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Three-dimensional molecular dynamics simulations of void coalescence during dynamic fracture
of ductile metals
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Void coalescence and interaction in dynamic fracture of ductile metals have been investigated using three-
dimensional strain-controlled multimillion atom molecular dynamics simulations of copper. The correlated
growth of two voids during the coalescence process leading to fracture is investigated, both in terms of its onset
and the ensuing dynamical interactions. Void interactions are quantified through the rate of reduction of the
distance between the voids, through the correlated directional growth of the voids, and through correlated
shape evolution of the voids. The critical intervoid ligament distance marking the onset of coalescence is
shown to be approximately one void radius based on the quantification measurements used, independent of the
initial separation distance between the voids and the strain rate of the expansion of the system. The interaction
of the voids is not reflected in the volumetric asymptotic growth rate of the voids, as demonstrated here.
Finally, the practice of using a single void and periodic boundary conditions to study coalescence is examined
critically and shown to produce results markedly different than the coalescence of a pair of isolated voids.
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[. INTRODUCTION to accommodate significant void growth. There are also
many recent studies of fracture in ductile metals with several
The fracture of ductile metals at high strain rates has beeholes or voids’-2! While these studies model the void
understood at the microscopic level as a process of nuclagrowth explicitly with fairly sophisticated models of plastic-
ation, growth, and coalescence of voldsinitially voids ity in many cases, they typically simplify the coalescence
nucleate at the weak points in the material such as inclusionsrocess to instantaneous unification of the voids when some
and/or grain boundary junctions. Once nucleated, the voidthreshold is reached, such as once the voids grow to within
grow under the tensile stress, driven by the reduction in elassne diameter of each other. There are also studies that inves-
tic energy. Eventually, the voids grow sufficiently large thattigate the competition between void by void growth versus
they interact with each other, in some cases link throughmultiple void interaction in crack propagatiéhSeveral ear-
localized shear, coalesce into larger voids, and finally fornlier continuum studi€$=2°> and the one atomistic study
the fracture surfacg? Considerable experimental and theo- known to ug® of the coalescence process have been typically
retical work has gone into the development of our underconducted in effectively two-dimensional and highly sym-
standing of fracture. The fracture process has been modeledetric systems.
at various levels, but most of the work involving the simu-  This article covers in detail a study of the onset of void
lation of the activity of individual voids has concentrated oncoalescence. The first results of this study have been pre-
the void growth and its relationship to the plastic deforma-sented in a Lette¥! Here we provide a more complete pre-
tion of the surrounding material, including effects such as thesentation of the results of our study of void coalescence. In
localization of this shear deformation. Relatively little work addition to a more detailed description of the results pre-
has gone into the explicit modeling of void coalescence, andented in the Letter, we describe different measures of void
both the understanding of the physics of this process and thiateractions such as shape changes induced by a neighboring
knowledge of how it should be implemented robustly in con-void, additional analysis of the behavior of the system in-
tinuum fracture codes remain open issues. The point at whicbluding stress-strain curves and void volume curves, and a
voids begin to coalesce during dynamic fracture is of considhew analysis of how the coalescence of isolated pairs of
erable interest because complete fracture of the material typiroids differs from that of voids in highly symmetric periodic
cally ensues rapidly thereafter. As new experimental techarrays.
nigues have constrained the void growth models ever more In particular the goal of this article is to quantify the point
stringently? a real need for a well-developed theory of coa-at which coalescence begins, as measured by a crittiteat
lescence has arisen. void ligament distanc€ILD), and examine the mechanisms
Computationally void growth has been studied exten-4nvolved in the transition from independent void growth to
sively at the continuum levét? also in dynamic, high- coalescence. There are several ways in which two voids can
strain-rate, condition¥!! Recently we have studied void interact. In the case of pure impingement, the voids only
growth at the atomistic level under high-strain-rate expaninteract when they grow to the point that they intersect and
sion, motivated by spallation experimeftsi®The atomistic  join into a single void. In reality, the voids interact before
studies demonstrate that voids grow by emitting dislocationshey intersect. Their range of interaction is extended due to
that carry away the material, platelets of atoms, from theheir elastic and plastic fields. Each void generates an elastic
void and are responsible for the plastic deformations needestrain field of the form generally associated with centers of
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dilatation?® The shear stress decreases with the distance *

from the void like r3. For voids sufficiently close each 1

void’s growth rate is altered by the stress field of the proxi- :

mal void. The modification of the elastic field can affect the X / ,B
initiation of plasticity, as well as the subsequent development « ! Ao/( -
of the plastic zone around the voids. The voids may interact X ILD
through their plastic fields, too, in which case the fields may |/

give rise to an increased hardening rate in a localized region ,!- ------- -

or to thermal softening and shear localization. An argument z

due to Brown and Embury for a transition to shear deforma- *

tion based on simple geometrical considerations suggests

that the critical intervoid ligament distance ILBhould be FIG. 1. A sketch of the simulation configuration. The simulation

box includes 12 120% 120 fcc unit cells with periodic boundary

equal to one diameter of a vofdihat is, when the surfaces ” i )
onditions for a total of 6 912 000 atoms initially. From this two

of a pair of voids are separated by one void diameter, theg : ) ) :
transition from independent void growth to coalescence. It i qual-size voids are created by removing approximately 3620 atoms
- '"1S0r each void. The thin arrow shows the intervoid ligament distance

at _th's point, they argue, th_at the dom'na_mt void prOC.eS%LD), the shortest surface-to-surface distance between the voids,
switches from the radial plastic flow around isolated growingigentified asA andB. The initial ILD ranges between 1/2 and 5
voids to a large-scale shear deformation allowing the rapidimes the initial void radius. The bold arrows denote triaxial, hydro-
coalescence of the pair of voids. However, more recent twostatic, expansion of the box. The strain-controlled expansion is ap-
dimensional studies suggest that for distances between voigitied with constant strain-rates é&=10°/sec and 1% sec.
as large as six diameters the void growth rate is enhattced.

The use of atomistic techniques permits an analysis of the [l. METHOD AND SIMULATIONS
contributions of these competing mechanisms to the onset of \y\ie have performed a series of large-scale classical mo-

void coalescence, as we describe in this article. We demongcylar dynamicgMD) simulationg? in single-crystal face-
strate the existence Of, and Compute, the critical interVOiq:entered_Cubi({fcc) Systems using an empirica| embedded-
ligament distance ILPby starting with two voids well sepa- atom model (EAM) potential for coppe??3? The 3D
rated from each other and detecting the point at which corsimulation box consists of 120120x 120 four-atom fcc
related growth begins, marked both by the accelerated rate sélls with periodic boundary conditions for a total of
which the two void surfaces approach each other and bg 912 000 atoms, in most cases. In Sec. V B where results
biased growth causing the voids to start to extend towardrom smaller-system-size simulations are presented, the de-
each other. These changes give an indication of the onset tdils of the sizes are introduced. For the nearly I0° atom
the coalescence process, and it tests the argument by Browsimulations the MD code was parallelized using spatial do-
and Embury® We also test the setup by Horstemegeal3®  main decomposition and run in a massively parallel com-
by varying the initial distances between the voids and meaputer using from 64 to 256 processors.
suring the asymptotic growth-rate of the voids. The initial In the simulations the system is initially equilibrated using
void-to-void distance below which the growth rate is en-a thermostaf at room temperaturd,=300 K, and a constant
hanced should give another candidate for the critical distanceolume L* (with L=43.3 nn) chosen to give ambient pres-
and measure it in a volumetric sense. It should be notedsure,P=0 MPa. Once the system has reached equilibrium,
however, that the three-dimension@D) void coalescence atoms are removed to create two spherical voids in the sys-
studied here with molecular dynamics, as indeed any 3Rem with radius,=0.09.=2.17 nm: one centered in the box
coalescence of roughly spherical voids, does not admit thand the other located a distance |-£2ry away in the direc-
two-dimensional shear mechanism proposed by Brown antion (i=[0.889 205 4, 0.414 643 27, 0.193 351 3fom the
Embury in its simplest form, and therefore these differentfirst void. We refer to these as voill and void B, respec-
analyses are not fully comparable. Also Horstemesteal.  tively; see Fig. 1. IL[, the initial intervoid ligament dis-
used a more symmetric setup than the simulations covered tance is the closest surface-to-surface distance between the
this article. voids® and it is varied here, but the relative orientation of
The article is organized as follows. The simulationthe voids is kept fixed. For ILpwe have used the values
method and the performed computations are introduced i1.00, 1.20, 1.50, 1.81, and in some cases 0.50 and 4.62. The
Sec. Il. The basic mechanism, dislocation driven voidunit for the ILD is the void diameted=2r. The positions for
growth, is demonstrated and the key reference parametehe center of the voi® and the distances between the voids
mean linear void size, is introduced in Sec. Ill. The interac-are listed in Table I. Initially, the voids are equal in size, with
tion between voids are studied in Sec. IV: Section IV A usesapproximately 3620 atoms removed for each. This removal
two different distance measurements to study the interactiorof atoms can be interpreted as an instantaneous debonding of
Section IV B introduces a shape parameter for the purposewo infinitely weakly bound inclusions.
Finally the volume effects of the void growth are studied in  Once the voids are formed, the thermostat is turned off,
Sec. V: two separate voids are studied in Sec. V A and onand dilatational strain is applied uniformly at a constant
void and the interaction with its periodic image are studied instrain rates. The strain-controlled simulatiotfsare carried
Sec. V B. The paper ends with conclusions, Sec. VI. out using the scaled coordinate formulation typically em-
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TABLE |. The initial position for voidB relative to voidA and
the center-to-center distances for various initial interv@idrface-
to-surface ligament distances ILpused in this study.

Position of voidB Separation between the
ILD relative to voidA centers of voidA andB
0.50 [0.1334,0.0622,0.029D 0.150.=6.510 nm
1.00 [0.1778,0.0829,0.0381 0.200.=8.680 nm
1.20 [0.1956,0.0912,0.0426 0.220.=9.548 nm
1.50 [0.2223,0.1037,0.0488 0.250.=10.85 nm
1.81 [0.2500,0.1166,0.0544 0.281.=12.20 nm
4.62 [0.5000,0.2332,0.1081 0.562.=24.40 nm

FIG. 2. (Gray scal¢ A three-dimensional snapshot of the two
voids with the prismatic dislocation loops forming from the voids.

ployed in the constant-pressure method due to Parrinello arf@nly those gtoms belonging to the void surfaces or to dislocation
Rahmar® Use of scaled coordinates prevents the spuriou§°'es: stacking faults or other defects are shéamd a small num-
generation of elastic waves at the box boundaries. In thﬁ)er of' extraneous atoms due to thermal fluctua?lmﬁlae stac_k_lng
method the positions of the atoms are stored using rescaldgU!t 1Pbons are the broad plates between leading and trailing par-
coordinates betweef®,1). When calculating the forces and _tlal dlsl_ocgtlons. Th(_a snapshot is from _the simulation with thg initial
new positions of the atoms their coordinates are multiplie nter(\;gmd Ilgamentdugtance ILg=1.81 d'a.meterf and the strain rate
by a diagonal scaling matrig{={L,L,,L,}. This scaling e=107sec. The strain at the snapshoeis2.93%.

matrix is updated each time step, when the expansion is agnapshot in Fig. 2 is when the voids have started to grow by
plied, by multiplying the initial matrixH,={L,L,L} with the  emitting dislocations, and thus the system has already

sum of the unit matrix and the strain matréete, H(t)  €volved somewhat through plastic flow. The broad plates in

=H,(1+t€). Applied strain rates of=10%/sec and 1¥sec thell'figure :?mla ds_t?ckin_g fau!lt_hrib?ons between Ie?%i'niq and
have been used with perfectly triaxial, or hydrostatic, expansral Ing partial dislocations. The first generation of disloca-
) SR e tion loops have not yet totally formed and separated from the
sion, £={ey, ey,£={e,&,6}. Thus Ly)=L,()=L()=L(t)  voids in this snapshot, but are about to do so, as can be seen
=V13, whereV is the volume of the box. A time step of as their first halves have already separated from the void
6.7 fs was used. More details of the simulation method caryrface.
be found in Ref. 16, including analysis of growth of a single  Figure 3 shows a series of visualizations of the crystal
void of the same initial radiugy in nontriaxial expansion.  defects within a slice of width 4.5 A about a plane including

centers of both voids at six different instants during coales-

IIl. DISLOCATIONS AND VOID GROWTH

A B

Let us start reviewing the simulation results by looking at \ \O
some figures to visualize growth of the voids. While some o
void growth takes place through elastic stretching in the ini-
tial phases of the box expansion, significant void growth and @
void-void interaction take place only once plastic deforma-
tion has begun. The important role of plasticity leads us to
consider in some detail how dislocations are generated and
the effect of dislocation dynamics on void coalescence,
which are the topics of this section.

In Fig. 2 a three-dimensional snapshot of the voids is
shown from a simulation with the initial intervoid ligament
distance ILQ=1.81 diameters and the strain rate

FIG. 3. Dislocation activity at six instants of time shown on one

—10°/sec. In the plot only the atoms at crystallographic de_particular slice through the system in order to expose the plasticity

fects such as void surfaces. dislocation cores. and stacki near the void surfaces. These snapshots are from the simulation
! ! " With £=10°/sec and again only those atoms in dislocation cores,

faults are shown. T_he deplspn of V,Vh'Ch atoms to plot ISstacking faults, void surfaces, or other defects are sh@en text
based on a geometrical criterion, a finite-temperature geney,

ot e g or more details and Fig. 2 for a full three-dimensional figufighe
alization of the centrosymmetry deviati&h®’ The power of  gaghed loop in panelc) is drawn around a slice of a prismatic
this method of selecting atoms based on the centrosymmetgys|ocation loop. The plane shown passes through the centers of
deviation is that the visualization can be done at finite temygth voids with normal0.145, 0.145, -0.979The snapshots show
perature and on-the-fly, so that the system need not to b@e initial plasticity(a),(b), interacting plastic zone®),(d), and the
cooled to zero temperature and the atoms to be selectaghal coalescencée),(f). The frames correspond to the following
based on the potential energy, where quenching can influenc@lues of strains: 1.72%, 2.42%, 3.47%, 3.89%, 4.52%, and
the system and prevent seeing the real configuration. Thg21%, respectively.
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cence. These snapshots are from the same simulation as in 10.0

Fig. 2, and the same criterion for showing the atoms is used. — 90} @)

Now only a slice is shown in order to reveal the dislocation & 80}

activity near the void surface as the dislocation density in- 2 7.0 ™~

creases. Figure 2 is a snapshot from a state of the system ~ 60| \

between the panels in Figs($ and 3c). From the snap- L 5ol A

shots it is apparent that the deformation mechanism involves 2 40l \\

the nucleation and propagation of dislocations, accommodat- 2 3'0 (N

ing the void growth, and the interaction of the dislocatiéhs. g = T eoee | T ~
For example, the prismatic dislocation loops punched out by g 201 —— ¢=10%sec

the voids appear as roughly parallel line tra¢dse to the Lot

stacking fault ribbonsin the slice in Fig. &), as verified in 0'00‘0 0:5 1:0 1:5 2:0 2:5 3:0 3:5 4:0 4:5 5:0 55
the full 3D configuratior(cf. Fig. 2). Initially the dislocation strain (¢) [ % ]
activity around each void is essentially symmeffiegs. 3a)

and 3b)], as expected for independent void growth, but as

the plastic fields evolve the void-void interaction is clearly >

evident both through interactions between the two plastic
zones and bias due to the elastic figlHfy. 3(c)]. Once the
dislocation density grows sufficiently high in the ligament
region between the void$ig. 3(d)], void B begins to grow
in the direction away from void\. Next the voids coalesce
[Fig. 3(e)], and continue to grow as one until ultimately the
void coalesces with its periodic imagEsubsequent to Fig.
3(f)] so that th_e cavity_ pe_rcolates through the periodic sys- lngar mean void size (%)
tem. T_he details of th|s_ .f|nal stage. depend strongly on the 175 225 275 325 375 425
periodic boundary conditions and will not be of interest here. strain (€) [ % ]

The dislocation formation is closely related to the volume
evolution of the voids. The voids grow by emitting disloca-  FIG. 4. (a) Mean stress,, versus strairs from the simulations
tion loops, driven by the reduction in the elastic energy as thavith the initial intervoid ligament distance ILg>1.81 and the
increase in void volume allows the strained matrix materialstrain ratess=10%/sec (dashed ling and 16/sec (solid line). (b)
to relax. This relaxation can be detected from the saturatiohinear mean void sizé€'/3 (see the text for its definitionversus the
of the increasing stress in the system. All of these phenomnstrain from the same simulations as the dat#ain The void sizes
ena happen simultaneously; see Ref. 16. In Fi@) 4he are calculated until the coalescence of the voids. The inset shows
mean(hydrostati¢ stresso,, is plotted with respect to strain the stress fronta) versus linear mean void size froth). Note the
& (the control parameter in these simulatipfer strain rates ~ strain scales are different.
£=10F/sec and 1% sec with ILD,=1.81. The stress is calcu-
lated with the virial expressionoy,=—(1/3V)(Z;|pi|2/my
+3; j;=if - fij), where for atoms and] therj; is the relative
position, f;; is the force,p; is the momentum, anth is the
mass(for a recent d|s_cuss.|on of at.0mIS.'[IC stre_sg caIc:uIatlon:?ion of the two Voids.
see Ref. 3 Comparing Fig. &) with F|g. A(b) it is appar- Throughout the remainder of the article we will typically
ent that the start of the accelerated void growth due to plas- , s )
ticity is accompanied by, and indeed causes, the stress {°€ the linear mean void .S|zfé as the reference quantity.
plateau(at the same strain valu@s the elastic dilatation is '€ initial linear mean void fraction at ambient pressure in
relieved. The void growth is shown in Fig(l} by plotting  these simulations i$3®=(6.0x 1043=0.084. The initial
linear void sizef®, where the single void fraction i§  mean void sizef=6.0x 1074 is somewhat larger than the
=Vyoia/ V @nd V is the instantaneous volume of the box atygjye one gets fronﬁw(rO/L)3=5.2>< 1074 This potential
timet. The technique for calculating the void volutdg,q IS soyrce of confusion arises for two reasons: first, atoms that
described in Ref. 16. The void growth, stress saturation, anfaye their centers within the radiug from the void center
even the void coalesce_nce take place at significantly smallefe removed for creating the void. On the other hand, when
strains for slower strain raté8,as can be seen from the ne yoid volume is calculated the surface of the void is de-
figures, too. Therefore we conclude that a natural way to plofineq hased on the centers of tremaining surface atoms.
quantities from different strain-rate simulations in the Sameésecond, the void surface relaxes somewhat after the void is

figure '?/3:[0 plot them versus linear void sit¥ . Plotting  formed. For more discussion of the void volume calculation,
versusf™* (a derived quantityis preferred to plotting versus  see Ref. 16. For reference, the mean linear void size in Fig. 2

the strain because it reduces strain-rate effects. Thus, hy —7/5_ . ) . .
choosing ¥ from Fig. 4b) as the reference quantity, the I_gll": =0.111 and in the first four snapshot.s of Fig. 3 is
start of the deviation from the elastic behavior can be synf°=0.089, 0.094, 0.149, and 0.195, respectively. After coa-

chronized for the different strain rates; see an example folescencef is not measured.

linear mean void size (f

0 R R R R
0.08 0.10 0.12 0.14 0.16

the mean stress from the inset of Figb¥ where the mean

stress starts to saturate for both of the strain ratef"3t
=0.09. In the_two-void case we have chosen to use the mean

void fractionf, which is calculated as the average void frac-
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8.0 for various initial closest surface-to-surface distances be-

.........

70 t tween the voids ILRQ. (In Figs. 2—4 the data from the case
EG'O [ ILDy=1.81 were shown.The dynamic ILD has been de-
hal rived as the separation distance of the two surface atoms
R0 from the two voids that are closest to the line connecting the
g 40 original centers of the voids. The raw data of the ILD have
8 30 been plotted in Fig. @), and in Fig. %b) scaled data are
g 20l shown. For the horizontal axis of Fig(l§, the linear mean
g void size 3 has been used in order to collapse data from

different strain rates =10%/sec and 1% sec in the same fig-

X : ure. For the vertical axis the intervoid ligament distance has

L0 2200 270 320 370 420 been divided by the current diameter of a valdnote that it
strain (€) [ % ] ; A . ;

is not the initial valuedy=2ry). The diameted is calculated

from the void volume assuming a spherical shéihe for-

140 7 L‘;:j‘;:‘ﬁ:;‘;‘;i mula is given below This scaling is motivated by the ansatz
_ 120 —— ILD,18, ¢=10scc that the void diameter sets the length scale for the system,
g 1.00 ---- ILD,=18, €=10"/sec and hence the relevant distance between the voids is not the
= ~ — ILD=LS, e=10 fsec pure distance, but its ratio with the diameters of the voids.
= 0.80 ILD,=1.2, £=10 /sec . . . .o
g NN N[ ILD,=1.0, ¢ =10"/sec The void diameter affects both the elastic and plastic fields
g 060 7 around the void. Initially the void separation distance de-
3 0.40 creases essentially smoothly until plasticity begins, eventu-

020 ally reaching zero. A transition occurs when the ILD starts to

) decrease noticeably faster than the free impingement line

000 8 0124 0164 0008 0244 (the thin solid lines calculated from two independent spheri-
cal voidg indicating void interactions at the onset of coales-
cence. The thin solid lines are derived by calculating from

FIG. 5. Evolution of the ILD and the critical ILD{a) Dynamical  the same simulations the average sizes of the two Wjgls

ILD, the distance between the surfaces of the voids along the ling, deriving the diameter $2[(3/4W)V ]2 Then the
connecting the original center positions for various initial J-D free impingement curve is given by ILfgIE(ILID +dy)(1
e 0" %o

=1.81, 1.50, 1.20, 1.00, plotted versus strain. For JED.81 the S . .
thick solid line and thick medium dashed line denete1(®/sec +te)—d. The accelerated ILD decrease associated with tran-

and 16/sec, respectively. The thin solid lines show the hypotheticaSition t0 coalescence takes place when the ILD reaches ap-
ILD for spherical voids with the same IL{impinging freely on _prOX|mater one-half: ILQ=O.5¢O._1 diameter or one radius,
each othexsee text The short dashed line shows the hypotheticalindependently of IL[3 or the strain rate. Also note that a
ILD computed by duplicating a single voiih the same box size as curve derived from a single-void growth is provided to esti-
the two void simulationsat fixed centershere the duplication is to mate the contribution of uncorrelated faceting effe(tse

the position with ILQ;=1.81). (b) The same as ifa), but now “one-void” curve at ILQ}=1.81), and these effects are seen
plotted versus the linear average void si#8 and the distances are 0 be relatively small. They are most noticeable near the start
given in the units of the current average diametesf the voids,  Of void growth where there is a relatively large upward fluc-
calculated from their volumes assuming that they are sphdgeal  tuation in the “one-void” curve. The critical ILD of one ra-
text). The horizontal line is at ILD=0.5 diameters, the value we dius is much lower than the Brown-Embury estimate, and it

linear mean void size (f l/3)

identify as the ILRQ. [Panel(b) is after Ref. 27] corresponds to a strain of 3.48%3=0.15 for ILD,
=1.81 ats=10°/sec, close to framé) of Fig. 3. The values
IV. INFLUENCE OF THE NEIGHBORING VOID for critical strain and linear mean void size when ILD

=0.5d, derived from Fig. ), are tabulated for the simulated
systems in Table II. In the very final stages the ligament is
Figure 3 offers several visual indications of the interactiondrawn under biaxial stress, and the flow switches from radial
between voids. Clearly, the separation between the void sumaterial transport to tangential transport as the mechanism
faces(the ILD) serves as something akin to a reaction coorswitches from loop punching to drawing. This transition is
dinate for the coalescence: the voids coalesce when it goes tisible in Figs. %a) and 5b) as slowing down of the reduc-
zero. Other indications include the displacement of the centetion of ILD. At this point, the material is highly defective but
of a void as it grows preferentially toward the neighboringit remains ductile. There is no abrupt fracture, as might be
void and the change in the void growth rate as the voidexpected at larger length scales. Here the final coalescence
interact. In this section we now quantify two of these effects,involves an extended drawing and thinning of the ligament
the evolution of the ILD and the void center movement, inuntil rupture.
order to analyze the coalescence. In Sec. IV B we study the Another measure of void interactions is whether the voids
void shape evolution, and the void growth rate is studied ingrow preferentially toward their neighbor. This effect is
Sec. V. guantified in Fig. 6, which shows the movement of the center
In Figs. 5a) and §b) the dynamic evolution of the ILD of mass of the void surface for the voids shown in Fig. 3
has been plotted for strain rates 10°/sec and 1% sec and  (ILD,=1.81). We use here the center of mass of the void

A. Distance measurements of the voids
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__ TABLE Il. Critical strain &; and critical linear mean void size rent center of voidx,,Y, ,Z,], Where the projection is onto
/3 from Fig. 5, calculated as when the intervoid ligament distancethe line connecting the original void centers. The sign is
crosses the line ILD=0d fg/3=f1/3(|LD=o_5d), ec=(ILD positive if the void center has moved toward the other void

=0.5d). and negative in the opposite case.
Let us look first at the case with=10°/sec, Fig. €a).
ILD, & (sec)) T ec (%) After the void growth starts, the center of voilinitially
moves only slightly, but at about/3=0.15 (ILD=0.5d) in
1.81 16 0.153 2.46 . —i/3 - . . .
181 16 0.150 3.48 E|g. 5b) andf; "~ in Table ), it sta}rts to move in the dlrgc—
tion of the other void as the void growth becomes biased
1.50 16 0.132 3.22 toward its neighbor. Just before coalescence the center of
1.20 16 0.121 3.06 void A begins to move away from voiB, as the growth is
1.00 16 0.106 2.74 biased in the opposite direction. During this sequence, Boid

initially grows away from voidA, then roughly in unison

surface as the definition for calculations of the void centerwith void A (f13=£®=0.19 it begins to grow toward its
The void surface has been derived by Voronoi triangulatiorneighbor, and before coalescence it too switches to growth

based on the center points of the surface at¢ims same is

away from the proximal void. This retrograde growth hap-

done when the volume of the void is calculdteBee Ref. 16  pens at the same poi(ﬂfterf_l/3: 0.19 as the decrease of the
for the details of the void surface derivation. The distance |LD begins to slow down in Fig. @) [see also the snapshot

Aoy =[(X' =x2)2+ (y' —y2)2+ (2 -2

2]1/2

in Fig. 3(d)]. The same phenomenon—first slow movement
or repulsion from the void, then growth toward the nearby

is calculated between the original center of mass of the voiggiq at abouﬁ_1’3:0.15(f_(13’3)—holds in thez = 108/ sec case,

surface[x? ,y2 ,Z2 ] and the projectiofix’,y’,z'] of the cur-

too, Fig. 8b). However, the retrograde growth phenomenon

0.100 is less pronounced in the=10°/sec case, as is the slowing
30015 | () £=10sec down of the decrease of the ILD in Fig(t. Indeed, only
= 0050 th(=T grpwth_toward the neighboring void is well above the
% noise in thee=10%/sec case. As a reference the movement of
g 0oy the center of a single voitin same box sizeprojected to the
g 0.000 Fe- = “ same line is plotted for both strain rates, too. Comparing the
B0.025 | T " ™ single-void case with the interacting voids with the same
B _0.050 [ — voida strain rates, one sees that the maximum distance the centers
N of the interacting voids have moved is 2.5-5 times larger
8 — onevoud than the nanoscale random walk of the single-void center
-0.100 T e T N '
0.09 0.11 0.13 0.15 0.17 0.19 0.21 023 0.25 except for the void in Fig. 6b). The noise is these curves
linear mean void size (f'") appears to be dependent on the history, reflecting the nature
of the plastic deformation processes involved. It is difficult
0200 to quantify the level of noise in such a non-Markov process,
= 0150 1 (b) ¢=10"/sec but it should be clear that the movement of the void center,
E 0.100 | especially the movement toward the neighboring void, is sta-
g 0050 tistically significant and not just due to fluctuations at the
§ oo L void surface.
73-0.050
S 0,100 | — voidA B. Shape evolution of the voids
0150 | 7 vora The presence of a nearby void not only affects the posi-
° 0. tion of the void but its shape, as well. The shape can be

200 — ‘
009 011 013 015 017 019 021

» quantified by calculating multipole moments of spherical
linear mean void size )

harmonics Q= (1/r?) [ Yin(8, §)r(0, ¢)dQ; see Refs. 16
. . . and 40. Under fully triaxial expansion the void tends to an
FIG. 6. Void center-of-mass displacement. The distahgérom octahedral shape because of the index of the active glide

the original center of void to the instantaneous void center, pro- | in f tal isotronic elasti tant d
jected onto the line connecting the original void centers, is plotteqo anes In fcc crystals, anisotropic elastic constants, and an-

versus the average void size to the point of coalescéhf®=0). 'SQtfopiC Surface energies. See also Ref. 41 for a StUP'Y ,Of
The sign of the displacemert, is positive for movement toward V0id shapes in fcc crystals. On the other hand, under uniaxial
the other void. Solid and long dashed lines are for véidsndB, ~ €xPansion the voids are of predominantly ellipsoidal shapes
respectively. Strain rates aés=10°/sec in(a) ande=10%/sec in  aligned along the preferred axis, and they make a transition
(b). The thin solid line is for a single void in the same size of the from a prolate to an oblate shaffeReferences 42-44 have

box and with the same radius and strain rate projected to the sanf@s0 considered oblate void shapes under uniaxial loading
line. Here the distancey, is given in the units of the original void through continuum modeling. One may enquire whether the
diameterd,. ILDy=1.81 in both(a) and (b). presence of a nearby void causes evolution to an ellipsoidal
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shape; see, e.g., voilin Fig. 3(c). Ellipsoidal shapes can be ot

e . . o0 b :
quantified with quadrupole moments: e M
1 51 o.oo:

P =~ - _ 2
on_4 mjf:azz r2dQ,

010 f — m=0

— m=1,Re

1 /151
ReQ, = =3 ZTI’__Z Xz A},

quadrupole moment (Q,,)
s

— 1 15 1 0.084 0.104 0.124 0.144 0.164
Im Q= - 2N 2472 J yz d, linear mean void size (F*°)
0.15
1 /151 010 i
Re Q= - —%fxz—yzd(), & o] OVOMB
4 2mr g 0.00
=
Im Q -1 Elfde (2) g
275\ 272 | 8
)
wherer?=(1/4m) [r%(6, $)d) is averaged over the surface g‘
of the void. In calculating the quadrupole moments the origin S
of the coordinates is taken to be the center of the void. In Eq. o
(2) the quadrupole moments are calculated \&its the pre- Oosa o1 o1s  oaas 1. 0168
ferred axis, whereas the physically preferred axis is the line linear mean void size (f )

connecting the void centers. Thus, we transform the mo-
ments to the more natural coordinates usihgnatrices?®

(c) one void

|
Qm(0,¢")= > D', (a,B)Qum(6,¢),

m’=—|

D (B =e™d  (B), 3)

where the Euler angle defines the rotation between coor-
dinates axes irfxy) plane (corresponding angle) and the

quadrupole moment (Q,_)

== m=1,Im
Euler angleg describes the rotation inaxis (corresponding ol , ,
angle 6). d'mm(ﬂ) can be found from table$. The quadru- 009 011 013 015 0.7 °~15;J,3°~21 023 025
pole moments are plotted for the voidsand B from the linear void size (f")

;lmulatlon with "—D>=1-90 In Figs. -@ and 1b), respec- FIG. 7. (a) Quadrupole moment&) of the surface of voidA
tively. Qn? Se(_as from _F'g'@ that void A becomes mark- from the start of the simulation until coalescence. The coordinate
edly elliptical in the direction of the other void, as repre- 5e5 have been rotated using E8). so that thez axis is aligned
sented byQ,,, when f13=f*~0.106 (from Table I). The  with the center of voicB. The initial intervoid ligament distance is
quadrupole data from an identical simulation but with onlyILD,=1.00 and the strain rate is=10°/sec.(b) Quadrupole mo-
one void are plotted in Fig.(@) as a control, and a smaller ments for voidB, located af0.1778,0.0829,0.038 from void A.
variation in the quadrupole moment is observed simply duéNow Eg.(3) has been used so that the positivaxis is toward the
to fluctuations in the atomistic growth. Other cases withvoid A. (c) Quadrupole moment@ot rotated for a single void in a
larger ILD, look about the same as Figsiay and qb) al- ~ Simulation with same box size as {8 and(b) and the strain rate
though the trend and especially the transition point may not=10/sec.

be as clear. This variation may be due to the elastic and

plastic interactions causing random shape evolution longer

before the critical ILR (ILD=0.5d) is reached in cases when V. VOID VOLUME EVOLUTION UNDER THE INFLUENCE

the voids are initially separated further from each other OF THE SECOND VOID
(larger ILDy). See Fig. Tc) for the single-void case as an
example of the random shape evolution. ThEYé=0.09 is In Ref. 27, we briefly discussed how void growth after the

when the dislocation driven void growth starts; see inset obnset of interaction but prior to coalescence is different from
Fig. 4b). Thus, in larger-ILQY cases the random shape evo-void growth for an isolated void. We address this further
lution suppresses the transition to the shape evolution due teere. How does the correlated growth differ from the expo-
the other void. nential growth of an isolated voléi'®?
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-2

10 TABLE lII. Sizes for simulated systems with varioug/L (rg
— one void =2.17 nm is fixedl as the number of fcc cells, the equilibrium side
@ | ﬁg::‘;jg / length of the cubé& at ambient pressure and room temperature, and
=) - ILD#LS /// the number of atoms in the box after the void is formed. The short-
g o est initial intervoid ligament distance ILof the void with its
‘B — D05 (,/;jf/ periodic image in the units of the void diametkis reported in the
& — Q00 | last column.
-
'8
> 10° ro/L fcc cells L Atoms ILD,
1/3 18X 18X 18 6.50 nm 23328 0.50
150 200 250 300 350 400 2/9 27X 27X 27 9.75 nm 78732 1.25
strain (&) [ % ] 1/6 36X 36X 36 13.0 nm 186624 2.00
1/8 48X 48X 48 17.3 nm 442368 3.00
1/10 60X 60X 60 21.7 nm 860396 4.50

1/20 120 120X 120 43.3 nm 6908379 9.00

location at the void surface from where the dislocation loops
separate is affected by the interaction with another void, as
seen in Sec. IV in the accelerated reduction of ILD, in the
movement of void center and in the shapes of the voids.

_6

10

scaled void fraction [f/exp(200¢)]

009 011 013 0I5 017 019 B. Single void interacting with its periodic images

linear void size [fl /3] . . . .
We have also performed a series of simulations of a single

FIG. 8. (a) Growth of the voidA until coalescence presented by void with fixed initial radius SiZGO in various initial box
void fraction =V, 4/V versus strain for ILR=0.50, 1.00, 1.20, SizesVo=L2 in order to find the coalescence process of the
1.50, 1.81, and 4.62 diameters as well as in a single-void @ase Void with its (six) periodic imagés), similar to the manner in
the same box sizeat £=10°/sec. The asymptotic behaviwefore ~ which some continuum calculations of coalescence have
finite-size effects is exponential growth with eX@00e) as seen been dondcf. Refs. 9 and 48 The details of the different
from the line drawn as a guide to the ey®) The void sizef  box sizes are reported in Table Ill. Figure 9 shows the data
presented in@ has been scaled with the exponential and plottedfrom this series of simulations. There we have scaled the
versus linear void sizé3. The circles point where the dynamical void fraction f=V,iq/ V With the exponential ex@00¢) (as
ILD's cross the horizontal line ILD=0c5in Fig. 5(b). in Fig. 8 as well as(ry/L)® in order to take into account

different initial volumesV,=L2 of the box. Also(r,/L) scal-
A. A pair of voids

We first examine the volume evolution for the same two-

void simulations described above. Figufe)&hows the void B
fraction f=V,,4/V for void A (also in the case of a single weyo L=29

L. . . R~ S [ EE s ,/L=1/6
void in the same box sizewith respect to the strain before ——— L=/
coalescence. As can be seen from the figure the void grows l B et

as exp200¢), at least for the larger ILE»s and for the single
void in the box. In Fig. &) we have factored out the
asymptotic growth rate fronf in order to emphasize the
differences between the curves and plotted versus linear void
size f3. The void growth data for ILP=4.62 and 1.81 co-
incide with the single-void curve. The void growth rates with
smaller ILDy's reach their asymptotic growth rate earlier. In
the figure we have drawn as circles the void size values,
where the dynamic ILD’s Cross the line IL_D=@J.5n_ F',g_' FIG. 9. Growth of a single void with varying initial box size.
S(b). As can be seen from figure, there is no significantrye injtial radius of the void is kept constant=2.17 nm, while the
change in the void volume behavior when the voids start {Gnitiaj side length of the cube is varied bs-6.50, 9.75, 13.0, 17.3,
interact. Therefore we conclude that the void growth rate i$1 7, and 43.3 nm. The void fractidrhas been divided bgry/L)3

not affected by the interaction between the voids: thus thén order to take into account different initial volumeg=L3 of the
interaction cannot be detected through the growth rate. Thgox. The vertical axis has been divided also with the exponential of
key factor for the void growth rate is the rate at which thethe strain in order to show the asymptotic behavior as in Fig. 8 for
dislocations separate from the void, and it appears to remaithe largest box size. The strain rate is for all the simulatidns
unchanged in the vicinity of the second void. However, the=10°/sec.

&

—
<

i \ \ ‘ \

15 20 25 30 35 40 45 50 55

scaled linear void size [f1 B/(ro/L)]

scaled void fraction [f/{(r/L)’exp(200¢)}]
5
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ing is applied to the linear void'® (horizontal axis. From  their separation, by the movement of their centers, and by
the figure one concludes that the behavior is opposite to théeir shape evolutions. The void interaction has also been
results from the case of an isolated pair of voids, Sec. V A, irvisualized by detecting the dislocations moving in the system
an important way. The smaller the box size, and hence thesing the generalized centrosymmetry parameter. The critical
smaller the ILD, the later the void starts to grow. This is intervoid ligament distance has been found to be close to one
easy to understand since measured from afar the two separaf@id radius, independent of the strain rate or the initial sepa-
voids act as one big void and thus grow faster than a smalld@tion distance ILIg. The onset of coalescence occurs at the
void. In a single void with its periodic image that picture point that the plastlc zones surrounding the voids first inter-
does not hold. For example, there is no distance at which thgCt Strongly. Signatures of coalescence have been found in

stress field approaches a single-void stress field. The periodF € Idynagn!c “d_Dt (;Iurt:/es a_nd Ith; void fcenter rrlov?pentts, as
image only restricts the growth of the void. At a more expiained in detail here, inciuding reterence 1o the stress-

L -, . . strain and void volume curves. A weaker signature of the
gzlcjtzntﬁgigg\olijééhsehggtr g{rfgg; ?jfrif/ri]r? aéir;}c/)c(gti\cl)ﬂismlz Sti%onset of coalescence has also been found in the void shape
. : 9 ) irves giving the quadrupole moment evolution. It has been
from the void surface, whereas a single nearby void enhanc

X . 1aNC&fmonstrated that the interaction of the voids is not reflected
this resolved shear stress on some regions of the void Suf5 the yolumetric asymptotic growth rate of the voids. Fi-

face. An intuitive way to understand this phenomenon s tq,,ly, the coalescence process of an isolated pair of voids has
consider that the shear stress field of a single void forcegeen shown to be markedly different than the coalescence of

interstitial loops away from the void. This field decreasesg single void with its periodic images, so the latter would not
with the distance from the void as /At the near side of a provide a reliable description of coalescence in typical low-

neighboring void, this field would tend to drive interstitial symmetry configurations.

loops into that void; in combination, it reduces that void’s  In the future it would be interesting to study the cases
own stress field. At the far side, it adds to the other void'swith uniaxial expansiorfand the various orientations of the
field, but the effect is smaller due to the greater distance. Fovoids with respect to the expansion direciodifferent sizes

a symmetric array, the effect is to reduce the maximum reof the voids relative to each other, other crystal structures

solved shear stress across the surface and delay dislocatisch as body-center-cubic and hexagonal lattices, and sys-
emission. tems including larger collections of voids.
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