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SUMMARY

This report contains a collection of technical papers
which cover three important areas in the development of
physical relationships between microstructure and fracture
in ceramics. Each section in this report covers one of
the following investigations:

1. Surface flaw effects on crack propagation from subsonic
water drop impact.

2. Effects of surface pores in silicon nitride impacted by
a water drop.

3. Strain energy release associated with circumferential
cracks around embedded particles.
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SECTION 1

Surface Flaw Effects on Crack Propagation
from Subsonic Water Drop Impact
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SURFACE FLAW EFFECTS ON CRACK PROPAGATION FROM SUBSONIC WATER DROP IMPACT!

Y. Marvin 1to, Martin Roscnblatt

California Research & Technolopy, Inc.
Woodland Hills, Ca. 91367

The effects of surface flaws on ceramic target damage from subsonic water
drop impacts are investigated using numerical code simulations based on funda-
mental wave propagation and fracture mechanics concepts. The water drop impact
generates a tensile stress wave with a steep near-surface gradient. As a con-
sequence of this steep stress gradient, crack activation is dependent on the
depth of surface flaws. In addition, a relatively large flaw can perturb the
stress field such that crack activation in its vicinity is suppressed.

Key Words: Crack activation; numerical simulation; subsonic water drop impact;
surface flaws.

1. Introduction

The damage of a ceramic target from a subsonic water drop impact is dependent on the
tensile stresses generated by the impact and the criteria for the extension of flaws ex-
posed to the tensile stress ficld. Since the target response is essentially elastic, the
maximum tensile stresses are the radial stress components. Also, the tensile stress field
has a steep near-surface gradient. Thus, these radial stresses tend to produce circumfer-
ential cracks which initiate at the surface and propagate into the target [1]2.

As a consequence of the relatively steep near-surface stress gradient, it is expected
[l] that crack activation is dependent on the depth of surface flaws (exposed to this

stress gradient). It is the intent of this paper to analyze this effect for specified im-
pact conditions.

2. Approach

A series of nwrerical simulations arve performed in order to examine the effects of
surface flaws on zine selenide window damage from subsonic water drop impact. The normal
impact conditions of a 2R, diameter water drop onto the window target at velocity Vo is
shown in figure 1. A finite-difference computer code, WAVE-L, with an analytic pressure
loading model 1is used to predict the target response.

WAVE-L is a two-dimensional (axial or planc symmetry), Lagrangian, explicit, finite-
difference code based on the HEMP scheme [25 which integrates the governing partial dif-
ferential equations of motion for arbitrary dynamic problems in solid and fluid mechanics.
It has been applied in a number of particle fmpact investipations, including both sub-
sonfc LJ] and hypersonic [&J erosion,

The analytic pressure loading model has been developed for simulating subsonic water
drop impacts and is. discussed e¢lsewhere [5]. The impact model specifies the loading pres-
sure on the target surface as a function of radius from the impact point and time, P(r,t),

IResearch supported by Offlkv 6[ Nﬁin Rescearch under Contract No. NO0014-77-C-0790.
“Figures in brackets indicate the literature references at the end of this paper.
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The development of this analytic loading model was based on detailed WAVE-L numerical cal-
culations 5] of spherical water drop impact onto a rigid surface. The rigid surface
approximation is valid when the target surface deflection is negligible compared to the
drop radius. For elastic materials, this condition is satisfied if the target material
impedance (density times wave speed) is much preater than the water impedance. The zince
'selenide targets described in this paper have an impedance which is 14 times greater than
water. Hence, the decoupled approach is justified in the present case.

The loading pressure function, P(r,t), for a water drop of 2-mm diameter (2Ry) impact-
ing at 222 m/s (730 fps) velocity (V,) onto a zinc sclenide (ZnSe) window target has been
determined [5]. Figure 2 pives the maximum impact pressure profile. Due to the spherical
geometry and water material properties, an off-axis peak’ pressure occurs (at early times)
which is about twice the¢ Hugoniot value. This peak pressure occurs when the velocity of
the radius of contact (r in fip. 1) approximately equals the speed of sound (C,) in
wvater [5].

This impact pressure P(r,t) is used as the loading boundary condition for the axisym-
metric WAVE-L numerical calculation of the ZnSe target response. Figure 3 shows the
initial computational prid for the target material using 80 cells per water drop diameter

(2R = 2mm). In the WAVE-L code, particle velocity is defined at the corners of the com-
putational cells while the stress state is associated with the center of the cells.

———————————————————————————

——

Figure 4 indicates vypical olaoti response of a ZnSe window in terms of the particle
velocity field and principal in-planc (»,5) tenei/le stress field at 0.1 us. The velocity
vectors show the magnitude and dircction of the velocity of the particle mass located at
the tail of the vector. A 15-m/s (50-({ps) scale bar is shown in the upper right corner
of the figure. The principal tensile stresses are indicated by lines which show their
magnitude and direction in the r=z plane.  (Hoop tensile stresses are not indicated on
these plots.) A l-bar (14500-psi) scale bar {s shown in the upper left corner of these
plots. Thus, at 0.1 ps after the impact, the peak velocities are roughly 15 m/s (50 fps)
in the target and the peak tensile stresses are about 2 kbar (30000 psi).

It is seen that a region of high tensile stresses occurs near the surface, outside
the contact area. The material directly under the contact area is in pure compression.
Figure 5 shows the corresponding velocity and in-plane tensile stress fields at 0.2 us.

The qualitative features are similar to the 0.1-us plot; however, the peak velocities and
peak tensile stresses have already decaved below the 0.1-ps values.

The specified impact conditions used in the present numerical simulations involve
222 m/s (730 fps) impact of 2-mm diameter water drop onto zinc selenide windows. These
conditions are considered to be representative of subsonic liquid drop impact onto ceramic
targets. In the following, Scction 3 gives details of the near-surface stress gradient,
Section 4 shows the effect of surface flaws and Section 5 has the concluding discussion.

3. Near-Surface Stress Gradient

The formation of high tensile stresses near the surface of a ZnSe target impacted by
a water drop is illustrated in figures 4 and 5 (Scection 2). In this numerical simulation
the initial computational grid (fig. 3 in Section 2) has 40 cells per water drop radius.
Since the effective prediction of crack activation requires that these high tensile
stresses be well characterized, an appropriate fine-zoned computational grid must be
selected. Some calculations, employing seclected fine-zoned computational grids in the

near-surface impact region, provide a basis for selecting the grid structure for subse-
quent crack activation experiments,

‘Note that this pressure peak will not occur for subsonic solid particle impacts;
and observed differences in target response from solid versus liquid projectile
impacts may be partially duc to the presence of the off-axis pressure peak.

e ———————————————————
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Figure 6 shows the peak tensile stress versus depth in a ZnSe window impacted by a
water drop at 222 m/s (730 fps) for three variations in computational cell size. Note
the very steep stress gradient near the fmpact surface and its increased resolution" with
decreased cell size (where stress is defined at the cell center). For a water drop of
|-mm radius® the finest-zoned (80 cells per drop radfus) case is adequate to resolve peak
tensile stress from 356 MPa (52000 psi) at a depth of about 6 ym to 80 MPa (12000 psi) at
100 um depth.

Figure 7 shows the peak tensile (radial) stress near the surface versus radius. The
results are from the surface computational cells which have stress defined at the cell
center depth of z = R,/160 or 6.25 ym., The maximum in the peak tension (356 MPa) occurs
at radius rj = 0.2 Ry or 200 um. For r < 0.1 Ry or 100 pm no tension develops in the
target surface. At radius 2 rp 0.4 R, or 400 pym the peak tension has dropped to only
200 MPa (30000 psi). The nominal static tensile strength of ZnSe is about 45 MPa
(6500 psi).

The temporal development of the radial tensile stress at four radial locations
(3/4 Tps Tps 3/2 ¢, and 2 rp) near the target surface is given in figure 8. The pulse
duration (which is about 30 ns at the maximum tension location rp) increases with radial
location (~60 ns at 3/2 Tp and ~75 ns at 2 rp).

The effect of a surface flaw of depth RO/SO or 12.5 pym at radius r, = 0.2 Ry or
200 ym on the peak rudic! tensile stress is shown on figure 9. For this flaw, the stress
pradient ahead of the crack tip is similar to that from the surface without a flaw, but
the maximum in the peak radial tension is about 10 percent less.

It is concluded that the effects of surface flaws of depths from 10 pym and greater,
- which are exposed to these stress gradicents, should be well characterized in subsequent
crack activation experiments using the fince-zoned computational prid with 80 cells per
drop radius.

4. Surtace Flaw Effects

In the numerical code a flaw is simulated as "tensile" cracks across computational
cells near the surface. 1In a cell with an initial crack, no tensile stress across the
crack is permitted, and no shear stress is permitted on the crack if the crack is open
(the width of the crack is continuously monitored). These stress adjustments are impor-
tant because a crack frequently alters the local stress field in such a way as to enhance

its own growth. Thus, any realistic method of predicting crack growth must consider the
altered stress field.

The crack activation experiments involve surface flaws of various depths located at
radius 3/2 rp = 0.3 Ro or 300 um. At this location, without a flaw, the maximum radial
tensile stress 1s about 285 MPa and a tensile stress gradient develops to a depth of

z = 0.075 Ry or 75 um (see fig. 10). Also, the tensile pulse duration near the surface is
" about 60 ns (see fig. 8 in Section 3).

Figure 10 shows the effect of surface hoop (circumferential) flaws on the radial
tensile stress gradient ahead of the crack tip for crack depths of 25, 50, and 100 um
(R,=lmm). In each case, the peak radial tensile stress ahead (one-half a cell dimension)
of the crack tip is enhanced, but decreases with increasing flaw depth.

. " In fact, an analytic solution by Blowcers [b] predicts infinite peak tensile stress
at the impact surface for purely eclastic targets.

7 Note that these clastic solutions can be scaled linearly in dimensfons and time for
other drop radii as long as the impact velocity and material properties are not
changed.

b
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Figure 11 shows the effect of the flaws at radius 3/2 rp © 0.3 Ry or 300 um on the
peak radial tensile stress gradient monitored downstream at radius 2 rp = 0.4 Ry or 400 um.
A factor of four reduction (from the no flaw case) is observed near the surface for the
100 ym (Ry=1mm) deep flaw. (Note that the stress profile upstream at rp * 0.2 Ry or
200 ym remains essentially unaffected by the flaws.)

5. Discussion

The effects of surface flaws on cceramic target damage from subsonic water drop impacts
are investigated using numerical code simulations. The pressure pulse due to water drop
impact generates a tensile stress wave with a steep near-surface gradient. Figure 12
shows a schematic view of the effect ot a surface flaw on the near-surface tensile stress
profile. Upstream profiles remain essentially urnchanged, while downstream profiles have
reduced gradients and peak value at surtace.

Using the stress intensity approach of fracture mechanics, the stress intensity
factor, Ky, can be obtained®, as shown in figure 12, and crack activation is defined by
the condition where Ky > K. Figure 13 shows the peak stress intensity factor for various
surface flaws based on the results of the crack activation experiments from Section 4 (see
fig. 10). For a toughness value ot Keg = 1 MPan', surface flaws of depth greater than
75 ym will not propagate.

Thus, as a consequence of the steep stress pradient, surface crack activation under
water drop impact is dependent on the depth of surface flaws. In addition, a relatively

large surface flaw can perturb the stress field such that crack activation in its vicinity
is suppressed.

The authors wish to acknowledge the useful discussions with A. G. Evans of the
University of California, Berkeley (formerly at Rockwell International/Science Center).

® The stress intensity factor is calculated from

Kl = 0/21!% = U/ﬂ./\

where o is the radial stress located one-half a cell dimension, A/2, from the crack tip.
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ABSTRACT

A water drop impacting directly on a surface pore
may significantly increase the probability of crack form-
ation and growth near thc pore boundary. To examine this
physical process, the dynamics of a 335 m/s water drop
impact on a silicon nitride target with a 40 micron
diameter hemispherical surface pore has been simulated
using a finite difference computer code called WAVE-L.

The numerical simulation solves the finite difference
analogs to the physical conservation equations of mass,
momenta, and energy along with the constitutive equations
for the water and silicon nitride.

Shortly after impact, stress wave dynamics accelerate
the free surface of the water ncar the axis as this water
flows into the pore. The water on axis impacts the bottom
of the pore with a velocity which is about a factor of 7
higher than the initial impact velocity. This increase in
the water flow velocity and the associated lateral flow of
water into the pore lead to a relatively large pressure
pulse in the pore when the water impacts the bottom of the
pore. A pcak compressive pressure of ~60 kbar = 6 GPa is
predicted; this pressure is about a factor of 9 higher than
the 1-D Hugoniot impact pressurc.

The maximum tensile stress in the silicon nitride
target is about 15 kbar = 1.5 GPa and occurs at the bottom
of the hemispherical pore on the axis of cylindrical symmetry.
The tensile stresses at the bottom of the pore have a duration
of about 15 ns.

Microstructural failure of the silicon nitride material
near the bottom of the pore appears likely based on the large
predicted tensile stresses and the large predicted stress
intensity factors.




EFFECTS OF SURFACE PORES IN A SILICON NITRIDE
TARGET IMPACTED BY A WATER DROP

1. INTRODUCTION

A water drop impacting directly on a surface pore
may significantly increase the probability of crack
formation and growth near the pore boundary. To examine
this physical process, the dynamics of a 335 m/s water
drop impact on a silicon nitride target with a 40 micron
diameter hemispherical pore has been calculated. This
pore size is representative for rcaction bonded SiiN,
(Reference 1). The pore diamcter is small compared to
millimeter size water drops of intcrest; thus, the
water boundary is assumed to be a flat surface, as indi-
cated in Figure 1. The stress wave dynamics between the
water drop and silicon nitride target are simulated using
a finite difference computer code called WAVE-L. WAVE-L
is a Lagrangian code of the HEMP type (Ref. 2). The
numerical simulation solves the finite difference analogs
to the physical conservation cquations of mass, momenta,
and energy along with the constitutive equations for the
water and porous silicon nitride. The water is treated as
a compressible inviscid fluid while the silicon nitride is
treated as linear elastic. The material properties for
these materials are indicated on Figure 1; the detailed
equation of state for water can be found in Reference 3.

The basic physical response of the water and target
material near the pore is described in Section 2. The dyna-
mic tensile stress characteristics in the target, which
provide the driving forces for crack initiation and growth,
are described in Section 3. In Section 4, the conclusions
are presented and discussed.




2. THE WATER DROP AND TARGET DYNAMICS NEAR THE
SURFACE PORE

Figure 2 shows the initial computational grid config-
uration. The left axis is an axis of cylindrical symmetry.
The explicitly defined hemispherical surface flaw is treated
as a void in this numerical simulation. The computational
cells have been zoned to provide a good definition of stresses
near the boundary of the surface flaw. Stresses are calcu-
lated at all cell centers, while particle velocities are
calculated at all cell corners. Note that the water can
slide over the surface of the porous silicon nitride target.
The sliding interfaces arc considered frictionless. The
sliding occurs both along the hemispherical boundary of the
surface pore as well as on the flat front surface of the
target near the pore.

Figure 3 shows a particle velocity (left half) and
principal stress (right half) field plot at 8 nanoseconds (ns)
after impact. The velocity vectors and three principal
stresses are plotted for both the water and Si,;N, directly
from the numerical simulation. Scale bars for the magnitude
of the vectors and stress components are indicated at the top
of the field plots. Also, a description of the principal
stress conventions 1is shown.

The velocity flow ficld at 8 ns shows the downward and
lateral flow of water into the pore. The lateral flow into
the pore is a direct consequence of the large stress gradients
which form in the water upon impact. Upon impact, the 1-D
Hugoniot stresses (P = 6.8 kbar = 680 MPa) develop ncar the
interface between the water and silicon nitride target.
However in the region of the pore, the water does not impact
any target material and thercfore no pressures initially
develop. The initial pressure gradient at r = 20 ym in the
water causes pressure waves to propagatc toward the axis of
cylindrical symmetry and causes inward radial velocities to
develop in the water.
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The very high wave velocitices in the silicon
nitride target cause the entire pore boundary to be stressed
very early (~3 ns). Note that by 8 ns stress waves in the
target have propagated to depths of about .008 c¢cm = 80 um
which is relatively large compared to the pore depth of
20 um.

Figure 4 shows the velocity and principal stress field
at 15 ns. Note the relatively large volume of water which
has now achieved inward radial velocities. The peak freec
surface water velocity in the pore is now 82% higher than
the initial impact velocity. In the silicon nitride target,
the particle velocities are very low due to the much higher
impedance (pCo) in the target as compared to the water.
Figure 5 shows the corresponding plot at 23 ns. By this time,
the water along the boundary of the pore has moved over half
way down the pore. The peak particle velocity of the water
is now 150%higher than the initial impact velocity.

Figure 6 shows the velocity and principal stress field
plots at 30 ns after impact with the target surface. At
this time, the water has almost complcetely filled the pore
with only a small volumec near the pore bottom remaining as
void. (Notice that the effects of compression of the air
initially filling the pore have been ignored in this calcula- |
tion). The velocities near the axis are now quite large, a
factor of ~4 greater than the initial velocity. Note that

both the velocity and stress scale bars have been changed in
this plot due to the large spatial ficld of view. The
stresses in the target near the porc are in tension at the
bottom of the pore at this time. In the next section these
tensions will be shown to reach -15 kb = 1500 MPa = 1.5 GPa.

At 33 ns (Figure 7) the water impacts the bottom of the
pore and a strong compressive pulse is generated in the water
and in 4¢he target near the bottom of the pore. The impact




velocity of the water on the pore bottom is a factor of -~7
greater than the initial impact velocity. The peak compres-
sive pressure is ~60 kbar = 6,000 MPa. The pressures propagate
through the water in the pore and begin to reverse the flow of
the water as shown on Figure 8, t = 38 ns. By 53 ns (Figure 9),
water is flowing out of the pore.
3. MAXIMUM PRINCIPAL TENSTLE STRESS HISTORIES
IN THE POROUS STLICON NITRIDE TARGET

During the numerical simulation, several target locations
were monitored for principal stress histories. Figures 10
through 16 show the maximum principal tensile stress histories
near the pore boundary at scveral stations in the linear elastic
target. The following sketch shows the relevant target locations.

axis

Station ¥ L\’/)

1 0 !
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2 26° | 5
3 49° |
(0] =
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Figure 10 shows the tension history at Station 1 at the
bottom of the pore on the axis of c¢vlindrical symmetry. (A
sketch appears on cach figure showing the location of the
monitored stresses.) The kev reference time is t = .033 us
= 33 ns which is when the water impacts the botiom of the




pore, The greatest tension calculated anywhere in the target
is 15 kbar = 1.5 GPa which develops at Station 1 shortly after
water impacts the bottom of the pore. IHowever, the tensile
stress history at the bottom of the pore shows large tensile
stresses of nearly the same magnitude forming just prior to

t = 33 ns. Then, when the water impacts the bottom of the
pore, a compressive stress wave begins to propagate into the
target and the principal stresses ncar the bottom of the pore
are all compressive*. Once this compressive stress pulse
propagates and attenuates in the target, the relatively high
pressures present in the water filling the pore cause large
""hoop'" tensile stresses near the bottom of the pore. These

tensile stresses have a duration of about 15 ns.

Figure 11 shows the maximum tensile stress history at
Station 2 (y = 269 near the pore surface). Also, on this
figure and the other tensile stress histories, the Station 1
results are shown for reference, The tensile stresses do not
get as high or last as long off the axis of cylindrical
symmetry as on the axis.

Figure 12 shows the tensile stress history at Station 3,
y = 49°, Figure 13 shows the tensile stress history at
Station 4, Y = 90°. No significant tension develops at this
station.

Figures 14, 15 and 10 show the tensile stress histories
at axial Stations 7, 9 and 10, respectively. note that the
peak tension decays rapidl’ with depth. By Z = 2.4R, the peak
tension is reduced to ~2 kbars = 200 MPa and has a duration of
~ L NS

Figure 17 shows a comparison of the numerical simulation
stress predictions on the pore surface at t = 45 ns with a

simple "stcady state'" analytical model. This comparison was

-

* The value plotted in Figure 10 is the least compressive
principal stress.
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performed to provide partial validation of the numerical
simulation results for this configuration. The analytical
model is composed of a superposition of two solutions found
in Timoshenko (Ref. 4, pages 392-398). The two solutions
are combined to attain a uniaxial strain far field boundary
condition. The uniform internal pressure component was
selected to approximate the water pressure in the pore.

The comparisons are very good, espcecially near the axis of
symmetry (¥ = 0) where the relatively high water pressure
in the pore dominates the formation of the hoop tension (OWW)
and radial compression (Orr)'

4. CONCLUSIONS

Based on the numerical simulation results, the following
conclusions are presented for a hemispherical surface pore in
silicon nitride impacted at 335 m/s by a water drop:

1. The maximum tensile stress in the silicon nitride
target is about 15 kbar = 1.5 GPa and occurs at the
bottom of the hemispherical pore on the axis of
cylindrical symmetry. The tensile stresses at the
bottom of the pore have a duration of about 15 ns.

o
.

Stress wave dynamics accelerate the water near the
axis as this water flows into the pore. The water
on axis impacts the bottom of the pore with a velo-
city which is about a factor of 7 higher than the
initial impact velocity. This increase in the water |
flow velocity and the associated lateral flow of
water into the pore lead to a relatively large
pressure pulse in the pore when the water impacts
the bottom of the pore. A pcak compressive pressure
of ~00 kbar = 6 GPa is predicted; this pressure is
about a factor of 9 higher than the 1-0 Hugoniot
impact pressure.

3. Microstructural failurce of the silicon nitride material
near the bottom of the pore appears likely based on the
following two considerations. First, there is a re-
ported static tensile strength of 79-141 MPa (Ref. 1)
which is an order of magnitude lower than the predicted
dynamic tensile stresses. Sccond, the "effective'" stress ]
intensity factor exceeds the measured Kic. Note that a ‘

. Stress intensity factor cannot be rigorously defined for

the idcal hemispherical pore, since there is no crack tip.
However, the following sketch and first order relation-
ship represent an approximation for the effective stress
intensity factor on a small crack located at the bottom
of the pore.

|
!
6 1




If we assume a small
crack at the bottom of
the pore, then the calcu-
lated tensile stresses,

o, a distance Ip below /
the porec bottom are re- /
lated to the stress

intensity factor, Ky, by
Ki ~ olanly ----- (1) Z

Using o = 1500 MPa and

LR

The largest calcu-
lated tensile stress
of 1500 MPa occurred

= 2 um in Equation 1 to

obtain an approximate value for the maximum predicted
: s : M b -
stress intensity factor, we find le‘ ~ 5 MPa-m*‘ which

i1s greater than the reported critical stress intensity

1
factor of KIC = 2-4 MPa-m* for rcaction bonded Si;N,

(Ret. 1}.

A numerical simulation approach to crack initiation,

propagation and arrest

ceramics can be found

References S5 and 6.

for water drop impacts on

This

general dynamic crack growth approach should be

applied to predict crack growth characteristics near

a surface pore subjected to water drop impacts.

at a depth of Ip = 2 um.
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SECTION III

Strain Energy Release Associated with Circumferential
Cracks around Embedded Particles




STRAIN ENERGY RELEASE ASSOCTATED WITH CIRCUMFERENTTAL
CRACKS AROUND EMBEDDED PARTICLES'

Y. Marvin Ito, Martin Rosenblatt, Louis Y. Cheng

California Rescarch & Technology, Inc.
Woodland Hills, Ca. 91367

Numerical code simulations are used to determine
the strain energy releasce associated with circumfer-
ential cracks around spherical particles cembedded in
tension within homogencous matrix materials. It is
shown that the fractional relcase of strain energy f(u),
where u is the normalized crack size and f(0)=1 for no
crack and f(w)=0 for a crack all around the particle,
has a point of inflection at about u=n/2 (hemispherical
crack). A single point of inflection in f(u) confirms
the theoretical conditions of crack extension and
arrest proposed by Lange [1}°.

Int l‘p}l}l\‘ tion

An important area for developing new ceramic materials
involves second phase particles embedded within a matrix phase.
Due to the usual difference in thermal expansion, highly local-
ized stresses develop as the ceramic is cooled from its fabrica-
tion temperature. Thus, these inclusions are usually considered
[1) as possible precursors to cracks that form either during
cooling or during subsecquent stressing. The mechanisms which
govern the formation of thesc cracks are therefore a critical
part of the micro-structural behavior of these ceramics.

For the case of a single spherical inclusion of radius R
within an infinite medium, a uniform hydrostatic stress o
develops within the particle and radial and circumferential
stresses op=0 R’/r? and on=-0 R*/2r’ develop within the surround-
ing matrix rapidly falling off with increasing distance from the
inclusion as shown on Figure 1. The stress o duc to temperature
change AT (positive for cooling) is given [2] by

Iﬁ = AaAT (1)
T

! Research supported by Office ot Naval Research under Contract N0O0014-77-C-0790.

? Figures in brackets indicate the literature references at the end of this paper.
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where k = (1’\‘1")/21:'") ¥ (l‘l“l)l/l{p and Aw U, E is YOllll".\'
modulus, VvV is Poisson's ratio, and « is thermal expansion co-
efficient. Also, tension is positive and subscripts m and p
denote matrix and particle, respectively. (It should be noted
that the stress o is independent of particle size.) The
associated strain cnergy is [ 3]

O % (8} (0}
Ueg = Hp + 8
= 2m E.?.(.]_l‘:?-_‘fl’.) K
-
P Y
‘m
« 2n k g R’ (2)

Now consider a crack, which is specified by a single
dimensional parameter ¢, associated with the spherical
particle and favorably oriented? to the high tensile stress
field near the particle/matrix interface. The strain energy
associated with the crack/particle/matrix interaction for a
given normalized crack size p=¢/R can be expressed [ 1] as

= o
Ugp * My TOW) (3)
where f(u) is a dimensionless function which defines the
fractional strain energy releasce and by definition,
Mt fu) =0,

By hypothesizing that the strain cnergy release f(u)

possesses an inflection point, Lange [1] has determined the
general criteria for crack extension and arrest in the local-
ized stress ficlds associated with sccond phase particles.
The unique result of this analysis is that the particle size is
one of the key factors that governs the criteria. Thus, for a
given material, a critical size exists below which crack exten-
sion cannot occur and is given by

R, = EPFf{““l (1)

o

- .

3 For particles in tension (Aa>0) cracks can occur either within the particle
or within the matrix. For particles in compression (Aa<0) cracks should
only occur within the matrix.

g Se—. \ —




This is in direct agreement with experinental observations

[3].

It is the intent of this paper to determine the
expliceit function for the relecase of strain energy associ-
ated with eircumferential cracks within the highly localized
stress field due to a spherical particle embedded 7x

A tension
within a homogencous matrix material.

Approach

A circumferential crack associated with a spherical particle
or inclusion placed in tension within a homogencous material has
the following problem description:

&
Angle 9=u=§-

Area A = 4TR2(1-co0s0)

Crack

(The inclusion is in hydrostatic
tension and the matrix is in radial
tension and hoop compression.)

{k&{\wv

A series of numerical simulations arc performed in order to
examine the quantitative oilcutx of these cracks. The simulated
conditions of a single spherical particle of radius R within an
infinite matrix is shown in lFigure 2. An inner core region of
radius a=R/4  and an outer annulus region of radius h-%R are
simulated by appropriate pressure boundary conditions® A finite-
dlfforcnco computer code, WAVE-L, with the analytic roprcscntation
of the initial stress ficld is uscd to predict the variation of
the stress ficld with crack size

IS

. The strdin enctyy associated with these repions is less than
of the total.

c

D percent
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WAVE-L 1s a two-dimensional (axial or plance symmetry),
Lagrangian, explicit, finite-difference code based on the HEMP
scheme [ 4] which integrates the governing partial differential
equations of motion for arbitrary dynamic or quasi-static problems
in solid and fluid mechanics. 1t has been applied in a number of
fracture mechanics investigations, including subsonic water drop
impact [ 5] and quasi-static indentation [6) of ceramics. -

The analytic vepresentation of the highly localized stress
field (see Fig. 1) is used as the initial conditions for the
axisymmetric WAVE-L numerical calculations of the crack/inclusion/
matrix interactions. Figure 3 shows the initial computational
grid using a cell size of Ar-0.03R near the inclusion/matrix
interface to resolve the high initial stress gradient to within
10 percent. In the WAVLE-L code, velocity (and displacement) is
defined at the corners of the computational cells while stress
(and strain) state i1s associated with the center of the cells.

In the numerical code, cracks arce simulated as '""tensile
failure" across computational cells. 1In a cell with a crack, no
tensile stress across the crack is permitted, and no shear stress
is permitted on the crack if the crack is open (the width of the
crack is continuously monitored). The gquasi-static stress (and
strain) field is progressively calculated as a crack is increment-
ally extended along a prescribed path (at the particle/matrix
interface in the present investigation).

Strain LEncrgy Releasc

In the present numerical simulations, the strain energy re-
lease is calculated, as a circumferential c¢rack is extended
along the particle/matrix interface®, forembedded particles placed
in tension, for three modular ratios. Table 1 gives the material
properties and initial conditions for the three cases with modu-
lar ratios of M=1, M-1/4 and M 4.

Figure 4 shows the calculated fractional strain energy
release function f(p). Duce to accumulated numerical error as the
crack extends, all the strain energy is not relcased (f(7)$0) as
the crack extends all around the particle (u=n). However, the
error is no grecater than 10 percent for Case 2 (M=1/4) and §
percent for Case 1 (M=1) and Case 3 (M=4).

Within this numerical accuracy, the present calculations show
no significant cffect of modular ratio on strain cnergy relecase.
In all three cases there is a single point of inflection in f(n)
at about u=n/2. This is shown more clearly on Figure 5 where the
derivative df/dy has a minimum value at about pu=n/2 and compares
well with g curve fit with symmetry about p=n/2. Note that
u=n/2 corresponds to a hemispherical crack and may be primarily
due to geometry cffects.

% The crack is associéted Qiih the computational cells in the matrix next to
the interface.
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Figure 4. Fractional Strain Energy Releasc, f(y), Versus Normalized
Crack Size, p, for Three Cases with Modular Ratios of
M=1,M=1Y% and M = 4,
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Figure 5. Fractional Strain Energy Derivative, df/du, Versus
Normalized Crack Size, y, and Comparison with Analytic
« Curve Fit. o




An analytic curve fit to the calculated results is given
in the form

40y 2 g§==-§ sin’y + b sin?y (5)
and
f(u) = -E(J% 9 ElﬂleQEE)
+B(coS - cosu) + ¢ (6)

Using the conditions f(0)=1, f(w)z0 and f°(n/2)=0.55 (see
Fig. 5), the three constants are

112

0.57 (7)
= 1.38

Nl o1 o
"

Figures 5 and 6 show this analytic function.

Discussion

The associated strain cnergy release rate® is defined by

T

G2 - —gg= (8)

where A = 4nR?(1-cosu) is the surface arca of the circumfer-
ential crack. It follows from Equations (2), (3) and (5) that

6 a s g% iy
SE 4nR%sinp

R ()
g ko®R siny

% ko?R(a sinp - b sin'yp) (9)

Hence, from Lange [1], using the thermodynamic criterion intro-
duced by Griffith (7], crack extension will occur when the value
of G for a given crack size is equal to y and crack arrest occurs
at a value of u where G=Y, where Y is the fracture energy. This
is shown in Figure 7 using Case 1 properties (sec Table 1) and a
nominal value of Y = 10-J/m?. Regardless of the crack size, crack

&

6 The stress intensity factor can be derived through K = VGE .
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extension can only occur when the G versus p function exceeds vy
which first occurs, in the present unalysis, when

L) A . (10)
hMa-

Also, Equation (4) becomes

B e b (11)
€ x3¥*(3-b)

The present investigation obtained G for the case of
circumferential cracks associated with isolated embedded
particles placed in tension. Radial cracks [1] are observed
for embedded particles placed in compression, and thus would
require a separate solution for G. Also, future solutions
would involve particle-to-particle interactions for the case
where the inter-particle separation is less than one particle
diameter.

The authors wish to acknowledge the useful discussions
with F. F. Lange of Rockwell International/Science Center and
A. G. Evans of University of California, Berkeley (formerly
at Rockwell International/Science Center).
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