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Detailed examinations of fracture suwrfaces at  higher
INTRODUCTION

Since mosl ceraamics fail by a fracture process, a
detailed study of fracturc mechanisms in ceramics will
contribute a great deal in understanding the iailure of
ceramics, especially under impact conditions. In  the
case of polyerystalline ceramics, fracture behavior s
complicated by grain size and shape, porosity, and
impurity content. Their distributions, the applied sires-
scs, and test conditions will give rise 1o further compl-
jcations in its behavior.

Optical microscopy is limited to the low magnification
study of such fracture surfaces because of the limited
depth of focus and low vesolving power of an  opticel
microscope. Since most fraclure surfaces are very rough,
the depth of focus is of major importance 10 fractogra-
phy. The restricted depth of focus of an optical micro-

scope limils its use to low magnification ranges anly.

magnifications has 1o be accomplished by other means.
Replication eleciron fractography has come Lo promi-
nence during the past decade for the detailed examination
of fracture surfaces ot high magnification; however, il
allows only an indirect examination of the fracture
surfaces. The preparation of a shedawed replica ol a
fracture surface usually involves a one-, (we-, or
throe—step process which is nsually very time-consuming

skil. In

sssociated with the fracture phenomena are often prod-

and requires great addition, artifacts not
uced.

The present work, employing two microscople techn-
iques, is aimed at a basic understanding of the mecha-
nisms contribiting to generntion of fine textures ou
sheared, spalled and eracked polyerystailine elumina

surfaces prodoced by ballistic impact events,
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MATERIALS AND PROCEDURES
A ballistically damaged specimen of commercially
CE—AlgOg)

investigators

produced pelycryerystalline alumina (9497
was oblained for this study from other
concerned with impact resistance of potential light
armor materials. The specimen, originally measuring
678" x3/87, had heen cemented to, and was suppo-
rted by,

armar testing, it had been siruck by & 0.30 caliber

fiber—rcinforced baclking material. During
armor piercing projectile at a velacity sufficient to cause
severe damage and penetration (Fig. 1) -

The fracture surface heing investigated was cleaned
wilh acetone to remove dust or othe foreign materials.

Surface residues and tiny {racture fragments then were

T'ig. 1 Ballistically damaged polycrystalline alumina.

a. Back face of tile after removal of spalled material,
X1.6. Numbers identify arveas from which surface
replicas were taken.

b. Detail of shear connid surface (arrow) and radial
crack for segment D, XI.4.

“ Specimen  provided by Capt. McDonald Robinson,
Ceramic Laboratory, U.S. Army Mechanics and Mate-
rials Research Center, Watertown, Mass.
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removed by applving, stripping, and discarding plastic
replicating tape two or three times in succession. Ther-
eafter, 2 small amount of the replication solulion was
dropped on the area selected for study and allowed to
spread on the surface of the specimen. Replicating tape
was appiled scomthly over the coated area avoiding
hubble entrapment. Light, uniform pressure was applied
to the tape during the 3-5 minutes required for evapo-
ration of the salvent.

With tweezers, the replicating tape was cavefully
stripped ofi and transferred to a glass microscape slide
A slide

containing many such first replicas was then processed

surfaced with double hacked transparent tape.

in vacuura coatar to produce shadowed carbon second
replicas.

The rveplicas were shadowed with an evaporated thin
film of platicam (<7100 A) impinging at 30° for the
single crystal replicas and at 45° for polyervstalline
replicas.

An’ evaporaied film of amorphous carbon thin enough
to be transparent to electrons and strong enough fo
constitute the second replica was thereafter deposited at
an incident angle of 90° withowt intervening atmospheric
EXPOSUTE.

The shadowed replica film was then cut to  fit 1/8"
diam speeimen support grids, and floated in acctone to
Within 15 to 30

minutes, depending on the thickness of the replicating

dissolve the initial plastic replica.

taps, the plastic was fully dissolved. Completion of this
phase was evident when the platinum shadowed carbon
socond replica sank to the bottom of the container. The
replica was retrieved from the solvent an a copper
specimen grid, and allowed to dry by evaporation.
This procedure produced satisfactory replicas of poly-
crystalline aluminum oxide fracture surfaces. Replicas

representing selected areas of fracture surfaces were
examined and photographed at appropriate magnifications
in a JEQLCO JEM-120 transmission electton microscope

at 80 kv.

RESULTS AND DISCUSSION

The best available information!™?, snggests that damage

produced by an impacting projectile in a pelyerystalline

J. Kor. Ceram. Soc.



Fractographic Studies in Ballistically Damaged Polyerystallie Alumina

ceramic aceurs in at least four successive stages, with
each siage being identified with a particular iracture
geomelry, stress configuration, and energy spectrum.
Tn an approximate, decreasing order of the total system
enersy remaining to be dissipated, these stages result
in {1) comminuted particulates from within a shear
conoid whose axis is the impael trajectory, (2) fracture
surfaces agsociated with the shear conaid interface, (3)
radial cracks whose surfaces are approximately parallel
and ()

cracks whose surfaces are almost perpendicular to the

with the impact trajectory, late—phase spell

impact trajectory.

Comminuied material from the first category was not
availahle fov this study, but Tepresentative replicas of
each of the three subsequent stages of Iracture were
prepared at selected positions as indicated in Figs. la
and Ib. Subsequent sections present microstructural and

fractographic information ohtained from these veplicas.

Canoid Shear Surface

Very litde of the principal conoid shear suiface was
available for study., The replicated surface examined in
this study was obliquely oriented (45°) with respect to
the imipact trajectory (sce Fig. 1b). Fig. 2 {illusirates
several features characleristic of this heavily dameged
surface. Fracture was predominantly transgranular, and
was rather direcl, producing relatively flat, fan-ghaped
river patterns, some of which show multiplications of
river pattern compenents as the fracture front traverses
subgrain or grain Doundaries!. In many instances, Trog
have

ressiona from one grain to the next appear o

required considerable shear damage before the crack
could be {reed to procced ahead in river patlern cleavages
or intergranular separations Within those sheared regions,
distincdy localized and heavily concentrated groupings
of small bumps o protrusions have been noted.  Their
origin has mot been clearly established, but they sppear
to suggest locally intense deformation processes alkin to
the carly stages of microveid development during plestic
fracture in metals®™7. Alternatively, adizbatlc heating
associated with shockwaves generaled by ballistic impact
may have heen sufficient to melt glassy phase material
(~16 vol 2§} in this alumina body such thai molten
glass was either extruded from or spattered onto fracture

surface.

Vol. 15, Mo, 3, 1978

Tig. 2 Complex fsactography of eonoid shear surface
in ballistically damaged polyerystalling iile. Two
stage plastic-carbon replica, Pt-shacowed ai 36°

Thiz early phase of fracture is marked bhw a very
considerable pumber of fracture fragments (small, dak
shards) which have been extracted in situ by the roph-
cation process. These fragments suggest that branching
and/or multiple cracks were not uncormmon at this stage

of fmpact energy absorption.

Strong association of fragments wilh sheuwred regions
suggests that locally intense plastic processes may have
played a significant role in their fromation. Exeminations

ion  have

of some of these fragments in direct transmi

revealed high concentrations of dislocations®.

Radial Crack Surfaces

Radial eracks apparently begin to pronagate during
an impact event at a time after the shear concid Tas
heen well cstablished; their formation is probably cone-
urrent with dissipation-by several processes—of a substa-
ntial part of the total impact epergy. The inncrmast
portions of the primary radial cracks are relatively
smooth, and are thought io be generally similar in
surfaces

termns of fractography to the concid shear

{129)



Chong-Hee Kim

described above, The main run of the cracks develop
very rough surfaces, with complex texlures whose
elemental “wave forms” have amplitudes and periads
exrending over an estimated 102-10° grain diameters.
Final portions of such eracks, especially if diverted or
offsct, lend to become relalively smooth again.

Figures in this section show {racrographic details at
three different radial distances along one radial crack:
at point 3 (Fig. 1b)~2. 8" from the point of impact,
in a region of heavy, rough texturing; at point 4~3. 77
from the center on a more smoothly textured, predomi
nancly concheidal surface produced by the main erack
after it had undergone an abrupt offset (0.2 in.) (Fig
3-4); and af point 5, on a rclatively smooth transverse
crack (a secondary crack almost normal Lo the main
erack) at a distance of 3.9” from the point of impact
(Figs 5-6).

Rough Surraces The fractograph in this section shows

thal heavily stepped fracturing (typically based on

I'ig. 8 Intergranular separations. iransgranular cleavage
steps, conchoidal fractures and in situ fracture
fragments contribute to the very complex
topography of a smoothly textured portion of
a radial crack in ballistically damaged polyer-
vatalling alumina 1ile. Two stage plastic-carbo
n replica, Pt-shadowed at 30°.
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Fig. 4 Trapsition from intersranular separation to
trausgranular fracture along grain edge junctien
on a radial erack surface in ballistically dama-
ged polycrystalline alumina iile. Two  stage
plastic-carbon replica, Pt-shadowed at 507

Fig. 5 River pattern cleavage steps on Lransverse seco-
ndary crack in ballistically damaged polyerysts-
lline alumina tile. Two stsge plastic-carbon
replica, Pt-shadawed at 30°.

I Kor. Ceram. Soc.



Fiactographic Studies in Ballistieally Damazed Polyeaystalline Alumina

Tig. 6 Tnteractions beiween cleavage cracks and micy-
ostiuctural features an iransveise Secondary crack
surface in ballistically damaged polycrystalline
alumina tile. Two stage plastic—carhon replica,
Pt-shadowed al 20°.

intersections of two Ist and one 2nd order rhomboliedral
cleavage planes?) constitute one significant fracture mede
in the rough portions of radial cracks. Intergranular
separations also bhave been obseived to he quile promi-
nent in the sl incomplete investigations of this expe-
vimentally difficult [racture category. Only  scanning
clectron microscopy (combining mederate to high ma-
guificalion. high resolulior, and extreme depth  of
focus) 15 Ykely to provide adequate characlerizations
of such rugged bul finely detailed surfaces,

Smocther Radial Crack Sufaces Though. the {racture
surface was relatively smocth in the macroscopic scnse.
fractographs talen from this region illustrate the extre
mely complex nature of surfaces produced by highly
localized combinations af almast every possible fracture
mode. Tramsgranular conchoidal [racture ls  more pro-
minent than in the previcus examples. The cwving
conchoidal fractures are neither smooth nor  uniformly
textured. Rather, they contaln an abundance of fine
delail which suggests that the advancing crack was
vensitive either to progressive changes in crysiallographic

orientalion, or in Jocal states of stress and strain, or

Vol 16, No. 3. 1978

both, very high surfuce energies (7,240, 000 ergs/cm?}
were assuclated with non-planer fracwwing {i.e., con-
choldal) in Wiederhorn's attempis to cleave hasal planes
in sapphire®. The conchoidzl surfaces illustrated here
appear to provide many evidences of stublzorn resistance
to separation. In comparison to esscntially  Injitle
cleavages, they appear to have been produced by cracks
which had been subjected both to scme blunting and to
continuous redirections; such textures are not inconsis-
tent wiih very large fracture surface energies.

In Fig 3, conchoidal fractures, intergranular separ-
ations, two very characteristic forms of thombohedral
cleavage, and several examples of fracture fragment
formalion are illustrated. The central grain shows a
verv well defined shift from intergranular separation 1o
central

transgranulay cleavage. In Fig. 4, the long

boundary surface shows a  distinet  transitcn from
houndaty separation on the 1ight (which grades off
inte parting and conchoidal fracture} 1o tianegranular
fracture on the left. Of particular interest is the strong
redirection of the transgranular fractuie (just to the
lelt af the houndary irace) tagether with the unusual
sheared appearance at the lefr of the houndary flat.
Such a configuration possibly is associated with —seme
grain boundary sliding® at a constiained triple graig
edge, causing a small amcunt of shear. Relaxation of
the slrains imposed by a sliding mechanism  would
require elther generalized plastic deformaticn or trans-
granular fracture of ome or more of the adjacent grains,
as ohserved here.

Smooth Trapsverse Fractwes The surface studled in
Tigs. 5-6 is considered to be a secondary crack (pic-
bably a consequence of reflected stresses) and thus may
be represcatative of a relatively late rpoulicn of the
fracture time sequence, snd bence of a  proporticnally
lower sesment of the encrgy dissipation spectium. The
principal fractme features include both grain boundary
separations and transgranular bresks, together with
generation of fine fraciure fiagments. The transgranular
porlions range in texture frcm cenchoidal to imperfect
parting to well defined cleavage. The orthogonally
stepped cleavage mode commonly observed on  single
crystal fracture surfaces and on primary radial cracks

in this polycrystalline material is lese evident in 1ihis
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secondary erack. ‘The imensity of texturing is signific-
antly reduced from the more severe cases previously
ciled. At the higher magnification provided by Fig. 5,
there are several interesting examples of interactions
between the advancing crack and the crystalline subste-
ucture (principally subgrain boundaries). Multiplications
and redirsctions cccur at the grain  houndary marked
c-C, Dr-

D', B'-D’ may be indicalive of the influence of sub-

by line A-A’, ather changes along B-B’,

grain boundaries. These interactions apperently result

in very local alterations of the [racture texture, as
noted by Low?.
Some interesting examples of Interacticns belween

advancing cleavage cracks and microstruciural f{eatures
boundaries (A)

at the upper right are typical of polyphase ceramic

are shown m Fig. 6. Angular grain
hodies which rely in whole or in pert upon liquid phase
sintering ™13 The crack was nol significanily altered
in perpendiculacly traversing these thickencd (presumably
witreous) boundaries should produce hackled, splintercd
and/or conchoidal textures typical of iracture in glassy

materialst?.

After changing from boundary separation to transgr-
anular fracture at {B), the erack produced finely text-
ured but very irregular stepped cleavage fractures in
moving toward pore (C). Since the nearby and nearly
Lave been

parallel grain boundary (D) appears to

already separated, it imay be thai these cleavasge ano-

malies resulted from stress relaxailon assoclated with

the separated boundary, conpled with the normal
resistance to cleavage within the grain and at its other
houndaries. At the pore {C) several changes in {racture
behavier can be noted, hoth in the immediate pare
vicinity, and at longer distances extending to the end
of the grain. Related fracture tails al microstructural
discontinuities in ceramics and glasses have heen reported
elsewherel~16,

The downstream tailing effect s less prominent {or
the faceted pore (E), but the pore possibly did cause
the unusual cleavage perturbations oriented in a perpe-
ndicular divection 2¢ (F). The discontinuity represented
by the pore may have caused stresses associated <with

the crack front to be resolved into new components,

including those capable of producting this anomaly.

Chong-FHee Kim

Late-Phase Spall Cracks

This category of [racture damage, though prominent
m terms of total exposed arca (see Fig. la), is thought
to be representaiive of the final stages of cracking,
occurring al the {ime when the kinetic energy of impact
has been substantially dissipated. Both transgranular
and intergranular fracture modes are abserved. Cleavage
is the mest characlerietic process for tramsgranular
fracture, hut the roughness of texturing is not as severe
as in the earlier stages of [racrure. Significently, there
is very little evidence of {racture fragments of the sort
which were cornmen on more severely damaped surfaces.

From 21l these observations, it is apparent that ihe
fraciuve process in polyerystalline aluming is not purcly
brittle. Tnstead, encray is absorbed during the propag-
ation of fracturc by any of several {oftan combined)
processes, namely, serondary crack formation, localized
fractre

lead

to

which

plastic deformation. areal increases due
surface roughness. and/cr step formations

to high-energy tearing [racturel?.

SUMMARY AND CONCLUSIONS

Microscopic evideuces from replication {fractography
strongly zupporl the concepi of locelized plastic defor-
fracture resulting from

The
typical

mation processes associated with
ballistic impect events in polverystalline alumina,
microstructural features are in large part those

af nominally brittle fracture in polvervstalline material;
fracture surfaces are mainly composed of a combination
of transgranular and intergranular regions This indic-
ates that the crack propagation mechanism iz eamplox;
il was necessary o propsgate discontinucusly. slarting
new cracks in succceding grains. Such a process will
and

tend to reduce the velocity of erack propagation

ultimately will stop crnck advancement. unless high
While

cleavage

stress states are sustained by external Toading.
bursts of easy
and

Propagation of cleavage microcracks commonly results

the main crack propagates.

spread ahead, become anested are reinitiated.

in the formation of complex cleavage {acets, river
patterns, and secondory cleavage, coupled with plastic
teating within individual grains. Relatively easy cleavage
processes spread forward and laterally through favorably
oriented grains ahead of the main crack front; however,

if the main erack is to advance, additional energy must

Y. Kor, Ceram. Soc.
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be supplied by the available elastic strain enersy. Same

of it, an additive factor over and sbove the simple
surface enevgy, clearly is apsorbed in the process of
formirg thess fine exira textures.

The almesl inescapable conclusion to be drawn frem
thage findings is thal tuly britile cracks-those which
can be propageted with fracture swface energy (vg)
comparable to the calculated surface free epergy (4,)
without doing work vpon the bullk of the mazerizl

traversed-are reletively rave in this refractory oxide.
Rather, the fractures commonly observed in  aluminum
oxide were propagaicd (ol least mn part) as  blunted
cracks-those in which the {raclure swrface energy (7}
has been subsrantially iwncreased above the nominal free
energy (y;) hecause of plastic wark energy (r,) which
had ta be expended in deforming bulk material at and
near the advancing crack {ront.

Fracuwe surface energies in  alumina ranging from

approximately 25, 000 to 50,000 corgs/cm? have heen

reporled by several investigators, Numerical values
generally have been based upan ecaleulations ineorporating
only the projocted crack surafee arcal?”. Actual surface
arcas have been considered 1o be as much as three 1imes
oroater than projecied areasl”. an  estimate which is
considered to be realistic in lerms of the fractographic
study, T the

reported grosg values for 7y, are normalized with rospect

examinations madse during the present

wr actual surface arces Ti.e., divided by the suggested
factor of three], the range {or resultant net (racture
surface energy {7p) Is from approximately 8,350 to
15, 700 ergs/em”. The net values are still some seven
to fifteen times larger than caloulated surface free energy
values (7, =1136 ergs/cm?} 8. For polyerystalline slamina
of mederate grain size, these rather conservative estim-
ates [7,=7m—7.1 vield 7, values ranging from ahout
7, 200 ergs/cm? to more than 13, 000 ergs/em®. For this
nominally briztle ceramic material, the Orowan eriter-
Tp>?':,

zgreement with the

ion for a plasticity component in fraclure,

seems well satisfied, in  good
nicroscopic evidences of yielding presented here. Finally,
it should be noled that these findings, based upon high
velocity ballistic damage events, are also in good aceord
with those veported by Congletan, et al'® for slow single

stroke fractures in alumina.
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