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FOREWORD

This report describes the results of an experimental program
oriented toward correlating compressive strength and microfracture
mechanisms with indentation resistance and indentation fracture mechanisms
for strong ceramics. Some of the progress made toward this goal is
summarized in the following two technical papers (preprints) comprising
the report.
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Indentation Plasticity and Microfracture in Silicon Carbide

James Lankford
David L. Davidson

Southwest Research Institute
San An tonio , Texas , USA

The ex ten t of the plastically deformed region associa ted with indentation
in silicon carb ide is de termined by means of selected area elect ron channel ing .
It is found that the extent of the plastic zone beneath an indent is quite
large , i.e., equal to about five times the impression radius. Microcrack
forma tion is studied in the SEM , and the comb ined results are discussed
in terms of current elastic—plastic indentation fracture models . The
first cracks to form are radial microcracks ; their morphology , and the
observed inden tation plas tic zone dimensions , support the elastic—plastic
model of Perrott for indentation cracking in a—SiC.

1. Introduction
Strong ceramics are utilized in situations in wh ich they of ten are subjec t
to wear or erosion. Many such service applications involve elastic—plastic
inden tation , i.e., indent (particle) radii are sufficiently small that some
irreversible deformation is associated with the indentation process . The
resul ting subsurface plas tic zone is involved in the “damage” of a specimen
through its influence upon either microcrack initiation , or subsequent
crack growth.

The spec if ic  role of inden tation plasticity can be in f e r red f r om
consideration of current theoretical treatments of the microfracture attending
indentation in brittle materials. For examp le , the recent Lawn—Evans model [11
for crack initiation during elastic/plastic indentation is based upon the
idea of the plastic zone “seeking out ” and engulfing pre—existing subsurface
crack nuclea tion cen ters , so tha t the plastic zone size becomes critical.
Similarly, Perrott [2] has examined the possibility of near—surface radial
crack ing, and has developed a model whose corre ctness depend s in large
measure upon the physical real ism of the analytical calculation of the static
and residual plastic zone boundary . Finally, Evans and Wilshaw [3] have
considered indentation crack propaga tion using f rac ture mechan ics and
d imensional analysis concepts. In this particular case [21, the associated
elas tic anal ysis of indentation stresses for uniformly distributed contact
pressure predicts that the first cracks to form should be median vents, and
that the profile of the fractures should be a crescent surrounding the
plastic zone and intercepting the surface. The results of the present
study will be examined and interpreted from the viewpoints of these theories.

Several approaches , including X—ray d i f f r a c tion , dislocation etch pitt in~~
transmission electron microscopy (TEM), and selected area electron channeling,
have been used to study damage zones in metals and ceramics. Of particular
relevance to the present study are the TEM studies by Hockey . et al [4—6], of
inden tation damage in ceramics, and the electron channeling characterization ,
by Ru f f  [7 ,8] , of sliding contact plastic zones in metals. In the former
work , simple indentation techniques and particle impact at moderate velocity
were used to produce indentation and microfracture in hard ceramics such
as A1

2
0
3 

and SiC. The damage sites were sectioned for TEN study and the

_  
~~~~~-- 



—2—

nature of the plastic deformation determined ; to a lesser extent , some idea
of the spacial ex ten t of the damage zone , especially near the surface , was
obtained . On the other hand , Ruf f  used electron channeling to characterize
the extent of the plastic zones , and the strain distributions within them,
for pure metals such as copper and iron subject to sliding contact. Here there
was the advantage of working with bulk samples, so tha t the boundary of the
subsurface damage zone relative to the sliding contac t could be accura tely mapped .
In the present case , the electron channeling approach is appl ied to the study
of quasi—static indentation in SIC , with the principal goal of de termining
the extent of plastic deformation beneath a sharp indenter. A second objec-
tive is to relate observed indentation microfracture patterns to the plastic
zone .

2. Experimental proced ure
A sil icon carbide single crystal* (a—SiC , 4H pol ymorph (Appendix)) approximately 7mm
in cross—section x 1mm thick , having the C—axis perpendicular to the large
pair of faces , was used in the study . Diamond pyramid hardness indentations
were introduced into the as—grown surface using a standard microhardness tester;
the indenter was applied quasi—statically ,  the specimen remaining under load
for a total of 18 seconds.

The reason for  choosing a single crystal was two—fold. First , it was
des ired to eliminate crys tallographic e f fec ts caused by vary ing gra in
orientation . Second , the electron channeling approach requires a rela-
tively fla t, initially low dislocation density , referen ce sur face  for
mapping out plastic zones. Both goals were achieved by applying inden tations ,
at a variety of loads , in a straight line across the specimen, with their
spacing adjusted so that the tips of adjoining radial cracks almost touched .
The specimen was then broken in 3—point bending, producing a fracture surface
passing through the center of each indent . Since the bulk of the surface
was crea ted by fast fracture , it was anticipated that this region should
afford an excellent reference (minimal deformation) state, based on the TEM
study of Hockey and Lawn [5], in which nodislocations were observed at
the tips of arrested cracks in SiC. Or ienta t ion of the frac ture surface was
determined using an electron channeling pattern map, as discussed in the
Append ix.

The extent of plasticity beneath the indentations was determined using
the same approach the wr iters previously have appl ied to the study of fa ti gue
crack tips in metal alloys , as described extensively elsewhere [9—11].
Br iefl y,  numerous loca tions benea th , and adjacent to , an indentation are
interrogated with the electron beam. Rather than rastering back and forth to
produce the normal image , however , the beam is rocked thro ugh an angle of
(in this study) ~7° , producing a selected area electron channeling pa t te rn .
For the electron optical system and conditions used , an area approximately lOim
in diameter was interrogated by the beam . Line acuity in the electron chan-
neling pattern is reduced by dislocation introduced as the result of plastic
deformation. The locus about the indent along which fine structure and higher
order lines in the channeling patterns are observed to just begin to disappear
Is taken to be the plastic zone boundary (in metals , th is loc us corresponds
to approxima tel y 0.2% tensile strain , based on tensile calibration specimens) .

*Materja.],s Research Corporation , Orangeburg, N.Y. 
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3. Results
Two basic types of indentation microfracture patterns were revealed by
the cleavage technique, the most common being typ ified by Fi gure 1, where
several lateral cracks are seen to be associated with the indent . In
addition , the outline of the rad ial indentation crack (arrows) lying in the
plane of the fracture can be seen where it joins with the main crack. Running
from the indent to the edge of the crack outline is a ledge (L), implying
that the radial crack actually was made up of two segments , wh ich grew
until they met at the ledge . No median crack is visible normal to the plane
of the fracture ; this observation characterized 80% of the indentations .

In a few cascs , ..i second situation prevailed , as shown in Figure 2.
Here lateral cracks and a “ledge” can be seen as bef ore , but in addition ,
there exists a branched median crack directly beneath the indent apex. It
should be emphas ized , howeve r, that such cases were clearly in the minority,
and tha t even for  loads as h igh as 3500 gm (which produced impression
diameters and surface radial crack lengths of approximately 50 1.Jm and 220 ~m,
respectively), subsur f a c e med ian cracks usually were not seen. When
they were present , the med ian cracks usually ran only a short distance ,
on the order of the indentation depth , before branching into lateral cracks .
They were generally closed tigh tly near the indent .

Locations at which channeling patterns were taken are shown by the
dots in Figure 2, drawn to scale to indicate the approximate 10 T~m
interrogated area . Solid dots indicate channeling patterns degraded
in quality by plas tic f l ow , while open dots indicate undeformed ECPs.
Figure 3 shows channeling patterns obtained from locations lying (a) within ,
(b) just outside , and (c) far from the plastic zone boundary sketched in
Figure 2. It can be seen that Figures 3(b) and 3(c) are essentially
identical , while the pattern obtained from within the plastic zone shows
a marked deterioration in quality.

Although the patterns in Figure 3(b and c) are good , they are in fact
not perfect. Comparison of these patterns with one taken from the virgin,
as—grown surface of the crystal (Figure 3(d)) shows that the latter is
cons iderabl y sharp er and r icher in de ta il , implying that there may have
been a slight amount of plmtic deformation associated with passage of the
main crack front. Figure 3(d) does not , incidentally, show the sixfold symmetry
one normall y associates with a (0001) pole , because the surface was purposely
tilted slightly away from 900 incidence with the beam so as to produce a
channel ing pa ttern more v isuall y compatible with the others shown in Figure 3.

Results of the plasticity measurements can be summarized generally in
terms of maximu m plas tic zone dep th , R,1, indentation diameter 2a , and
rad ial crack leng th 2c , as shown in Figure 4. Since the specimen is a
singl e crys tal , experimental scatter in these parameters is minimal. In-
clusion of the indentation diameter in c is somewhat arbitr~irv , since close
SEM inspection of indentations shows (Figure 5) that the r~idial cracks may not
penetrate the interior of the indent; if they in fact do s~~, they arc
extremely tight cracks indeed .

From Figure 4, i t  is evident that both a and c ha v e .i linear relationship
with  Ry ; the  situation with regard to a can be expressed by

a = 0.l~ R ( 1)
y

Impressions were observed for loads as small as 2 gms. t l r  which a 0.( .
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corresponding to an extrapolated plastic zone depth of 3.3 pm. Since the
load P is known to be proportiona l to a2, it follows from Equation (1)
that it also is proportional to R~

2
~ as predicted by theory [2,3]. The

crack dimension c requires a more complicated expression of the form

c = c*+b (R~_R*) (2)

where c* is the hypothetical minimum (threshold) crack size , R* is the
indentation plastic zone size at the hypothetical threshold for crack
initiation , and b is a constant. Evaluation of these terms yields c* = 6 gm ,
R* 34 pm , and b = 0.95. However , as it happens , the ph ysical threshold
for crack initiation can be determined to lie above that related to the
point of intersections of the extrapolated a, c versus R~ plots. As will be
reported in deta i l  in a subsequent  paper , scanning e lectron microscopy
and acoustic emission show that the earliest cracks to form are radial
cracks about 18 pm in length , corresponding to a critical plastic zone
dimension R~ 

“ 50 pm. It is clea r that at the time of crack initiation ,
the region below the indentation is essentially plastic. This is in fact
true of the bulk of the material surrounding the impression , as shown in
Figure 6. Here are summarized the results (shaded band) of channeling pattern
measurements sampling various locations beneath the indentation , for loads
between 200 and 3500 gms. The notation used is simlar to that of Perrott [2],
whose calculation of the plastic zone boundary (p = ) following unloading
of an indentation is shown in Figure 7 , with the normalized surface
plastic zone radius chosen to be 4.0. For the particular theoretical
case shown, i.e., p~~ 4.0, there is excellent agreement between the
theoretical and experimental subsurface zone dimensions , e.g., p~ 

= normalized
depth of the plastic zone , and p~ = normalized maximum surface p~ ojection
of the plastic zone boundary . X

4. Discussion and Imp lications
From the crack profiles revealed by the sectioning procedure , it appears that
each radial indentation ‘rack nuc l eates as two segments , touching the indent
corners and intersecting the surface; at higher stresses, the two cracks join
beneath the surface , producing a connecting ledge. Median cracks do not
seem to be involved generally in the earl y stages of crack development . These
findings are in general accord with the observa t ions of Evans and Wilshaw [31,
who studied crack development in a wide variety of ceramics , but they argue
against the physical model of Lawn and Evans [1], which is based upon the
idea of the median cracks being first to appear (this does seem to be the
case [1] in glass). In another paper , however , we wiLl present results which
show that despite this apparent inconsistency with regard to the sequence
of microfracture events , the Lawn and Evans analysis is quite successful
in ordering a wide range of ceramics with respect to initial crack sizes
and to the indentation l oads required to initiat e microfracture .

The physical model which clearl y seems most representative of the
prevailing state of affairs is that of Perrott [21. The critical factors
in establishing the app licability of the model are (1) that considerable
subsurface plasticity must be evident , (2) in order for the hoop stress
in the near—surface region to achieve tensile character , the surface p l ist ~ c

zone must he sufficient lv large , i.e., > 1.65 , and (3) the first 1’racks
to form should be radial (Pa l mqvist). All of these criter ia are met .

~

-- -

~ 
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assuming that the coincidence of the theoretical and experimental subsurface
plastic zone dimensions (Figures 6 and 7) implies that the surface plastic
zones are also in reasonable agreement , i . e . ,  that  p 4 . 0 .* The basis
for  the good agreement here between theory and experiment apparently lies
in the more realistic formulation of the stress analysis , whereby Perro tt
real ized , and took into account , the role of the indentation plastic zone
in controlling the magnitude of the contact pressure; this in turn led to
an analytical result for indentation accommodation by displacement
within the plastic zone , indica ting divergence of the elastic solution
towards a state of triaxial compression near the load axis, and towards
a state of triaxial tension near the surface (Figure 7). For well—developed
plasticity (p~~ > 1.65) , the tensile stresses generated across radial
planes in the near surface region (Figure 7) were found to be of the order
of the “yield” strength (% t~ar~ne~~ ), On the other hand , the max imum tensile
stress along the load axis occurs at the elastic—plastic boundary , and is
equal to Y(l—2v)/(7—2v) y/13 , where Y is the “yield ” streng th , and V is 2Poisson ’s ratio . This factor for silicon carbide amounts to around 500 MN/m
which is jus t barely equal to the tensile strength of the material. Since
this relatively low stress level “samples ” only a very small volume of
material for nucleating flaws , it is not surprising that tensile cracks
are generated first in the near surface region, where the local hoop
stress produces a tensile field 13 times greater in magnitude than that
along the load axis [2]. At higher loads , of course , there is a greatee chance
of generating median cracks below the plastic zone , since a larger mater ial
volume will be “sampled” by the plastic zone.

The threshold condition for crack initiation correspond s to a plastic
zone dep th of 50 pm , or apparen tly to a surface plastic zone dimension
of about 35 pm (p 4.0). Perrott [2] has shown analytically that
tensile values of the hoop stress at the surface occur at radii p less than
0.61 p adjacent to the boundary of the indentation . In the present case,
this means that there exist regions extending nearly 9 pm out from the
inden ta tion corners , over most of which the local stress field is tensile ,
and considerably in excess of the tensile strength. From this , it is
easy to see why the critical load for radial crack formation depends on
the surface f inish, decreasing as the quality of the surface diminishes [3].

The reduced sharpness of detail for channeling patterns obtained from
the cleavage face in comparison with ones from the as—grown surface imply
tha t some deformation was associated with passage of the main crack front.
Hockey and Lawn [5], of course , reported an absence of dislocations near the
tips of arrested indentation cracks in the same polymorph of SiC . However,
the elec tron channeling phenomenon is e x t r a o r d i n a r i ly sensitive to p last ic
damage , and there seems no other reasonable alternative to a dislocation—based
explanation. It may be that the difference between the two experiments
had to do with crack orientation relative to the specimen crystallography ,
although Hockey and Lawn examined foils from some two dozen indentations
in SiC , which should have been a good statistical sampling. Nevertheless ,
other TEM work , on (i3 ) SIC , does lend some support to this possibility. In
this case , Clarke [121 examined areas immediatel y adjacen t to the f rac ture
surfaces of specimens broken in bending. It was found that in some grains.
dislocations could be observed , depending on rvstallography and , apparently.
elastic constra in t by other grains ; in other grains , no disloca tions were
seen . Orientation of the crystal plane examined in this experiment was approxi—
ma tel y ( l 2 3 0 ) ,  Figure 8.

*Thia important point is supported by the near—surface TEM observations of
Hockey , et al [6), in which p for SIC was estimated to be 3.0.

_
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5. Conclusions
Indentations in a—SiC exhibit considerable plasticity, with the depth of
plastic damage extending to about five indent radii below the indentation .
The measured plastic zone parameters and the observed fractography are
compatible with the elastic—p lastic analysis of Perr ott , which pred icts
tha t the f irst (threshold) cracks to form, under condi tions of suf f icient
plasticity, are radial rather than median cracks. This is in fact observed .
It is found also that a~ R~~, and P ~ ~~~~ in agreement with theory . The
electron channeling results indicate that the fracture surfaces formed under
conditions of rapid crack growth have experienced some plast ic flow;
this may turn ou t to be a crystallograph y—sensitive effect. 
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Figure 5. Indentation , 250 gm Load ,
Showing Closure  of Radial Cracks
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Figure 6. Experimentally Measured Subsurface

Plast ic  Zone in a — SiC , Load Range
P = 200—3500 gm
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Appendix

The polyinorph and orientation of this material was determined using
a partial channeling map , as shown in Figure A—i . This map was made from
a simple crysta l  having (0001) planes as the l argest surfaces . Tilt ing of
the crystal away from the (0001) causes the channeling line con tras t
reversal seen , for  example along the (1215) channeling band . By working
out the hexagonal interplana~ 1~ ngies and comparing the derived uni t cell
dimensions with known values’ ~‘ , the polymorph may be determined .

(1) E. Parthe , “Crystal Chemistry of Tetrahedral  Structures ,” Gordon and
Breach , New York , p 107. 
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Compressive Strength and Microfracture in SiC and Al
203

James Lankford

Southwest Research Institute
San Antonio , Texas 78284

Scanning electron microscopy and acoustic emission have been used
to characterize the microfracture mechanisms responsible for the tempera-
ture—sensitive compressive strength behavior of polycrystalline A12O 3 and
a—SiC. It is determined that the early stages of damage can be related
to the presence or absence of microplasticity, depending upon the ceramic .
Fur ther , local plastic flow in ct—SiC is clearly observed to commence
during compression at temperatures as low as 500°C , and at stresses not
much greater than the tensile strength. At low temperature , hence by
implication hi gh s t ra in  rates , strain relieving plastic flow is inhibited ,
so that  flaws of potential importance in subsequent tensile applications
are introduced a t compre ssive stresses nearl y an order of magnitude
lower than the compressive strength. Microvoids basic to the sintered
microstructure are primary crack nuclei.

I. Introduction

Compressive strength and associated damage mechanisms in strong
ceramics are not as well understood as corresponding tensile factors.
However, curren t problems involving res idual compress ive stress, impact ,
and abras ion are unavo idably concerned w ith compress ive load ings and
their effects on material behavior. Recently,  the results of a study1.2

of the temperature—strain rate dependence of compressive strength in
polycrystalline alumina showed that plasticity was a key factor in initia—
ting microfrac ture and controlling failure. In the present work, this
earlier study is extended to higher temperatures , and a—S iC is likewise
tested over a range of temperatures and strain rates . Acoustic emission
and scanning electron microscopy are used to monitor and define the opera-
tive damage modes. A major objective is to compare compressive damage
and strength behavior in two strong , nominally brittle ceramics.

II. Materials and Procedures

The de ta iled procedur es followed in the comp ression testing have
been described elsewhere, and so are presented here only b r i e f ly. Specimens
of polycrystalline alumina (type GW Lucalox*) were cut from as—received
rods into right circular cy linders 1.25 cm long by 0.625 cm d iameter. Loading
faces were ground flat within a tolerance of 1 x lO~~ cm , and then
pol ished through 1 ~jm diamond . Specimens of sintered a—silicon carbide

Suppor ted by the Office of Naval Research under Contract No. N00014—75—C—0668.

* General Electric Lamp Glass Division , Cleveland , Ohio .

_ _ _ _ _
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were specially fabricated* to the above dimensions , and then gro und and
polished as above.

The Lucalox material had a grain size of approximately 25 him , and
contained a population of grain boundary and triple point voids . The ellipsoid—
shaped voids were very smooth , with average maximum dimensions of about
8 pm. The SIC, on the other hand , had a grail! size of only 7 pm. It
likewise contained a void population , but these were much smaller , on
the order of 1—2 pm in size, and sharper , than the Al203 pores . They
were distributed uniformly, and did not seem to be limited to the grain

• boundaries.
In all of the compression tests , platens of high streng th , high

purity alumina T were used . As in the specimen preparation , the pla ten
faces were ground parallel , and then polished metallurgically. Strain
rates used were 7 x l0~~ sec~~~, 7 x l0~~ sec~~~, and 2 x 10—1 sec~~~; all
tests described in this report were perf ormed in an elec trohydraulic ,
servocontrolled test machine , in a laboratory air environment . High
temperature tests were performed in a standard resistance—type furnace
adapted to the load frame . In some cases, specimens were not tested
to fai lure , but rather were unloaded following h igh stress excursions,
and studied in the SEM for evidence of compressive damage . Aluminum
oxide specimens were palladium—coated for SEM observation , while the
silicon carb ide , being a semiconduc tor , could be examined in the uncoated
state. Since the specimens of SiC were covered with a carbon—rich
surface layer, it proved necessary to prepare a few specimens for ob-
servation of surface damage which had flats polished onto them (final
polish was 0.25 pm diamond). These flats were examined in the SEN for
compressive damage following load/unload sequences.

Acoustic emission (AE) was monitored within the frequency range
100 kHz to 1 MHz , using a PZT transducer resonant at 160 kHz (the acoustic
emission setup and procedures are discussed in detail elsewhere2) .  In
this study, since high tempera tures were involved , the transducer was
aff ixed to the lead ing ram , in order to avoid the hot zone about the
specimen . Experiments indicated that the signal amplitude was not signi-
f ican tly altered by removal from the specimen .

III. Results

In Figures 1 and 2, the compress ive test results f or A12O3 and SiC ,
respec tively, are presented in terms of compressive strength (G e) and
the threshold stress for acoustic emission (GAE), versus temperature
(T). Included for comparison are graphs of tensile strength (aT) versus
T, as de termined by other workers 3’4.

The strength of alumina is fairly sensitive to strain rate , being
higher for faster rates of deformation over the entire temperature range .
The G

~ —T curves exhibit a perturbation at 150 < T < 400°C in their
general decrease with temperature; this effect has been noted earlier.’
These trends are reflected in the acoustic emission threshold stress level ,

* Carborundum Company , Research and Developme nt Divis ion , Niagara Fal ls , N.Y.
± Coors AD 999, Coors Procelain Company, Galde n , Colorado. 
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above which twinning and twin—related cracking already has been observed 2

for tempera tures to 890° C. The tensile strength behaves similarly, de-
creasing with tempera ture , leveling o f f  at 200° C, and then dr opping aga in
at higher temperatures; in this case, however , the degree of the
strength differential is considerably less than for the compressive
strength . It is interesting to note that at low temperature , °AE is
on the order of six times aT.

Sintered a—SiC exhibits behavior which is strikingly different from
• that just described . As shown in Figure 2, the compressive strength

increases monotonically with temperature up to the highest temperatures
at which tests have been run .* This trend is mirrored by 0T• However ,
the acoustic emission threshold stress level first increases up to room
temperature , and then decreases with higher temperatures. Moreover ,

°AE at low temperature barely exceeds 0T’ and at 550° C, is little more
than twice GT. It appears , from the present limited data , that is not
so strain rate sensitive as is aluminum oxide.

Some idea of what is happening to cause the results shown in
Figures 1 and 2 can be der ived frac tographi cally ,  as well as by examining
the microfracture events which are visible on the spec imen surfaces .
Aluminum oxide , f or example , displays a striking temperature—dependent
transi tion in f rac ture behavior , as shown in Figure 3. At low temperature ,
the fracture surface is primarily transgranular; as the temperature
increases , frac ture becomes increas ingl y intergranular , until around
1200 °C, where failure is almost totally v~a intergranular separation.
This general trend also has been observed for tensile failure , but there
the effect does not seem to be so dramatic .

Surface observations of microfracture in the A1203 have been previously
described1’2 for temperatures up to 890°C , so only the newer results for
temperatures in excess of that range will be presented here . As shown
in Figure 4 , twinning (T) and possibly slip are present at T = 1260°C.
The fine deformation bands seemed to have no influence upon crack initia-
tion. The twins, however , did sometimes initiated cracking by forming
cracks at the twin/parent interface (Figure 4(a)); once these cracks
encountered grain boundar ies , they changed mod e to in tergranular , ra ther
than nuclea ting f ur ther transgranular cra cks in adjacen t grains as had
been the case at lower temperature . Often , the twins which formed had
no apparent effect on crack nucleation. Instead , as shown in Figure 4(b),
local cracking ensued at grain boundaries (either at triple points or
possibly subsurface intergranular voids), and rema ined in tergran ular as
the crack grew .

Very little difference could be seen in the SiC fracture surfaces
over the temper atu re range stud ied , i.e., up to 500°C , fracture is
transgranular (Figure 5). Many voids can be seen , and often they are
located near the center of fracture facets , possibly having served as
microfrac ture nuclei. 

—3/2
The surfaces of unfailed specimens loaded to 3500 MNm at

room tempera ture and 500° C were studied for evidence of microfracture.
At 23°C, numerous short , axially—oriented , void—initiated cracks were

* Tes ts -it h ig her temperature cause problems because of s o f t e n i n g  of the
A 120 3 p la tens , n e c e s s i t a t i n g  the f a b r i c a t i o n  (In  progress) of SiC speci-
mens having reduced gage sec t ions  so as to lower the stresses on the
pla ten s u r f a c e s .
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seen , with most of these appearing to be t r ansgranu la r .  At 500° C . extensive
evidence of plastic deformat ion  was found (Figures 6 and 7 ) ,  g e n e r a l l y
nucleated at sharp—cornered intrinsic voids . The slip bands usually
stopped when they encountered a grain bounda ry (Figure 6 ( a ) )  or a n o t h e r
void . Cracks which formed did not seem to be as directl y related to this plas-
t ic i ty  as did those reported earlier in Al 203, whereby twins were d i r e c t l y

• responsible for  cracking . The slip bands appeared to represent instead ,
e f f o r t s  b y the material  to accommodate the imposed s t ra ins . Cracks which
nuclea ted were usually formed at vo ids, and again were predominantly axial
transgranular in orientation.  There were instances, however , in which cracks
either formed in (Figure 6(a)) or adjacent to (Figure 7) slip bands.

IV. Discussion and Implicat ions

By considering the physical basis for the acoustic emission threshold
stress level , it is possible to rat ional ize the Oc~ T behavior  of both
materials , even though the SiC acoustic emission results do not mirror the
corresponding strength data . In this regard , we will  appeal to some of our
earlier work ,1,2 in which it was suggested that  the observed acous t i c
emission in Al 203 was caused by twinning .

Above the threshold , twinning in Al203 is observed; at the same time , some
cracking can be seen, always (at temperatures to 890°C) associated with
twins , which serve as nuclei1’2. At higher temperatures , the recent
results reported above show that while acoustic emission still is obtained ,
the stress level required decreases, as does the strength , yet many
of the observed cracks , in particular intergranular ones, are no longer
twin—nucleated . Moreover , some of our recent work ( to  be published
shor tly) indicates that the threshold for indentation cracking in A1203
can be del inea ted with acoustic emiss ion , while sub—threshold indentation
plasticity causes no emission . Further , tha first stage of the acoustic
emission coun t ra te versus compressive streag th plot , which had previousl\o-
been associated with twinning in alumina , has been found to exhibit almost
identical slopes for both A1203 and SiC. Consequently , it now appears
tha t GAE for  A12O3 is related to the cracking which accompanies some of the
twinning observed above the threshold. The high threshold for low
temperature (hence high strain rates , which are too rapid to allow AE
measurement) then resu l t s  from the fact that thermally activated twinning,
hence twin—ini t ia ted  c rack ing ,  is inh ib i ted , thereby moving the  AE
stress level up. At high temperature , grain boundary microfracture
ensues , constituting a change in crack mode , and reflected in 0c and °AE
decreasing at a more rapid rate  above 500° C.

Twinning in SiC is not nearl y so impor tan t a mode o f deforma tion as
in A1203. The fol lowing scenario is suggested to exp lain the observed
resul ts .  At low temperatures , slip is suppressed , and unable to affect
local s t ra in  relaxation as it does at higher  t empera tu res . Consequent l y .
axial cracks nucleate readily at the intrinsic , high stress concentration
voids.  As the tempera ture  increases , so does the acoust ic  em ission
threshold stress level , since limited plastic deformation begins to
relieve the requirement  for  c r ack ing .  At s t i l l  h igh  t e m p e ra t u r e s , p l a s t i c
flow starts to contribute to the cracking process , in addition to providing
some s t ra in  r e l i e f .  The c o n t r i b u t i o n  to c r a c k i n g  thereupon causes the
decrease in GAE noted at 500° C, while the compressive strength per se
continues to rise . The latter is reasonable; while some cracks are
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forming at a sligh tly lower thre shold level , others are being prevented
from forming. Since compressive failure is a crack coalescence process ,’
the net e f f e c t  is to increase a~~.

In both of these materials , the explanations of compressive strength
behavior are depenc1~ nt  upon microp last ic i ty  concepts .  This is in
general accord wi th  the empirical correlat ion drawn several years ago
by Rice 5 between compressive s t rength , hardness , and p las t ic i ty  for
ceramic materials.

• To the knowled ge of the wri ter  the observation of s ign i f i can t  p las t ici ty
in a—SiC at 500° C is the most solid , c lear—cut  evidence to date for  the
low homologous tempera ture plastic flow capability of SiC under uniaxial
loading. A very limited amount of data had previously been ob tained f or

• s— SiC  by Clarke , 6 using TEM. His work showed the presence of limited
dislocation act ivi ty  within certain grains at the f r a c t u r e  surfaces  of
tensile polycrys talline specimens , wi th other gra ins be ing devo id of
p las t ic i ty .

The fact  that GAE is so low for  low temperatures , hence presumably
high strain ra tes , has implications with regard to design against failure .
I t appears tha t rapid compressive load ings which migh t normally be
considered acceptable , in view of the high compress ive streng th , may
cause unaccep table damage, from the point of view of the cracks intro-
duced , and their possible role under tensile loads. From the preceding
discussion concerning the nature of °AE ’ it seems clear that the flaws
introduced above this level are cracks , not twins or dislocations , whose
distribution and size should be taken into account by any fracture
mechanics—based analysis of an SiC specimen (structure) subject
to compression and tension.

It also is clear that the sharp—edge microvoid population inherent
in the sintered a—SiC is a serious problem in terms of crack nucleation.
While it may be that their absence would not greatly affect the intrinsic
compressive streng th , which , again , involves crack coalescence , they clearly
have a profound effect in controlling the stress level at which compressive
microf rac ture  f i r s t  occurs in SiC .

Finally ,  while SiC compressive strength per se is no t very
temperature sensitive over the range investigated , GAE is rather sensitive
to this factor. For applications where damage (cracks) introduced by com-
pression is a considera tion, tempera ture may be very important in controlling
the degree of damage for a given compress ive st ress level . 

-- - - - --4
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(a) Transi tion from twin (T) — nucleated ,
t ransgranular  cracking to i n t e rg r anula r  cracking (arrow)

T = 1260° C

¶ 

_

I
(b) Twinning  (T) w i t h  no cracking;
intergranular cr~ cking ( a r r o w )

T = U60°C

Figure 4. Cra ( ’k m i t  i a t  ion  I n  A l  2 0 3 U n d e r  Compressive
Load ing  At U i  ~I i  1 e m p er a t u r e
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(b)  Sl i p

Fi gure 6. Slip(S) In -i -S IC Caused By Compressive Loading,
T = 500° c , = 7 x l0~~ sec~~
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(a) Gr~’in boundary  and v o i d — n u c l e a t e d
slip (S)

:-~ 
I ~~~. 

4~ :

Ir

S — 
—

- 2pm

(h)  Gra in  b o u n d a r y — n u c l e a t e d  s l i p ( S )

Figure  7.  S l i p ( S )  In  t—S iC Caused By Compressive Loading,
T = 500° C~ = 7 5 10~~ sec~~
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