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This work reports our meso mechanical study of microcrack behavior, especially the process leading
from microcracking to macro failure. Using laser loading with a duration on the order of
nanoseconds, spallation in a cylindrical geometry was achieved in soda-lime glass at the microcrack
evolution stage. Laser induced shock waves were used to conduct crack initiation experiments for
the first time. The specimens were examined after experiments and were compared with those
loaded by conventional static and dynamic methods. A meso scale failure model of nucleation,
growth, and percolatiofNGP) is suggested based on the experiments. The NGP model is
characterized by a randomly generated microcrack field and by simultaneous percolation statistics in
time iteration. In most existing damage models, the statistical average of microcracks over a finite
space is required in order to evaluate the damage variables. This procedure is not necessary in the
NGP model. We show that the connection of microcracks can be very complicated, possibly a
self-organized process. @998 American Institute of Physids$50021-89708)05407-3

I. INTRODUCTION study*=® This was empirically summarized as the “mini-
mum incubation time criteria.” The criteria suggested that
We refer a brittle fracture to the spallation or unstablethe time to failure was necessary for the evolution of micro-
crack initiation in brittle materials here. The two phenomenascopic damage. Here, a microcrack field in the process zone
are usually interpreted differently. of a main crack serves to relax the stress level at the crack tip
For spallation under short pulsed loading, the failure dueand enlarges the amount of area that supports the loading.
to uniaxial strain load is usually studied. Most of the currentThe residual strength of the damaged zone is the key factor
models use the macro description method. The one estalgoverning the main crack initiation.
lished by Tuler and Butcher is well knownSome other A comprehensive description of both spall and crack ini-
recent works were performed by Kanetal? and Res- tiation phenomena was given by the NAG model of Curran
seguieret al® In Resseguier's model the damage quantityet al® In the NAG model, the meso structur@sg., voids or
was assumed to be the volume percentage of voids. The framicrocrack$ were studied experimentally and numerically.
ture criterion was considered to be the point when the voidrhe idea of the NAG model was widely accepted with dif-
percentage exceeded 20%-25%. The concept of void peferent damage variable definitioAgraditionally, Boltzmann
centage is reasonably applicable to ductile materials, but it itype statistics were used to define such damage variables.
difficult to imagine a 20% void percentage in a brittle mate-They were defined using a distribution function and then
rial such as glass. Obviously, these models should be imaveraged according to the distributithSuch an average
proved with respect to the following aspect4) the term  procedure eliminated the singularity of microcracks, and was
usually used to express the damage variable does not acciyndamentally inappropriate for brittle fractures.
rately reflect its reality(2) the growth of the damage follows Curranet al® also suggested the advantages of using the
an empirica| equation’ ar(ﬁ) the failure limit of the damage short shock pulse teChnique. This teChnique freezes the dam-
is artificially designated. age in the evolutionary stages and connects it to a clear stress
On the other hand, elastic fracture mechanics are inteistory. The short shock pulse is often obtained by the im-
preted using the stress intensity facttF) concept and the Pact of a thin plate to a disk shape specimen. .
relationship between the surface energy release rate and criti- A Strong pulsed laser provides us with a new opportunity
cal SIF (fracture toughnegs The sensitivity of fracture Of obtaining shock waves short enough and yet strong

12 H
toughness to the loading rate is an important topic ofenough for the task*? Currently, laser induced shock
waves are used to undertake material property studies in a

very high pressure rand&0?—10° times of the yield thresh-
dpresent address: Computational Mechanics Technology Dept., Advancegld) and spaIIation tests of very small specimélnss than 1
Technology R. & D. Center, Mitsubishi Electric Corporation, 1-1, 13,14 . . .
Tsukaguchi-Honmachi 8-Chome, Amagasaki, Hyogo 661, Japan; Elecmm?- We realized that this |qad|ng methpd also has the
tronic mail: li@mec.crl.melco.co.jp ability to carry out damage studies of the yield stress range
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TABLE |. Experimental scheme.

Total specimens
|

i 1
Group A

= Group B
Conventional test Laser load test
| |
I | ' I
Group A1 Group A2 Group B1 Group B2 (&=7%_J
crack initiation

impact static spall test I
flyer P I |
— H @ Group B11 Group B12a Group B21  Group B22
— |

Vi SW__>
E ‘ D

a. using data from Ref.15

as well. In this article, we describe a new plane strain experiobtained by interpreting the accumulation stage of the NAG
ment using a cylindrical geometry which is suitable for frac-model using the percolation theory. By percolation we mean
ture experiments with specimens on the order of a centimethat the representative quantity of the damage field is repre-
ter. Because a successful fracture model should be efficieisented by the largest damage cluster instead of the traditional
over a wide range of load duration and specimen geometngverage variables. Other similar approaches have also been
we not only simulated our own experiments, but also simureported recentl§>?° In this way, a natural macro fracture
lated experimental data from spallation in plate specimensriterion is obtained if the largest cluster span extends to the
taken from Resseguirso as to consider all data comprehen-specimen size. The sign of the fracture is indicated by the
sively. presence of scaling law in crack clusters.

Commercial soda-lime plate glagwindow glasg was In this work, we first confirmed the material properties
chosen as the test material. Hugoniot data are available up tf glass under conventional loading. Then the spallation and
40 GPa>1®Recently the failure properties of various glassescrack initiation experiments were conducted using a pulse
have received special attention. There are reports that tHaser as the load source. The results of different experiments
failure waves were observed in soda-lime gis$ Laser were then compared by fracture surface observation. Nucle-
shock wave spall tests using plate targets have also beation, growth, and percolatiotNGP) were distinguished as
reported®® The fracture toughness in mixed mode staticthe three basic stages of the failure process. This idea was
fracture experiments was studied by Singhal?® About checked with respect to spall and crack initiation experi-
three years ago, we also studied the fracture behavior undenents using the same material parameters. It can be con-
mixed mode and dynamic loadifgThe fracture toughness cluded that the NGP model reasonably reflected the main
of glass showed a rate dependent behavior. We found that féatures of all the experiments. However, the interaction be-
a modification to the maximum hoop stré88HS) was made tween stress and the microcrack field still remained a prob-
taking into consideration the nonsingular terms in front oflem which limited the accuracy and efficiency of the simu-
the crack tip of a center notched disk specimen, the MHSations.
criterion could well predict the extension direction of the
crack tip in mixed mode experimerf.

Percolation theod??* seems to be a promising tool in
establishing new models although it is still too simple for our
requirements. The theory is attractive because the percola- Table | illustrates our experimental scheme. The total
tion criteria are simple and elegant. Our fracture model isspecimens are divided into two groups of conventional load-

ing experiments in Group A, and laser loading experiments

in Group B. Some of the experiments had been reported
TABLE Il. Chemical components of soda-lime glass. before32! but it is the first time we conducted all the experi-
ments simultaneously. We intended to collect the compre-

II. CRACK INITIATION EXPERIMENTS LOADED BY
STATIC, IMPACT, AND PULSED LASER

Si NaO CaO MgO Cuo ; .
O 9 hensive data of glass by such an experimental scheme.
This work 71.6%  13.3%  9.8% 4.3 i ) i )
Resseguieet al®  715%  13.7%  9.5%  4.05%  --- A. Conventional mechanical properties of soda-lime
Dreminet al® 722%  141% 00 0.1% 125% glass
*See Ref. 15. First, we repeated the experiments reported by our group
PSee Ref. 16. previously?! This served to confirm the material constants in
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PRECRACK =
FRONT

(a) (b)

FIG. 2. Fracture surface in the striker impact and the laser loading experi-
%ents;(a) SP111 loaded by HPB one point impa@) SPO007 loaded by
laser shock waves. The arrows indicate voids that initiated cracks.

(a) fracture surfacéSP113 in static experimentsb) section inside a glass
specimen obtained by grinding.

fact, the existence of these voids is well known by glass
soda-lime glass. The chemical components are listed imakers?’ They are formed during the chemical reaction in
Table Il and it can be seen that the glass we used was almogte later stages of glass formation.
the same as that used by Ressegateal!® This time, glass There are two specific points to be noted regarding Figs.
disks 20 mm in diameter and 2 mm in thickness were usedi(a) and Za). One is that the precrack front can be clearly
For specimens which required existing cracks, two opposegeen as a smooth line and it was not disturbed by the existing
arced slots were fabricated along the meridian on the faces @bids. The other is that a single crack front was preserved to
the disk by a diamond wheel with a thickness of 0.2 mm.the last stage of extension. We examined the surface shape
Thus a center chevron notch was formed. Then precracksnd roughness of the fracture surface with a micro-surface
were opened by applying pressure in the notch direction usmeter with a 0.1um spatial resolution and did not find any
ing an INSTRON. The precrack length was monitored by aevidence of multi-fractures in both experiments of group A.
charge coupled devicgCCD) microscope camera with a 30
um resolution. We us® to indicate the specimen radius and
2a to indicate the total crack length. The typical value of
a/R was 0.5. The static tests were conducted with a loadin
head velocity of 0.1 mm/min. The time from the start to the  The specimens in the laser loading experiments were
end of loading was about 200 s. The fracture toughness oldasically the same glass disks that were used in the conven-
tained was 0.7 MPaMf when using the analytical tional loading testsA 1 mmdiam center hole was opened as
solution?! The static loading rate of the crack is on the orderthe laser absorption chamber for the laser load. Tungsten
of 10”2 MPa n'¥s. The impact loading fracture experiment powder mixed with Araldite was used to form the cone
was conducted on a Hopkinson pressure bar using the orghaped chamber shown in Fig. 4. A Nd-glass laser called the
point impact method? The fracture time was 6.j&s, and the  Gekko MII by the Institute of Laser Engineerir§|.E) of
fracture toughness was 1.0 MP&fso the loading rate was Osaka University was used. The laser has a time duration of
around 16 MPa m“¥s. Figures (a) and 2a) show typical 0.5 ns and single shot energy up to 50 J. The wavelength of
fracture surfaces after the static and impact loading. Occahe beam was 0.53m. In the experiments, the laser was
sionally, there are slight hackles along the loading directiorfocused to a 0.4 mm spot. The laser intensity was around
on the fracture surfaces which experienced impact loadingl0'? W/cn?. The pressure on the surface of the tungsten
This can be regarded as an indication of a higher extensioshould be 20-100 GPa according to the scaling laws of
velocity. The fracture toughness results were the same a@hipps et al?® The duration of the pressure application
those obtained earlier. These material constants are summshould be the same as the laser plasma life which is less than
rized in Table Ill. We found that there were many voids 2 ns in our casé® Since we are not able to measure the
ranging in size from 2 to 5(um on the fracture surfaces as shock response of the self-made tungsten mixture, the pres-
seen in Figs. (& and Za). We compared the surface ob- sure transmitted to the glass could not be calculated, but the
tained by grinding 1 mm into a cut surface and the result ipressure pulse must be longer in time and weaker in pressure
shown in Fig. 1b). The number and distributions of voids than the plasma pressure. In this article, we supposed that the
showed no obvious differences with that on the fracture surload to the glass had a pressure of 30 GPa and a duration of
face. Figure 3 gives the results of the void distribution. In30 ns.

B. Laser fracture experiments of plane strain
gylindrical shock waves

TABLE Ill. Material parameters.

Specific volume v (cclg) 0.3809 Raleigh wave speed Cg (km/9 3.06
Young's module E (GPa 71.3 Static fracture toughness K. (Mpa m?) 0.7
Poisson’s ratio v 0.24 Energy release rate J([Am? 7.3
Longitude wave  C, (km/s 5.65 Dynamic fracture K14 (MPa ni?) 1.0
Speed Toughness
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O > £ 102 ' i . "T . FIG. 5. Calculated stress profiles in uniaxial strain and plane strain cylin-
‘ drical assumptions. The input load is rectangular shape with amplRude
0O 10 20 30 40 50 60 umpton - \nP . gular shape with amplk
and durationr indicated inside the figures, respectivelg) uniaxial strain
Void diameter. C (Hm) wave plotted every 40 ns from 0.12s. The calculation parameters were
’ same as Ref. 3p) plain strain cylindrical shock wave plotted every 8
FIG. 3. Size and number distribution on the soda-lime glass sections. Thferom L6 us.

samplings were taken from the specimens shown in Figs. 1 and 2. The broad

line is the average for all the samples.

tended for about 1 mm, then the arc shaped cracks appeared
) as the main damage form. We are therefore sure that the
There were two groups_of Iaser_ experiments _Bl and Bzregions 5 mm away from center of the specimen are almost
Grpup B1 was the_ spallation _testmg of cylindrical wavesgeq of secondary loading. Our observations and numerical
using specimens without a main crack. Under the Supposegy, jations used the data obtained only in this region. Figure
load, the compressive shock pulse generated in the centgrgy s an example of spall cracks before the final failure.
hole propagated radically and reflected as a tensile wave The B2 group specimens were used for the crack initia-

pulse when it reached the free edge of the disk. The shocf,, tasts. Each specimen in B2 had a center crack like those
front was relaxed during its propagation as its energy Wag, e conventional loading experiments. We further de-

dissipateq, and the pulse span elongated as shown by Fig. égned two types of targets, B21 and B22, for those experi-
The maximum shock wave pulse length was about 0.2 MMy,e s Group B21 had no lateral constraints. Figure 7 gives
For a specimen thickness of 2 mm, the loading inside mos, oyample of the results of the overall damage. There was

regions is strictly plane strain. This could be indirectly 5, spall damage in the lateral region of the main crack line.

proved by observations after the shock experiments becaugqgure 2b) is a scanning electron microscof@EM) micro-

the spallation cracks occurred in the middle of the SpeCi'photograph of the crack surface and shows a lot of microc-

men’s height and usually did not reach the surfaces. One g, .5 on, the precrack front. We found evidence that the mi-
the specimens was broken into small pieces. A miCrosCopig,qcracks were initiated from the preexisting voids as seen in
observation of the pieces showed a lot of arc shaped craclﬁg_ 8. Group B22's targets used four2 arc shaped glass

with distances less than 1 mm between the arcs; these afftters a5 momentum traps around the disk specimen. Figure
shaped cracks took the laser incident hole as their center.

This crack pattern was the same as with the other specimens.
A possible problem for the method is the effect of secondary
loading when the reflected tensile shock pulse is again re-
flected from the center. We examined the shock wave
changes over a long time duration using computer simula-
tion; the numerical simulation showed that the nonlinear
constitutive zone, with pressure larger than 3 GPa, extended
for about 0.2 mm from the center hole. The permanent de-
formation in the nonlinear zone worked to generate a very
high tensile hoop stress when the shock pulse came back
from the free edge. The shock amplitude transmitted to the
outer region of the disk was below 1/10 of the first shock
pulse. The radial cracks formed around the center hole ex-

SP008

LASER LASER
IABSORPTION [

(CHAMBER
GLASS /— ITUNGSTEN

SECTION OF ABSORPTION CHAMBER

FIG. 6. Series observations with different amplification factors for spallation
FIG. 4. Specimen shape and laser absorption chamber structure.  damage. The clusters of arc shaped cracks exist in different sizes.
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FIG. 8. Picture taken from fracture surface of the laser experiment. Cracks
were generated from the voids as the location indicated by an arrow.

FIG. 7. An example of the fracture experiment specimen without buffers.
The B section is dominated by the spallation damage.

main crack was initiated by the first loading. The details of

. L . our later works have been reported elsewli\/e did not

9 illustrates targets of this kind. The spall cracks were elimi- .
. . . L attempt to evaluate the fracture toughness or the loading rate

nated in these specimens. Unlike the case of a uniaxial stra%r the laser experiments
wave, only ther-direction momentum could be absorbed by P '
the momentum traps. Thé-direction momentum was still
reflected. Under both kinds of group, B21 and B22, the crack
extensions under the laser loading were characterized by, NGP MODEL FOR SODA-LIME GLASS
crack bifurcation at the initiation points. The angle between
the two branches was 110°-140°. The crack branching that Soda-lime glass is understood to have an “open ring”
has been previously reported occurred during crack propagatructure. The “ring” is composed of—Sj@ion tetrahe-
tion, and the angle between branches was between 45° amidons. Two Na ions are located in the space between two
90° in most paper®’ The crack surfaces in the later stage, “open”—Si—O-branches. Soda-lime glass lacks the struc-
about 1 mm after initiation, was much smoother than thetural possibility of plasticity. However, the ring size—that is
initial stage. The fracture process was recorded by a highthe number of silicon ions in one ring—can be changed. We
speed framing camerd.Figure 10 is one example of the regard this as so called densification. Our point of view is
crack initiation characterized by branching at the beginningstimulated by the recent works of West al3!* There is
with the terminal velocity. The timing of the branch was also experimental data that the densification starts from the
within 2 us from laser irradiation. The earliest reflection pressure of 3 GPa. This is the Hugoniot elastic limjjg, ,
wave took 10 mm to the disk edge and 4 mm back to the nevand is completed at 17 GPa. Using shock relationship for the
crack tip. This would take 2.4s. We concluded that the flow stress

Crack Tip Bifurcation

FIG. 9. An example of fracture specimen with buffers as momentum traps. The precrack tip is indicate@tsybifurcation was detailed illustrated on the
right picture.
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x_l'L M ERRZE RLISESRERRE RARRE REE 30
--&--Length QA

3.0
2.0
1.0

0.0

Crack Length (mm)

-1.0 0.0
0.0 0.51.01520253.0354.0

Time From Laser Incident (us)

Average Velocity (km /s )

(b)

FIG. 10. Crack initiation under laser loading of Group B24) High speed framing camera’s record. The branching of the crack tip happened at the
beginning. The crack recovered a8 as the loading pulse was passed, then stayed still until the end of rémo@dack velocity profiles. The arrows with

P, S, andR refer to the timing thaP, S, andR waves arrived to the crack tip, respectively. The crack recovery appeared as negative velocity. The horizontal
line indicates the reported terminal velocity of 1.46 km/s.

1-2» minum as an example. The viscosity of glass is abodf 10
Y=, one=2.0 GPa, times that of aluminum, an@. is ten time higher. We can
see that the void growth velocity, if not zero, is on the order
where v is Poisson’s ratio. The phenomena constitutive beyf several tens lower than in aluminum. Although there are
havior is similar to an elastic—plastic mate_rial in the rangenq simple plastic void growth expressions available for gen-
aroundY. The shear strength of=2.0 GPa is also reason- grg| |oading, the growth velocity should not have a differ-

able compared to the directly experimental measurementnce in order as in the case of hydro pressure. We can con-

33
conducted by Kanett al: - _ ~ clude that it is practically impossible for the voids in glass to
Before the discussion of transition from voids to micro- change their size.

cracks, let us consider the possibility of void expansion in thq gtress concentration caused by the voids determines
the soda-lime glass. Currast al. used the following equa- 4t the voids are the locations where cracks will be initiated.
tion tp descrll_)e a void growth for ductile material under By analyzing the hoop stress in a two dimensional void, it
spherical loading: was shown that crack initiation is possible even when the
4 . 2Y T-P, void was subjected to two dimensional compression because

pC?2 C+ pC?2 - pC (1) the MHS was still under tensiolf.The necessary stress con-

] o ) _dition for the initiation is independent of the void size, and it

Herep, C, 7, P, andT are the density, void size, viscosity, is only sensitive to the void shape. For an elliptical void, the
critical loading and the external stress, respectively. The dot;oqs condition can be expressed by Griffith's % Grif-
indicate time derivatives. The spherical void will yield first gipoo a0 is equivalent to the MHS rufé. Raiseret al®’

from the inner surface where the stress concentration hag a4 that the failure wave cannot be fully understood be-
occqrred. The external _stress level at this point is t_he crltlca&ause a material under plane shock is under three-
loading P An expression foP; under bulk stress is dimensional compression. If the void parameters in glass are
P.=3%Y(1-V,), (2)  known, the crack initiation condition under uniaxial strain
compression can be quantitatively illustrated using Griffith’s
law. We therefore conclude that the voids are candidate sites
for microcracks. Figures 6 and 8 give evidence of this real-
ization observed in our experiments. As a conclusion, the
C_T-Pc MHS on the void surface can be used as a common rule for

C 49 ®) crack initiation under tension and compression loading.

We use Table IV to compare the soda-lime glass with alu- When the micrqcracks are nucleated, the growth process
can be analyzed using the same approach as the NAG model.
We stated above that the nucleation condition is sensitive to

TABLE IV. Compare of aluminum and soda-lime glass. the shape, independent of the void size. However, the growth

velocity of the crack has a strong nonlinear dependence on

Cr (02
+E()+

whereV, is the volume proportion taken by the void. The
order of void growth velocity in Eq(1) can be estimated
with the following simple expression:

Al® Glass its size. The maximum velocity has a limitation of the termi-
density p glcc 2.7 25 nal velocity’® in practice, and the Rayleigh wave speed in
viscosity 7 poise 200 ~107° theory. Presently there is no generally accepted illustration of
yield stress Y GPa 03 36 the crack velocity limit® The damage velocity caused by the

aData from Ref. 8. connection of multi-cracks can be much higher. The two
PData from Ref. 27. concepts of damage velocity and terminal velocity have al-
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ready been distinguished by the work of Honnemenal *° 30
Unlike the NAG model, which uses the averaged and [ -- Hydro-pressure
continuously distributed damage variable, we suggest that BE —Loading path
the evaluation of damage in a specimen should be assessed Ny A7 Unloadlng path
by the “most threatening crack,” or the largest connected = : * B.RGSSGUIGF
crack cluster. The final macro fracture is caused by cluster & 15 © = Dremin
percolation. The performance of the percolation cluster ac- 3
cording to the scaling law is suggested as the sign near fail- ;,G% 0
ure. In brief, the three stages of the NGP can be used to study st
the failure process in a brittle material. It is a typical
deformation-diffusion process. oF
[ NI ~
5 L ‘ : i i N o
024 026 028 03 032 034 035 038 04
IV. SIMULATION OF LASER INDUCED SPALLATION Specific Volume (cc./g)
IN GLASS

FIG. 11. Constitutive relationship of soda-lime glass. The hydro-pressure,
In this section, we will apply the NGP model to the shear strength, and unloading curves are constructed simultaneously.

analysis of spallation experiments, and describe the crack
initiation experiments in the next section. The simulation is

conducted through several loops, including: the simulation of . . o . _

. . : continuity equation in this case can be automatically satisfied
shock wave propagation, the construction of the microcrack o . .
. : - : . _when the cross deviation for strain and velocity are made
field, and the percolation statistics. The shock simulation

used uniaxial strain or cylindrical plane condition to limit the ual. . e .
o : . . : The symmetrical condition in our experiments leads to
calculation in one dimension. The microcrack field was CON\ 0 hence
structed to plane space in the sense that the stress and strath
were the same along later@r hoop direction. The stress au, u, _
here had the meaning of infinite stress for the cracks inside a €=~ €= €=0 (plane strain, ®

cell. The interaction between microcrack field and the stress
field was established through energy conservation principléherefore the expression far, and o, beyond the elastic
in three-dimensional space. This approach avoided the conzone can be written as

plicated analysis of microcrack singularity, and completed

. N ) X 1 (2¢,—€y) 1 (2¢5—€)
percolation statistics in a reasonable calculation time. How- g =P+——-— " o =P+ ——-— "~
i, ' 26 3 o 2G 3
ever, the accuracy of the results was limited.
A. Constitutive equation and stress wave propagation and
The Hugoniot data for soda-lime gla$3® was used to 2Tmax= Y- (6)

construct the constitutive relationship. The permanent dens
fication model is adopted to deal with distortion deformation
with a flow strengthy =2.0 GPa. Thus the constitutive equa-
tion has the same mathematical form as the Gruneisen equ
tion of state(EOS plus the ideal plastic assumptidig., the
bulk stressP is a function of volume straire through the
Gruneisen EOS, deviatric stresses are the functions of devi-

atric strains following Hook’s law in the elastic zone, and

then of the ideal plastic model beyond the elastic zone. Th&. Microcrack field

constitutive curves of loading, unloading, and tension were 5 one-dimensional(1D) segment of a difference cell

plotted against experimental data in Fig. 11. The constitutiver-epresents a 3D volume cell of a disk with a thicknesa gf
relationship under uniaxial and cylindrical constraints can b%r Ar) in uniaxial strain, and a cylinder cell with a fan-

deduced from Fig. 11. , shaped section. Our percolation statistics is carried on the 2D
The finite difference method is used for the stress wavesg qion space. A microcrack is represented as a “stick,” and
calculation. For the case of cylindrical simulation, the MO-has four degrees of freedom of its center positign ), its
. . . c/
tion equation Is length C and its orientation angle t& axial ¢. The stick’s
Jo  o—o J2u length represents the diameter of the penny shaped crack. We
r r 6 r . g .
VO(&T+T):W (compression positiye assume that the microcracks can only be nucleated under
(4) tensile stress. The nucleation r&deof a specific area can be
expressed by a simple modefas
whereV, represents the initial specific volume, amcindu dN
are the stress and displacement, respectively. Subscripts ) =N(t)=N, exp( d
andt indicate spaces and time components, respectively. The dt

Fere G and Tmax &re the shear modulus and the maximum
shear stress, respectively. The results of our calculations are
shown in Fig. 5. Under the loading condition noted in the
laujure, the plane strain condition was valid for the 2 mm
thick cylindrical disks.

U°) for o> oy, @)
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whereNy, o, ando, are constants. The nucleated microc-
racks AN) are put into each cell with random location
(Xc1Ye), lengthC, and orientationp. HereC is limited in a
meso scale as Fig. 3 showed.

€
We use the Mott mod& to describe the crack growth in g §
the stress fields as é S
dc C* 1/2 g 2“
= —= —_— * kel =
C T VR(l C) for C>C (8) g §
and 2 %
s RN
1 ch 2 I
* = —— — »
¢ 2w(sn>’ © e
where S, is the driver force. The driving force can be the 0 002 004 "0.0~6. 008 o
maximum principle stress or, as in our present program, the Distance (crn)
traction perpendicular to the crack plane. Héfg is the
maximum crack velocity. In the calculation, we usually took (a)

VRZVRMz O%R .

The microcrack connections are monitored in every time
step. Each nucleated microcrack is organized according to
the location of its center pointx{,y.), and represented by
an integer coordinatesr(;n), the arrangement oh(n) is in
the same order as the(y.) value so that the neighbor mi-
crocracks have the maximum possibility of being arranged
with closingm andn coordinates. The crack connection of
one crack to all others is practically only needed to be judged
among its neighbors. We find that a scan to the 5th neighbor
is good enough to include all the connection possibilities
with an endurable calculation time. When two crack lines (b)
cross each other, they are regarded as joined. The connected
cracks are called crack clusters. A cluster is identified by &IG. 12. Calculated crack clusters compared with those experim@jts:
cluster number, and its length is calculated as the total crackniaxial strain case, upright attached is a cluster topology of a specimen
length it included, and its size is assigned as its maximungPPeared as Fig. 3 in Ref. &) plane strain cylindrical case calculated to

. . . .. 2.4 us, upright attached is a cluster diagram from our experiments. It is the
span in lateral direction. If two clusters have a cross pointy,noiogy of section B in Fig. 7.
they are combined to be one cluster, and share the cluster
number of the previously smaller one. Newly created micro- 3De 1.2
cracks are adopted with the same algorithms. Ac=Nm X (Zmr ). (12)

The cluster statistics are not limited by the differenceThe energy release raferepresents the surface energy taken
cells. The clusters have no limit to their growth velocity in by newly produced crack surfacekis related to the fracture
the sense that many cracks may be connected simultaoughness in Eq(7) through the relationship

neously.
Y (117
J= E Kic (12
C. Energy equilibrium and stress relaxation in HereE is Young's modulus. The total surface energy in the
microcrack field mesh can be evaluated using the crack surfaces as
It is the interaction between the stress field and the mi- E,=2A.J. (13

crocLack f|elg that [l).lagls the kefy rolet!n trlﬁ brlgle tfracfturg.l.he change with respect to the precious time step of this
mechanics. ne reliable way of counting he €efiects o mI'energy,AEm, should correspond to the stress relaxation

crpcrgcks on the stress field IS through .th.e energy balanc aused by crack growths. The dilatation change of specific
principle. Suppose our percolation analysis is carried out to Bolume in the cell is

volume cell with a lateral size df,, the number of cracks in
themth cell isN,, the average size is,, the average dis- dV=2AEV/PVy,, (14
tance between the cracks in a cellRg=Y,/N,,, then the
number of total cracks in the 3D cell is

2

where Vm=Y§ dx is the volume of the cell. The specific
volume iteration is carried out as

Y * _
N%D:R_;:an_ (10) V*=V+dV. (15
m The new pressure is calculated by substituting the modified
Then the total area of cracks is volumeV* with the Gruneisen equation. The crack interac-
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. 10 appearance of scaling law means that the dangerous damage
g -+ Radius state is achieved. Although the stress history of each cell
~ » Y-size may be different, the appearance of the scaling law is in
%., TF general a distinguishable behavior.
5 Figure 13 gives a logarithmic plot of the diameter and
o 01t the total length of the cracks in the percolation cluster. The
S i data points were plotted for every time step which was on the
g order of one tenth of a nanosecond. It can be seen that the
B 0.01¢ cluster size could be catastrophically expanded by 2 orders in
° several nanoseconds. Furthermore, a linear relationship with
= ‘ . a slope of 1.93 was suggested. This is called the Fisher ex-
0.001 0.01 0.1 ponent and is the dimensional number. Since a dimensional
Cluster Diameter & Y-size (cm) number of 2 means the complete 2D space, the Fisher expo-

nent in the simulation is too large as the largest crack cluster
FIG. 13. Logarithmic plot of percolation clusters at different times. The has not filled the whole specimen.

percolation cluster Was_the largest cluster at_the time step. The cluster radius As we mentioned above, although the crack velocity
was taken as the equivalent rectangular side length. Yigize was the - . . . . . .
cluster span in the lateral direction. limit used in the simulation is very high, the crack field pro-

duced by simulation is still of high microcrack density and

small individual microcrack size, although we have used a

tions between each other are not included in the above algél-?rly h'gh_VRM vallged. In c_:tontriﬁt, tr|1et_ex|pe|r|ment IS tT(e t_ype
rithm. So this is an approximation under low crack density.o ow microcrack density with refatively large crack size.

The stress profiles without relaxation by microcracks areTh|s indicates that the microcracks in the practice connected

shown by the dotted lines in Fig(&. The quantity of stress more efficiently than in the simulation. The microcrack field
' as stronger self-organization character than our simulation.

change is controlled by the fracture toughness and the nung, : ; .
ince we cannot consider the crack interactions between the

ber of microcrack. . : ) -
cracks in the present algorithms, the detailed characteristics
D. Fractal structure of the percolation cluster are not well simulated.

If we measure the damage zone defithin Resseguir's It must be emphasized that the fracture surface dimen-
experiment as the distance between the original rear surfagion IS not the same as the cluster dimension obtained here.

and the observed crack nearest to the front surface after las&P€ fracture trace is the final “go through path” in the per-
irradiation, this quantity is similar to the slab thickness in thec0lation cluster. Itis a subspace of the cluster space. The full

spallation test of metal. The damage zone depth of RegSet of the space characters is more than can be expressed by

seguieret al® was easily reproduced when we set the intactS Subspaces.

stresso, in Eq. (7) as 0.8 GPa. These results are given in

Fig. 12a). We found that there were two possible ways to

obtain the same damage zone depth. One could assumeVaNGP MODEL APPLIED TO A MAIN CRACK TIP
high microcrack density and a small individual microcrack

size; altematively, there could be a low microcrack density In this §ect|on,kwe _cons\|/(\j/er thedNGP r&wodel S(Ijmu:]atlor?
with a relatively large crack size. To eliminate the arbitrari- W"en @ main crac exists. We trie Fo uncerstan why the
ness of the constants in Ef), we need to define the de- void activities could not be observed in the low loading rate

tailed structure of the damage field experiments of Group A. For this purpose, we designed a
' simple numerical approach to examine the process. Our

The demand to define damage field in detail is more’, lation i K tip | infini h
urgent for cylindrical specimens. The damage zone depth i3 ! ation images a crack tip in a semi-infinite space. The

difficult to define in the cylindrical test since the damage hadPlress field in the y|C|n|ty ,Of the crack tip can be expressgd by
extended to the center. The ratio of/R,, along the axial the well-known singularity formulas. For mode | loading,
direction is one representing the parameter. The simulateliey are:

microcrack field to 2.4us in the cylindrical spall specimen is

shown in Fig. 12), ther /Ry, ratio in the experiments of o =1 fi;(6), (16)
the same location are 2—4 times larger than their simulated V2T
values* whereK, r, andf;;(6) are SIF, the distance from the crack

The percolation method is expected to describe quantitip, and the function of angl®, respectively. The two nu-
tatively the microcrack field at the stage near the final fracmerical parameter . andVg,, were assumed to represent
ture. The largest cluster in the system, called the percolatiothe fracture toughness and the crack velocity limit, respec-
cluster, was selected as the object of study because it waively. We started the simulation by assuming an SIF in-
found that the percolation cluster has a fractal structure at therease rat&. The main crack tip remained still before HF

stage near the critical percolation point. Because the scalingyertook fracture toughnes$,., and moved with a speed
law is the essential character of fractal, if the scaling law isy,, afterward, i.e.,

observed, it indicates that percolation is about to occur. Re- S
member that the percolation means the macro fracture, so the Ki=iKét, (17)
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FIG. 14. Simulations of microcrack clusters in different loading ratask = 1 MPa n'?s, (b) K = 1¢f MPa n’Zs, (c) K=10" MPa ni'?s.

The microcrack fields at the same K were plotted
, for three loading rates as shown in Fig. 14. Under the high
Vinain=Vam When K} >Kj, (18)  loading rate, there are many small cracks connected to form

wherej, 8t, andV,,,;, are the step number, time step, andthe clusters. The cluster sizes were always much larger than
main crack velocity, respectively. Equatiof®3—(9) are used ~ any single crack. There was sometimes severe damage be-
again for penny shaped microcracks. The microcracks Wergore the main crack initiation when we increased the nucle-
then nucleated, grown, and connected according to the NG#tion site density. While in the low loading rate, it appeared
model. This is the same as in Sec. IV. This time, the interthat only one or two cracks grew, and the number of clusters
actions between the main crack and the microcracks, as welfas less than the high loading rate. Most microcracks stayed
as the interactions between the microcracks were considergd nearly the same sizes as when they were nucleated. Before
by using the results of Gonet al*® The organization of the the damage zone was formed, the main crack had gone out of
clusters was also improved by considering only pure connedhe “process zone.” These patterns did not change with the
tion, i.e., crack tips were stopped when they reached crossingaterial parameters used in the simulation. We regard these
points. By these improvements, the effects of microcracks opattern changes under different loading rates to be a general
the main crack could be examined. rule.
We found that the patterns were quite different under  The SIF profiles of the main crack tip affected by the

high and low loading rates. Figures 14 and 15 give typicalmicrocracks are shown in Fig. 15. The microcrack nucleation
examples of the simulations. indicated a severe effect on the main crack at the low loading

Vmain=0 When Ki<K,,

4 4 L T T 4 T T T T
& & K A
& of . § of A
. :
‘SZ Y \ K 0
| 1 1 1 1 1 i I i 1 Il Il
0 10 20 0 1 2 0 0.1 0.2
time [ u sec] time [ usec] time [ u sec]
(@ (b (©

FIG. 15. The SIF profiles of the main crack tip. The original profiles are straight lines indicated by dashé®lifié® presence of microcracks increase the
danger of instability for the main crack indicated by superscffpt Note the different characters governed by the loading réa& = 106° MPa nt's, (b)
K=10° MPani'¥s, (c) K=10" MPa m'Zs.
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rate. The nucleation caused instability of the main crack, dc -

while at this time, the microcrack field had not yet been fully Dg=N(t) T N(t)C (21
developed. The process zone is small. One can imagine that

if a main crack was propagated, it would be difficult to ob- dN — . —

serve the microcrack traces on the fracture surface such asin Dn= g Co=NCo. (22

the cases of Figs.(& and Za). On the other hand, at high _
loading rate, the main crack’s SIF showed a ramp increasklere C represents the microcrack length as before, the bar
due to microcrack growth as shown in Fig.(d6 In a fully ~ Over C represents its average, and subscgipepresents its
developed microcrack field, the main crack would propagatditial value when nucleated. Sin€, is only decided by the
through a |arge process zone with a lot of microcracks, or thé’]ltlal defect distribution, it does not Change with time for a
percolation of microcracks would make a main crack appeappecific material. Thus we can write

in the propagation phase. The stress or damage localization

became weaker as the loading rate increased. _ d_E _ _

There is already much experimental evidence supporting C C CdlnC
the above conclusiorfé-#6 As can be seen from our simula- - N FIN c d(n Ny’ (23
tions it is the strong nonlinear interaction between microc- 0 N 0

racks, and the strong nonlinear dependence of velocity to

length that caused such behavior. We can see here that the denominator represents the defect
Although one may question the validity of the Mott character of the material and their changes when subjected to
model, we feel that the nonlinear feedback behavior is a&tress or other factors, while the numerator represents the
general characteristic of all other crack growth modéfBhe  response of the crack—a kind of mechanical structure—to
essential phenomena will be the same. external forces. S is a parameter representing the com-
The incubated bifurcation directions can also be checkeg@rehensive material characteristics of strength. It is clear that
in Fig. 12. The bifurcation angle of 104° is in a reasonablethis is a physics variable, while the failure pattern and other

range compared with the simulations. details are the mathematical results from specific load con-
ditions.
It is a pity that we had not outpuo¥ in the simulations
V1. DISCUSSION this time. We can only clarify the situations for two specific

values of¥. One is the case whef =0, i.e.,dC=0, which
There is an opinion that the percolation theory is unablemeans all the defects can be excited but cannot be amplified.
to describe the failure process because failure may not be Bhis is the standard percolation. The other case is vwhen
critical phenomenof® The critical characteristics of perco- =, i.e.,dN=0, which means that the growth is the domi-
lation can be understood from the fundamental features of aant factor and there is no microcrack nucleation. Generally,
randomly distributed field, e.g., if the number of neighborsit is possible for¥ to have a value from 0 t®, so the failure
for a member is known to follow the Poisson distribution, thepattern is also changed from percolation to crack extension.
percolation scaling relationship is valtiThe probability for ~ We think this is why the failure phenomenon can be such a
a member to havk neighbors in the Poisson distribution is: complex problem. However, if we take the maximum crack
K cluster as the representative variable despite the different
pk:B_ exp(—B). (19)  stress history between locations, we can achieve reliability in
k! engineering and uniqueness in theory. We therefore suggest

HereB is the average neighbor number. The microcracks arfat the NGP concept is valid. _ .
the members in our case. the Poisson distribution can be The stress field in the intact media should be efficiently

broken due to microcrack growth, and the scaling law base&djusted according to the microcrack field in every time step.
on the distribution function is also violated. This is still difficult now and limits the precision of our

We suggest to introduce a quantity as calculations. One numerical method which might deal with
this problem may be the particle dynamic metk®d|though
D

9 we have not obtained valuable results yet.
D,’

¥= (20

here
VII. CONCLUSION

Dy=damage rate contributed by growth of damage

members, The microcracks in the brittle material before a fatal

fracture especially under ultrahigh loading rates have been
D,=damage rate contributed by nucleation of studied in this article. The microcracks, as an important kind
of damage, are related to the loading rates effect and the
deformation localization. Such researches have a history of
so that¥ represents the ratio of the growth rate to that ofmore than ten years, but understanding is still limited to the
nucleation. If we uséN(t) to represent the total number of empirical level. To achieve a breakthrough, fresh approaches
microcracks as in Sec. IV, we can write in both experiment and theory are needed. We have devel-

new members,
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