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1 INTRODUCTION AND OBJECTIVES

1.1 Introduction

Materials having acceptable radiation transmission properties
for use as infrared windows and radomes on aircraft generally have
poor resistance to fracture in particle impact situations. The
microfractures that form and grow under bombardment by rain, dust,
and ice particles scatter incident radiation and result in continu-
ous degradation of the optical properties with flight time. Tonger
exposures or more severe impact environments can result in interaction
of microfractures with each other and with the radome surfaces, causing
mass loss (erosion) and gross mechanical failure. Erosion and gross

failure behavior at high temperature must also be considerced in

designing ceramic components of turbine engines. The Navy wishes to
ascertain high temperature failure mechanisms, to establish more
impact-resistant microstructural forms of ceramic materials and to
develop a capability for predictirg the fracture behavior. 1In
support of these needs, SRI International is performing research to
understand failure behavior of Sij3N, at turbine engine operating
temperatures, to examine failure behavior of microstructurally
toughened Sij3N4 and to establish expressions and material properties
governing fracture development in ceramic¢ window, radome, and

engine materials under hard particle impact.

1.2 Objectives

This annual technical report documents the results and progress
attained during the fourth year of a research program aimed at
solving specific problems of impact damage of ceramics.

The three specific objectives in this fourth year were to:

(1) Determine the crosion behavior of S§igN, at 1400°C

(gas turbine operating temperature) and note differences

and similarities with room temperature behavior.
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(2) Ascertain the erocion performance of a microstructurally
toughened SigN,Zr0; ceramic and compare the results with *
untoughened material.

(3) Develop a predictive capability for calculating fracture

damage in ceramics caused by particle impact.

Completed accounts of the work on objectives 1 and 2 are presented
here as Sections 2 and 3, and have been accepted for publication in
the Bulletin of the American Ceramic Society and the Journal of
Materials Science, respectively. The progress and status of the

effort on objective 3 are reported in Section 4.




2 PARTICLE IMPACT DAMAGE IN SILICON NITRIDE AT 1400°C

2.1 Background

The properties of silicon nitride--high strength at elevated
temperatures, low density, low coefficient of thermal expansion, and
high oxidation resistance--make it an attractive low-cost alternative
to superalloys for stators, rotors and other high-temperature engine
components. A major concern, however, with using silicon nitride
components in flying turbines is the sensitivity of their load-bearing
capacity to flaws and cracks. Aircraft turbine engines ingest solid
particles during flight, and the resulting impacts can produce cracks
that could reduce the strength below that necessary to sustain design
loads, thereby causing catastrophic failure.

Recent research efforts (Reference 1, for example) have estab-
lished the failure phenomenology and the strength degradation effectse
of impact-induced cracks in SijN4 at room temperatures. However,
similar information 1is lacking at the elevated temperature representa-
tive of gas turbine service conditions. This section describes initial
results of impact experiments on SijN, at 1400°C and compares the

damage observations with those from room temperature experiments.

2.2 Experimental

Octagonal specimens roughly 25 mm in diameter were cut from a
6.35-mm-thick plate of fully dense NC132 hot pressed silicon nitride
(HP Si3N4) purchased from the Norton Company, Worchester, Mass. The
microstructure consisted of B—Si3N4 grains, most of which were equi-
axed and less than 1 um in size, although some were up to 4 um long
with aspect ratios up to 10. No significant grain boundarv or in-
clusion phases were observed, but traces of tungsten carbide and
tungsten disilicide were detected by x-ray diffraction.

The impact side of the specimens was polished and the specimens
were placed into a central vertical refractory tube of a furnace onto

a 12-mm-thick silicon nitride slab supported by an inner tube. The
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particle impact facilityv is shown in Figure 1. To reduce possible
effects of stress wave retlections from the rear specimen surtace,
the mating s rtfaces of specimen and slab were also ground flat and
polished. The temperature of the specimens was inereased to 17380 t
20°C in about 3 hours and maintrined at this level for the particle
impact experiments. A platinum-rhenium thermocouple monitored the
temperature at the specimen location. While thev were at elevated
temperature, the specimens were bathed in a stream of nitrogen was

to reduce surface oxidation.

Single spheres of tungsten carbide or steel 2.4 mm in diameter
were accelerated in a small gun barrel by the sudden release of com-
pressed air. A thin disk located between the gas reservoir and the
gun barrel sustained the compressed air until a pressure was reached
that caused the disk to rupture. Rupture pressure, and hencve particle
velocity, was varied by using disks of different materials and thick-
nesses. Velocities below 85 m/s were achieved by omitting the rupture
disk, pressurizing the compressed air reservoir to a desired low
pressure, and opening the valve by hand. Impact velocities were
neasured by the photomultiplier arrangement. Light reflected by the
particle into a photomultiplier at three fixed stations indicated

particle position at three times during its flight to the target.

2.3 Results

Room temperature experiments were carried outl at velocities ranging
from 7 to 230 m/s. No damage was produced by impacts with 2.4-mm-diamcter
tungsten carbide spheres at velocities less than 15 m/s. A partial ring
crack appeared at 15 m/s. Velocities between 15 and 30 m/s produced ring
cracks of increasing number and size, and velocities between 30 and 90 m/s
produced ring cracks, cone cracks, and a plastic impression. Above 90 m/s,
radial cracking as well as fragmentation of the tungsten carbide sphere

occurred.

. > - , .
Impact experiments at 1400°C were performed at velocities of 38, 51,

85, 121, 156, 173, and 197 m/s with tungsten carbide spheres. Radial

el ) i




cracks and a well-defined plastic imprescic . were produced in cach exper-
iment.  As shown in Figi.c o, the size of the impression and intensity
of the Cagial cracks increased with increasing velocity., At velocities
greater than 150 m/s, the radial cracks extended to the sides and rear
surfaces of the specimens, often {ragmenting them.  Figure 3 comparces
the damage at 20VC and 1400°¢C produced by tungsten carbide spheres im-
pacting at about 50 m/s. The type of damage at 1400°C (radial cracks)
is more deleterious than the ring-cone cracking that occurs at 207C be-
cause radial cracks tend to be longer and deeper. Moreover, the damaged
surface area is substantially larger at 1400°C.  The relative dvnamic
hardness at IQOOOC, computed from the plastic impression diamcters,
Figure 2, using the Brinell equation, decreased monotonically from 0.8

at 50 m/s to about 0.6 at 170 m/s.

Cone cracks occurred along with radial and lateral cracks in Sizf\‘:+
at IAOOOC, as cvidenced by the cross section shown in Figure 4. This
fracture surtace, produced by extension of radial cracks, reveals the
site of the cone-shaped fragment beneath the impact site, the lateral
cracks that initiate internally near the boundarv of the plastic zone,
the profile of the radial cracks, and the microcrac™ed zone directiv

beneath the plastic impression.

By contrast, the fracture damage produced by 2. 4-mm—diamcter stoeol
spheres consisted of annuli of segmental ring cracks both at room tem-—
perature and at lQOOOC, even at velocities of 230 m/s,I Figure 5.  The
threshold velocity for fracture at 20°¢ by steel spheres was about 40 m/s,
or nearly three times as high as the threshold velocity for tungsten

carbide spheres.
2.4 Discussion

These results show that the impact-induced fracture pattern in
SiJNa at 14007¢ can be, but is not necessarily, different than that at
20°C.  The behavior scems to depend on the hardness of the particle
retative to the target, and can be explained by a ditfference in the

near-crater stress distribution when clastic or plastic deformation

occeurs in the target.
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' ohave explained the various eracking

Evans, Lawn, and Wilshnw’
patterns observed in ceramics around indenters and impacting particles
on the basis of ditftferences in stress states caused by the absence or
the occurrence ol plastic flow. When the target deforms clastical v,
the maximum tensile stresses are divrected radially, resalting in an
annulus of segmented ring cracks just outside the circle of contact.
Higher indentation pressures or impact velocities cause these shallow
ring cracks, which grow initially nearlv normal to the contact surtace,
to extend downward and away “rom the zone of compression under the con-
tact site to form cone-shaped cracks with sides roushly 507 Lot Tt
surface or 227 to the indentation surface,

When the material ander the contact area detorms plastivallv, vadiad
stresses relax and the stresses In the tangential divection beoome ton it
often resulting in the appearance of radial (racks extending vutward troe
the peripherv of the plastic impression in a spokelike arrave  Tensile
stresses also arise in the specimen interior normal to the impacted sur! oo,

particularly during unloading, and mav produce lateral cracks paralle ] o '

the specimen surface.
. n L . I3 v ,\ 1
These considerations supgest that when the Sl,;:\,‘ is at 15007¢, tin

relative hardnesses of Si.;N, and tungsten carbide may be reversed, allovic
4

the tungsten carbide sphere to remain elastic and transmit loads to tie

Si,}N, target that exceed the high temperature vield strength ot Si ‘T\',.
“ 4

— . - - . 1 ’ o . .
I[n the case of steel spheres, if the hardness of Si,N, at 1300 C remaine.
. + -
greater than the room temperature hardness of the steel, then when fmpact

occurs, the sphere would deform plastically, preventing loads in execess

of the Si'}N&

These inferences are in accord with relative dvnamic hardnesses

vield strength and resulting in c¢lastic fracture.

estimated from static room temperature hardness values of 1600, 1570,
and 820 ky,/mm2 measured for the silicon nitride plates, the tungsten
carbide spheres, and the steel spheres, respectivelv.  The impression
diameter data in Figure 2 show that the hardness of SiaN, at 14007¢

is about 807 of the room temperature hardness, or about 1300 k):/mm*).

Theretore, assuming similar rate effects for SigN, and WC, the WC

11




spheres should cause elastic fracture behavior in SigN, at  oom temper-
ature, but clastic/plastic tracture behavior at 1400°C, as was obscerved.

Furthermore, since the hardness ot the steel spheres is far below the

Si iNé hardness even at 150070, steel spheres should produce only
clastiv tracture of the Si 1V, also as observed. The slight differences
in hardness ot Si PV, and WO 01600 versus 1570 Ky /mm=) will Fikely be
conhanced in these experiments by the ditterences in peometry for the
two materials. Geometrices that constrain the plastically detormed zone
more bighlv (such as the Si 34\" plate, which surrounds the plastis
fmpression by o halt space ot balk clastic material) will require :
hivher lToads tor a given indentation than less constrained ;:m-nmvlricsr’ :
(such as the small impacting sphere).

Studman and Field observed both radial and riny cracking in a
guenched steel around indentations prodocced by tunesten carbide sphoeres

and also explained tne bebavior in terns of 0 rransition trom elast i

Lo L‘l.lHli\'/I‘]-lH[ i lh'h.i\'i\\l'.h '{

2o tonelusions and Recommendativons

These results point to yuidelines tor predicting the tyvpe and estent
of damape in si ‘.\, turbine components to be espected trom eiven debris

K

particles. It oindeed the relative hardnesses or partic o and component .
vovern the tvpe ot cracking in the component, o knowledpe ot the component
hardness at the temperature of cervice and the hardness ot the antic ipaced
debris particles wonld indicate the tracture peometry and allow the pro-
pensity for strength depradation and erosion to be assessods Cracks that
tend to penctrate the component (radials, medians and cones) tend to
deprade its strenpth, whercas cracks that tend to tarn back to the suriae
(laterals and cones) tend to promote mass loss and cresion. A more quan-
titative predictive capability must await addivional coporiments that show
the extent of damage and the resulting strenvth depradation and crosion
behavior as o tunction of relative taryet and partic e hardneasesy particle

velocity, size, shape, and the numboer ot dimpacitis,




3 IMPROVED IMPACT FRACTURE RESISTANCL IN
OXIDATTON-=TOUGHENED S1N,-20 VOLO Zr0,

3.1 Background

An oxidation techmique to induce conpressive stresses in the
near-surtace regions of SigNg=Zro0, specimens las been reperted by
L;m_yc.7 The material is made by thoroughly mixing silicon nitride u
powder with about 20 vol? zirconium oxide and 4 voll Al,0y powders,
then hot-pressing to achicve a fully dense plate, The plate is then

given a subsequent anneal at 700°C for 5 hrs. in air, The zirconium 1

oxynitride second=-phase within several erain diameters ot the
surtfaces is oxidized to monoclinic Zr0» with an accompanying increasc
in molar volume of about 4-,%. The expansion of the lattice in the
surface regions gives rise to substantial compressive stresses on Ui '?
surface (and significant tensile stresses in the interior).  The
oxidation increases the apparent surtface toughness and flexural
strength by about 257.7 These results eancouraged us to investigate

the response of this material to particle impact.

3.2 Materials, Experiments, and Results
Lange provided two specimens each of oxidized and unoxidized

S14N4=20 vol? Zr0s as halves of broken 4-point-bend specinens. Nominal

dimensions were 3 2 6 x 18 mm.,  The surtace rinish ot the unoxidized

specimens was improved by polishing to make it comparable to the
surtface finish of the oxidized specimens.

Using l.2-mm~diameter tungsten carbide spheres and o compressed
air );\m,8 we conducted a o series of impact experiments at various
velocities on oxidized (surface-strengthened) and unoxidized .
SiqN4=Zr0) to determine the damage phenomenolosy, the threshold
velocities tor ring and radial cracks, and the rates of impact damaee
development .,

At the Jowest velocities, no damage could be detected at

13




magnitications up to 400X. Slightly higher velocities produced a
plastic impression, and at higher velocities, ring cracking began,
followed by radial cracking at still higher velocitices,

The size of the plastic impression increased monotonically with
increasing impact velocity., A profilometer, used to measure the
shapes of the impression, verified that plastic flow at the impact
sites occurred at velocities well below those necessary for ring
crack formation.™ At low impact velocities, larger impressions were
sustained by oxidized material, Figure 6, showing that the oxidation
treatment decreased the dynamice hardness of the surface lavers., At
higher velocities (>80 m/s) impression diameters of oxidized and
unoxidized material are nearly equivalent, indicating that the soften=
ing effect is confined to the surface lavers.

A similar effect on quasi-static hardness was found in a scries
of diamond pyramid hardness indents at loads ranging from 0.1 to 20 kg.
The average hardness of the oxidized material was 1200 kg/mmz,
compared with a value of 1600 kg/mm2 for unoxidized specimens., Apain,
a more pronounced softening in the surface lavers of the oxidized
specimens relative to the bulk was indicated by the hardness results
(1000 kg/mmz) at 0.1 and 0.2 kg indenter loads.

The threshold velovity tor fracture damage in the oxidized
material (~45 m/s) was substantially higher than for the unoxidized
material (~17 m/s), and the amount of damape  produced by a given
higher velocity impact was signiticantly less. At an impact velocity

of 45 m/s a »sortion of a single ring crack was produced in the axidized

*This behavior is opposite that obscrved by AL Go Fvans, University
ot California, Berkelev (private communication), and considerations ot
the stress distribution around a plastic contact show that radial
cracks indeed should be cexpected because ot Targe civeumtoerential
tensile stresses. Flastic contact produces Taree stressen in the
radial dircection and hence encourayes ring cracking.  In the clastio-
plastic regime, however, the stress distrvibution mav tavor ring orv

radial cracks, and thereby aecommt for the diccrepancy in observed
fracturing.
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material, whereas several well-developed ring cracks were produced in
the unoxidized specimens. Ring c¢racks became more numerous as
velocity increased. Figure 7 shows the damage produced in the two
materials by 145 m/s impact.* An annulus of cracked material deve-
loped about the center of the impact site. The annular area was
always greater in the unoxidized material. At a velocity of 180 m/s,
radial cracks appeared in the uwnoxidized material. No radial cracks
were observed, however, in oxidized material at velocitics up to 195
m/s. Figure 8 shows that the inner radius of the cracked zone is
;

larger for the oxidized material, and the outer radius is smaller.
Thus, for any given impact velocity, the damaged area in oxidized
material is significantly smaller than in the untreated material.

Several impact sites in oxidized and unoxidized material were
sectioned, and the section surfaces were polished and examined with
a microscope to determine the cracking patterns in the specimen

interior. Both materials showed the Hertzian cone-shaped cracks.

3.3 Discussion

The observed enhancement of impact damage resistance could be
attributable to oxidation-induced surface compressive stresses or to
oxidation-induced softening or to both. However, the important
aspect of the impact damage resistance is in the fracture propensity
of the two materials. Ring cracks and radial cracks were initiated
at lewer levels and developed at more rapid rates in the unoxidized
material, which suggests that the oxidation-induced surface
compressive stresses inhibit and suppress fracture.

Although the experimental results indicate superiority of the
oxidized material in resisting damage from an impacting particle, the

used of oxidized material in high-temperature oxidizing environments,

*The halo that is evident in Figure 7 {s shallow surface damage
produced when the tungsten carbide sphere fragments and impacts the
surface., Tungsten carbide spheres break at velocities of abont
100 m/s and greater when impacted apainst these spocimons.
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such as those encountered by turbine blades, appears of doubtful benefit
because previous impact tests indicate that over-oxidation increases
erosion rates.l

We note that the material used here was probably not optimal;
other compositions and oxidation treatments could be expected to
exhibit greater dynamic fracture resistance. Additional experiments
on other oxidation-toughened materials and with particles of other

sizes, shapes, types, angles of incidence, and velocities are suggested

to confirm and further investigate these promising initial results.




4 PROGRESS 1IN DEVELOPING A PREDICTIVE CAPABILITY
[ FOR HARD PARTICLE IMPACT DAMAGE IN CERAMICS

Development of a quantitative predictive capability for particle
impact damage in ceramics requires a detailed knowledpe of the stress

field historivs experienced by material in the vicinity of the impact

site and mathematical expressions describing the development of
plastic deformation and cracking. This section describes the
procedures and results of a method we have developed for computing
stress field histories and presents the rudiments of a computational

fracture model.

Our approach in developing a predictive capability for particle
impact damage in ceramics consists of the following tasks:

(1) Establish an experiment that can be analyzed to allow
identification and evaluation of the material properties
governing resistance of semibrittle materials to fracture
damage by particle impact. Experiments having the high-
est probability of success appeared to be those closely
simulating particle impact conditions, but having a simple
impact geometry to aid in interpretation and analvsis.
Thus, we performed experiments involving normal (90°)
impact of a single, elastic sphere against a flat specimen
surface.

(2) Obtain an understanding of how fracture damage develops
about an impact site. We studied damage phenomenology
bv performing experiments at various velocitics so as to
produce various levels of damage ranging from below
incipient to surface fragmentation. By examining the
impact sites and cross scctions taken through the sites
with a microscope we deduced how fracture damage evolves.

(3) Describe quantitatively the deformation and fracture
damage produced by particle impact. Definition ot impact
crosion properties requires a knowledge of the relationships
between loading parameters and material failure response,
and therefore a quantitative description of deformation




and fracture is reguired.  We counted and measured the
radial, ring, and lateral cracks at particle impoact sites
to obtain crack size distributions tor various impact
velocities,

(4) Compute stress ticld histories produced in materials impact-
ed by a solid particle.  The stresses and strains and their
variation with time and location in the targct must be
known in order to analvze the observed flow and fracture
damage.  Further, a procedure for computing stress ficld
histories under varticle impaci is necessary as the basis
for the predictive capabilitv,

(5) Construct a mathematical model of the fracture processes
by making use of fracture mechanics concepts and correlations
of fracture damage with computed stress histories. Write the
model as a subroutine for the computational code used in
the previous task to calculate the stress field historv.,

(6) Verify the fracture model by using it in the stress field
history code to simulate sclected particle impact experiments.
Compare computed and observed fracture damage, and modify
the model until good agreement is obtained. Extract from
the model the expressions and properties desceribing impact
damage development.

Tasks 1 through 3 have been completed and the procedures and
results are documented in References 1 and 8. Tungsten carbide
spheres were accelerated in a pneumatic gun to velocities ranging
from 10 to 250 m/s and made to perpendicularly impact polished
surfaces of chemical-vapor-deposited zinc sulfide and hot pressed
SiqgNg.  The individual impacts produced various levels of damage
in the form of plastic impressions and populations of several tvpes
of cracks. The fracture damage was quantified by counting and
measuring individual cracks.

Damage threshold conditions and characteristic rates for crack
nucleation and growth were deduced {rom the data.  The shapes of the
crack size distribution curves suggest that the size distribution of
inherent flaws is exponential, consistent with the results of
probability theory, and show that the growth law for radial eracks

is similar in form to ecxpressions derived from clastic energy balances.




The next step (Task 4) in developing the predictive capability is
to compute the stress field histories experienced by ceramic plates
impacted by a sphere, so that the quantitative fracture data can be

correlated with the causative stress pulses (Task 5). During this

e

reporting period the stress field history computation, Task 4, was

completed and fracture mode] development, Task 5, was begun. This

section presents the results of this work.

i~
.
18%

Calculation of the Stress Field History in a Plate Impactud by
a_Sphere
4.2.1 Backpround

Computation of the stress tfield history produced in a
target material by an impacting particle is complicated and
quite formidable, involving elastic and plastic deformation,
dvnamic effects, and the stress relaxation effects of cracks
as they develop. Analytical solutions exist only for the most
simple (and least interesting) of situations--namely, the
static indentation elastic case in which no fracture occurs.9.10
Even in this case, however, there appears to be no simple single
parameter that characterizes the stress field; that is, there
is no parameter analogous to the stress intensity factor that
characterizes the magnitude of the stress field at the tip of
a crack.* Such a parameter would clearly be very useful in
correlating stress field history with fracture damage and,
hence, was sought during this present research year.

We considered therefore numerical methods and examined
the various available advanced computer codes to determine (1)

if the stress field history in a target impacted by a hard

*The nonlincarity arises because the contact area increases non-
linecarly with pressure.
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sphere had already been computed, and if not (2) whether such a
computation appeared possible with an existing code. We found
that the water drop impingement problem had been simulated by
Rosenblatt, Ito, 11,12 and others and that computations of
impact by penetrators with noses of various shapes (including
hemispherical) had also been completed.13 Rosenblatt and
Egguml4 appear to have performed the only computation of hard
sphere impact, These workers simulated the impact of a 400-
nim-dia. WC sphere onto a flat ZnS surface at 850 m/s. They
assumed the sphere to be rigid, the ZnS to be elastic-perfectly
plastic and to sustain no fracture, und the sphere-target inter-
face to be frictionless. Under these assumptions they obtained
the contact pressure and contact radius as a function of time,
the growth of the plastic zone beneath the contact site, and

the magnitude and directions of the tensile stresses outside

the plastic zone. Although their results will be modified by
the fracture activity that occurs in both the target and the
sphere, the results are useful in interpreting, at least quali-
tatively, the observed fracture morphology in znS.1%> e therefore
proceeded on a similar path, using a 2-D Lagrangian wave pro-
pagation code to calculate the deformation and stress histories
in our targets. Development of a reliable predictive capability,
however, requires that the stress relaxation caused by the
developing damage be accounted for. We are therefore also
attempting to obtain a treatment for stress relaxation by

appropriately modeling the fracture process, Section 4.3.

4.2.2 Computational Procedure

The particle impact experiments were simulated computation-
ally using TROTT, a two-dimensional, Lagrangian, finite difference,
wave propagation code written at SRI Inter - ional.l®  The
calculational procedure is the standard leapfrog method of

Von Neumann and Richtmyer,17 using artificial viscosity to
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smooth shock fronts over several computational cells, which
may be quadrilateral or triangular and treated as finite
elements for mass and momentum calculations. The code can
accommodate complicated material models because of its large
storage capability per cell, but the code is simple and easily
modified. Because of its simplicity, TROTT runs about three
times faster than standard 2-D codes.

In preparation for the simulation, a slide line was
inserted at the particle-target interface to allow the spherical
impactor to start out not in contact with the target, then to
penetrate an appropriate distance into the target with sliding
occurring, and finally to secparate from the target as the
sphere rebounds. The surface of contact was modeled by a
standard master/slave slide line (with both force and displace-
ment condition) across the spherc-target interface. Before
impact and after rebound, when the two surfaces are not in
contact, the forces and displacements in the sphere and target
are calculated independently. During contact, however, the
force on both sides of the contact surface govern the motion of
the master side of the slide line, and the displacement of the
master side of the slide line governs the normal displacement
of the slave side. Hence, the slave surface slides on the
master surface.

The computational grids of the target and sphercs were
constructed to conform to a Cartesian coordinate system and to
provide higher resolution in the area of contact where stress
and strain gradients are steep. The target cells were nearly
square and similar in size to neighboring cells. The largest
cell dimension did not exceed the smallest dimension by more
than 107%. Likewise, the areas of neighboring cells did not vary
by more than 10%. The sphere was zoned by laying out a grid
of horizontal and vertical lines that had the necessary resolution

and cell size variation, rotating this network 90° and mapping
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the network into a circle by means of the Joukowski trans-

18  This transformation z° = 7 + b2/Z in the complex

formation.
plane maps circles into lines and is well known in the field
of fluid mechanics. The resulting grids are shown in Figure 9.
We chose to simulate the impact of an 800-um-dia. tungsten
carbide sphere with a plate of CVD ZnS at velocities of 5, 30,
and 60 m/s. Cracking around the impact site and the concurrent
stress relaxation were not treated in the initial simulations.
These important effects will be taken into account in subsequent
calculations by the dynamic fracture model being developed in
Task 5 of this research program. The tungsten carbide sphere
was treated as elastic, but plastic flow of the target was
allowed to occur according to a stress-strain relation deduced
from hardness tests. Using the method of Evans and Wilsham,lg
we characterized the quasistatic work hardening behavior of 7ZnS
by plotting in log-log space the indentation pressure versus
the normalized plastic impression diameter d/D, where d is the
impression diameter and D is the diameter of the WC splicre,
Figure 10. The slope was taken as an approximate value of the
work hardening exponent, n = 0.3. The material properties uscd

in the simulation are listed in Table T.

4.2.3 Results

The computation simulated qualitatively all the important
aspects of a particle impact event. The sphere approached the
target at the prescribed velocity, made contact, and began to
penetrate. The stresses in the target increased monotonically
and when the yield strength was reached, materiail in the
immediate vicinity of the impact site bepan to flow plasticallv.
As the clastic sphere continued to penctrate, the celastically
deformed zone expanded.

Sphere velocity decreased monotonically with increasing

penetration, reached zero, then became negative (i.e., rebounded),
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accelerating in the direction opposite the impact dircotion and
finally reaching a steadv-state rebound velocity as it lost
contact with the target. Crater depth and diameter relaxed
somewhat trom the maximum values attained at decpest sphere
penctration, and a residual stress ficld remained about the
impact site.

To verity the quantitative tidelity of the computation,
wo compared, wherever possible, computed results with measurements
we made in the experiments.  able [ comparces compated and
observed sphere rebound velocities, crater diameters, and
crater depths at three conditions of impact velocity,

The computational results agree verv well with tiwe
measurements from experiment for the tow velocity fnpact case,
but agreeaent worsens with increasing impact velocity,  Fhis s
to be expected because the extent of tracture damape incrcases '
with velocity, and tracture was not accounted for in these
caleulations.  Observed crater diameters were smaller than
computed, possibly because the occurrence of radial cracks
tends to relax the tangential stresses and hence reduce the
extent of plastic flow. The measured crater depths, on the
other hand, were greater than computed, sugpesting that the
accurrence of radial cracks faciltitates sphere penectration,
The comparisons in Table 11 lend credence to the caloulatec
stress field histories, selected samples ot which are displaved
in Figures 11 and 12.

The variation in tangential stroess with time at several

distances trom the impact crater is shown in Fipgure Y1 oror o

60 m/s impact. The tangential stress rises slowly and reaches

a maximum at about 8 s after impact, and then decreases cven

more slowly.  The valae of the maximam falls oft stronely with

distance., At large distances (three crater radii) trom the

impact axis, the tangential stress io initially weaklby comproessive.
Figure 12 indicates the variation ot peak tanrential teneids

stress with distance trom the impact site center tor thre ‘
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Table 11

COMPARISON OF COMPUTED AND OBSERVED RESULTS
OF PARTICLE IMPACT EXPERIMENTS

IMPACT VELOCITY

o 5m/s 30 m/s 60 m/s
Rebound velocity (m/s)
Observed 4.8 16.2 30
Computed 4.9 13.1 20.7
Crater diameter (mm)
Observed None observed  0.24 t 0.0] 0.36 T 0.01 ,
Computed 0 0.25 0.47 i
Crater depth (mm) 1
Obscerved None observed 0.014 Y 0.001 0.03% * 0.00] $1
Computed 0 0.012 0.026 j
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velocities., Stress rises more sharply with distance for higher
impact velocities and falls off more graduallv. Also, the peak
stress values increase with impact velocity, even though the
resolution of the computer printout was neot fine enough to
capture the maxima of the stress-distance curves in Figure 12.
Finally, the maxima appear to occur further from the impact
site center for higher velocity impacts.

The computed residual stress fields produced by impact at
the three velocities are shown in Figure 13. Compressive
residual stresses are predicted near the specimen surface and
extend several sphere radii from the impact site. A residual
tensile stress field is produced beneath the impact site. The
spatial extent of both fields increases with impact velocity.
Maximum values of residual tensile stresses for the 60 m/s impact
are about 40 kbar and occur approximately one half sphere radius
beneath the impact site. Compressive residual stresses reach
maxima of about 2 kbar for the 30 m/s and 60 m/s impact and
occur clouse to the target surface at about one sphere radius
from the impact site center,

We conclude from the agreement between computed and
obsvrved crater dimensions that the stress field histories
produced by hard particle lmpact are computed reliably and in
sufticient detai! so that the TROTT code is a suitable basis
for the predictive damaye capability, In Section 4.3 we
construct a4 computationas! model tor radial cracking around impact
sites and write it in o o suitabie for incorporation into

the TROTT code.

4.3 Construction of o Computational Fracture Model
For making quantitative predictions of the extent of
tracture produced in o tareet impacted by oo particle, mathematical

expressions are required that relate tracture damage to the causative
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| - .

i flow occurs under the contact drea and o permanent fopression
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in a log~log plot, Figure 10. At a certain threshold lToad, about
five roughly equispaced, shallow surface cracks form and spread
radially outward from the crater periphery on planes perpendicualar
to the surface. At increasing loads these cracks increase in
lenpth and slightly in depth, maintainiog a thumb-nail-shapoed
profile and additional radial cracks appear.  The number of larp
(=200 1m) radial cracks attains a maximum of 10 to 12, whereas
smaller radials increase in number bevond 50 and maintain an
exponential size distribution.

At loads higher than those required to form radial crackes,
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one or two penny-shaped cracks containing the indentation axis
form beneath the plastically impressed surface. These cracks,
called median vents, expand radially outward and often join with
the radial cracks.

Still higher loads are required to produce lateral vents--—
cracks that form and propagate parallel to the indented surface
between the radial cracks. The number and sizes of lateral cracks
increase with load, reaching maximum values similar to those of
the radial cracks.

As the load is removed, all three types of cracks grow
turther. The depth, and to a lesser extent the diameter, of the
plastic impression recovers somewhat, but residual plastic
strains apparently hold the radial cracks open. Sectioning
studies show a heavily deformed or f{inely fractured zone
immediately below the impression, and often two or three levels

of lateral cracks.

4.3.2 Rudiments of the Fracture Model

The observations described in the previous section suggest
that the fracture damage produced in ZnS by particle impact occurs
by the nucleation and growth of cracks in planes and directions
dictated by the stress field histories in the vicinity of the
impact site. Thus, the computational fracture model should
consist of an expression describing crack nucleation for comput-
ing the number of cracks produced by a given impact, and an
expression describing crack growth for computing the size of the
nucleated cracks. In addition it is necessary to treat the
relaxation of the impact-induced stress field that results when
cracks develop.

Crack nucleation is the result of activation of pre-
existing flaws during passage of the stress pulse. Flaws (or
weak sites) such as intergranular or transgranular cracks, pores,

grain boundaries or triple points, and machining and grinding
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damage  are inherent in materials, and these f{laws may become
unstable and propagate when traversed by a stress pulse of
sufficient amplitude and duration. Linecar elastic fracture
mechanics relates the critical stress amplitude to the crack
length by the stress intensity, and shows that the larger the
preexisting crack, the lower the continuum stress required to
activate it. For the situation where the load is not quasistatic,
but rather is applicd as a short-lived stress pulse, the duration
ot the stress pulse must be considered in crack instability
nnulyscs.zo

Considerations of stress intensity histories experienced
by c¢racks whose lengths are comparable to the distance a stress
wave can propagate during the pulse life suggest that the attainment
of a criticai level of stress is necessary, but not sufficient,
tor crack instability A sufficient condition is that the stress
level be attained for some minimum time. Experimental results on
several polymers and structural metallic alloys support this
premise. 21

Thus the expression for crack nucleation must relate the
number N and sizes R of inherent flaws, the resistance of the
material to crack activation (taken as a fracture toughness
appropriate for particle impact loading rates, Kld)’ and the
minimum time for instability tpisy to the amplitude o, duration
Ty, and perhaps the shape § of the stress pulse. We can write
the general form

dN/dt = (N, R, Kigs tmins > T ) (4=1)

[SR4
for the nucleation function.
In our previous work on zns!? we showed that the shape ot

the tlaw size distribution is exponential, having the torm

Ny = Ny oxp(=R/Rp) (4=2)

where Ng is the cumulative number of {laws per unit volume with

radii greater than R, N, is the total number of flaws, and Ry
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is a size parameter. The quasistatic fracture toughness, Kj.,
has been determined in previous cxpcriment522’23 to be

0.75 ¥ 0.01 MmN m—3/2, and little rate effect is expected in this
semibrittle material.

The approximate functional form of Eq. (4~1) will be
established in future work by correlating the measured crack
size distributions from the experiments in Reference 8 with the
computed stress field histories described in Scction 4.2,

Several expressions for crack growth have been postulated
from theoretical considerations.24-26  The crack size distributions
predicted by these expressions are illustrated in Reference 8
and compared with measured crack size distributions at impact
sites in ZnS. Since all theoretical expressions result in
distributions similar to that observed, we chose the simplest
expression for the present fracture model, namely,

dR/dt = kCy (4.3)

where dR/dt is the crack growth rate, Oy is the longitudinal wave
speed, and k is a constant between zero and 1. In previous work
on dynamic brittle rock fracture?7 the theorctical value 2%
k = 0.38 produced good agreement between computed and observed
damage.

As fracture damage develops, the stresses in the target
relax. When radial cracks form and grow, the tensile stresses
on their surfaces fall to zero and this unloading information
is communicated to the surrounding material by a wave that
propagates away from the newly formed crack. Tensile stresses
in the plane of the crack, however, may remain high, so that the
stress relaxation process may be highly anisotropic. Thus the
occurrence of cracking modifies importantly the stress ficld
history produced by an impacting sphere, and may explain the
increasing divergence with impact velocity (increasing cracking)
of computed and observed crater dimensiong and rebound velocitices

(Table 11). Clearly, a reliable predictive capability requires
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that the effect of developing fracture damage on the state of

stress be continuously accounted for during a computational

simulation.

The basis for the treatment of crack~induced stress
relaxation is the concept of a two-component system: solid
material. and void inside the open cracks. The specific volume
of the system changes when loaded; this change is due partially
to strain in the solid and partially to change in the void
volume. The void volume calculation follows the analvsis of
Sneddon 28 for a penny-shaped crack in an elastic material.
During the wave propagation calculation, the following sequence
of events is envisaged while the material is in tension:

(a) Initial tensile loads cause only clastic volume changes
in the solid wuntil a threshold stress (cequal to the
dynamic fracture strength) is reached.

(b) When the stress exceeds the fracture threshold, cracks
begin to nucleate and grow, and the void volume produced ‘
by the cracks acts to decrease the volume change required
of the solid. Thus the tensile stress in the solid is
lower than it would be for undamaged material under the
same volume change; hence, the effective modulus of the
solid has decreased.

(¢) With increasing stress and continuing volume change, o
point is reached where the void volume increasce just
equals the applied volume change. Here there is no
change in solid volume and hence no change in tensile
stress: The stress-volume path has reached a peak and
the effective modulus is zero.

(d) With further volume changes, the increase of void volume
(by growth and nucleation of cracks) tends to exceed the
applied volume change.  Then the solid volume chanpe is

negative and the tensile stress is decreasing.  The

ef fective modulus is negative during this poriod.




(e) If compressive volume changes occur at any time, there will
usually be a decrease in both void volume and solid volume.
Then the effective modulus is positive as in (a).

(£) If no net volume change occurs, there will usually be an
increase in void volume and a corresponding decrease in
solid volume: The effec:ive modulus in such a case is

infinite.

The preceding sequence of events is treated in the present
formulation of the behavior cf material undergoing fracture. A
derivation of the effect of damage on the material stiffness is
given below to indicate the basis of the method. Here the case
is considered in which flaws are present but no nucleation or
growth of cracks occurs: The resulting modulus is that which is
appropriarte for a residual strength calculation. The fundamental
relation is that the total volume change is the sum of solid and
void volume changes:

AV = AVg + AVy. (4-4)

The void volume change is derived from the analysis of Sneddon 28
for the opening of a penny-shaped crack in an elastic medium
under uniform tension. The half-opening of the crack faces is

4(1 - v%lgo

§ = LY

E

where ¢ is the half crack length
0 is the stress applied normal to the crack jplane
E is Young's modulus
v is Poisson's ratio.
The void within the crack faces is an ellipsoid with semiaxes
¢, ¢ and 6, so the volume is

Vie = éﬂ&c% =

To determine the total relative crack volume, a sum is

?ye3
l@ijiflliﬂ)?lq (4-5)

made over all cracks

Vy =30 NiVie
i
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where N; is the number of cracks of volume V. per unit volume.

1 (&

Then Eq. (4-4) becomes

Ly

2

fo Ve L 16(1 - vi)ro -

TR e PRI (4-6)
(K + 3U)V ‘ i

where Ao is a change in stress
K, 1 are bulk and shear moduli

V is the total specific volume.

Dividing Eq. (4-6) by Ao, we derive an effective modulus M.

LoV 160 - v T Nied. (4=7)
MoK+ 3 3E T 1

This compliance is similar to that which would be obtained for a

composite made of solid material plus void. The term K + (4/3)..

is the stiffness of the solid and Vg /V is its volume fraction.

The last term on the right in Eq. (4-7) must be interpreted

then as the compliance of the cracks. This expression shows

that the compliance of the composite increases with increasing

void fraction, that is, increasing number and/or increasing

size of craecks. Since both the strain in the solid and the void

volume are tensor quantities, the stress relaxation is appropriate-

ly anisotropic.

4.4 Future Work

The final steps in the development of the predic.ive capability
for particle-impact-induced fracture damage are to evaluate the
nucleation function, Eq. (4.1); insert the fracture model (Section 4.3)
into the TROTT code (Section 4.2); simulate computationally several
selected particle impact experiments; compare the computed and observed
fracture damage; and, if necessary, modify the expressions and para-
meters in the model to attain good agreement.

The nucleation function, Eq. (4.1), should be cvialuated by

correlating computed stress-strain field historics for experiments

of several impact velocities with measured radial crack size




distributions. We expect these correlations to be difficult because
of the high gradients in stress and strain near the impact site. More
suitable experiments are flat plate impact experiments such as those
reported in Reference 26, because the specimens contain relatively
large volumes of material that experience nearly constant stress and
strain histories. Thus, statistical data on the number and sizes of
cracks can be obtained for correlation with a stress or strain state.
Limited data on ZnS exist 29 and should be examined to help in the
correlations.

The fracture model presented 1in Section 4.3 contains only one
orientation of cracks and treats only an exponential crack size
distribution. The model should be extended to pertain to cracks in
three orthogonal directions so that radial, ring, and lateral cracks
can be treated simultaneously. Furthermore, since nonexponential
crack size distributions have been observed after considerable crack
growth, appropriate mathematical descriptions of the distributiens
should be developed and incorporated into the model.

These modifications have been studied extensively to determine
their feasibility and possible implementation procedures. The use
of three orientations of cracks introduces significant convergence
problems in the stress and damage calculational algorithm. Currently,
with one crack orientation, an iteration procedure is used to determine
one unknown strain from the nucleation, growth, and crack-opening
functions. With three orientations, an iteration procedure for
three unknowns will be required. Because of the nonlinearity of
the functions, convergence of the iterations will be difficult to
obtain, but techniques developed at SRT International for similar
problems may be applicable.

Representation of more complex crack size distributions can be
done in several ways. One method we have used in other cases is to
describe the distribution by a series of N-R values instead of by an

analytic function. This method is straightforward to use, but it

adds greatly to the computer storage required. An alternative method




is to use a higher order tunction to represent the crack size distritoe-
tion; this method requires derivation of nucleation nd prowth laws tor
each of the parameters of the distribution. A third alternative 1= 4
combination of the above: Describe the crack size distribution by o
series of exponential functions, each governing a narrow range of
crack radii. These three possibilities should be explored tor their
appropriateness to the problem and the eftficicency with which thes con
be executed.

These modifications should be done concurrently with work to
correlate the nucleation and prowth cxpressions with observed damage.
4.4 Summary

Considerable progress has been made in developing a predictive
capability for fracture damage in ceramics produced by particle impact.

A two-dimensional Lagrangian, finite difference, wave propagation
code, TROTT, was provided with a slide line capability and used to
simulate the impact of an 800-;.m-dia. WC sphere and a ZnS plate at
velocities of 5, 30, and 60 m/s. Plastic flow was allowed to ocour
according to an experimentally determined stress-strain relation, but
cracking and the associated stress relaxation were not treated in
these initial calculations. The computation simulated qualitatively
all of the important aspects of a particle impact cevent, and gave
pood quantitative agreement with experimental measurements ot rebound
velocity and crater dimensions.

Mathematical expressions that describe crack development in ZnS
under particle impact load histories were deduced from observations of
the number and sizes of radial cracks produced by fmpact at various
velocities., These expressions treat damage development as o erack
nucleation and growth phenomenon and constitute a computational tracturce
model that, written as a subroutine, can be used in conjunction with
the wave propagation code to caleulate the extent of tracture damiape
resulting from a given particle impact.,  The paramcters in the model,
because they are material-specitic and henoo act as dvnamic fracture
propertices, can be used to rank and cvaluate candidate materials tor

various impact erosion applications.,

44




Objectives of tuture work are to establish the functi. ol torn o

the crack nucleation expression, to incorporate the tracture codel in
the wave propagation code, and to simulate computationally = 1ooted

particle fmpact experiments.
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