation range, consistent with their enhanced energetic
vidual grain boundarie€GB’s) using either frozen separation stability. The simulations also predict that crack propagation
or slow straining method¥' In the frozen separation method in notched samples is primarily transgranular unless an ini-
two grains are pulled apart while maintaining relative atomictial crack is inserted directly into a GB. Finally, crack propa-
positions within the grains. The maximum stress determinedation is modeled through a system containing a set of mi-
in this way gives an upper bound for the fracture stress reerostructural elements chosen to model pieces of
quired to cleave a sample along a specific GB plane. In thexperimentally observed microstructures in CVD diamond
slow straining method, the system is allowed to relax whilefilms. The simulations show both transgranular and inter-
gradually increasing the applied strain until total fracture oc-granular crack propagation depending on the cleavage en-
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FIG. 1. lllustrations of the simulated systeni@. Simulation setup for modeling the fracture strengths of individual G&)ssystem for
modeling intergranular crack propagatidia) crack propagation at different initial orientations between a notch and GB pldnerack
propagation in a microstructure with realistic features.

ergy and the grain boundary orientation with respect to thenaximum fracture stresses of the GB’s compared to the

applied strain. bulk, and the GB work for fracture, which characterizes the
ability of the material to adsorb energy without failing.

Il. CALCULATIONAL METHODS The structures examined in the second set of simulations
) . ) ) consisted of crystals in which a surface notch 30 A long
. _I_:our sets of S|mulat|on_s, each with a different type of riented perpendicular to the direction of strain was inserted
Isrgglﬁiasstrﬁxgter'iggleiﬁt g)g’ssldvsirtf(%oghgnzr?(;ls]? tn::iggfi'::fd Oﬁlto the GB[Fig. 1(b)]. Strain was applied to these systems

gie sy as described above until a crack started to propagate, after

tation axes with no preexisting flaws. The initial structures of

these GB's are based on a coincident-site lattice model fof 1'C" (e coordinates of the atoms in the end regions were

group-IV materials in which each atom is fourfold left unchanged. Periodic t_Joundary conc_Jitior_13 were applied
coordinated® To estimate theoretical strengths, the crystals2/ONd thezaxes only(see Fig. 1 for the axis orientatiprand
were strained at a rate of 1% ps along the direction perperfl® Simulations were performed for severab&B0X ZO_A
dicular to the GB planéFig. 1(a)]. This was accomplished diamond samples, each of which contained approximately
by moving two regions of atom3 A wide and 10 lattice 20000 atoms. The third set of simulations was identical to
parameters on either side of the GB away from the interfacethe second except that different GB orientations with respect
During strain, the atomic positions within the end regionsto the notch and applied strain were examined. These were
were held constant while the remaining atoms were allowegarried out so that both transgranular and intergranular crack
to move by integrating classical equations of motion usingoropagation could be model¢#ig. 1(c)].

forces from the analytic potential discussed below. Periodic In the final type of simulation, crack propagation in a
boundary conditions were maintained within the GB planemore complicated polycrystalline microstructure containing
and each system contained approximately 4000 atoms. THeve (011) tilt GB’s and two triple junctions was simulated.
guantities considered in this set of simulations were thélhe microstructure used in this simulation, which is illus-
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TABLE |. Properties of diamond given by the analytic bond- for describing bond breaking during the fracture process; ar-

order potential, DFT/LDA calculations and experiments. bitrary switching functions can therefore result in nonphysi-
cal behavior in atomistic fracture simulations. In preliminary
DFT/ simulations, for example, it was found that the influence of a
Property Analytic Potential LDA Experiment  switching function on the inflection point of the interatomic
Lattice constantA) 3.566 352 3568 Foc:ucejrigﬁlo%%nfrr:gﬁjtr érll very high stresses and strains required
Bulk modulus(Mbar) 4.45 462 443 In the initial version of the potentidf, a switching func-
Shear modulugMbar) 5.4 52  50-55  {ion cuts off the interaction between 1.7 and 2.0 A. This
Cy1 (Mbar) 10.78 1111 10.81 nearest-neighbor bonding model for carbon is well justified
Cy2 (Mbar) 131 138 1.2% by the nature of covalent bonding and works well for most
Cas (Mbar) 6.8 595 579 equilibrium structures. However, the fixed switching func-
From Ref. 30 tion approach is probl_em_atk_:_as c-C bonds are stretched pe-
bErom Ref.. 1 ' yond 1.7 A because it significantly influences the forces in

the vicinity of the inflection point~1.85 A in diamond for
the (111) direction. To avoid this problem in the present
study, the cutoff distance was extended far beyond the in-

experimentally in C.VD diamonéf’ All atoms in the_ SUUCWUre g ction point. To preserve the nearest-neighbor character of
are four-fold coordinated, and there are no cavities betweep..-~tions. a bond list using the origin@ A) cutoff dis-

fche grains. To construct this system, two triple junctions haV'tance was constructed for the initial system that was left
ing a common =9 GB were first connected to one anOtherunchanged during the simulations. Thisl hoc scheme

along this GB. The system size was then increased by rangy,es the cutoff problem while still describing bond break-
lating other sections of the crystal to the open regions. Th

fhg and changes in the chemistry of the bond during cleavage
final system had dimensions 18@60x20A contained g g y g g

S e . (e.g., formation of double, triple, and conjugated bgnds

120000 atoms and was periodic in thdirection. Details of Ho?/vever, its application is resl'?ricted to phejngmena that in-
the atomic structures of thB9=X3(111}+23(111) and \qe hond breaking and rehybridization, but not new bond
227=29+723(211) triple  junctions are described f5rmation.
elsewheré _ _ It is well establishet! that the area bounded by the curve

A reactive analytic bond-order potential was used 104t gress as a function of the separation between atomic
model the interatomic forces. This formalism, which is base‘gl‘anes up to the maximum stress should approximately equal
on th.e second moment approximation t_o the local electroni¢ne gyrface energy. With the modified cutoff procedure,
density of states, models the interatomic energy as a sum @fis area calculated for separation(@.l) diamond planes is
repulsive and attractive pair potentials. The attractive paigyq ¢ 0.85, which is very reasonable. The calculated maxi-
terms, which model bonding from the valence electrons, arg, ,m tensile strength for bond breaking in {14.1) direction
modulated by analytic bond order functions whose valuegg gg GPa, which is close to the value calculated by T§%on
depend on coordination, bond angles, radical character of t ing atomic force constants. These tests demonstrate the

bond, and an approximation to conjugation effects arisinggjiapility of the interatomic potential for simulating fracture.
from adjacent unsaturated atoms. The form of the potential is

similar to that in Ref. 28 with two modifications. The first is 1. RESULTS AND DISCUSSIONS
a slightly different set of functional forms for the pair terms ) _ )
and the bond-order functiéhthat better describe the elastic ~ In subsection A below, analysis of GB cohesion based on
properties of diamond compared to those given in Ref. 2genergetic considerations is dlscusseq, fqlloweq in subsection
These properties are listed in Table | along with correspondB by the results of molecular dynamic simulations of cleav-
ing experimental data. The second modification, describe@de of individual GB’s. The first purpose of these calcula-
below, is related to the cut-off function used to restrict thetions is to determine the extent to which GB strengtht
potential to nearest neighbor interactions. culatedusing GB cohespn energ_léma Orovan'’s criterion,
Fracture simulations provide a stringent test of the reli-for example are consistent with those obtained from
ability of interatomic potentials because fracture propertiegnolecular-dynamicssimulations The second purpose of
are not usually included in a fitting database. During crackhese calculations is to determine the types of GB'’s having
propagation, atoms are subjected to different bonding envitelatively hlgh s_trengths. In_the final _SL_Jbsectlon results on the
ronments where the high strain near a crack tip results igrack behavior in the material containing GB’s are presented.
atomic configurations that are far from their ideal bondOf primary interest is to determine if critical stresses of the
lengths and bond angles. In particular, fracture properties ar@tergranular crack propagatiaralculatedwith the Griffith
sensitive to the behavior of the interatomic potential near afg'iterion (using GB cohesion energjesre consistent with
inflection point. In the scheme of nearest-neighbor interthose obtained in the dynamgimulations The inter- versus
atomic potentials, which are typical for describing bondingtransgranular crack propagation in diamond is also dis-
in covalent materials, the interaction must be cut off beforecussed.
the second neighbor distance using a suitable switching func-
tion. The form of the switching function need not influence
most of the bulk and surface properties of materials and The energy required to cleave a brittle material along a
therefore is usually chosen arbitrarily rather than fit to someGB plane without plastic deformation is defined through the
physical property. However, the switching function is crucial relation’

trated in Fig. 1d), was constructed to mimic that observed

A. Grain boundary cohesion
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TABLE Il. Grain boundary theoretical strength properties, calculated from molecular dynamics simula-
tions for (001) and (011) symmetrical tilt GB’s(STGB). The ratio Wgg/W,4, is the relative work for
fracture. Cohesive energies were calculated both with DFT/LDA method and using the bond order potential

(BOP)
. . Cohesive Energy
Young's Maximum  Maximum QIm?)
0 boundary Modulus Stress Strain
degrees  plane (GPa (GPa (%) Wegg/Wiqq BOP DFT-LDA
(111 1100 96 15.1 1.0 10.8 13.4
(001 STGB:

0.0 (110 1000 115 19.2 1.30 6(Z0.9) 11.2
12.68 (450 900 52 8.9 0.29 4.7 8.7
20.01 (7100 830 53 7.5 0.26 5.2 8.9
36.87 (120 810 62 10.5 0.42 8.6 11.1
53.13  (130p 800 73 14.8 0.67 11.0 12.9

(130)z 800 69 13.7 0.57 11.2 13.0
73.74 (170 730 46 8.3 0.23 13.2 13.2
90.0 (100 850 90 24.0 1.60 22.0 18.6
(011 STGB:
13.44 (166 860 50 7.6 0.23 4.1
31.59 (2595 910 58 8.8 0.34 7.8
38.94 (122 940 62 9.2 0.37 9.1

aCohesive energy of110) surface calculated with Griffith formula using critical stresses obtained from
dynamic simulations.

E conesio™ Y1+ Y2~ Egn. ) of GB theoretical strengths that then will be compared with
the GB strengths obtained from dynamic simulations.

where y;, v, are energies of the two unreconstructed sur- Another important issue is the relative bulk cleavage en-
faces created due to cleavage & is the GB energyEy,  ergies of different low-index planes in diamond, which has
is zero for bulk cohesion In diamond, where plastic defor- been widely discussed in the literature on mechanical prop-
mation is negligible and therefore E@) may be applied, it erties of diamond:> Our DFT/LDA calculations as well as
is expected that calculated GB cohesive energies will givéhose carried out by Kern and Haff€using similar tech-
reasonable estimates for the relative strengths of grains amdques predict that for diamond tli&10) surface is energeti-
grain boundaries. cally more stable than the unreconstructgdil) (1xX 1) sur-

Summarized in Table Il and plotted in Fig. 2 are GB face for both relaxed and unrelaxed structures. This result is
cohesive energies fg001) symmetrical tilt GB’s as a func- contrary to earlier reports on the mechanical properties of
tion of misorientation anglé. Surface energies were calcu- diamond! The earlier calculations of surface energies were
lated for a few surface orientations and then extrapolatetbased on the evaluation of the energy of broken bonds per
through the entire misorientation range. The GB energiequnit area of different surfaces. However, this does not ac-
which are necessary for calculating GB cleavage energiegount for the strongr bonding for carbon that leads to sig-
were evaluated over the entire range of misorientation anglrificant reduction of the energy of tH&10 surface atoms
using a multiscale modeling approach that combines condue to the formation ofr-bonded chains along the surface.
tinuum and atomic-level modefs.The relations in Fig. @) Chain formation on th€110 surface is compatible with the
were obtained from density-functional calculations using thegeometry of the underlying lattice and does not require any
local-density approximatiofDFT/LDA). Details of these surface reconstruction. Surface energieq1df0 and unre-
calculations are given elsewhetePlotted in Fig. 2b) are  constructed111) (1x 1) diamond surfaces calculated within
the same curves calculated with the analytic bond-order pothe DFT/LDA approach are 5.6 and 6.6 3/mespectively.
tential described above. Although the cleavage energies are To further illustrate the chemistry of the various surfaces,
overall lower for the analytic potential compared to the first-ball-and-stick models are given at the bottom of Fi¢g)2
principles DFT/LDA calculations, the relative energies for that indicate the different bonding and defect types associ-
grain boundary and bulk cleavage are similar for the twoated with atoms on surfaces within each misorientation inter-
methods. Cleavage energies of m@801) and (011 tilt val. Atoms on thg100) surface(corresponding/=90°) pos-
GB’s (Table 1) are about 60—75 % of those for the ideal sess two dangling bonds each. Th&0) surface(#=53.139
bulk crystals with the same orientation. It is also apparentontains two types of atoms on which there are either one or
from Fig. 2 and Table Il that special short-period GB%  two dangling bonds. Thél20 surface(#=36.879 contains
=5(120),%=5(130) for(001) tilt axes and>=9(122) GB atoms with two dangling bonds each and atoms forming
for (011) tilt axes| possess higher cleavage energies relativer-bonded chains. Atoms on tH&10) surface(6=0°) form
to GB’s in the nearby misorientation range. Calculated GBm-bonded chains only. All free surfaces at angles intermedi-
cleavage energies will be used in the section B for evaluatioate between these delimiting angles contain a mix of the
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FIG. 2. Cleavage energies (ff01) symmetrical tilt GB’s in diamonda) Results from DFT/LDA calculationgp) values calculated with
the bond-order potential. For comparison, the bulk crystal cleavage energies are also shown.

bonding types of the delimiting surfaces. As a result, the It is well established experimentally that cleavage of dia-
curve of the dependence of surface energy on the misoriemmond results in predominantif111} planes-?3’ Explana-
tation angle consists of three straight lines with slightly dif-tions of the preference fdi11} cleavage were based on the
ferent slopegFig. 2). In summary, the “r-bonding chemis-  consideration that most preferred cleavage would be that in-
try” should be taken into account when analyzing energeticolving the least cleavage enertpccording to estimates of
characteristics of covalent materials with pronOUnCEd C|eavage energies for diamond by F|é|d|’eavage should be

bonding. along {111} planes. Another explanation involves the crite-
o , _ rion of the least applied stress for cleavage along particular
B. Dynamic simulation of theoretical strength planes’ According to calculations by Whitlock and Rudf,

Below are discussed theoretical fracture characteristicthe stress required to produce tensile fracture is minimal for
(i.e., those for a sample with no preexisting craaistained  the (111) direction (although for the(011) orientation re-
from molecular dynamics simulations for bulk diamond with ported the stress value is only slightly highdn addition to
low-index orientations and select€801) and (011) sym- the least fracture stress and least cleavage energy criteria,
metrical tilt GB’s. discussed above, further considerations regarding preferred
cleavage planes may be developed. First, if critical stresses
for cleavage for particular planes are close, the criterion of

In the simulations using the slow straining method withthe least work for fracture might be involved for further
the bond-order interatomic potential, the maximum tensileanalysis. The work for fracture characterizes the ability of
stress for thé111)-oriented diamond is 96 GPa and the cor-the material to adsorb energy without fracture. In general, the
responding strain is 15.6%. For the frozen separation techwork for fracture might exceed the cleavage energy since
nique the maximum strength and strain are 5% and 20%additional mechanisms of energy dissipation beyond pure
respectively, higher than those obtained in dynamic simulabond breaking along the fracture plane during loading may
tions. A variety of theoretical tensile strength values forappear. For example, the possibility of significant bond
(11D-oriented diamond have been reported; these valuelsending at loading along th@01) direction exists(and for
range from 200 GPéRef. 35 (using Orovan’s criterionand  (011) direction, too, although less pronoungdsecause at
106 GPa (estimated assuming Morse-type interatomicthe given geometries the bonds make an angle with the axis
interactiond?) to 53 GPa(Ref. 36 (including third-order of the applied strain. As a result f¢601) and(011) orien-
elastic coefficients Thus, our value for maximum tensile tations more strain may be relaxed by changing of bond
stress for the(111)-oriented diamond is closer to that re- angles as compared to tk&l1) crystal orientation. Another
ported by Tysor? consideration regarding preference planes for cleavage in

1. Ideal crystal strength
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diamond suggests that there can be planes of the preferential AL R L L B
location of microdefects, which can serve as nuclei for mi- 100 = =
crocracks. For example, it is known thft11} planes in B §
CVD diamond contain a large amount of twins and stacking - 80 - E
faults2® Finally, the most important characteristic defining a F 60 - B
plane of preferred cleavage would be a critical stress for & - ]
microcrack propagation, assuming that in-grown microcrack o 40 N
embryos are approximately of equal sizes in the possible B N
cleavage planes. This case is discussed in section C. 1 of the o0 L _ 7
o X . _ T=41(%50) ]
present paper based on the dynamic simulation of microc- r ]
racks using the bond order potential. However, to complete o A A IS | P
the analysis of the reason for very marked preference of 0 5 10 15 20
{111 cleavage in diamond, further first-principles calcula- deformation (%)

tions are required to obtain least-critical stress values as well
as the least work for fracture for low-index orientations from
fracture dynamic simulations.

Based on the predicted DFT-LDA calculations of the bulk
cohesive energies for the low-index orientations in diamon
(Table 1), it is evident that the least cleavage energy crite
rion does not explain the preferable cleavage al¢hfyl} )
planes since the cohesive energy {641 planes is 17% those for the ideal crystal. . . o
lower. The dynamic simulations with the bond-order poten- Theoretical str_eng_th properties of _d|fferent GB's with
tial demonstrate that the critical fracture stress §ot1)- (001) and(011) misorientation axes estimated from the dy-

oriented diamond is 20% higher than for tHel1) orienta- nap_ﬁic simulations are summarized in Table II' and Fig. 4.
tion even though the energy of the11) surface is lower Critical fracture stresses of sa}mples.wnh GB'’s are about
than that of thg{111) surface. This is related to the fact that 30-60 % lower than those for |<:!eal diamofielg. 4’, Table

the potential predicts thai-bonded chains, which signifi- II).OThe work for fracture for various types of GB's is 40—
cantly decrease the surface energy, form primarily only afte?o % Iqwer depe_ndlng_on the GB type than that faflal)

the interplane separation reaches the distance correspondil‘flg?al dlamond.orlentatlonTabIe 1. .

to the maximum stress. As a result, before the maximurr$/The theoretical fracture stress of a crystal according to the

FIG. 3. Stress-strain curves for{(a11)-oriented ideal diamond
sample and for samples containif=5(130 and 3=41(450
GB'’s.

‘_&=41(450) GB are shown in the figure. The fracture stresses
and strains for the bicrystals are significantly lower than

stress is reached, the bonds behave as if they are pure ovar’1 criterior’” depends on the cleavage energy
single bonds. While physically plausible, accurate first- oung’s modulust, and the mterplana_r spacirg, in the_ .
principles calculations of the fracture dynamics are required‘”Stressed state.of the planes perpendicular to the tensile axis
to further characterize simultaneous bond rupture anahrough the relation

m-bonded chain formation during cleavage ofGl1) ori- _ 12

ented diamond crystal. Thus, the least critical tensile stress Tmax= (Eylag) ™ v

obtained with the bond-order potential, in principle, explains.l.h. . .
is expression assumes that the energy required to break
preferable cleavage fod.1]) planes as compared @11 Fhe bonds is provided by the stored elastic energy in the

planes. Dynamic simulations with the bond-order potential . o

. region nearby the fracture plane. Although it is well estab-
also demonstrate that the work for fracture is 30% lower for,. . ; . .
(111 planes in comparison wit011) planes, and 60% lished that the magnitude of the ideal breaking strength is

lower than that for(001) planes(Table 1. Thus, the least generally overestimated by Orovan'’s relation by up to a fac-

work for fracture for the(111) plane is also consistent with
experimental observations. 300
It should also be noted that first-principles calculations
suggest that the lowest energy among the low-index faces is
for the reconstructed111) surfacé* involving formation of .
seven-five member rings on the surface. If this surface recon- 200 . —
struction occurs simultaneously with bond breaking along "
the (111 surface, it could significantly decrease the work for
fracture for the(111) plane. First principles calculatioifs 100 £
also demonstrate that among low-index hydrogenated sur- _\ Stress A
faces the(111) surface is more energetically stable. Thus C N \\-\ﬁ/ 7
atomic hydrogen can also, in principle, decrease the work for . Suaine— 120
fracture for(111) planes. O LT e L
0 20 40 60 80

2. Individual grain boundary strengths 0 (degrees)

Fracture Stress (GPa)
|
Fracture Deformation (%)

Some typical stress-strain curves obtained from dynamic FIG. 4. Fracture stresses and straing@d1) tilt GB's in dia-
simulations of ideal diamond and systems containing GB’smond. (a) Values obtained from molecular-dynamics simulations
are illustrated in Fig. 3. The stress-strain curves for the shorttopen circley and fracture stresses evaluated from the Orovan cri-
period special 2=5(130 GB and the long-period terion(solid circles.
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FIG. 5. Close up view of fracture initiation and propagation
within the 2 =25(340) GB in diamond.

tor of two® the Orovan criterion has nonetheless been used
to investigate the relationship between maximum stress and
cleavage energies of GB’s. Fracture stresses of GB’s calcu-
lated with the Orovan criterion are given in Fig. 4. The quan-
titative difference between the results of atomic simulations FIG- 6. Surface structures after cleavagg Cleavage along the
and the analytic approach is not surprising. However, as cafi~ 1497100 GB; (b) cleavage along th =5(013) GB; (c) cleav-
be seen from Fig. 4, there is little qualitative correlation be-29€ along the=27(255 GB.

tween maximum stresses calculated from Orovan’s criterion
and those obtained from dynamic simulations. This is due to
the specific mechanism of fracture initiation within a GB. At 1. Ideal crystals

the critical local stres@which is several times higher thanthe  As it was outlined above, thél11) plane is the experi-
applied stress nucleation of microcracks occur within the mentally preferred cleavage plane in diamdndithough
dislocation cores at the GB that are initially under tensionother cleavage facets have been also obsetfvpdrticularly
[Figs. 5a) and §b)]. This is followed by bond breaking the (110 plane. Because diamond is a brittle material, it is
along the interfac¢Figs. 5c) and §d)]. Thus Orovan’s cri- expected that the Griffith criterion can predict relatively ac-
terion cannot be used to accurately estimate theoreticalurate critical stresses for bulk cleavage for samples with
strengths for GB’s in diamond because of ti@uniformity  pre-existing cracks. Prior estimates of surface enetdiem
of the cleavage energy distribution along the interface. simple bond-scission analyses suggest that{i1ié) surface
Structures of the surfaces after cleavage are illustrated ihas the lowest surface energy followed by tti€d0) and
Fig. 6. Fracture surfaces for t=5(013) GB are rougher (100 surfaces, respectively. Based on this cleavage energy
than those of highe¥, GB'’s. This indicates a higher work for ranking for low-index facets, from the Griffith criterion it
fracture for theX=5(013) GB in accordance with results in follows that the critical stress of a crack propagation is mini-
Table I. Thus, critical local stresses rather than GB cleavagmal for the(111) plane, what corresponds to the experimen-
energies define theoretical strengths of different types ofal observations. However, as it was discussed above, simple
GB'’s. Evidently, the maximum local stress depends on théond-scission evaluations are inconsistent with the surface
intrinsic stresses in the vicinity of a GB that is enhanced byenergies obtained from the DFT-LDA calculations as well as
external stress when load is applied. Additional analysis izising the bond-order potentigéee Table ll. The critical
required to establish the correlation between the critical locastresses calculated from the Griffith equation using surface
stresses, applied load, and GB structure that defines the ienergies and elastic properties from the analytic potential are
trinsic GB stress. reported in Table Ill. These values predict a 23% higher
It can be concluded that the relative theoretical strength o€ritical stress for crack propagation along ttil1) plane
a GB is determined by its type. For example, these simulacompared to thé110 plane. This trend is maintained with
tions have shown that certain short-peri@@1) symmetrical  surface energies taken from the DFT/LDA calculatigsse
tilt GB, namely theX=1 (#=0° and 90jJ, 2=5(012(¢  Table IlI).
=36.879, and 2=5(013)(#=53.139, possess about a 30%  To explore the reason for the discrepancy between the
higher critical stress and 30% higher work for fracture thanexperimentally observed cleavage planes and the predicted
GB'’s in the nearby misorientation rang&able Il, Fig. 4.  critical stresses from the Griffith criterion in Table I, simu-
Fracture strength is also higher for the speRiad9(122) GB lations of crack propagation withifi11), (110), and (100
than for other two GB'Y2=27 andX=81) with (011) tilt planes were performed. The model system for this set of
axes, which were also studi€d@able Il). This result is con- calculations is illustrated in Fig. (). The simulations
sistent with physical properties of special GB’s in metals andyielded critical stresses for th&10 and (100 surfaces that
ceramics that can be significantly different from those forare 4% and 15% higher, respectively, than that for(ftiel)
other GB'’s in the nearby misorientation range® surface. This is consistent with experiment, but inconsistent

C. Crack propagation
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TABLE IlI. Critical stresses for intergranular crack propagation of an initial crack 30 A long obtained
from molecular dynamic simulations with the bond order potentig),§) and calculated from the Griffith
criterion using cleavage energies obtained with the bond-order poteatigl{r) and DFT-LDA calcula-
tions (og(Lpa)): toughness calculated from BOP cleavage energies(2E y) Y2 toughness from dynamic
simulationsK yp = oy p (7l )*?

0 Boundary OMD OG(BOP) OG(LDA) K Kmp
degrees s, plane (GP3 (GP3 (GPA) (MN/m3?) (MN/m®?)
1 (111 44 51 54 5 43
(001) STGB:
0.0 1 (110 (001 46(48)2 37 48 3.7 4.3
(110 (011) 5056 37
12.68 41 (450 27 29 39 2.8 2.6
36.87 5 (120 46 37 42 3.6 45
53.13 5 (1308 54 42 46 41 5.2
(130)z 36 42 45 41 35
bulk (130 50° 53 5.1 4.9
73.74 25 (170 38 44 44 43 3.7
90.0 1 (100 51 61 56 5.9 5.0
(011) STGB:
13.44 73 (166 27 2.6
31.59 27 (255 32 38 3.7 3.1
38.94 9 (122 38 42 4.1 3.7
dCrack propagation along th€001) direction, with and without(values in brackejsconjugated bond
formation.
®Crack propagation along th€011) direction, with and without(values in brackejsconjugated bond
formation.

‘Crack deviated from &13 plane to a001) plane.
dCrack deviated from the GB plane to(&11) plane.

with the Griffith evaluation using the surface energies. Dedial predicts that bond rupture must be almost completed
tailed analysis of the dynamics revealed that this inconsisbefore significant energy stabilization can be realized from
tency is a result of ‘r-bonding chemistry” of bond breaking =-bond formation. This leads to the similar critical stress for
in the (110 plane. The structure of the crack tip for a crack crack propagation for this orientation relative to other low-
in the (110 plane is illustrated in Fig. 7. Each step of crack index planes despite the other planes having higher surface
propagation requires breaking bonds between two rows ofnergies. This effect, while qualitatively captured by the

atoms; the numbers 1 and 2 indicate these rows in Fig. Tmany-body features of the analytic potential, should be con-
The structure of the resulting surface is such thdionded  fi;meq by first-principles-based dynamic simulations.

chains can form bgtwegn atom; in the rows denc_)ted by the Two directions of crack propagatiofp01) and (011),
numbers 2 and 3 in Fig. 7. This produces relatively |°W'have been also modeled for a crack inserted alorigl8)
"’Wfane. It was found that the critical stress for crack propaga-
tion in the(001) direction is 11% lower than that in tR811)
direction. These two directions are not equivalent; the dis-
tance between arrays of broken bonds at each step of crack
front propagation is different, as well as the relative orienta-
tion of the crack front and arrays of atoms formingoonded
chains. Thus, simulations predict that within the same cleav-
age plane there can be directions with different resistances to
crack propagation.

In summary, the study of bulk cleavage along low-index
facets in diamond revealed that formal use of Orovan’s cri-
terion for the theoretical strength and the Griffith criterion
for the critical stress of crack propagation give a ranking of
the strengths for low-index facets that is inconsistent with the
experimental observations. In particular, from these evalua-
tions it follows that{011 planes should be the planes of

FIG. 7. lllustration of the atomic structure of a crack tip for a preferred cleavage rather théiil 1} planes. This is due to the
crack propagating along @10 plane in the(010) direction. fact that the surface energy, used in the Orovan’s and Griffith

age within the(111) and (100 planes. However, the poten-
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criteria, is lowest for thg011} planes in diamond as con- L L NN BRI IR
firmed by the DFT-LDA calculationgas well as using the 60
bond-order potential However, dynamic simulations, par-

ticularly with the bond-order potential, give a ranking of =

strengths of low-index facets that is consistent with experi- 5 40 .
ment. As discussed above, this is due to the-bonding ~ *
chemistry” contribution to the failure mechanisms for cova- o .

lent materials with strongr bonding. In general, can be con- 20

cluded that for the evaluation of the strength of covalent

materials along orientations where simple bond-scission

analysis can not be appligds along th€011) orientation in 0

diamond, the bond strengths should be obtained from the

simulations rather than using criteria involving surface ener-

gies. Fracture modeling of diamond samples with low-index £, g critical stresses for crack propagation witkd1) tilt

orientations using a tight-binding approach is currently ingp's obtained from molecular dynamics simulatidsslid circles

progress. and calculated from the Griffith criteriofopen circles For theX,
=5(013) GB critical stresses for a crack propagation within two
GB models with straights) and zigzagz) arrangement of structural

2. Individual grain boundaries units are shown.

T T ‘ T T T ‘ T
| L1 1 I ‘ L

| —— ‘ L1 1 ‘ Ll | i 1| ‘ i
0 20 40 60 80
B(degrees)

To explore the dynamics of intergranular crack propaga-
tion, a series of simulations were carried out in which a crackCritical stresses obtained in dynamic simulations for these
was inserted into a grain boundary and the system waspecial GB’s exceed those calculated from the Griffith crite-
strained in the direction perpendicular to the notch until therion. In addition, it was found that the critical stress for crack
crack began to propagate. Two sets of simulations were rumpropagation along th&=5(013) GB with a zigzag arrange-

In the first, which included a total of nine GB’s at various ment of dislocation cores is about 30% lower than that for
misorientation angles, the notch was initially placed com-the structure with a straight arrangement of dislocation
pletely within the GB plane. An example of one of thesecores?® The difference in GB resistance to crack propagation
simulations is illustrated in Fig.(h). In the second set of for these two models likely originates from the different ori-
simulations[Fig. 1(c)], the angle of inclination of the GB entation of bonds within these GB'’s relative to the notch. In
plane relative to the notch plane was varied from approxithe GB with the zigzag arrangement of structural units, the
mately 10° to 80°, and 4-5 different configurations for eachbonds are almost perpendicular to the direction of crack
GB were modeled. The grain with a preexisting notch waspropagation, while in the GB with the straight arrangement
oriented relative to the applied strain so that crack propagasf structural units bonds are more elongated along the crack
tion was initiated in either in th€011) or (001) planes. plane and therefore are more resistant to bond rupture.

An example of one of the simulations in which the strain  The second series of simulations discussed in this section
was applied perpendicular to the GB plane is illustrated irwere carried out to explore the possibility of a planar crack
Fig. 1(b). The cracks propagated within the GB plane in allchanging its path as it propagates from one grain to another.
systems studied except the=9(122) GB for which the This can result in the absorption of additional energy and a
crack deviated to thél11) plane inclined to th€122) plane  resulting toughness of the polycrystalline system that is
at 15°. In each case the cleavage surfaces were flat arfdgher than single crystals. The simulation setup for this set
formed without debris. Critical stresses for intergranularof calculations is illustrated in Fig.(@). Four GB’s,%=41,
propagation of an initial crack 30 A long obtained from the 2=5, =27, and%=9, have been studied.
simulations are illustrated in Fig. 8 and summarized in Table In general, when a crack reaches a GB, it can propagate
[ll. For comparison, critical stresses obtained from the Grif-within the GB (intergranular fracture or penetrate into the
fith criterion using GB cleavage energies and Young'ssecond grain(transgranular fractuje Within the second
moduli calculated with the bond-order potentitbom Table  grain, the crack can keep moving in the initial direction of
II) are also presented in Fig. 8. It is evident from the figurepropagation or deviate into the easier cleavage plane. These
that the dependence of critical stress on misorientation igvents depend on the GB cleavage energy, relative bulk co-
similar for both approachesthe maximum difference is hesive energies of the first and second grains, and the incli-
about 20%, especially given that a variety of additional fac- nation angle of the GB relative to the initial crack propaga-
tors may influence the simulation, including system sizefion plane!’ To maintain crack propagation as the crack
nonlinearity of interatomic interactions, and different tip ra- transverses the boundary and deviates to the preferred cleav-
dii. This suggests that GB cleavage energy is a major paranage plane, the applied load must be increased because there
eter defining GB resistance to crack propagation. is a change of a pure mode | crack propagation to a mixed

Critical stresses for crack propagation within GB’s aremode. This increases the toughness of the material. If the
about 30—-40 % lower than those for an ideal crystal exceptrack deflects onto a weak GB, the net resistgtmeghness
for the 2=5(012 and 2=5(013 special GB’s, where the increases due to an increase in the actual fracture surface
maximum stresses for crack propagation are close to tharea.
stresses for crack propagation in ideal samlesble IlI). Figures 9 and 10 show representative snapshots of cleav-
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o11)

011)

¢ d
. d

FIG. 9. lllustration of the fracture surfaces resulting from propa-
gation of a crack inclined at different anglesto 3 =41(450)
GB plane.(a) a=0°, G(a)/G(0)=1, Ry(GB)/Ry(GB)=1; (b) «
=12.7°, G(a)/G(0)=0.97, R, (GB)/Ry(011)=0.43; (¢) «a
=57.7°, G(a)/G(0)=0.61, Ry(GB)/Ry(001)=0.32; (d) «
=77.3°,G(a)/G(0)=0.4, Ry(GB)/Ry(011)=0.43.

FIG. 10. lllustration of the fracture surfaces resulting from
propagation of a crack inclined at different angles to X
=5(130Z GB plane. (@ «a=8.1°, G(a)/G(0)=0.95,
Ro(GB)/Ry(001)=0.75; (b) a=36.9°, G(a)/G(0)=0.83,
Ro(GB)/Ry(011)=1; (c) a=53.1°, G(a)/G(0)=0.6, Ry(GB)/
Rp(011)=1; (d) «=81.9°, G(a)/G(0)=0.35, Ry(GB)/Ry(011)
=0.75.

age surfaces after crack propagation in systems Wil
and>=5(001) tilt GB’s. Unless an angle between a primary

crack plane and a GB is smdfigs. 93), 9(b), and 10a)], éhe molecular dynamic simulation results indicate predomi-

the crack tends to cross the GB. A simple analysis of th " ¢ | de of fract . | alli
condition for intergranular crack propagation can be carried' 2"ty @ transgranuiar - mode of fracture in polycrystatiine

out following Lawn!’ The condition for a crack initially in diamond.
pure mode | to deflect into a GB in a mixed mod¥ is

tilt GB’s it has been observed that cracks tend to exhibit
transgranular propagation mainly alof@jll) planes. Thus

3. Complex microstructures

Simulated crack propagation in a system containing a net-
G(a)/G(0)>Ry(GB)/Ry(G1), (3 work of (011) GB's is illustrated in Fig. 12. Among the GB’s

where a is the misorientation angle between the initial
crack and GB planesR,(GB) is the work of adhesion of !
the GB, Ry(G1) is the bulk cleavage energy of the grain 15 | ]
containing the initial crack propagation, aGd«) andG(0) I ]
are mechanical-energy-release rates that depend on the angle
between the crack and the direction of applied load. Values
of G(a)/G(0) and Ry(GB)/Ry(011) for severak001) tilt

GB'’s as functions of GB misorientation angteare plotted

in Fig. 11 for a crack initially propagating in &011) plane. I
The value ofRy(011) (the cleavage energy ¢011) plane$ [
was calculated by the Griffith formula using the critical or
stress obtained from a molecular-dynamics simulation of

crack propagation within a(011) plane. The ratio

G(a)/G(0), calculated for an isotropic case, was taken from g1 11, Relative mechanical-energy release Kafer)/G(0)
reference.’ If Ry(GB)/Ry(011) exceeds3(a)/G(0) for a  (open circlesand relative crack resistance eneRiy(GB)/Ro(011)
given GB (Fig. 11), intergranular crack propagation as the (solid circleg as functions of GB misorientation angte Calcula-
crack reaches the GB is expected. The results of moleculajons are carried out for a preexisting crack inserted withi® 1)
dynamic simulations in Figs. 9 and 10 correspond reasonablylane. Every GB is inclined to a preexisting crack at angle
well to these rough estimations. In crystals containiagl =min{6;90°— 6}.

R/Ry(G/G,)

0 20 40 60 80

O(degrees)
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culated with both density-functional theory and the bond-
order potential.

It was found that the theoretical fracture stress of indi-
vidual GB’s is defined primarily by GB type rather than by
GB cleavage energies. In particular, special GB’s possess
higher theoretical fracture stresses than GB’s in the nearby
misorientation range. The mechanism of interface failure is
not that implied by the Orovan criterion, which assumes uni-
form distribution of the stored energy along a GB plane and
therefore simultaneous breaking of all bonds along an inter-
face. Atomistic simulations demonstrated that failure is ini-
tiated within the dislocation cores at the interface when criti-
cal local stresses are attained, and then propagated from
these points along the interface.

Critical stresses for crack propagation within a GB ob-
tained from dynamic simulations were consistent with those
calculated from the Griffith criterion. Toughnesses of special
GB’s was about twice that of other GB’s. This is in agree-
ment with other studies and experiments on metals and
ceramics-1!

It was found that the chemistry of covalent materials may
significantly contribute to crack propagation and therefore to
failure mechanisms. In particular, the formationmbonded
chains after crack propagation alofiglO) surfaces signifi-
cantly reduces surface energies(f0) plane as compared
to other low index planes, although the various low-index
surfaces have similar stresses necessary to break the bonds.
To evaluate strength properties of covalent materials along
the orientations wherer-bonding reconstruction is signifi-
cant, the formal using of the Orovan’s or Griffith criterions
give incorrect strength properties. For these orientations
strength properties should be obtained through, for example,
dynamic simulations.

Crack propagation has been also studied in systems con-
taining GB'’s of different types with different initial orienta-
tions relative to the notch. In most cases transgranular crack
propagatlon was observed. From the balance of mechanical
energy release rate and relative crack resistance of a GB and
a grain, it was possible to make rough predictions of the

in the system, th&=27 andS=3(211) GB's possess the intergranular versus transgranular crack propagation depend-
ng on GB type.

lowest cohesive energy and are therefore considered Wea'k
In addition to a crack propagating from a notch, another
crack originated at the intersection of the=27 GB with a

FIG. 12. lllustration of the fracture surfaces resulting from
propagation of a crack in a realistic microstructure. Different initial
configurations of a notch relative to the system are explored in the
simulation sets.
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IV. CONCLUSIONS
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