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Damage-Fragmentation Transition: Size Effect and Scaling Behavior for
Impact Fragmentation of Slender Projectiles

Sreten Mastilovic”

Union — Nikola Tesla University, Cara Dusana 62-64, Belgrade, Serbia

ABSTRACT: The focus of the present article is on the size effect of a transnion region from the damaged to
the fragmented phase in impact-induced breakup of a slender project‘e. Mol¢cular dynamics simulations of
the classic ballistic Taylor test are performed with a simple generic rycde! t« explore an extended low-energy
range. In the simulation setup, flat-ended, monocrystalline, nanosca'e prejectiles, with a fixed aspect ratio but
ten different diameters, collide perpendicularly with a roveh 1zic wall. With gradually increasing impact
energy, a non-negligible projectile disintegration eventually akes place and is identified with the damage-
fragmentation phase transition. These atomistic simulations oricr an indispensable tool to gain an insight into
damage evolution in the neighborhood of the damagr-iragmentation transition resulting in the occurrence of
fragmentation at the critical point. A finite size sc2i;02 aualysis of the average fragment mass is carried out to
determine critical exponents and dependence ot tue critical striking velocity upon the slender projectile’s

diameter.

KEY WORDS: impact fragmentation, sicnuer projectiles, size effect, scaling laws, phase transition, atomistic

simulations
INTRODUCTION

A sudden mechanical disintegration of solids is a widespread process inherent to many natural
phenomena and industrial technologies. It is an irreversible, nonlinear, and far-from-equilibrium phenomenon
difficult to investigate with the traditional methods of continuum mechanics (e.g., Krajcinovic, 1996; Wu et

al., 2014). An example is the rigid-anvil collision, addressed in this study, that triggers a sequence of
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operating deformation and damage mechanisms with different characteristic thresholds and time scales. The
integration of these mechanisms results in dynamic response of a material typically characterized by steep
deformation and thermal gradients (e.g., Mastilovic, 2016), which may—given sufficient impact energy—
eventually lead to a sequential fracture and culminate in energetic ejection of fragment debris. The more-or-
less abrupt transition from damage accumulation to fragmentation in low-energy collisions is a complex and
fascinating phenomenon explored in a number of articles over the last 15 years (Kun and Herrmann, 1999;
Astrém et al., 2000; Herrman et al., 2006; Carmona et al., 2008; Sator and Hietala. 2010; Timér et al., 2012).
Phase transition is, in condensed matter physics, defined as the transiti ' betvzeen two phases of matter
whose signature is “a singularity or discontinuity in some observable ¢uaniity” (Chaikin and Lubensky,
1995). The mean-field modeling of the phase transition is based on concents of the correlation length and the
order parameter (Krajcinovic, 1996). The former is, in damage meci anics. identified with the length (or mass)
of correlated microcrack forming a shear band, while the later, s<pai»ting an ordered phase from disordered
phase, is commonly identified with the effective stiffness. T« «oncept of fragmentation phase transition
originated in nuclear physics (e.g., Campi 1988; S4 Maruis c< Oliveira, 1998). Kun and Herrmann in their
pioneering investigation (1999) applied the same cor:-centual approach on two-dimensional (2D) mechanical
particle collisions, studied the possible mechanism nf the damage-fragmentation (D-F) transition and offered
numerical evidence of the existence of criti.2}ivy (0 .ow-energy fragmentation at a single value of impact
energy clearly distinguishing the damag:c and fragmented states. The damaged state is statistically
homogeneous (or translation invariant) it the fragmented state is, by definition, heterogeneous on
macroscopic scale due to the presence of the system-spanning faults that yield fragments. Thus, similarly to
the percolation based ideas develcted originally in nuclear physics, Kun and Herrmann (1999) suggested
existence of the continuous phase travsition with the imparted energy as the natural control parameter and the
size of the largest fragment ac rhe order parameter. Interestingly, they also clearly identified the critical point
with the position of the maximum value of the ratio of the damage energy and the impact energy. (The same
authors and their collaborators (Carmona et al., 2008; Timar et al., 2012) extended this approach to collisions
of spheres and investigated in detail the damage and fracture mechanisms unique to three-dimensional (3D)
fragmentation.) Astrém et al. (2000) also used a 2D model of computational mechanics of discontinua and
statistical arguments to investigate the threshold of instantaneous fragmentation and explore the nature of the

suggested fragmentation criticality. They confirmed that impact fragmentation indeed becomes critical at a



well-defined impact energy preceded by relatively modest damage accumulation prior to that critical point.
The critical point of the D-F phase transition was identified with the striking velocity corresponding to the
maximum value of the average fragment mass (Timar et al, 2012). Substantial literature exists in which the
scaling behavior in dynamic fragmentation was investigated both experimentally and theoretically. Diehl et al.
(2000) studied scaling behavior in explosive fragmentation of generic LJ (Lennard-Jones) systems with
emphasis on the initial temperature. Damage in impact fragmentation was investigated by Sator and
coworkers (2008, 2010) by using a simple MD (molecular dynamics) model of a point impact. A discrete
element model was used by Timar et al (2012) to study the scaling laws for iz..pact iragmentation of spherical
solids upon a hard wall collision. The D-F transition was also investigatcd ex»erimentally; for example, by
Andrews and Kim (1998), Katsuragi et al. (2003, 2004) and Moukarze! ev 2! (2007).

The objective of the present study is to apply the ahove mrentioned concepts to the impact
fragmentation of slender projectiles with emphasis on the size 2fect of the D-F phase transition. The MD
simulation results are used to explore the dependence of sele<ted i~ gment statistics upon the striking velocity
and to search for the typical critical-behavior features anc the transition order paramater(s). The D-F
transition is investigated using the time-honored mati:cmatical tools of percolation theory to capture the size
effect and determine the exponents and the limits of ipplicability of the ubiquitous power-law scaling

expressions.

S:vIULATION METHOD

1

MD is used extencvr<iv to investigate the fragmentation under various types of extreme loading
conditions by the high-resolution virtual (computational) testing (Holian and Grady, 1988; Diehl et al., 2000;
Sator and Hietala, 2010; Mastilovic, 2015). The present study is limited to the traditional MD simulation
technique in 2D in which the dynamic state of the atomic system is defined by laws of classical mechanics
with atomic motions being uniquely determined by an empirical potential. The fragmentation model proposed
is, therefore, general since it aims to capture the underlying features of the investigated phenomenon. The
model is described in detail in a preceding study (Mastilovic, 2016), thus, a succinct summary is deemed

sufficient herein.



A monatomic system, mimicking a monocrystalline flat-nosed (rectangular) projectile, is comprised of
N atoms of equal masses m, that form an ideal triangular lattice and interact with their nearest neighbors
according to the LJ potential. MD simulations are carried out with three LJ model parameters set in the
preceding studies (Mastilovic, 2015, 2016) to match, as close as possible, physical properties of tungsten
(4W): the atomic mass my=3.1x10%" kg (183.85 u), the atomic radius 1.4 A (=ry/2 where r, is the
equilibrium interatomic distance), and the depth of the potential well & =7.5x10?" J. The simulations are
performed for 10 different projectile sizes that share the common aspect ratio, A=7.5. (The projectile
diameters, d, are defined in units of the equilibrium atomic distance, ro, hrocihout the present article,

d=d /7 .) The coordination number of bulk atoms in the reference coitigutation is six and the potential

energy per atom is, depending of the model size, somewhat in exzzcs of the bulk value (—3¢) due to the
surface effects. The Cauchy problem is solved numerically by us’ag the neighbor-list method and the Verlet
algorithm (Verlet, 1967; Allen and Tildesley, 1996) with ‘ie time step of the order of femtoseconds
(Mastilovic, 2016). The extremely small time step, necessitoied vy the high power of the simulated events,
makes the simulations painstakingly time-consuming even tor the relatively small model size utilized herein
due to the recognized difficulty to reach an equilibrisi ctate (Holian and Grady, 1988; Astrém et al., 2000;
Mastilovic, 2015). The present MD simulations ¢ mterrupted when the steady-state fragment mass
distribution is asymptotically reached, which aice coincides with thermal equilibrium.! The small scale
examination of the high-velocity short-dvriaticn events of violent nature, such as impact fragmentation, is
perfectly suited to the virtual experiries’s by methods of the computational mechanics of discontinua
(Mastilovic and Rinaldi, 2014). Thr, corvaision of simulation data generated at the nanoscale level (atomic
positions and velocities, and inte:ztoric forces) to macroscopic observables (temperature, stress and strain) is
firmly established nowadars {2 0., =oover, 1985; Holian et al., 1995; Zhou, 2003; Buchler, 2008; Mastilovic
and Rinaldi, 2014; Mastilovic, 2016).

The distribution of fragment masses is identified in the final state following the normal impact of a

slender deformable LJ projectile with a rigid target. The projectile is in its initial condition a perfect crystal

' The largest simulations took three months of CPU time of PC with Intel® i5-4440 3.10 GHz processor. Since
the computational cost for MD simulations scales typically with the square of the total number of atoms
(Dongarra et al., 2008), the extension of the present investigation to 3D geometry would require an increase
of execution time of the order of ¢*/2. Obviously, such computational effort would necessitate both the more
powerful hardware than the one used in the present study and the parallel computing.



prepared at zero temperature (free of any quenched disorder and thermal vibratory oscillations). For the
continuum-scale ballistic Taylor tests at moderate striking velocities, the anvil surface preparation and
appropriate lubrication are very important for the experiment outcome. In the current MD model, a set of
immovable atoms, which exerts a compressive dynamic load on the impacting projectile without any
numerical artifices mimicking lubrication, represents a rough rigid-target contact surface. In a hindsight, it
may be preferable to use the frictionless target (e.g., Behera et al., 2005) for the study of the D-F transition
(by definition a critical phenomenon associated with the low-energy impacts) to promote the fragmentation in
the neighborhood of the critical point by preventing that the target “wetting” (the thin elongated fragments,
distinctly visible in Figure 1, which combine relatively small momentum:. with comparably large rough-wall
adhesion) hinders the lateral mass transfer. Furthermore, the initi2! tuermal equilibration at any given
temperature would offer an opportunity to perform repeated statisiicai realizations of the Taylor test at any
given striking velocity.

The link between two atoms ruptures when their ‘iteratiinic distance exceeds the predetermined
critical value R = 1.7 ry. This cut-off interatomic distancc s selected to be between the first and second
nearest neighbors in the reference configuration. A tr2yment is defined as a self-bound cluster of atoms with
interatomic distance less than the cut-off distance (»;: < R+ 1n a sequential atom-by-atom search for the nearest

neighbors (Mastilovic, 2015, 2016).

OBSE=VA'{"ONS AND DISCUSSION

The present investigation of ¢« r«nrial impact fragmentation of slender projectiles is focused on the size
effect of the transition fror: damagci! to the fragmented deformation phase. According to the MD simulation
results, at striking velocities cocresponding to an extended transonic range below (what is to be identified as)
the critical point, fragmentation is limited to a relatively small number of miniscule fragments (largely
monatomic and biatomic; Tables 1-3). Thus, the damage is relatively small and diffused, the extent of
fragmentation is rather symbolic and the projectile is arrested (at a time designated #,) distorted—to the
various degree depending of the impact energy—but with retained integrity (Figure 1a). This (subcritical)
velocity regime is the damage phase of the system, where the mass of the projectile stump is practically equal

to the initial mass of the projectile (m, = m).



(a) (b)

Figure 1. Snapshot of two severely deformed configurations of a projectile d =57 (m = 26047; the total
mass given in number of atoms) following an impact at (a) v; = 0.465 km/s and (b) v; = 0.475 km/s. (a) The
arrested projectile with no large fragments, the corresponding snapshot time eaceeds the effective arrest time
approximately three times (= 3-t4). Note the nucleation of diffuse voids and witiaii-n of nanoscale cracks by
their coalescence. (b) The separation of the two largest fragment (follovcat by he projectile arrest shortly
after) with notable growth of a blunted vertical crack whose prepagution is stopped eventually. (The
projectile stumps are cut to emphasize the proximal-end details. The siwmp disappears with the complete
projectile fragmentation which is, within the present simulation i1 arazwork, roughly identified with the
striking velocity range of 2-3 km/s (Mastilovic, 2015). Furthermoi<, to get a feeling for the striking velocities
used in the present investigation, the velocity of longitudinal ~'asiic ~vave propagation of the LJ solid used
herein is approximately 4.3-4.4 km/s which is within 5-10% o/ 'ie “eported values for tungsten (Mastilovic,
2016).)

At very low striking velocities the plastic distort'on ou the proximal end of the projectile is accommodated
by dislocation glide along favorably oriented plar.cs {30~ with respect to the impact direction; Mastilovic and
Krajcinovic, 1999). With increase of strikinz vciocities, extensive atomic rearrangements occur with
dominant damage mechanisms being void w.cleation, growth and coalescence typical of ductile fracture (e.g.,
Besson, 2010). It is interesting to note that r 1eiative shortening of the projectile obtained in MD simulations
is in excellent agreement with the 1ayior’s classic analytical result (1948) as demonstrated already by
Mastilovic and Krajcinovic (1997).

The simulation data s:ggest inat the onset of non-negligible fragmentation is—depending on the
projectile diameter—in the brnad interval of (0.47-0.56) km/s, which can be, consequently, identified with the
incipient fragmentation velocity interval (that is, the critical velocity range). At this finite-size-dependent
critical striking velocity, v.(d), the fragment distribution is still rather limited to miniscule fragments: the
overwhelming majority is monatomic up to four-atom clusters (Table 1). The most notable difference
compared to the subcritical response is an ejection of a pair of large fragments (corresponding roughly to the
0.1-m for the aspect ratio, A = 7.5, used herein) illustrated in Figure 1b and Table 1. The break-up of these two

large fragments is an outcome of an extensive lateral mass transfer by massive atomic rearrangements



resulting in void nucleation/coalescence and slipping along the favorably oriented planes, which are operable
on (sub)nanosecond timescale under the nanoscale size constraints.

This subjective, qualitative, and, therefore, rather arbitrary initial estimate of the incipient
fragmentation velocity based on the mass of the largest fragment is quantitatively characterized by a
transparent investigation approach based on the average fragment mass, which is used extensively in the
recent computational fragmentation studies (Behara et al., 2005; Carmona et al., 2008; Sator et al., 2008;

Timar et al., 2012).

Table 1. Frequency distribution of fragment size n (in number of atom: ccrisututing a fragment) for three
striking velocities for d = 53 (m = 22523) in the immediate D-F transitior: naighborhood with the range of data
divided into the class intervals of equal width in the logarithmic - pa<o. Note that the largest cluster
corresponding to the arrested projectile (the stump) is not included.

v, [km/s]

02.5_5 _____ 0.470 0.475

Inn=0 n=1 344 618 603
O<lnn<l n=2 16 38 22
I<Inn<1.5 2<n<4 8 8 9
1.5<Inn<2 4<rnz7 0 0 0
2<Inn<2.5 T<rZi2 0 0 0
2.5<Inn<3 12<n<20 0 0 0
3<Inn<35 o< £33 0 0 0
35<Inn<4 <n<54 0 1 0
4<Inn<4.5 54 <n<90 0 0 0
45<Ina<s 90 < n <148 0 0 0
5<lnn<5’ 148 <n <244 0 0 0
55<Inn<6 244<n<403 0 0 0
6<Inn<6.5 403 < n <665 0 0 0
6.5<Inn<7 665 <n <1096 0 0 0
7<Ilnn<7.5 1096 < n <1808 0 2 2
7.5<Inn<8 1808 < n <2981 0 0 0




Damage-Fragmentation Transition

The sharp transition from damage to fragmentation in collision of solids is a fascinating phenomenon
attracting a notable attention lately in physics literature (e.g., Kun and Herrmann, 1999; Astrém et al., 2000;
Carmona et al., 2008; Sator and Hietala. 2010; Timar et al., 2012). Kun and Herman (1999) demonstrated that
the transition point between damaged and fragmented states behaved as a c’iiical point and discussed the
possible mechanisms of that continuous phase transition. They gave evidence 1hhat the strength of the largest

fragment <m / m> can be considered to be the order parameter of thc D-¥ tryusition. (Hereinafter, the angle

max
brackets <> designate the sample average and m = N - my the tota! picje::ile mass.) They also demonstrated

that the transition point between the damaged and the fragmented ;iaces can be identified with the maximum
of the energy released normalized with the impact energy. Seharz et al. in their computational study (2005)

also associated the critical point with the impact velocity corr<sponding to the maximum value of the second

2nd
max

largest fragment (m obtained from the impact ircgmentation of a circular disc upon collision with a

frictionless plate. Fortuitously or not, the critical szint, v, =0.47 km/s, obtained in the present study for

d =53 corresponds to the maximum value of n;:"i as indicated in Table 2.

Finally, Timar et al. (2010) argued (hat sae threshold of the D-F transition can be identified not only

with the curvature change of m__ = () (Kun and Herrmann, 1999) but also with the striking velocity

max

2nd

max / *

resulting in approximately comparub'e= sizes of the largest (mp,,) and the second largest fragment (m

AN

For their simulation model o7 il= lnipact fragmentation of 3D plastic particles this implies that one dominant
crack propagates from the coantact zone in the direction collinear with the striking velocity and splits the
spherical impactor. It is interesting to note that—although the slender projectile used in the present impact
fragmentation study has substantially different deformation, damage and failure patterns—the D-F phase
transition can still be identified with surprising certainty with the first occurrence of two large fragments of

similar size (Table 2).



Table 2. Selected fragment statistics for seven striking velocities for d = 53 with m = 22523. The largest
cluster, corresponding to the arrested projectile (stump), is designated by ms and the total number of
fragments by nr. Note that all mass values are given in number of atoms (of mass mg) and the maximum
temperatures (evaluated at two locations) in kelvin.

v; [km/s]
0.425 0.465 0.470 0.475 0.495 0.578 1.00
m,, 22217 22122 18194 18622 18238 16016 8567
M. 3 4 1798 1715 1687 2016 1043
miﬁ‘i 2 3 1773 1507 1624 1152 814
m 1.04 1.09 5.97 5.70 427 413 2.88

T ax 2000/1100 2100/1200  2350/1100  2400/1107  2450/1250  2800/1500  5200/4000

ng 295 368 667 635 847 1477 4376

Table 3. Selected fragment statistics for seven Striiiny velocities for d = 19 with m = 2813.

v; [km/s]
0.510 0555 0360 0.565 0.646 0.800 1.00
m,, 2736 2282 2173 2243 1883 1449 1159
M 3 104 189 198 208 139 123
mae 3 147 138 187 143 93 62
m 1.12 2.85 2.97 2.90 2.83 2.51 2.17

T ax 2000/1300 2200/1300 2200/1400 2200/1400 2600/1400  3400/2500  4700/2900

ng 86 185 213 213 320 536 758
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Actually, out of ten projectile diameters used in the present computational study, the D-F threshold

determined based on this qualitative criterion (miﬁi ~m_ ) agreed with the one determined based on the

statistics of the average fragment mass (m,,.), in all cases but one. Nonetheless, even in the case of that
exception (which was d = 19, presented in Table 3) the critical striking velocities of the two citeria are within
5 m/s, which amounts to roughly 1% difference.

Finally, the average fragment mass was used most recently by Timar et al. (2012) for more
transparent identification of the transition velocity in their 3D investigation oi the impact fragmentation of
spherical projectiles made of heterogeneous brittle materials by means of a discrete element model. This
approach, which identifies the average fragment mass as the order poian:cter of the D-F phase transition, is
adopted for this study as well. To put it succinctly, this method ident:rivs the threshold value v, as the striking

velocity that coincides with the maximum of m_ = (v, ). The average fragment mass is defined as the

i

sample average of the ratio of the second and first moments ¢f .izn1:nt masses

\

__/Mz> (1)

m
ave \ ]
M,

where the kth moment of the fragment distributio: 1, .!2mined in a single fragmentation event as

M=y ok —mb ., (k=12) )

max
1

(Note that the summation is perfornec over all fragments m; and the contribution of the maximum fragment
mass is subtracted from M) (Tindr < al., 2012).) It cannot be overemphasized that, strictly speaking, the
average mass (1) is defined ac the <azuple average of the ratio of the first and the second moments of fragment
masses over large number ot ealizations while—for the sake of computational tractability (in conjunction
with the system sizes used in this study)—only a single realization is used throughout this analysis. This

explains somewhat kinky, even serrated, character of the curves presented in Figure 2.
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Figure 2. Average fragment mass as a function o tne striking velocity for five different projectile diameters of
the same aspect ratio (A= 7.5). (Note that »\ith "acreasing system size the peak of the curves gets sharper and
shifts to the lower v; values as typically shserved for continuous phase transition (Kun and Herrmann, 1999;
Astrom et al., 2000; Timar et al., 2012).

The processed simulatior. ics::its presented in Figure 2 reveal dependence of the average fragment
mass (obtained in the atcvementioned manner) upon the striking velocity for five different projectile
diameters. The critical behavicr for the largest projectile can be clearly observed due to the precipitous surge

of the average fragment mass. The gradual smoothing of the m_, =m (V[) curves following the projectile

diameter decrease is clearly visible as well. The similar increase of sharpness of conditional moments with
increase of the model size was observed by Campi (1988) in connection with the phase transition in nuclear
multifragmentation. As for the impact fragmentation, Kun and Herrmann (1999) observed this critical-point
signature behavior for the average fragment mass, Astrom et al. (2000) for the total fragment mass, while

Timar et al. (2012) for both the average fragment mass and the evolution rate of the scalar damage parameter.
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The simulation data presented in Tables 2 and 3 also include the maximum values of the instantaneous
kinetic temperature (Hoover, 1985; Holian, 1995) evaluated locally at two circular averaging areas (of equal
radii 9-ry) positioned along the projectile centerline (refer to (Mastilovic, 2015, 2016) for details).
Specifically, the first averaging area is centered in the proximal end while the second is in the mid-section,
approximately at 0.2-/ and 0.45-/ from the projectile’s impacting flat top, respectively (/ being the projectile
length defining the aspect ratio as A=//d). (The second T},.x value is also—in the pre-fragmentation phase—a
reasonably close estimate of the steady-state temperature established in the projectile stump after the thermal
equilibration.) The maximum temperature data pairs indicate that the D-F trousiticr. is not accompanied by a
significant increase in the atomic vibratory motion defining the instantaneo 1s k1aetic temperature. Actually, in
the D-F transition region, the maximum temperature increases approximatcly 10% which is relatively modest
change for the calculation accuracy of +50K.) The substantial temr.iatnre rise occurs with the increase in the
level of fragmentation well above the critical point.

Finally, the total number of fragments, nr, presented i T=iries 2 and 3 is an important measure of the
degree of break-up of the fragmenting impactor (Behara ei 2t 2005; Sator and Hietala, 2010). It is observed
in the present study that the maximum average mas:: (identified in the following analysis with the critical
state) results from simultaneous occurrence of a rzir «f jarge fragments of comparable size accompanied by
as small as possible “dust cloud” of monator.i: fvugirents. It is important to note that it is difficult to reach
the steady state np in MD simulations sinc: e siiock induced heating yields extreme temperatures that can
dissipate only through heat transfer to i projectile stump. This process of thermal equilibration of the
arrested projectile takes a long time and cven after the uniform temperature is reached—depending on the
impact energy—its steady-state ~aiuc can be sufficiently large to cause occasional atom escape.
Consequently, the emissior of n.onaromic fragments due to the thermal vibratory motion remains for some
time after the projectile arrest.

Furthermore, the presen: simulation results (Figure 3) support the conclusion by Behara et al. (2005)
that the number of fragments scales linearly with the natural logarithm of the striking velocity normalized by

the critical striking velocity

> It has been recently demonstrated that, within the present MD simulation framework, the maximum
fragment size is inversely proportional to the maximum value of the instantaneous kinetic temperature within
a large part of the hypervelocity impact range (3 km/s <v; < 30 km/s) (Mastilovic, 2015).
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ng & In (:—Z) , U< v <y 3)

It is interesting to note that, based on the large-projectile data presented in Table 2, the total number of
fragments raises notably in the D-F phase transition range, which is not surprising since the emission of a
large number of miniscule fragments (overwhelmingly monatomic; Mastilovic (2015)) always accompanies
the large fragment brake-off due to the shock induced thermal excitation. Consequently, it appears that the
total number of fragments, ng, could also be considered a candidate for the D-F transition order parameter.

It should also be emphasized that nr necessarily diverges from the elicidated linearity of the scaling

relation (3) for ultra-high striking velocities approaching the terminal (shatiziing) iragmentation

limyi—>1]1 (nF) = N (4)

where N =m / my is the total number of atoms constituting th:- nenonrojectile and vy, the elusive shattering
transition velocity (Mastilovic, 2015). Thus, the fragmectntatics process asymptotically approaches the
terminal fragmentation defined by a deterministic fragin=i. distribution following from the monatomic
sample of fragments (my.x =1). According to Figime 3, the striking velocity vi, corresponding to this
divergence from linearity of the scaling expression (2), 1s size sensitive with values 10 km/s and 30 km/s
corresponding approximately to the normali:.ed vioiectile diameters 19 and 53, respectively. The later limit
value agrees rather well with the earlier cixc=rvarions suggesting linear scaling of the maximum fragment
mass with a set of state variables in tho iower and intermediate part of the hypervelocity impact range
(Mastilovic, 2015).

Interestingly, Sator and Hiets'a (2010), in their investigation of damage in the impact fragmentation of

2D circular discs, proposed a lincar relation

D; o n (5)

between the final damage and the total number of fragments, with an obvious consequence that the process
defined by Eq. (4) corresponds to the approach to the limit damage state, D,= 1. The importance of this
proposition stems from the fact that, unlike the evaluation of the total number of fragments, the experimental
measurement of damage evolution remains a challenging problem (Tasan et al., 2012; Saijun et al., 2014;

Iturrioz et al., 2014), especially the dynamic ductile damage quantification.
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Figure 3. The total number of fragments normalizeZ ;v the number of atoms vs. natural logarithm of the
striking velocity normalized by the critical velocity a: two srojectile diameters presented in Tables 2 and 3.

Size Effect of the Damage-Fragmentatior Transition Threshold

The dependence of the critical siriking velocity on the slender projectile’s diameter is illustrated in
Figure 4. It can be noticed that the central part of this plot corresponds to the power-law decrease.
Assuming the well-knowu sceling form (Stauffer and Aharoni, 1992; Nishimori and Ortiz, 2011;

Timar et al., 2012) for the crtticai ciriking velocity

v,(d)=v,(0)+4d",  d,<d (6)

in terms of the system size, the critical striking velocity of the infinite system and the correlation length

exponent of the transition can be identified to be ve(c0) = 0.40 km/s and v = 0.77 £ 0.01,” respectively. Eq. (6)

? Timar et al. (2012) also observed this type of size effect for their spherical particle impacts with the
exponent v =1.00 £ 0.05.
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implies that in the limit of the very large projectiles the critical striking velocity of the D-F phase transition
converges to v,(o). The present MD simulation results, on the other hand, suggest limits of applicability of
the power law (6). Specifically, the entirely new feature of the functional dependence v, = f(d) is the existence
of two horizontal plateaus corresponding to the small (d < d; = 23) and, parhaps also, the large projectile

diameters (d > d,, = 57).
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Figure 4. Main panel: The 1000 ~alue of the striking velocity as a function of the projectile diameter. Inset:
The critical value of the stri<ing velocity as a function of the projectile diameter raised to the degree

1/v=1.30 extracted in Eq. (0); the five indicated power-law data points outline the critical value of the
impact velocity of infinite systems, v¢(o) = 0.40 km/s.

The small-size saturation is actually suggested by the two smallest disc-radii data presented by Kun and
Herrmann in their groundbreaking article ((1999); Figure 9) but the issue was not pursued. This saturation
plateau is similar to the well-known size effects noticed in the plasticity of confined dimensions. The physical

explanation of this marked sample-size dependent inelastic response is commonly attached to change in
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deformation mechanisms when the system volume approaches the nanoscale. For example, Kraft et al. (2010)
demonstrated the size dependency of the mechanical strength of different monocrystalline thin metal films
and proposed that it may be separated into three regimes: the small-size regime, an intermediate regime
governed by the power law, and a bulk-like regime. They argued that “there is no scaling law with one
universal power-law exponent encompassing the entire range” since different physical mechanisms give rise
to different inelastic responses for different size ranges (and boundary conditions). They supported this claim
with observations of decreasing dislocation density and activity with decreasing film thickness resulting

eventually in the dislocation starvation for the nanoscale samples. Sailacty, Rinaldi et al. (2012)

demonstrated effects of dislocation density and sample-size on the yield stcess 1t the nanoscale in any plastic
regime; Rinaldi (2011) casted the dependence mathematically into a first-oraer Weibull theory. Jennings et al.
(2011) noticed the same trend that the size dependence of the ccirpressive strength in monocrystalline Cu
nanopillars deviates from “the ubiquitously observed power ‘2w’ 12 a relatively size-independent upper
plateau at the small-size end. They associated this change with ¢ change in nanoplasticity mechanisms from
the surface dislocation nucleation at the small diameters ic iz collective dislocation dynamics at the larger
diameters in accordance with the theoretical predicticaz by Zhu et al. (2008). A similar trend of the strength
increase due to the transition from cooperative to microczzck nucleation phenomena were discussed for quasi-
brittle solids by Mastilovic (2011a, 2011b, 2213).  While the small-size plateau analogs are well known and
extensively discussed in the nanoscale plastic:'y 1.2 the last decade, the occurrence of the large-size saturation,
observed in the present investigation, is uiexpeceed at such, relatively small, (pre-bulk) sample volumes. This
apparent large-tail saturation limit exceude by 10-15% the critical velocity of the unbounded media (extracted
from the inset of Figure 4). As ar iilurration, Eq. (6) suggests that the D-F phase transition for d = 57
(m =26047) should take place at v, = 1.465 km/s. Nonetheless, Figure 1a shows that at the time corresponding
to 3-¢, the arrested projectile itamed completely its integrity for that striking velocity with a solid margin
while at v; = 0.470 km/s only owe large fragment is ejected. The two large fragments occur for the first time at
v; =0.475 km/s (Figure 1b), which is identified as the critical velocity based on the observation that the
average fragment mass exceeds those obtained for v; =0.485, 0.510, 0.612 km/s. It can be argued that the
difference between these two critical velocity values (suggested by Eq. (6), v.=0.465km/s, and the

maximum of m__ =m_, (V[) method, v, =0.475 km/s) is reasonably small, but, the similar trend is also

observed for the largest projectile used in this study (d = 65, m = 33836) with a similar critical velocity
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(Figure 4). Due to the scarcity of the large system size data and the lack of the clear physical explanation at
present (other than, seemingly premature, identification of the large-size limit with the bulk behavior), the
existence of the apparent large-size saturation limit at such, relatively small, size is an iffy proposition and the

discussion must be relinquished to future studies.

Scaling of the Average Mass with the Projectile Diameter

The average fragment mass, Eq. (1), characterizes the fragment mass fluctuations (Stauffer and
Aharoni, 1992; Kun and Herrmann, 1999; Timar et al, 2012). Consequenily, assuming that the system

exhibits a continuous phase transition, the finite size scaling of the average fragraent mass in the form

o = F -, (o)l ™

(where F' denotes the scaling function) reveals the y exporent or thz D-F phase transition. Figures 5 and 6,

illustrate the data collapse of the m,, =n,, (v) curves 15+ two values of the critical velocity of the

unbounded media v.(o0) = 0.40 km/s and v(x) = 0.42 m/s, respectively. For both cases, the best collapse is
achieved with the scaling exponent y=1.04 £0.0%. Tlus exponent value significantly exceeds the one
obtained by Timar et al. (2012) in their recent study of scaling laws for impact fragmentation of spherical
solids based on 3D discrete element model.

Inset in Figure 5 reveals both the zond quality data collapse of m,  =m,, (V[) curves in the

neighborhood of the critical point for f:e ee selected projectile diameters d > d; as well as the horizontal
peak shift of the curves belonginz ¢ e small size plateau d <d;. A detail in the inset of Figure 5, with

emphasized 4 e{19,23} curve peaies ‘ilustrate the horizontal peak shift of the curves belonging to the small

size plateau in resemblance 15 he claim by Kraft et al. (2010) that there is no scaling law with one universal
power-law exponent encompassing the entire size-dependent range (of the mechanical strength). Nonetheless,
prompted by the unexpectedly early large-size v, = f (d) saturation illustrated in Figure 4, an attempt is made

to scale the simulation data with somewhat larger critical velocity of unbounded media, v,(c0) = 0.43 km/s.
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Figure 5. Main panel: Collapse of the m, =3, (v[) curves presented in Figure 2 corresponding to three
different projectile diameters (d e{29,2% 53} belonging to the power-law part of Figure 4) obtained by
rescaling the average fragment mass, *,,, and the striking velocity, v, by an appropriate power of the
projectile diameter. Inset: A detail of th¢ main panel plot corresponding to the peak of the curves with the

data points d €{19,23} added for i'usiziiion of the horizontal peak shift of the curves belonging to the small
size plateau.

Regardless of reasonaviy good data collapse presented in Figure 6, a closer examination reveals a
small—albeit, an indicative—scatter in the neighborhood of the critical point. This expected scatter is an
unavoidable reflection of the earlier observation that data points for ¢ {19,23} do not follow the power-law

scaling of the critical striking velocity (6).
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Figure 6. Collapse of the m,,=m,, (v[) curves pres-ated in Figure 2 corresponding to five different

projectile diameters obtained by rescaling the averr.;,;2 fragment mass, mg,., and the striking velocity, v;, by
the same scaling exponents of the projectile «runcter and the increased impact velocity of infinite systems,
ve() = 0.43 km/s modified to take into accouit «!i vimulation data points.

SUMMARY

The current article presers a ¢eneral model for 2D impact fragmentation of slender projectiles using
the traditional MD. The privcis2i advantage of this computational method is the ability to study rapid non-
equilibrium processes with snall-scale spatial and temporal resolutions with no assumptions made about the
processes and mechanism investigated. Simulations are performed with slender rectangular projectiles of a
fixed aspect ratio and 10 different diameters by varying the striking velocity within a relatively wide range of
interest. It is well established nowadays that the impact fragmentation becomes critical at certain striking
velocity, v, (i.e., the impact energy). Thus, MD simulations are performed with a relatively moderate-energy
loading of a slender monocrystalline nanoprojectile onto a rough rigid surface to explore D-F phase transition

with emphasis on the size effects and scaling behavior. At first, the simulation results are used to explore the



20

dependence of selected fragment statistics upon the striking velocity. The rigid-anvil impacts for all striking
velocities below the D-F transition (v;<v,) lead to more or less severe plastic distortion accompanied by a
relatively small and diffuse nanoprojectile damage in the process zone but with notable absence of substantial
fragmentation. At striking velocities exceeding this fragmentation threshold, the projectile is no longer
capable of retaining its integrity by completely absorbing its kinetic energy by plastic distortion and,
consequently, fragmentation takes place as a result of shear-dominating cracking typical of ductile solids.

The identification of the critical velocity is performed by the method based on the maximum average
fragment size, commonly used in recent studies. This analysis suggests that “i.e cruical velocity varies in the
interval of (0.47-0.56) km/s for the set of projectile sizes used herein I'he occurrence of the maximum
average fragment is a result of an interplay between large fragments ana accompanying “dust cloud” of
miniscule fragments, overwhelmingly monatomic. It is observ:a thet, within the present simulation

framework, the critical velocity coincides with the smallest strii iy velocity with sufficient impact energy to

brake-off two “non-negligible” fragments of comparable siz< (,;:;;f ~m__ ) with as small as possible size

max
of accompanying “dust cloud”. It is also reported that this D-r transition is accompanied with only a modest
increase of the maximum temperature in the process one and somewhat more pronounced increase or the
total number of fragments which may suggest the ‘are; {ur an order-parameter candidate.

Thus, assuming the scaling forms (6, 7} weti-known from percolation theory and previous impact-
fragmentation studies, the power-law scali.¢ exronents are identified (v =0.77 £ 0.01 and y = 1.04 £ 0.02) as
well as the critical striking velocity ¢f the unbounded media (ve(o0)=0.40 km/s), which define the
dependence of the critical striking veioc’vy and the average fragment mass upon the projectile diameter under
the fixed aspect ratio constraint. infoiestingly enough, the MD simulation results suggest existence of the
lower limit of applicability ‘«; =3 ry = 6.5 nm) of the critical striking velocity power law (6) and, perhaps,
the upper one as well. It cannot be overemphasized, though, that the existence of these limits is not
established herein with the same degree of confidence due to the fact that the MD simulations of the impact
fragmentation of the larger systems are prohibitively time consuming, which results in the scarcity of data on
that end of the size spectrum. Consequently, the existence of the small size plateau (perhaps a horizontal
asymptote — it cannot be stipulated based on the data available) is well confirmed by the simulation results
and well founded in the recent experimental and theoretical nanoplasticity studies. Namely, there is a plethora

of experimental data on mechanical strength on the nanoscales published recently that support this general
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trend. On the other hand, the large-size horizontal plateau is suggested by a less comprehensive set of
simulation results, which highlights a shortcoming of the present, and an incentive for the future, work.

The use of the scaling form characteristic of continuous phase transition resulted in high-quality data
collapse in a broad critical point neighborhood. The simulation results and the scaling analysis presented in
this study extend the validity of the phase transition picture on the slender impactors and yield the D-F
transition exponents with a reasonable accuracy.

Furthermore, the present simulation results demonstrate that the number of fragments scales linearly
with the natural logarithm of the striking velocity normalized by the critical c'riking velocity until the upper
linearity threshold is reached for ultra-high striking velocities approaciing the terminal (shattering)
fragmentation. This size-dependent limit velocity is roughly estimated to te v = 30 km/s for d =53 .

Finally, the main limitations of the present MD model can b aiiributed to the modest size (up to 34000
atoms), the 2D geometry, and the rudimentary pairwise interstcrite interactions. They are used to benefit
from their simplicity and the consequent computational =fficiency. Thus, the exponents in the scaling
expressions, as well as their applicability limits, could change for 3D geometry. Unfortunately, due to the
prohibitively costly increase of the simulation run tir.2, the extension of the present modeling framework in
that direction would require a substantially morc sasiusticated computing technology (in terms of both
software and hardware) than the one used ir* “ic precent study. (As an additional benefit, the 3D geometry
would enable a realistic modeling of poly.iyciaiine projectiles.) Furthermore, recommendations for future
work include the use of interatomic potz«tini vizore physically justified for the modeling of complex systems;
needless to emphasize, at the cost of “irtiacr increase of the computational intensity. Nonetheless, the use of

more realistic many-body poteriials {#s an example, the embedded atom model) would improve the

fragmentation model and refine t.2 =imulation results especially in the range of low and moderate striking
velocities inherent to the D-{ «ansition. Additionally, it seems opportune to mention possibility of exploring
presumably higher-order effecis such as the initial temperature of the solid projectile and the pre-existing
structural imperfections at various spatial scales (e.g., point defects, voids, inclusions) that would be
associated with a relatively-insignificant additional computational cost. In the end, it would be interesting to
make an assessment of the influence of the frictionless target on the results presented in this study, which

would require only a simple source code modification without a consequent simulation run time increase.
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