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Void-type defects in heavy forgings deteriorate their mechanical properties and

service life. In this work, the evolutions of a pre-crack closure and the healing

and mechanical properties of FeCrNi polycrystalline samples are assessed

under different loading conditions using molecular dynamics simulation. The

stress–strain curves show that the sample with interface exhibits higher Young’s

modulus and yield strength than those with cracks, despite the loading

conditions. These results imply that samples under compression loading

have a higher ability to resist plasticity, while the shear stress facilitates

plastic flow. Crack closure and healing occur under compression stress by

dislocation-dominant plastic deformation, while the crack length shrinks and

the crack tips expand along grain boundaries (GBs) and the interface because of

its higher stress under shear loading. Dislocation activities, including dislocation

emission, slip, and interactions with cracks, grain boundaries, and dislocations,

contribute to the plasticity of the specimen under compressive loading. In

addition to dislocation activities, grain boundary slip, grain rotation, and

twinning are potential plastic-deformation mechanisms under shear loading.
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Introduction

Void-type defects (such as shrinkage cavities, porosities, and cracks) in heavy forgings

are inevitable during manufacturing and application of non-uniform solidification of the

materials during casting, which can severely deteriorate the product strength and service

life. In themanufacturing process, it is important to eliminate these internal voids through

an appropriate molding process. In general, eliminating voids inside large ingots includes

two stages: void closure and healing of closed void surfaces (Qiu et al., 2020). The void

closure process is to contact the internal surface of void (Zhang et al., 2009). Crack closure

and healing are mainly achieved through thermoplastic deformation (Chen and Lin, 2013;
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Wang et al., 2015) and heat treatment (Qiu et al., 2020).

Thermoplastic deformation has been widely used in actual

production because of its feasibility and high efficiency.

A criterion for void closure in large ingots during hot forging

was proposed, based on numerous numerical computations, by

developing a cell model, and the effects of the Norton exponent,

remote stress triaxiality, and remote effective strain were

considered (Zhang et al., 2009). Evolution behaviors of an

elliptic–cylindrical void were analyzed by the representative

volume element model incorporated into the finite element

(FE) method by considering void deformation and rotation;

the results showed that deviation stress significantly influences

both void radius and void orientation (Feng et al., 2017). This

method was also applied to study the evolution of dilute

ellipsoidal voids under triaxial loading conditions, with void

radius strain rate and volume strain rate expressed as

functions of void shape index, macroscopic stress, and strain

rate. In the process of large compression deformation, the

predicted results of this model were in good agreement with

the analytical solution, experimental measurements, and

numerical simulation results (Feng et al., 2016). The void

closure efficiency of different cogging processes in large ingots

conducted using a 3-D void evolution model suggested that

compression perpendicular to the longer principal axis of the

prolate void provides a higher void-closure efficiency than that

aligned with this direction. Surface bonding experiments showed

that void defects after void closure are favorable to eliminate

under the conditions of higher pressure, temperature, and long

holding time (Feng et al., 2016). Evolution mechanisms for

spherical or spheroidal voids during hot working were studied

by varying the initial void size, aspect ratio, and void positions by

theoretical and experimental analysis (Chen and Lin, 2013).

Recently, the evolution of nanocracks induced by plastic

deformation in single crystals and bicrystalline copper was

investigated using molecular dynamics simulations. The

results showed that compressive stress induced by defects

such as dislocation, 9R phases, and deformation twinning

drives crack closure (Fang et al., 2017). Under shear stress,

dislocation emission from the crack tip leads to crack closure

through the dislocation shielding effect and atomic diffusion, and

crack healing largely depends on crystallographic orientation and

the direction of external loading (Li et al., 2015). Elevated

temperature facilitates crack healing because atomic diffusion

occurs (Wei et al., 2004; Wei et al., 2013); furthermore,

compression pressure, irrespective of biaxial and uniaxial

loading, promotes crack healing and leads to a more uniform

distribution of defects after healing.

The evolution behaviors of voids of different sizes during the

hot rolling process were investigated by FE simulation and

experimental observation, which showed that their shapes

change from spherical to ellipsoidal and then become

irregular. The two surfaces of the void bond together after the

last rolling pass (Huang et al., 2014; Wang et al., 2015). Crack

healing and the recovery percentage of the impact properties of

internal crack healing in SA508 steel were studied under various

deformation modes and under quenching and tempering. The

study addressed the fact that the recovery of impact properties by

multi-pass thermal deformation is lower than that by uniaxial

compression at 950°C and 1,050°C, and that a newly formed

Z-type grain belt is observed in the crack healing zone, exhibiting

higher resistance to dynamic load at 1,150°C (Qiu et al., 2020).

Crack closure induced by laser peening (LP) and its effects on the

fatigue-life extension of an Al alloy with initial fatigue crack were

investigated, and the results showed that the fatigue life of treated

samples is higher than for those not treated and that LP-induced

plastic deformation around a pre-crack contributes to crack

closure and fatigue-life extension (Hu et al., 2020). Although

much effort has been made theoretically and experimentally, a

full understanding of crack closure, closure healing evolution,

and the mechanical behaviors of samples with cracks under

different loads is still absent. Fortunately, the molecular

dynamics technique can provide meaningful insights into the

mechanical behaviors of FeCrNi polycrystalline samples, due to

its capacity for high spatiotemporal processes and in situ

observation.

In this work, compression and shear tests were conducted for

FeCrNi polycrystals with interfaces and nanocracks using

molecular dynamics simulation. A focus was placed on

exploring the evolutions of crack closure and healing and the

plastic-deformation behaviors of polycrystalline samples. This

work may contribute to a better understanding of the plastic-

deformation characteristics of nanoscale polycrystalline samples

and to practical engineering processing.

Materials and methods

In this work, polycrystalline austenitic FeCrNi samples with

additions of Cr wt. 18% (at. 19%) and Ni wt. 9% (at. 8.7%) were

prepared using Atomsk software (Hirel, 2015). The size of the

polycrystalline sample was 82 × 82 × 10 nm3 and contained

1094283 Cr atoms, 788808 Ni atoms, and 3877596 Fe atoms with

a lattice parameter of 0.35 nm, as shown in Figure 1. The Cr and

Ni atoms were randomly distributed within the samples as

substitutional atoms. One sample, termed an interface-

containing sample, consisted of 28 grains in various

crystallographic orientations, among which eight intact grains

were constructed around the interface located in the middle of

the sample. The other sample considered had a prefabricated

crack placed in the interface, with two triangular GBs on the

interface selected as the beginning and end of the prefabricated

crack. By erasing atoms, a prefabricated crack with a length of

51 nm and a width (about 2.8 nm) of about six times the average

width of the GBs appeared within the sample. The simulation

process can was divided into two stages: relaxation and

mechanical-loading stages. Before the loading, the designed
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samples were relaxed to local minimum energy by the steepest-

descent algorithm and then equilibrated with a canonical

ensemble (NVT) with a Nose–Hoover thermostat for 90 ps at

a constant temperature of 300 K; the constant pressure/constant

temperature ensemble (NPT) was then used during compression

and shear loading. Compressive force was applied parallel to the

y-axis direction, while shear force was applied parallel to the

x-axis direction with a strain rate of 2.8 × 108 s−1 and a time step

of 1.0 fs. Periodic boundary conditions were applied in all three

directions.

Atomic interactions in the FeCrNi samples were described by

the potential function of the embedded atom method (EAM),

which describes austenite’s properties in a large concentration

range based on the ab initio calculation (Bonny et al., 2011). This

potential has been successfully used to describe dislocation

movement (Fan et al., 2020), the relationship between solute

segregation and GB state (Barr et al., 2014), and high-energy

collision cascades coupled with ab initio calculation in FeCrNi

alloys (Béland et al., 2017). In this work, the visualization and

analysis of polycrystalline samples was performed using OVITO

software (Polak, 2022). The simulations were performed by the

Large-scale Atomic Parallel Simulator (LAMMPS) (Li et al.,

2021).

Results and discussions

Austenitic FeCrNi samples have a face-centered cubic (FCC)

crystal structure, with more slip systems and a greater

coordinated deformation capacity. However, if the GBs

interact with interfaces and cracks during loading

deformation, the dislocation slip motion and propagation are

easily hindered, which affects the mechanical properties and

plastic-deformation behaviors of materials. Stress–strain

curves, which provide useful information about the samples’

responses to external force, are the most intuitive method for

identifying the mechanical properties of austenitic materials

during loading. Therefore, the stress–strain curves of the

polycrystalline samples with interface and crack during

compression and shear are shown in Figure 2. The curves

illustrate that applied stress increases dramatically, and then

the samples yield different yield stresses depending upon their

characteristics and loading conditions; subsequently, the stress

first decreases rapidly and then increases steadily under

compression. The stress increases slightly after yielding under

shear. In addition, the yield strength of the sample with interface

was 5.5 GPa, which is about four times higher than that with

crack under compression. A similar result was additionally seen

under shear but with lower yield strength (e.g., the values of yield

strength are 2.0 GPa and 0.9 GPa for samples with interface and

crack, respectively). It was observed that the elastic modulus

(reflected by the slope of stress–strain curves in the elastic

deformation stage) for samples with interface was much

higher than for those with crack under the same loading

FIGURE 1
Schematic of samples with crack and interface loaded under compression and shear stress.

FIGURE 2
Stress–strain curves under various loading conditions.
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conditions. These outcomes indicate that the interface-

containing sample has a higher resistance to plastic

deformation than that with crack.

Analysis of pre-crack closure

Cracks and other void-type defects are defects caused by the loss of

a large number of atoms under the action of stress (Kardani and

Montazeri, 2018) and are inevitable in themanufacture of heavy ingots.

The existence of a nanocrack deteriorates the mechanical properties

and leads to early failure of the final product. In this work, the crack

closure process of the sample during compression was carefully

explored. The evolutions of the atomic configuration of the sample

during compression are shown in Figure 3, with the sample with

interface considered for comparison. By comparing the atomic

configuration of the two kinds of samples at the same strain rate, it

was found that the upper and lower interfaces of themiddle part of the

crack became closed and contacted each other when the strain reached

7.6%. Voids appeared at both ends of the crack and shrank gradually,

finally disappearing with increasing strain. That is to say, crack closure

takes place as the compression strain increases, up to 15.2%. With the

progress of compression, the relatively straight interface newly

generated by crack closure becomes curved due to plastic

deformation and is dominated by dislocations, implying that crack

healing occurs. As for the sample with interface, the original long and

straight shape varied to a sawtooth shape with the accumulation of

strain, and some smaller grains on both sides of the interface continued

to aggregate with the surrounding large grains, resulting in the

coarsening of the grains. For example, grains G1, G2, and

FIGURE 3
Deformation evolutions of atomic configuration under compression versus strain (atoms are colored according to the crystalline structure
based on dislocation extraction analysis, DXA). Green, red, and white represent the face-centered cubic (FCC) crystal structure, hexagonal close-
packed (HCP) crystal structure, grain boundaries, and other unknown structures, respectively).
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G3within the sample with interfacemerged into a new grain (recorded

as G123) when the strain reached 23.1%, as illustrated in Figure 4. A

small decrease was observed in the atomic arrangement between each

other grain for G1, G2, and G3 at 0.0%, and the distinction decreases

with strain and finally vanished at 23.1%, implying that slight grain

rotation occurs through lattice torsion under compression loading.

To further explore the crack closure mechanism, von Mises

stress analysis as a function of strain was performed in Figure 5.

The value of shear stress was observed to increase with increasing

compression strain for the two samples, and the stress at GBs and

within the grain interior of the interface-containing sample were

significantly higher than in samples with cracks because of higher

FIGURE 4
Crystallographic orientation changings of G1, G2, and G3 grains within the sample with the interface versus strain (atoms are colored similar to
Figure 3, and blue dotted lines present directions of atomic arrangement).

FIGURE 5
Cross-section snapshots of von Mises stress distribution at different compression strains (yellow dotted lines denote stress-concentrated
areas).
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applied stress at the same strain (Figure 2). Before the crack is

closed, the stress is primarily concentrated in the exterior of crack

tips, especially in trigeminal GB regions, where GBmigration and

stress relaxation are more likely to occur. Stress distribution after

crack closure is relatively homogeneous, and a similar

distribution also happens within the sample with interface.

Analysis of pre-crack propagation

To investigate the load-dependent crack behaviors of

polycrystalline samples, shear force was applied to both crack

and interface samples, and the deformation evolutions versus

shear strain are shown in Figure 6. It was found that with the

increase of strain, more stacking faults (SFs, determined as HCP

atoms) were present from the two crack tips and then extended

heterogeneously along the crack plane. The appearance of SFs

means that partial dislocation movement is activated, and its

degree is enhanced with increasing shear strain. Though the total

length of the crack seems to decrease as shear continues, the

surfaces of the crack become curved due to interface emigration

induced by interactions between dislocations and surfaces. The

number of crack tips gradually extends to 4 along the

surrounding GBs (upper and lower sides of the crack), instead

FIGURE 6
Atomic configuration of deformation evolutions under shear versus strain (atoms are colored according to the crystalline structure based on
DXAmethod; green, red, and white represent the face-centered cubic [FCC] crystal structure, hexagonal close-packed [HCP] crystal structure, grain
boundaries, and other unknown structures, respectively).
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of the front of the crack tips, as the shear strain reaches 74.7%,

which has also been theoretically and experimentally studied in

other work (Li and Jiang, 2019; Li et al., 2021). As for the

interface-containing sample, the SFs mainly appeared within

the grains close to the interface at a strain of 10.5% and then

expanded significantly around the entire sample; the detailed

variations of SF atoms are given as follows. It is worth noting that

grain rotation occurs synergistically along the direction of the

shear load to the sample with interface to compensate for the

increasing shear strain.

The corresponding evolution of von Mises stress distribution

as a function of shear strain is illustrated in Figure 7 and indicates

that variations of stress are similar and comparable to those

under compression, except for the sample with crack, where

shear stress is mainly concentrated near two crack tips (including

GBs and interior grains), as shown by the yellow dotted line in

Figure 7. This indicates again that the shear stress distribution

follows changes in atomic configurations, as shown in Figure 6.

Analysis of plastic-deformation
mechanisms

It is generally accepted that the dominant plastic-

deformation mechanisms for crystalline metals are dislocation

activities and twinning (Shi et al., 2018; Sun et al., 2019; Shi et al.,

2020), which is different from those for amorphous materials

(Spaepen, 1977; Argon, 1979; Chen et al., 2018a; Chen et al.,

FIGURE 7
Cross-section snapshots of von Mises stress distribution at different shear strains (yellow dotted lines denote stress-concentrated areas.).
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2018b; Chen et al., 2019; Chen et al., 2020) and semiconductors

(Sun et al., 2014; Shi et al., 2017; Han et al., 2019; Sun et al., 2020).

Therefore, detailed variations of dislocation length determined

by the DXA analysis method and of twinning boundaries atoms

obtained by coordinate number during compression and shear

load are given in Figure 8. It was found that with the increase of

compressive strain, the perfect dislocation lengths of the two

samples decreased sharply and then increased after reaching a

minimum value when the strain was about 23%. However,

according to the characteristics of the sample, the

corresponding value under shear decreased steadily at

different rates, that is, during shear deformation, and the

length of perfect dislocations in the sample with crack was

longer than that in the sample with interface, as shown in

Figure 8A. The amount of Shockley partial dislocation

increased almost linearly with increasing strain, and its values

under compression were much higher than those under shear at

the same strain. It is interesting to note that the Shockley

FIGURE 8
Variations of dislocation, SF atoms, and twinning boundary atoms versus strain, (A) perfect dislocation (B) Shockley dislocation, (C) stair-rod
dislocation, (D) stacking fault atoms (SFs), and (E) twinning boundary atoms.
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dislocation length of the sample with interface was slightly lower

than the counterpart with crack under compression, which

reverses the changes under shear. During deformation, two

Shockley partial dislocations slipping on different (111) planes

interact and generate a stair-rod dislocation, which is unmovable

and prevents the further slipping of the two partial dislocations.

The trends for stair-rod dislocation during loading are similar to

those of Shockley dislocation but with a much higher value for

the sample with interface under shear loading. The HCP atoms,

as determined by OVITO visualization software, include intrinsic

stacking faults and extrinsic stacking faults. The intrinsic stacking

faults appear as Shockley partial dislocation glides toward the

contrary side of the grain, leaving two adjacent (111) planes of

HCP atoms. The extrinsic stacking faults, which are created by

two Shockley partial dislocations slipping through the grain on

the adjacent planes, are two (111) planes of HCP atoms separated

by a (111) plane of FCC atoms (Zhang et al., 2019).

Consequently, the number variations of HCP atoms during

loading are analyzed and shown in Figure 8D; their amount is

enhanced with increasing strain, with the values for the sample

with interface higher than those with crack, especially for the

sample with interface under shear loading (e.g., it is 13 × 105 and

is more than twice as high as that with crack at 45% strain). The

number variations of twinning boundary (TB) atoms are

illustrated in Figure 8E, indicating that the atoms increase

slightly with strain, except for the sample with interface under

shear loading, which is the highest among the others.

Since the GB in a polycrystalline sample is often an obstacle

to crack propagation, dislocation accumulation occurs easily

around GBs (Li and Jiang, 2019). The dislocation distribution

after loading is demonstrated in Figure 9, which shows that

massive Shockley partial dislocations and perfect dislocations are

generated near GBs, while stair-rod dislocations appear within

grain interiors during compression loading; thus, the dislocation

density of GBs is much higher than within grain interiors. This

implies again that during the compression process, a large

number of dislocations are emitted from GBs, interfaces, and

crack tips, where the atoms do not mismatch well and have

higher stress concentrations, as shown in Figures 5,7. Then, the

generated dislocations slip along glide planes and finally interact

with opposite sides of the grains, crack, and dislocations, leading

to an enhanced dislocation density as shown in Figure 8.

Dislocation emission during shear loading mainly occurs at

the two crack tips as well as in some individual grains where

FIGURE 9
Dislocation distribution for different samples (blue lines represent perfect dislocations, green lines are partial dislocations, and pink lines are
stair-rod dislocations), (A) crack compression at 30.6% strain, (B) interface compression at 30.6% strain, (C) crack shear at 31.9% strain, and (D)
interface shear at 31.9% strain.
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dislocation motion is activated earlier due to higher concentrated

shear stress. Its degree of dislocation concentration is stronger for

the sample with crack than for that with interface.

Considering that twinning and dislocation slip are the

primary deformation mechanisms that dominate the plasticity

of polycrystalline materials, the nucleation and growth of twins

can not only hinder the movement of dislocation but can also

increase deformation resistance and harden the materials. To

more intuitively explore the quantity and distribution

characteristics of twinning in samples with crack and interface

under different loads, the evolutions of TB atoms were

determined through coordination number analysis, as shown

in Figure 10. It was found that the TB atoms appear when the

strain increases to 15.2% of compressive strain and 21.4% of

shear strain, respectively. TBs only take place within a small

number of grains under compression, and the number of TB

atoms increases slightly with growing compression strain. The

TBs occur within some grains around crack tips, and the amount

extends to grains along crack areas because of higher shear stress,

as illustrated in Figure 7. However, a large number of micro-

twins are generated at 21.4% for the sample with interface under

shear loading in Figure 10B; its number, as well as twinning,

grows significantly with strain, which is in accordance with the

corresponding variations in Figure 8.

Based on the abovementioned analysis of deformation evolution

and deformation mechanisms for samples with crack and interface,

we know that perfect dislocation dissociation takes place with

growing strain, resulting from increased Shockley dislocation

density and declining length of perfect dislocation during the

early compression process when the strain is less than 20%. The

generation, movement, and interactions of massive partial

dislocations hence lead to an increase in stair-rod dislocations

and stacking fault atoms, as well as some twinning. Crack

closure happens during dislocation-dominant plastic deformation

FIGURE 10
Evolutions of twinning boundary atoms as a function of strain (TB atoms are colored in green), (A) compression, (B) shear.
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under lower applied stress compared with the sample with interface.

As compression proceeds, an enormous number of perfect

dislocations are emitted from the newly generated interface and

GBs where the stress is higher than the grain interior. Then the

perfect dislocations separate into partial dislocations, causing

significant increases in the lengths of partial dislocations and

stair-rod dislocations due to dislocation interactions with

interface and dislocations. The growing stair-rod dislocations and

higher dislocation density, and their hindrance of dislocation

motion, enhance the applied force for further compression plastic

deformation. The compression stress-induced dislocation activities

play significant parts in crack healing. During the shear process, the

higher lengths of perfect dislocations, lower density of partial

dislocations, and lower stair-rod dislocations and stacking faults

for the sample with crack together imply that dislocation activities, as

well as twinning, are substantially less than for the sample with

interface. With these results, combined with the evolution of atomic

configuration in Figure 6, the GB emigration, GB sliding along the

existing interface, and crack tip extension along GBs play significant

roles in shear plastic deformation for the sample with crack, while

massive dislocation activities, twinning, and grain rotation

contribute to plasticity for the sample with interface.

Conclusion

In this work, crack closure, healing evolutions, and

mechanical behaviors of polycrystalline FeCrNi samples with

pre-crack and interface were conducted using molecular

dynamics simulation under varying loading conditions. The

results were as follows:

1) As compression loading proceeds, the stress increases sharply

until the material yield, then decreases, and subsequently

continues to increase. The stress almost saturates after

yielding under shear, exhibiting a much lower yield

strength for the same sample than for compression.

2) Crack closure and healing take place under compression

through dislocation-dominated plastic deformation, while

the length of the crack shrinks and the crack tips expand

along GBs and interface due to its higher stress under shear

loading.

3) Dislocation activities, including dislocation emitting, gliding,

and interactions with crack, GBs, and dislocations, contribute

to the plasticity of the samples under compression. In

addition to dislocation activities, GB gliding, grain rotation,

and twinning are the underlying plastic-deformation

mechanisms under shear loading.
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