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In a scrics of impact cxperiments in which the stress icvel, suress auia-
tion, and alumina grain size were varied, the cffect of thiese paraumeters
on fragmentation of alumina were quantitatively estzblished. The im-
pact experiments were carried cut by using both a gas-gun and an
explosively-driven flyer plate. Crack initiation sites for damage were
identified by transmission clectron microscopy. A simplified model for
fugmcmauon was developed, based on nucleation, growth, and
coalescence of cracks. This model leads to qu.mtikati\' predictions of
damage trough the parameter S, {macrocracks surface arca per unit
volume) that is a I‘umt on of siress-wave and material paramcicers.

LINTROGDUCTION

Dynamic fracture in ceramics have received litte attention and no comprehensive model
of deformation and {racture in highly brittle materiuls at kigh strain rates has yet been
developed. In contrast, spall fracture in metals has been extensively studied. The relative
difficuliv in rccovering brittle targets for post-impact characterization has been pointed
out (1) «s the main reason why the understanding of dynamic fracture has lagged behind
that of 'netals.  The objective of this article was ta develop a model for the ceramics
fragmentazion. This model is based on physical ebservations and correlations. The "Cu.!;l
studies by Yaziv (1) and Louro (2) provide comprebensive reviews on the subject. The
concept of nucleation, growth, .md coulescence of cracks was apllicd together with the
concept of stress intensity factor built up at the crack tip. The censideration of un un-
loadul velume surrounding cech growing crack led 10 1 gencral formulation incorporating
the stress pulse shape (both mmprcwiu~ and tensile) on fragmentation. This simplificd
model lead to quanutative pru.mmns of frugmentations.

2. EXPERIMENTAL PROCEDUR

The experiments were conducud both in @ one-stage gas-gun at velocities between 200
an 1,000 m’s and by using an ¢ osnw‘\ -driven lver pl.nc generating  pressures ranging

from 4.2 GPa to 11 GPa. 'l'hu (“.pu imental set-ups were dnugmd in order to promoete

planar impacts. The specimens (disk-shaped) were encapsulated into aluminumi centitin-
crs as illustrated in Figure 1 for gis-gun experiments. Projcc(i}cs were of the same mizie.
rials as capsules, as well as the momentum traps. Matching of surfaces between alunmna
and capsule was very carefuliy conducted, with individual matching of pairs, in crder to
decrease, to the extent possible, existent gaps. After impact, the capsules were sectioned
and the capsule-slumina sets were impregnated with @ dark resin in a vacuum oven in
order to morc clearly delincate cracks. Crack observation was conducted at three levels:
macro, meso, and microscopic. Only macroscopic measurements, bascd on the lincar in-
tercept incthod, are reported here. .
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3. EXPERIMENTAL RESULTS

‘The most significant results are shown in Figures 2, 3, 4. These results indicate that the
damage, given by S, (macrocrack surfzce area per unit volume), increases with stress (Fig.
2), stress duration (Fig. 3), and alumina grain size (Fig. 4). ’

4. ANALYSIS

Figurc 5 shows the idcalized behavior of a crack. The upper limit for crack velocity is the
Rayleigh wave speed, which is approached asymptotically as the stress intensity lactor
increascs. An cquation that represents well this behavior is:

Ve = V,[ 1—-exp («(K} = K1) ] 1)

where V. is the crack velocity, V, the Rayleigh velocity, K, the static fracture toughncss,
K| the stress intensity factor at a crack velocity Ve and a a material paramecter. It was
possible to obtain the parameter a and therefore describe the dynamic crack prepagation
responsc for alumina. The Rayleigh wave velocity is approximatcly 90% of the shear wave
velocity, which is given by (for alumina): V, = 0.9V, = 5,630 m’s. The static fracture

toughness was taken as 4 MPa.m'? for high-purity alumina. Suresh (3) measured the,

fracturc toughness of alumina at a crack propagation velocity of approximately 1.2 km/s
and hc found a value of the order of 1.5 K, that corresponds to 6 MPa.m'2 Thus, the
following cquation describes the dynamics of crack propagation in alumina:

4

Ve = 56401 - exp(—1.2x107%K] ~ 16)) ] _ ®)

The model proposed herein is based on the ideas of crack nucleation, growth, und
coalescence developed by the SRI-International group (4,5). It is assumed that the ma-
terial has pre-existent flaws ( voids, cracks, ctc.) which are shown schematically in FFigure
6 (). Under dynamic loading, the material is submitted to the pulsc illustrated in Figure
7, where the pulsc changes from compression to tension and vice-versa, as the stress-witve
progresses and reflects at interfaces between the aluminum and alumina.

Initially, under compression, some of the alumina pre-existing flaws are activated and
grow through a stress und time-dependent mechanism, generating initial cracks. When
tension is subsequently upplicd, growth of the initial cracks takes place at the velocity
dictated by Figure 3, while subcritical flaws are activated in a time-dependent mode. The
initial pre-cxisting (laws per unit velume is N,. When the compressive pulse passes, the
pre-existing defects are enlarged and new defects are created. Therefore, the population
of flaws changes from N, to N, + N, as illustred schematically in Figure 6(a) and-6(b).
N, represents the additional number of flaws appearing as a result of the passage of“the
compressive stress pulse.  Hence, Ny will be a direct function of 6, (compressive stress
level) and t (time of pulse duration). Ornie assumes as a first approximation that:

Ny =N + l”cf\vv ‘ (3)

The symbol N’y represents the nucleation rate of flaws under compression. It is worih
peinting out that the alumina grain size strongly afects N, since the grain boundary is a
place of cxisting microflaws which are formed as a result of anisotropy in alumina.
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The tensile pulse follows the compressive one, and high velocity crack propagation (ac-
cording to Eqn. 2) takes place for all cracks possessing critical size, as predicted by the
fracture mechanics. As iilustrated in Figure 6 (c), the crack population is divided into two
groups, immcdiatcly after the transit of the compressive pulse. The first group contains

" cracks having at lcast the critical size or bigger, and the sccond one involves all cracks

smaller than a..Beyond a, the cracks grow with velocity V.. Below a. slower critical crack
growth takes place, and these subcritical cracks may become critical within the time of

_ pulsc duration. Then one can write that:

N, = Ny + NV ' (4)

where N and  Nif are the number of flaws with critical and subcritical size per unit vol-
ume, respectively. Figure 6 (d) represents schematically crack interscciions which give rise
to fragmentation. Figurc 8 illustrates the kinetics of fragmentation together with the rep-
resentation of unloaded regions. The model incorporates the concept of unloaded fraction,
since the available volume for crack nuclcation and growth decreases as the time increascs.
The unloaded volume, V., , can be obtained if onc considers the pre-existing critical
cracks, each onc generating a small unloaded volume V', , as well as the critical cracks
nuclcated during the time of stress pulse application. So,

t .
V= NOVOV o+ [V 4 (Vg = V)INT | - 5)

where V, is the total volume considered. Therefore, the unloaded fraction, f, , is obtained
as: )

£, = VJVe ; df = VuNe(1 = f)dt

f —,dtrr = VUNEfdt 3 —In(l = f) = V\N&t + C

C=—In(l =NgV',), fort =0.S0, 1 — f, = cxp[At-+‘ B], where,

A= —V.X¢ and B =In(l = N¢V") ‘ '

The crack surface gencrated by a criticzl crack is giver by S = 2zaland by § = 2na? for

a for a crack bigger than a.. Then,

S — S, = 2n(a® ~ a)) ;dS = 4nada ’ ' (6)

" It is necessary to find the time dependence of a, in order to cxpress S as S = f(t). This
H is donc by considering Equation 1. So, o
% ..
g da —afa? PR ¢
: V.= v, [1 ¢ -amy (7
; : di
} B
: where o, is the tensile: stress arising frem compressive pulse reflection. By making
{ ¢ = A’ and a o} = B’, one simplifics Equation 7 :
da a1l . W dcPe 1
Ao V. dt. Integration leads to: f_l prryroli V. f‘o dt
J
£
H
3
;
:
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However one cannot integrate from a, to a because Ve =0 when a= a.. An artifice has to
be used, and the initial crack length is arbitrarily set at 1.1 a.. Onc obtains:

a = In[("'%% = AN~ Y 4 A]B ' o ®)

As expected, this cquation satisfics the boundary conditions, since a = l.la, when t =
ttanda— oo whent— oo

By taking the square of Equation 8, and diffcrentiating, one obtains:

. ,- LB . A’ 2
at = B” [ln(A i——‘;\‘v;.—‘)]

JBag - A* ’ N
By making, -——— = C, one leads to:

4zV, _ In(A’ + Ce"
oS = dnada = —vr [ €) ija
- B A’ + Ce™r

P

)

The total surface area per unit volume is determined {rom the progression of cracking with
time. Referring to Figure 6, one can calculate the fragmcmauon as a function of time by
considering the foliowing components:

a) Cracks that are critical at the onset of tension (t = 0 ):

= SN
2K4
= V2 =
Sg = c7ag 7!0:
Sy = 2}‘ LN + taoN ‘)—\"‘] ‘ (:0)

'wl
b) Increcase in surface arca of cracks that arc critical at time 0 and that continuc o grow
during the time of pulse duration, t
= N\¢ [t '
S = N§ fo ds

The growth rate of these cracks is slowed down by the unloaded material. To a first ap-
proximation:

= (1 - f.,)dS. This lecads to:,

: e AnVie® o mAr + ceYy -
h 4 W 18C T 1 v - \"rl
S = [(\‘l + o N')) — Nv] B2 J; A+ o' .c d[ (1)

¢) The third component of the surface arca per unit volume arc the cracks that become
critical during the time interval from 0 to t. A nucleation rate. Ny of critical cracks is de-
fined und assumed to be constunt. It is assumed that no nucleation takes pluce in un-
loaded materiul. Thus:

Sa =S [INe(l ~ f)at

.
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K¢ - (1 = NV = 1) |
Sy = C - ] (12)
v3 a: - V'f,c""

d) The fourth component of fragmentation is provided by the growth of cracks that be-
come critical during the time interval from 0 to t. This involves growth of different cracks
for different lengths of time, since cach critical crack has a specific nuclcation time.

Su = [ri(1 = f)Ne(1 = £)dS

a o (13)

T 4zV,*BNY J"=‘ @A+ VnAr + Ce'r)
SV4 = 2 ’ V.t
B =0 A’ + Ce'r

Thercfore, the total crack surfzce arca per unit volume is found by summation of the four
contributions ( Eqns. 10, 11, 12, and 13 ):

Sy = Su +. sz + Sy + Sw (14)

* + One sccs that S, is a function of stress-wave parameters e, oy U, 28 well as matcrial pa-

- rameters N, Ng, N¥, N, N¥, Ki, a. By independent experiments it is possible to cstablish
these parameters which can, when inserted into Equation 14, predict the fragmentation
parameter S.. There are many simplifying assumptions in the model, but it is thought that
it incorporates the principal cvents in plane stress wave induccd damage. )
Andrade (6) considered the pre-existing defects concentrated primarily at the alumina
grain boundarics as a result of its anisotropy. He did simplifications in the model and he
showed reasonable correlation between experimental and predicted damage in alumina
and it is shown in FFigure 9, where damage is pletted against grain-size and pulse duration,
respectively in Fig. 9 (2) and 9 {(b). .
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