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Abstract. Molecular dynamic modelling of seed cracks evolution in iron bicrystals with inclined grain boundaries under uniaxial expansion was carried
out. The process of seed crack evolution can be divided into four stages. At the first stage, in the interval of elastic deformations, the seed crack is
stationary, and the stresses increase linearly, reaching a maximum value of ~7.0 GPa. At the same time, the atomic volume and stresses at the crack
tip before its opening grow significantly faster than the average for the sample. At the second stage, the crack begins to spread into the grain volume.
The process of crack propagation leads to an abrupt stress release due to relaxation processes in the areas adjacent to the crack banks and the emission
of defects from the crack tip. After reaching the grain boundary, the crack stops and blunts. At the third stage, the crack remains in the grain boundary,
and the sample stresses experience significant oscillations, which is caused by the emission of various defects both from the grain boundary and
from other interfaces. The emission of defects from the crack tip can cause local migration of the grain boundary, which is formation of a bend
on the initially flat surface of the grain boundary. When defects cease to be emitted from the crack tip, the voltage and atomic volume in this region
increase rapidly. At the fourth stage, the crack begins to spread into the second grain. It was found that a boundary with a large grain misorientation
angle is a more effective barrier restraining crack propagation. Initiation of the seed crack propagation in material is always preceded by an abrupt
increase in atomic volume and stresses at the crack tip.

Keywords: molecular dynamics, crack, excess atomic volume, iron, uniaxial tension

Acknowledgements: The work was performed within the framework of the state task of the Institute of Strength Physics and Materials Science, Siberian
Branch of Russian Academy of Sciences, project No. FWRW-2021-0002.

For citation: Kryzhevich D.S., Korchuganov A.V., Zol’nikov K.P. Interaction of cracks with grain boundaries in iron bicrystals. Izvestiya. Ferrous
Metallurgy. 2023;66(6):718-724. https://doi.org/10.17073/0368-0797-2023-6-718-724

B3AMMO/AEACTBUE TPELLUHbI C TPAHULEMN 3EPEH
B BUKPUCTA/INIAX KENE3A

JI. C. KpoikeBuu “, A. B. Kopuyranos, K. I1. 30/1bHUKOB

HuerutyT GU3UMKU NPOYHOCTH U MaTepuajioeaeHust Cudupckoro oraenenust PAH (Poccust, 634055, Tomck, np. Akagemude-
CKHid, 2/4)

B3 kryzhev@ispms.ru

AnHomayus. TIpoBeneHO MOIEKYIAPHO-THHAMUYECKOE MOICTHPOBAHIE YBOIMIONNH 3aTPABOYHBIX TPEIINH B OMKPUCTAIUIAX XKele3a ¢ HAKIOHHBIMHU
IPaHUIIAMH 3€pEH NPU OJHOOCHOM pacTshkeHuH. [TokazaHo, 4TO mpolecc HBOJIOLMHU 3aTPABOYHON TPEIIMHBI MOKHO Pa30OUTh HA YETHIpE HTara.
Ha mepBoMm sTame B MHTepBalle yHpyrux Ae(opManuii 3aTpaBodYHAs TPEIIMHA HEMOABIDKHA, a HANPSHKCHHS YBEIHYUBAIOTCS IO JIMHEHHOMY
3aKOHY, JIOCTHIasi MakcMMaibHoro 3Hadenus ~7,0 I'Tla. I1pu 3ToM atoMHbIH 00beM M HANpPSOKEHHs B BEPIIMHE TPEIIMHBI NEpell €e PaCKPhITHEM
PAcTyT CyIIECTBEHHO OBICTpee, YeM B CpeiHeM IIo oOpasiyy. Ha BTopoM sTame TpelnHa HaduMHAET PacHpOCTPaHATHCS B 00beM 3epHa. IIpomecc
pacnpoCTpaHeHUs! TPELUHbBI IPUBOAUT K CKAYKOOOpa3HOMY cOpPOCY HAINPSDKEHMS 3a CHET PeJIaKCAMOHHBIX MPOLECCOB B 00NACTSIX, MPUIIETAIOIINX
K OeperaM TpeNIMHBI, M SMUCCHH Je()EKTOB N3 BEPIIMHBI TPEIIUHBL J[OCTUTHYB IpPaHUIBI 3€peH, TPEIIUHA OCTAHABIMUBACTCS U 3aTyILIICTCL
Ha tperbeMm dTare TpelrHa ocTaeTcs B IpaHHULE 3ePEH, a HANPsDKeHHs: 00pa3iia HCIBITHIBAIOT CYIECTBEHHBIC OCIMIUISIINY, YTO BBI3BAHO IMUCCHEH
Pa3NIYHBIX Ae(EKTOB KaK U3 TPaHUIIBI 3¢PEeH, TaK U U3 IPYruX HHTep(delicoB. DMUCCHS Te(EKTOB U3 BEPIINHBI TPEIIUHBI MOXET BBI3BATh JIOKAIBHYIO
MUI'PALMIO IPAHULIBI 3ePeH, KOTOpast peACcTaBIsieT co0oi GopMHupoBaHUe U3rHda Ha M3HAYAJIBHO TIOCKOH MOBEPXHOCTHU rpaHuIbl 3epeH. Korna uz
BEPIINHBI TPEIIUHEI IEPECTAIOT HCITYCKaThCs Je(eKTh, TO HANPSHKCHHE M aTOMHBIN 00beM B 3TOi 0011acTH OBICTpO yBemmdauBaroTcs. Ha uetBeprom
JTare TPelMHa HAUMHACTCSl PACHPOCTPAHATLCS BO BTOpoe 3epHO. OOHApY)KeHO, YTO rpaHuULa ¢ OOJIBIINM YIJIOM Pa30pPUEHTAINH 3€PEeH SBIISETCS
6omee 3heKTUBHEIM 6apbepoM, CACPKUBAIOIIIM PACIIPOCTPAaHEHHE TpeImUHbL. [Toka3zaHo, 4TO HHUIMMPOBAHUIO PACHPOCTPAHECHHUS 3aTPAaBOYHON
TPELMHBI B MaTepHalie BCera MpeAIecTBYeT CKauKooOpasHbIi pOCT aTOMHOT0 00beMa M HANPSHKCHUH B BEPIINHE TPELUHBI.
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- INTRODUCTION

Numerous studies have been dedicated to investiga-
ting the fracture behavior of iron at the microscopic level.
The primary research objective was to ascertain how
the fracture processes in the material are influenced by
internal structural features such as defects, nanoparticles,
and grain sizes [1 — 4], along with the application of vari-
ous loading schemes involving boundary conditions and
loading rates [5], as well as different interatomic poten-
tials [6]. Grain boundaries (GBs) play an important role
in initiating and propagating fractures within the mate-
rial. The interaction between cracks and grain bounda-
ries is determined by several parameters, which can be
categorized into two groups [7]. The first group encom-
passes the type and rate of the applied load, crack para-
meters, in particular, length and distance from the crack
to the grain boundary, which influence stress concentra-
tion at the crack tip, serving as a driving force for dis-
location emission and motion. The second group comp-
rises grain boundary parameters, defining the resistance
level to crack propagation. Two predominant models are
commonly employed to describe the interaction between
cracks and grain boundaries. The first model, developed
and detailed in [8; 9], attributes the resistance of a grain
boundary to crack propagation solely to the orienta-
tion of an adjacent grain. This orientation determines
the positions of slip planes in the second grain and
the emission of dislocations in the corresponding slip
systems. In the second model [10; 11], the slip plane in
the adjacent grain is considered differently. Specifically,
the crack must alter the slip plane in the mating grain as
it crosses the grain boundary. This model introduces two
additional parameters determining the resistance value
for crack propagation: the grain boundary surface energy
characteristic of different types of grain boundaries and
the grain boundary tilt angle concerning the surface.

Crack propagation and fracture represent intricate
phenomena involving the rupture of atomic bonds and
the emission of dislocations from the crack tip. The linear
theory of elasticity posits that stress fields at the crack tip
are singular [12]. Atomistic modeling of fracture processes
offers a way to eliminate singularity and compute accu-
rate stress fields [13; 14]. In the context of brittle material
under loading mode /, we utilized molecular dynamics
to calculate stresses, local temperature at the crack tip,
and the emission of dislocations from the crack. Previous
works [15; 16] demonstrated that the initiation of partial

dislocations at the crack tip under shear load is signifi-
cantly influenced by temperature. Additionally, loading
modes /, 11, III, or their combinations in an iron single
crystal markedly affect crack behavior [13]. However,
the plasticity at the crack tip is determined by the crystal-
lographic orientation of the sample.

For the study of fracture evolution in materials with
a grain structure, it is crucial to identify specific features
of the interaction between cracks and grain boundaries.
Experimental investigation of crack interaction in mate-
rials with specific grain boundaries is challenging. Mole-
cular dynamics, however, provides an effective method
for exploring crack interaction with any grain boundaries.
Despite its efficacy, there are limited studies on iron bicrys-
tals, with the notable exception of the work [17]. This
study was devoted to the fracture resistance of symmetric
tilt grain boundaries in iron bicrystals with a seed crack,
revealing an inverse relationship between crack delay time
at the grain boundary and the grain boundary energy.

The aim of the present work is molecular dynamics
modeling of the peculiarities of interaction between
cracks propagating in the brittle mode and tilt boundaries
in iron bicrystals under uniaxial tension. We investigated
the influence of grain boundaries on the retardation and
arrest of propagating cracks, peculiarities of grain boun-
dary migration when interacting with the crack, as well
as the special features of changes in the excess atomic
volume and stress at the crack tip during its evolution and
interaction with grain boundaries in iron bicrystals.

[l MeToAb! MCCNEAOBAHMA

The simulated iron bicrystals comprised approxi-
mately 950,000 atoms and exhibited parallelepiped shapes
with edge dimensions of 27x40x10 nm (Fig. 1). In Fig. 1,
the edges of the grains on the right consistently followed
the directions X [120], ¥ [210], Z [001]. Notably, the grain
on the left side of the bicrystal was subjected to a rota-
tion about the Z-axis, with angles of either 10 or 20°. In
the simulated samples, the initial temperature was set
at 10 K. Free surfaces were set along the X-axis, and perio-
dic boundary conditions were applied along the Z-axis.
Non-deformable grips, consisting of three surface atomic
planes with a normal along the Y-axis, were configured and
moved in opposite directions along the Y-axis at 2.5 m/s
each, simulating uniaxial tension in the sample.

The interatomic interaction in iron was characterized
by a multiparticle potential developed within the frame-
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a

b

Fig. 1. Initial structure of a Fe bicrystal with grain misorientation 10° (a) and structure of the sample deformed by 16.3 % (b)
(green, blue and gray atoms have the nearest neighbors with FCC, BCC and uncertain symmetry, respectively;
orange — atoms across which the grain boundary passes)

Puc. 1. VcxonHast cTpykTypa OMKpuUCTaia )kenesa ¢ pazopueHTanueii 3eper 10° (a) u cTpykrypa odpasua,
nehopMupoBaHHOTO Ha 16,3 % (b) (3eI€HBIM, CHHHEM, CEpPBIM U OPAaHXKEBBIM Moka3aHb!l aroMsl ¢ ['LIK, OLIK,
HEONPE/ICICHHOW CUMMETpHEH OIKalIlIero OKpy)»XKeHHsl 1 aTOMbI, Yepe3 KOTopbie poxoauT I'3)

work of the Finnis—Sinclair approximation of the embe-
dded atom method [18]. The initial distribution of atomic
velocities in the sample conformed to the Maxwell dist-
ribution, with the initial direction of atomic velocities
determined using a random number generator. The inte-
gration step was set at 1 fs. Atomic volumes were com-
puted based on the construction of Voronoi polyhedra.
To identify local structural changes in the loaded sample,
the Common Neighbor Analysis pattern for each atom
was employed [19]. The tilt angle of the local lattice rela-
tive to the axis [100] was determined using the Polyhedral
Template Matching (PTM) algorithm [20]. Visualization
of the simulated crystallite structure was accomplished
using the OVITo software [21].

To compute the excess volume at the crack tip, a simu-
lated cylinder with a radius R = 1.2 nm was employed.
The crack tip was designated as one of the atoms
on the crack surface with the maximum coordinate
along the X-axis, and the cylinder’s axis aligned with
the Z-axis. To determine the atomic volume at the crack
tip, the cylinder was systematically shifted along the X-
and Y-axes, covering a range from —R to +R relative
to the crack tip atom, with an increment of 0.1R. The total
volume of atoms within the cylinder was calculated as
the sum of Voronoi cell volumes, and the maximum value
was selected. The excess atomic volume was defined
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as the disparity between the Voronoi cell volume and
the equilibrium atomic volume at the given temperature.
The average excess volume at the crack tip was computed
based on the excess volumes of atoms within the cylinder
with the maximum volume.

To calculate grain boundary around each atom, the tilt
angle of the local lattice from the X-axis was deter-
mined using the PTM algorithm. Atoms deviating from
the chosen axis by more than half the value of the grain
misorientation angle were considered part of the second
grain, while the remaining atoms constituted the first
grain. Through the loading process, atoms transitioning
from one grain to another were identified. The sample
volume (dV) through which the grain boundary migrated
relative to its initial position was determined as the total
atomic volume of these migrating atoms (Fig. 1, b).
The parameter for GB migration in the X-axis direction
was determined using the formula: L, = dV/S, where
S, is the cross-sectional area of the sample deformed
by the plane perpendicular to the X-axis.

[ RESULTS OF THE CRACK BEHAVIOR MODELING

The stress-strain dependencies for bicrystals with mis-
oriented grain boundaries of 10 and 20° are presented in
Fig. 2. Notably, the sample with a 20° grain misorientation
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fractures at a considerably higher strain, approximately
26 %. Despite the difference in fracture strain, the quali-
tative behavior of the curves for these two grain bounda-
ries is generally similar. The deformation curves in Fig. 2
reveal that the crack propagation process in bicrystals
unfolds in four distinct stages. Focusing on the detailed
analysis of the fracture evolution in the sample with a 10°
grain misorientation, the first stage occurs in the elas-
tic deformation range of 0 —4.8 %. During this stage,
the seed crack remains stationary, and stresses increase
linearly, reaching a maximum value of around 7.0 GPa.
The accumulated internal energy in this deformation range
is sufficient to rupture interatomic bonds at the crack
tip. Moving to the second stage, within the deformation
range of 4.8 — 5.2 %, the crack initiates propagation in
the first grain. As the crack advances, a stacking fault is
emitted from the crack tip, reaching the grain boundary
ahead of the crack (Fig. 3, @). The dislocation is emitted
into the second grain from the portion of the grain boun-
dary reached by the stacking fault. The process of crack
propagation results in an abrupt release of stress due
to relaxation processes in the regions adjacent to the crack
edges and the emission of defects from both the crack tip
and the grain boundary. Upon reaching the grain boun-
dary, the crack comes to a halt and undergoes blunting
(Fig. 3, b, ¢). During the third stage, the crack remains
within the grain boundary, and the sample stresses may
undergo significant oscillations. These oscillations are
attributed to the emission of various defects from both
the grain boundary and the free surface of the second
grain (Fig. 3, ¢). Notably, the emission of defects from
the crack tip during this stage leads to local grain bound-
ary migration in the vicinity of the crack, as clearly
depicted in Fig. 3, b and c¢. During the third stage of crack
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Fig. 2. Stress-strain dependences for the samples
with misoriented grain boundaries
10° (1) and 20° (2)

Puc. 2. 3aBrcUMOCTD HanpshKeHUI OT Jedopmariu
IS 06Pas3IoB ¢ pa3OpHEHTAIMEH TPaHHUI] 3epeH
10° (1) u 20° (2)

evolution, it is noteworthy that stresses distribute unevenly
across the sample as interfaces emit a substantial number
of defects. The overall sample stress tends to decrease with
increasing strain. However, if defects cease to be emitted
from the crack tip, the stress in this specific region starts
to rapidly grow, contrary to the decreasing trend observed
in the entire sample. The onset of the fourth stage involves
crack propagation into the second grain (Fig. 3, d), leading
to an abrupt release of stress throughout the entire sample.
Importantly, it should be emphasized that a boundary with
a significant grain misorientation angle acts as a more effec-
tive barrier, restraining crack propagation into the adjacent
grain and resulting in larger strain values.

c d

Fig. 3. Structure of the sample with grain misorientation 10°
at the strains 4.57 (a), 4.83 (b), 8.75 (¢) and 16.52 (d)
(green, blue and gray atoms have the nearest neighbors
with FCC, BCC and uncertain symmetry, respectively)

Puc. 3. Crpykrypa obpasua ¢ pazopueHranueii 3epex 10°
npu nepopmanusix 4,57 (a), 4,83 (b), 8,75 (¢) u 16,52 % (d)
(3es1eHBIM, CHHUM U cepbIM nokaszansl aromsl ¢ 'K, OLK
Y HEOIPEACICHHON CUMMETPHEH OIIMKAMIIIET0 OKPYKEHHS

COOTBETCTBEHHO)
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The simulation results demonstrate a clear correla-
tion between changes in crack length and variations in
stress and volume at the crack tip, as illustrated in Fig. 4.
The distinct stages of crack opening are evident, with
the crack propagating in discrete steps within the simu-
lated bicrystal. It’s important to note that the stress
release and subsequent increase during the first stage
of crack evolution are associated with the nucleation
and growth of a twin at the crack tip. The atomic volume
experiences a rapid increase during the first stage, rea-
ching an absolute maximum just before the crack ope-
ning (Fig.4). The crack opening during the second
stage results in a sharp drop in atomic volume and an
abrupt stress release. In the third stage, a flat region on
the curve is observed, reflecting the dependence of crack
length on stress at a strain of approximately 9.0 %. This
is associated with the crack opening along the boundary
of a small twin formed near the grain boundary. Before
the onset of the fourth stage, both atomic volume and
stresses at the crack tip increase rapidly and then decrease
as the crack opens into the second grain.

The simulation results further reveal that the interac-
tion of the crack with the grain boundary initiates active
migration of the latter (Fig. 5). This migration is most pro-
nounced in a narrow strain range from 4.5 to 4.6 %, during
which the distance between the crack and the grain boun-
dary diminishes from several lattice constants to zero. In
this case, the grain boundary undergoes substantial cur-
vature, with the portion above the crack plane migrating
towards the first grain, while the part below it shifts in
the opposite direction (Fig. 1, b). As the strain approaches
8.5 %, when the crack remains within the grain boundary,
migration slows down significantly. The abrupt crack-
ing of the grain boundary caused by crack propagation

-4 3.0
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Fig. 4. Dependences of stress (/) and atomic volume (2)

at the crack tip and length (3) on tensile strain
for the sample with grain misorientation 10°

Puc. 4. BaBucumoctu Hanpsokerus (/), aroMHOTo o0bema (2)
B BEPLIMHE TPELIMHBI ¥ AIUHbI TPELUHBI (3)
OT BEJIMYHMHBI PACTSHKEHHS JJIsl 00pasiia ¢ pasopuenraimeii sepex 10°
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at 8.5 % results in the migration of the grain boundary
back towards its initial position. The grain boundary
migration parameter exhibits oscillations, correspon-
ding to the emission of structural defects from the grain
boundary (Fig. 5). The growth rate of structural defects
is highest when the crack tip approaches the grain bound-
ary in the strain range of 4.0 — 4.5 % (Fig. 6). The grain
boundary migration induced by the interaction with cracks
is consistent with experimental findings obtained through
transmission electron microscopy [22; 23].

- CONCLUSIONS

The calculations have revealed that grain boun-
daries with a larger angle of misorientation in the iron
bicrystal significantly retard crack propagation, leading
to a prolonged presence of cracks in the intergranular

1.2 24
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1.0 b 1 20
0.8} 18
g 16 é
2 0.6 - - 14 -
< P 412
04 F 140
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1 1 1 1 1 1
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0 2 4 6 8

g, %

10 12 14 16

Fig. 5. Dependence of grain boundary migration parameter (/)
and crack length (2) on strain
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Fig. 6. Dependence of fraction of atoms in structural defects (/)
and crack length (2) on strain
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region. In a bicrystal with a greater grain misorienta-
tion, the crack propagates a considerable distance along
the grain boundary before transitioning into the second
grain. It was observed that the initiation of seed crack
propagation in the material is consistently preceded
by an abrupt increase in atomic volume and stresses
at the crack tip. The commencement of crack propaga-
tion invariably results in a sharp decrease in stress and
atomic volume at the crack tip in the simulated bicrystals.
Following the arrest of the crack by the grain boundary,
both atomic volume and stress at the crack tip experience
a subsequent increase. The interaction of the propagat-
ing crack with the grain boundary induces the migration
of the grain boundary. Notably, grain boundaries exhibit
the most active migration when the crack tip region is in
contact with the grain boundary, particularly in the strain
range where the crack tip comes in contact with the grain
boundary.
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