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Buausinue ckopoctu geopMalU M TeMIEPATYpPbl HA HANIPSZKEHUE Y BEPLIUHBI
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Brusnue cxopocmu oegpopmayuu u memnepamypel Ha HaAnpsdiceHue y 6epuiunbl mpeujunsl U paszeu-
mue MUKpocmpykmypul 601U3U pacnpocmpanaouelics mpewjutsl 6 MOHOKPUCTANIUYECKOM HUKele
UCCne008anU ¢ NOMOWbIO MOOETUPOSAHUS MEMOOOM MONEKYIApHOU Ounamuku. Mccredosanu koppe-
JAYUIO MeACOy pazsumuem MUKpoCmpyKmypul u noiem HanpsajiceHutl y eepuiunvl mpeujunslt. Pe3ynb-
mamul NPOOEMOHCMPUPOBATU, UMO XAPAKMEPUCMUKA PACHpeOesieHUs HANPSNCeHULl ) GepUulliibl
mpewjunsl U OUHAMUKA PACRAPOCIMPAHEHUS MPeWunbl MEeCHO C6A3AHbl C PA3GUMUEM MUKDPOCHPYK-
mypul, 00yC1081€HHOI U3MeHeHueM cKopocmu depopmayuu u memnepamypul. [Ipu nuskux ckopocmu
Odegpopmayuu u memnepamype mpewjuna pacnpoCmpansemcs no Mexamusmy Xpynkozo paspyuenus
Oe3 6030elicmeus Ha U3MEHeHUe PACNONIONCEHUs. amomos y ee eepuiunsl. Konyenmpayus nanps-
JiICeHUll 8O3HUKAem )y GepuiuHbl pacnpocmpansiowelics mpewunsl. Pacnpocmpanenue mpewunol
Xapakmepusyemcs nocmenenHbiM nepexo0omM Om XpYNnKo2o paspyuienus K NiacmudHomy c yeelu-
uenuem memnepamypol u ckopocmu Oeopmayuu. Makcumanvhoe nanpaxcenue conposo#cOAemcs
pazeumuem MuKpoCmpyKmypbl y 6epuitibl Mpeujubl.

Knrwouesvie cnoea: BepHa TPEUIMHBI, ATOMHOE HAIPSDKEHHUE, PA3BUTHE MUKPOCTPYKTYPHI,
MOHOKPHUCTAIIIMYECKUI HUKEIb, MOAEIUPOBAHUE METOJIOM MOJIEKYJIIPHON JAMHAMUKH.

Introduction. The mechanical response of materials subject to applied stress is
controlled by atomistic mechanisms in the vicinity of stress concentrations such as crack
tips. Crack tips represent mathematical singularities for the stress distribution, providing
local large interatomic forces that form the seeds for macroscopic failure [1, 2]. Crack tip
behavior in metals is among the most basic problems in mechanics of materials. A material
exhibits intrinsically brittle behavior if an existing crack can propagate along certain
crystallographic planes in a cleavage manner, whereas ductile fracture occurs when there is
plastic deformation at the crack tip. The plastic processes at the crack tips, including
dislocation emission, void nucleation, twinning, etc. have a pronounced effect on the crack
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propagation and stress distribution around the growing crack. When a pre-cracked crystal
deforms plastically in the crack tip region within a certain range of temperature and strain
rate, inhomogeneous dislocations are generated as a diverse form in the crystal [3]. At the
macroscale, the strain rate and temperature effects have been studied for many ductile
metals [4-7]. At the atomic scale, the response of fracture in the crystal metals to the strain
rate and temperature is a complicated phenomenon, involving many micromechanisms,
such as dislocation motions [8—10], twins [11-13], stacking faults [13], slip [14, 15], etc.
This microstructural evolution of atoms around the crack tip may result in a change of the
stress field around the crack tip and severely affect the fracture properties of material, such
as the twins and dislocation slip, which may be considered as a contributing deformation
mechanism and significantly affect the crack propagation [16]. At present, atomistic
simulations have proved to be a useful tool for studying the crack tip plasticity and fracture
properties of materials by investigating atomistic configuration and stress field around the
crack tip from an atomistic standpoint [17-20]. Moreover, atomistic simulations of fracture
events have produced observations that resemble characteristics at the macroscopic scales
and yielded an important finding from atomistic simulation is that atomic stress plays a
controlling role in nanoscale fracture [21-24]. Considering the strain rate and temperature
have a significant effect on the crack tip plasticity and atomic stress field at the atomic
scale, it is believed that the apparently large discrepancy among the crack tip plasticity and
stress field exists at different temperatures and strain rates, which results in different crack
tip microstructures and nanoscale fracture mechanisms. Therefore, it is necessary to
investigate the effect of temperature and strain rate on the stress field and microstructure
evolution near the crack tip, and it is also essential and important for understanding the
nanoscale fracture properties at different strain rates and temperatures.

In this paper, we carry out molecular dynamics (MD) simulations to investigate the
internal microstructure evolution and atomic stress distribution near the crack tip during
crack propagation at different strain rates and temperatures. The objective of the present
work is to characterize the influence of strain rate and temperature on the stress and
microstructure evolution near the crack tip during crack propagation, as well as to
determine the relationship between the change of the stress field near the crack tip and
microstructure evolution at different strain rates and temperatures. Meanwhile, it also offers
an explanation for the influence of the internal microstructure evolution on the crack
opening displacement.

1. Atomistic Model and Simulation Process. In this work, we perform a MD
simulation to investigate the effects of temperature and strain rate on crack tip stress and
microstructure evolution of a growing crack in a pre-cracked single crystal nickel. The MD
simulation describes motions of all atoms in a system by numerically solving Newton’s
equations and determines the material property by the inter-atomic potentials. For face-
centered cubic (fcc) metallic materials the embedded-atom-method (EAM) is one of the
most popular inter-atomic potentials [25, 26]. The EAM potential proposed by Mishin et al.
[27] is used here to simulate failure process of a pre-cracked single crystal nickel,
considering that this potential is lucrative for description of the bonding in metallic systems
and gives a reasonable simulation of fracture and damage. In this MD simulation, a
constrained three-dimensional model is employed for the study of crack propagation and
failure process in fcc single crystal nickel at various temperatures and strain rates. The
geometry of the crack propagation system is shown in Fig. la.

The crystal has a cubic orientation (i.e., X —[100], ¥ —[010], and Z—[001]). The
crystal dimension in the X-axis is chosen to be sufficiently large so that steady-state crack
propagation is obtained during MD simulations. The atoms in the top and bottom layers,
which have a thickness of potential cut-off distance, are fixed. Periodic boundary conditions
are formulated in the X and Z directions, and non-periodic boundary conditions are applied
in the Y direction. In the model (Fig. 1a), a single crack is inserted into the center of crystal
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by removing atoms, the size of the model is 150ax100ax 6a (528 A x352 A x21.12 A),
while the initial crack length is equal to 10a (35.2 A), and its width — to the lattice
constant of nickel @ (¢ =3.52 A). The initial atomic configuration near the crack tip is
shown in Fig. 1b. To study the effects of strain rate and temperature on the stress and
microstructure evolution near the crack tip during crack propagation, we set up four
different strain rates 1-108, 2-108, 5- 108,and 1-10° s~! and four different temperatures

5, 100, 300, and 500 K, respectively. At the start of simulation, this atomic system is
relaxed using the conjugate gradient method to reach the minimum energy state. Then the
relaxed system is stretched in the Y direction by an incrementally displacement loading
every 20 ps, by keeping the top and bottom boundaries parallel. The deformed configuration
of the system is computed by the MD simulation, which is carried out by integrating
Newton’s equations of motion for all atoms using a time step of 1-107 5 5. The open

source MD code LAMMPS [28] and the AtomEye visualization tools [29] are used in the
atomistic simulations.
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Fig. 1. Atomistic model: (a) sample geometry of a fcc single crystal nickel containing a single
centered crack and (b) initial atomic configuration.

To study the nanoscale fracture behavior and analyze the atomic stress fields near the
crack tip in the process of fracture, the atomistic stress definition is employed in this work.
The atomic stress at an atom i is a stress quantity at the atomic scale. This is the strength
measurement of the interatomic interactions of the atom with its neighboring atoms. This
atomic stress tensor is defined in the component form by the following equation [30]:

1 N
O (== 2 fu (i ). (1

bjR()
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4
where Q; is the volume of atom i (Q; = gnR? , R; is the radius of atom i), N is the

number of atoms in a region around atom i within the EAM potential cut-off distance
(which is 4.80 A for Ni), f,, (i, j) is the vector component form of the interaction force
exerted by atom j to atom i, whereas rg (i, j) is the vector component form of the relative
position from atom ; to atom i

Taking an average value over the volume around atom i within the potential cut-off
distance, the average atomic stress tensor 0,4 for atom i is given by [31]:

1 N
Oup(i)=— E:Gaﬁ ) Q)
N &

2. Simulation Results.

2.1. Effect of Strain Rate on the Crack Tip Stress and Microstructure Evolution.
Figure 2 presents a detailed observation on the stress distributions and atomic configurations
around the crack tip for four different strain rates at 5 K. When the crystal is stretched to
the same amount of strain €= 0.07 at four different strain rates, the crack tip atoms exhibit
different configurations and stress levels. For a lower strain rate (1- 108 s71 ), the crack is

extended at a considerable distance and approaches fracture. The stress is concentrated
directly at the crack tip without inducing the change of atomic configuration as shown in
Fig. 2a. At the strain rate of 2- 10% s7!, the atomic configuration and stress distribution at

the crack tip are similar to those at a lower strain rate of 1- 10% s™!, but the crack length is

smaller and the peak stress value at the crack tip is lower (Fig. 2b). With the increase in the
strain rate, it is found that the crack propagation increment at a lower strain rate of
2-10% s7'is larger than those at higher strain rates (5- 10% and 1-10° s_l), while the peak

stress at the crack tip is also higher, as shown in Fig. 2b—d. Moreover, it is also observed
that the change of atomic configuration at the crack tip at a higher strain rate when the
strain reaches the same value ¢ = 0.07, the crack tip blunting occurs ahead of a growing
crack due to the dislocation emission at a higher strain rate of 1- 10° s™!. This reveals that

the crack tip microstructure evolution is easier to occur at a higher strain rate when the
strain reaches the same value. As it was observed above, at lower strain rates the crack
propagation occured by the brittle mechanism without inducing any microstructure evolution
in the single crystal nickel at 5 K. The stress is always concentrated at the crack tip of
growing crack through the crack propagation process. With increase in the strain rate, the
crack propagation behavior exhibits a gradually developing transition from brittle to ductile
pattern, the dislocations are emitted at the crack tip and induce the crack tip blunting, while
the peak stress occurs in the crack-blunting region surrounding the crack front.

2.2. Effect of Temperature on the Crack Tip Stress and Microstructure Evolution.
For the loading time of #= 360 ps, Fig. 3 shows the crack propagation states, stress
distributions and microstructure characteristics near the crack tip at the same strain rate of
2-10% s7! and different temperatures. At the temperature of 7=5 K, the stress

concentration occurs at the crack tip without inducing any microstructure evolution, as is
shown in Fig. 3a. When the temperature is increased, the ability of atomic motion is
enhanced, and dislocations become more mobile due to the thermal activation, whereas the
atomic configuration is also changed at elevated temperature. At 7 =100 K, the atomic
configuration near the crack tip is changed, a void is formed where the atomic tensile stress
has the highest value at a certain distance ahead of the crack tip, this peak stress being
accompanied by the appearance of the void at the location of the stress concentration
(Fig. 3b). At 7= 300K, it is observed that numerous dislocations are emitted ahead of the
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Fig. 2. Contour plots of the atomic tensile stress distributions and microstructures near right hand
crack tip at strain ¢ =0.07 for different strain rates: (a) 1- 108571, (b) 2- 108 571, (c) 5- 108 571,
(@ 1-10° s~ L.

crack tip, which dislocations hinder the crack propagation along the original direction. It is
recognized that atoms in the region of microstructure evolution have significantly higher
stress and energy values than bulk atoms, whereas the crack is expected to propagate along
the direction where the newly created surface energy is the lowest, so the crack propagation
deviates from the original direction as shown in Fig. 3c. When temperature is further
increased, the atoms near the crack tip emit a larger number of dislocations and induce the
crack tip blunting at 7= 500 K. The crack propagation becomes slower at a higher
temperature of 7= 500 K due to the crack blunting surrounding the crack front. The
concentration of the atomic tensile stress occurs in a blunting region ahead of the crack tip,
and the peak stress is about 17 GPa as shown in Fig. 3d. The analysis of the microstructure
characteristics testifies that the temperature change induces the microstructure evolution
(dislocation generation or void nucleation) at a certain distance ahead of the crack tip.
Simultaneously, the microstructure evolution induces the variation of the stress field around
the crack tip. Figure 3 shows a one-to-one relationship between the stress distributions and
microstructure characteristics near the crack tip at different temperatures. These are plots of
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Tensile stress distribution Microstructure near right hand crack tip

Fig. 3. Contour plots of the atomic tensile stress distributions and microstructures near right hand
crack tip at loading time of =360 ps and different temperatures: (a) 7 =5K; (b) 7 =100 K;
(¢) T =300K; (d) T =500 K.

the stress field and microstructure evolution at different temperatures illustrating different
crack tip plasticity and crack propagation process. There is a gradual change of influence
from dislocation non-generation at 5 K to the void formation and crack tip blunting
surrounding the crack front with increasing temperature.

2.3. Crack Opening Displacement at Different Strain Rates and Temperatures.
Crack opening displacement (COD) is an important aspect for understanding the crack
growth and fracture behavior. In order to show quantitatively the strain rate and temperature
effects on the crack resistance and crack propagation dynamics, COD is calculated at
different strain rates and temperatures. The results for the COD as a function of atom
position for different strain rates and temperatures are shown in Fig. 4. When the strain
reaches the same value €= 0.07 at four different strain rates, it can be seen that the COD
has the maximum value (approximately 9 A) at the lower strain rate of 1 10% s7!, and the

COD pattern along the crack path has a symmetry relative to the crack center. The COD
value decreases with increase in the strain rate, and the COD along the crack path becomes
more and more asymmetrical (Fig. 4a). The main reason for the COD variation is the
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Fig. 4. Crack opening displacement (COD) as a function of atom position for a single crystal nickel:
(a) at different strain rates; (b) at different temperatures.

microstructure evolution near the crack tip at the higher strain rate. Figure 4b shows the
COD as a function of atom position at the loading time of 7= 360 ps and different
temperatures. At 7= 5K, the COD is about 7 A, and the COD along the crack path is
symmetrical relative to the crack center. The COD increases with the temperature increase,
and the largest COD value of 16 A is attained at 7 = 300K, while the COD along the crack
tip becomes asymmetric due to the fact that temperature variation induces the microstructure
evolution near the crack tip. When the temperature is raised to 500 K, the COD is about
9 A, the crack arrests and hardly propagates at the same loading time (1 = 360 ps) because
of a larger number of dislocation emissions at the crack front hindering the crack
propagation. The above results indicate that the COD is closely related to the micro-
structure evolution near the crack tip for different strain rates and temperatures.

Conclusions. The MD simulations have been performed to study crack tip stress and
microstructure evolution of a pre-cracked single crystal nickel at different strain rates and
temperatures. The results indicate that the strain rate and temperature have a strong effect
on the crack tip stress and microstructure evolution. When the same value of deformation is
reached at different strain rates, in case of lower strain rates, the crack propagates rapidly
without inducing any microstructure evolution at the crack tip, while the stress concentration
occurs at the crack tip of a growing crack. At increased strain rates, the crack propagation
becomes slower due to the change of atomic configuration at the crack tip. There is a
gradually developing transition from brittle to ductile pattern, where the dislocations are
emitted at the crack tip and induce the crack tip blunting, the peak stress occurring in the
crack blunting region. For different temperatures, it is shown that crack propagates rapidly
in a brittle manner at 5 K, and the stress is directly concentrated at the crack tip without
inducing the change of atomic configuration. Crack propagation becomes slower or
deviates from the original crack path at elevated temperatures due to the microstructure
evolution ahead of the crack tip. In this case, the peak stress occurs at the location of the
microstructure evolution. With further increase in the temperature, the crack arrests and
hardly propagates due to the fact that emitted dislocations induce crack tip blunting at the
crack front. Furthermore, the crack opening displacement and the stress field variations at
different strain rates and temperatures are shown to be closely related to the microstructure
evolution near the crack tip caused by the strain rate and temperature variations.

The presented results have been obtained for a special atomistic configuration and a
certain range of strain rates and temperatures. The crystal orientation, the atomic potential
and constrain conditions, etc. also influence the crack tip stress and microstructure
evolution. A more detailed and extensive MD model is necessary to provide more general

18 ISSN 0556-171X. Ilpobremvr npounocmu, 2014, Ne 2



Influence of Strain Rate and Temperature ...

insight into the crack tip stress and microstructure evolution characteristics at the atomic
level.
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Pe3ome

BrumB mBuakocti gedopmarii i TeMnepatypu Ha Halpy>XEHHS y BiCTpi TPIIIMHM 1 pO3BH-
TOK MIKpPOCTPYKTYPH MOOJIU3Y TPIIIMHM, 110 PO3MOBCIOKYETHCS, B MOHOKPUCTATIYHOMY
HIKeJII JOCHIPKYBAJIM 32 JIOIIOMOTOI0 MOJICIIIOBAHHSI METOJIOM MOJICKYJISIPHOT JIMHAMIKH.
JocmimkyBand KOpPEJSIiio MK PO3BUTKOM MIKPOCTPYKTYPH 1 TTOJIEM HAINPYXKEHb y BiCTPi
TpimmHU. Pe3ynbTaTH mokaszaiM, IO XapakTepPHCTHKA PO3MOJULY HalpyXeHb y BIiCTpi
TPIIIMHY 1 AWHAMIKA TTOMIUPEHHS TPIIIMHA TiCHO ITOB’s3aHi 3 PO3BUTKOM MIKPOCTPYKTYPH,
3yMOBJICHOT 3MIHOIO HIBHIKOCTI JAedopmanii i Temneparypu. 3a HU3bKHX HIBUAKOCTI Je-
(dopmarii i TemmepaTypu TpilHHA TOMHPIOETHCS TI0 MEXaHI3MY KPHXKOTO pyWHYBaHHS 03
BIUIMBY Ha 3MiHYy pO3TallyBaHHs aToMiB y 1 BicTpi. KoHIeHTpallist HaIlpy>KeHb BUHUKAE Y
BICTpI TPILIMHH, IO MOMUPIOETHCS. [TOMMPEHHs TPIIMHN XapaKTePH3Y€EThCsl MOCTYIIOBUM
HEepeX00M BiJ| KPUXKOTO PyWHYBaHHS /O IUIACTUYHOTO 3 IiJBHIICHHSIM TEeMIepaTtypH i
mBUAKOCTI Aedopmanii. MakcHMalibHE HAIPY>KEHHs CYIPOBOIKYETHCS PO3BUTKOM MiKpO-
CTPYKTYPH y BICTpI TPIIINHH.
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