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INTRODUCTION

Ouxide ceramics in general do not retain structural
integrity under large plastic strains (¢2>0.01), and are
even less lilely to do so under impact conditions, They
are nominally brittle unless heated quite high temperat-
ures (typically>>1000°C),

respond to sufficient siresses at all lower temperatures

and they almosl invariably
by fracturing. Clearly, these nominally briitle, yet
strong materials have an elusive, but significant, qualicy
of impact tesistance {specifically, an ability to absorb
impart energy), which is somehow associated with

their fracture behavior. Because of major diserepancies
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between measured fracture surface energies, 7f, and

caleulated chemical surface energies, 7s, it is difficult
to understand how a mominally brittle material display-
ing these significant levels of resistance to impact can be
totally brittle in the classical sense of the Griffith crack
theory, which equates the relesse of elastic strain
energy only with the chemical surface energy, 7s,
of the new crack surfaces being generated. Because
these experimental discrepancies seem too well documen-
ted to be lightly dismissed—even in the case of nominally
brittle ceramics—one is forced 1o consider, and investi-
gate experimentally, the possibility of additional energy
absorption akin to Orowan’s plastic work, 7p, in the

intensc stress fields which exist under condiions of
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quasi-hydrostatic restraint and near the tips of propag-
ating cracks during impact events.

This paper is almed to study fracture surface of impact
damaged sapphire single erytals by electron fractography
to investigate microplasticity and of its role in fracture

Processes,
MATERJALS

A ballistically damaged specimen of sapphire zingle
crystal was obtained from other investigators concerned
with impact resistance of polential light weight armer-
materials. The sapphire single crystal was initially 3”7
dia3/8 in. thick and hed been struck by a 0.20 eali-
ber AP (armor piercing) projectile ar a velooity sufitci-
ent to cause extensive damage and projectile penelrotion,
The specimen had been cemented to, and was supporied
by, fher-reinforced backing material for the iest shet.

Fractured fragmenis were reassembled inw the original
configuration as well as possible. Macroscopie views of
this damaged specimenare shown in Fig. 1. Though
they would have been of considerable intevest, fine fra-

gments from the immediate impact area were not avail-

able for this study.
PROCEDURES

The aeas selected for study [rom the fraciure surface
were replicated with plastic replicating tape?. The pla-
stic replica was chadowed an evaporaled thin film of
platinum (>1OGA) impinging at 30° and a thin film
of amorphous carbon was depsitedat an inpcident angle
of 90° without intervening atmospheric exposure. The
plastic first replicas were removed in aceton salution;
thereafter, shadowsed carbon second replicas were transt-
erred to copper grids for fractogrephy anmalysis Details

of replication procedures have been given elsewherel,
RESULTS AND DISCUSSION

The crystallographic crientation of the sapphire target

*g presented in Fig. 2 in the form of a stereographic

#No, 1134 Replicating Tape, a product of Ernest F.
Fullam, Ine., Schencctady, M.V,
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projection. This pole Agure repraents Lhe specimen geo-
metric axis end 15 coincident with the projectile wrajectory
responsible for the domage shown in Fig. 1 {and
approximately parallel with the crystal growth axis),
Identities of poles were dererminsd from Lauce back

reflection  X-ray photograms, and were indexed by
means of PIMAX tables for ¢-AlOg%

The planar polished surfaces of the undamaged crystal
specimen were nearyly parallel with (2025) crystallogr-
aphic planes. The crystallographic crientution of the
specimen impact axis can be represenled in terms of (1)
an inclination of~~20° from the [0001] c-axis toward
the [2110) pale, followsd by (2) a counterclockwise
rotation of~1%° from the (0001)-{2T10] =zone. Allern-

atively, the axis of impact can he mdexed direcily as

the intercept of iwe spherical angles, (1) 31.5° fiom
[0001), and {2) 61° from [21T0).

I3

Overall view of halliatically damaged sapphire
single crvsial after reassembling fragments,
NI 65 (anow indicale the fragment used for

study)

Optical Evidences of Fraciwe by Rhoribohedrzal Cle-
avage
The damaged erystal segment

Fig. 1 was indexed by visual inspection in terms of the

{marked) shown in
stereographic projection given in Fig. o Fiom this exa--
mination, it was found that all the significan: crystallo-
graphic surface detail could ke atiributed 1o cleavage:
oceurring on two first order and twe second ovde: tho-
mhbohedral planes of the type {1011}, {1102}, respect-

ively, All surfaces mot so cleaved to have restlted fioms
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concheidal fractre. The fust order thombohedral clea-
vage surfeces tended (o b2 planar and smooth, while
those of second order were {inely stepped or striated.
Some of the wost prominent erystallographic details are
identified in Fig. 2

Fracture swifaces 'ving approximately normal 1o the

how a upigee sense of directionality

Impact irajeciory 3
e of the large ber of edge inter
as a consequence of ihe large number of edge intersect-

(1702} Theze

edges are aligned with the (T101] direction, and have

ions of (1011) and cleavage planes.

characterstic inciuded angles of 132°. Included angles
-existing between the bour operative cleavage systems are
indicated in Table 1. Txeellent correspondence of pred-
icted and obserred angular relationships between specific
cleavage planes was observed from somewhat higher

magnification miovograph of enclosed ares in Fig 3.

Fig.? Sierecgraphic projeclion showing erystallog:-
aphic crlertation for sapphire {fragment marked
by arrow In Flg. 1. Indices ars given in
Miller-Braveis notation for the morphological
umt cell, c/a=1.3585:1. Circled poles corres-

pond to principal cleavage planes (Fig. 3}

Fig.3 Ideatity of cleavage faces on ballistically
damazed sapphive fragment, X12.5. Arcows
indicates of the poles circled on the sierecgra-
phic projection in Fig. 2.

Alshough not evident in Fig 3. optical examination

of other fragments with finely textured cleavage surfa-

ces in reflected ar rransmitted illumination showed con-
siderable evidence of interforence fringes adiacent to
cleavage steps. These Iringes are indicative of cracks
extending along original cleavage surfaces tor addition:l
distances beneath the steps. In such cases, it is reason-
able to conclude that (1) the break causing an externally

wsible clenvage slep occurred as a consequence of 2

state of stress which included a bending moment, (2}

the erack extending beneath the step along the criginal

cleavage plane was arvested within the bulk after the
the driving force had been decoupled by the aforement-
ioned break. and (3} the true arca of new swiace gen-
eraled by such cleavages exceeds the Llotal externally
visible surface. Similar cracks under-iunning cleavage
gisps in MgO single crystals have been described by

Lewis!, who indicated that an overlap of cleavage crack

segments appears io oCour prior to step formation, and

suggested that additional elastic energy absorption would

be possible in such processes.
I

Table 1. Angular Relationships Between a-Al:Jg Replication Fraciography
Cleavage Planes. Included Angle® Between The same basic fiactiare textures stemming from clea-
Indicated Planes vages are maintained only on finer seales, at the higher
Plares (1071) {1102) (T1013 {1012} resolutions and magnifications available thraugh electron
10313 — 132. 017 84, 02° 84, 16° -
g 162) aq. 577 8L 16 15, 18° #*Included angle bstween plancs is (180°-6°), where
}1 )RS ) o1 # is the angle betwezn pole {normals) to the planes
(1201 8s.c2° 84.16° * 133.01° as plotted on the steregraphic projection. Included
{1012} &4, 157 115 18° 133.1° — angles are taken from Table II, Ref 3.
Sl iy (18T) (z21)
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microscopic examinations of plastic—carbon two stage
replicas. In Fig. 4, the dominant stepped texture results
from three different cleavage planes intersecting at almost
orthogonal angles, and is consistant with the expected
angular relationship (Table 1}*

In Fig. 5, a transition can be observed from cleavages
of several types in the lower pordon to & more fincly
textured, wavy, and apparently sheared region mear the
ap.

Some cleavage steps are rich in crystallographic detail,
as in Fig. 6, and irdicate that conditions comparable
to those resulting in cleavage crack segments are also
involved in causing the breaks hotween them. In eddi-
tion to prominent cleavage, very finz, directionally alig-

ned toxturing (indicaled by arrows) shown on these

Fig. 4 Cleavage fractography in ballistically damaged

sapphire. The three dimensional, almost ortho-

gonal intersections of sets ol rhombohedral

planes (two first order and one second order)

form. the hasic stepped texture. Arrow indicates

other typical obligue iniersections between first

and second order rhomhbohedral planes.

*Identites of specific planes and directions have not
always been retained through all the stages of replica-
ting, transferring, and magnifying involved in electron
microscopic fractography. The four sets of rhombohe-
dral planes previously identified certainly dominate the
cleavage textures, but other, less favorahly oriented
planes may have contributed to the fine textures,

**Figs. 6 and 7 were prepared by a direct replication

technigued-g.
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cleavage faces is of perticular interest, since it appears
to indicate some fine scale plastic working during prop-
agation of the cleavage crack. Very local plastic proce-
sses, by causing some blunting and/or redirection of the
erack tip, could well account for descrepancies hetween
Bruce’s” caleulated surface free emergy for a-AlLO,
(~1057 ergs/om?) end Wiederhorn’s® measurcd rhomb-
ohedral cleavage fraclure energies for sapphire (~6000

ergs/cm?).

Fig. 5 Transitions from cleaved (lower) to sheared
{upper) regions in ballistically damaged sapp-

hire.

Fig. 6 Fine textures associated with cleavage in balli-

stically damaged sapphise.
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Anamalies in an otherwise fairly regular fine cleavage
texture are shown 1n Fig. 7. These anomalies may be
associated with interactions Letmeen the advancing crack
front and slip bands or subgrain houndaries preexisting
in the flame grown crystal®1%  Alternatively, such text-
ures may have come about as a consequence of stress
field perturbations aristng from reflections of shock waves.

Although much of the fracture surfece observed 1n
hallistically damaged sapphire is distinguished by sharp
angularities. and appears to be characteristic of classical
cleavage with little evidence of yielding per se, some
poriions are suggestive of more generalized deformarion
that, in comparison, is indicative of locahzed bulk

plasticity.
SUMMARY AND CONCLUSIONS

The combind evidences indicare that single erystal
sapphire has failured by predominantly cleavage modes
during the ballistic impact. Cleavages ona total of four
first and second order rhambohedral planes accounted for
virtually all the visible and significant crystallograpbic
detail in one extensively stodied specimen. At eleciron
rmieroscopie magnifications and resolutions, evidences of
permanent deformation processes were observed. Lut
were found only on a very local scale. These limited

yielding processes. which appear to some extent ta be

Fig. 7 Abrupt transition from straight to irregular

cleavage steps in hailistically damaged sapphire.
{Two examples are shown along lines A-AS

and B-B")
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capeble of blunting or redirecting an advancing crack
front, are considered to be consistent with the rather
high fracture surface coergies (y~fr.) reported for

rhombohedral cleavage in sapphire by Wiederhorn®.
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