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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 three technical papers (preprints) comprising
the report. -
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THE CRACK INITIATION THRESHOLD IN CERAMIC MATERIALS SUBJECT TO
ELASTIC/PLASTIC INDENTATION

The threshold for indentation cracking is established for a range of

ceramic materials , using the techniques of scanning electron microscopy and

acoustic emission . It is found that by taking into account indentation

plasticity, current theories may be successfully combined to predict

threshold indentation loads and crack sizes. Threshold cracking is seen

to relate to radial rather than median cracking .

1. introduction

The impact of small , hard particles upon the surfaces of engineering

ceramics often causes indentation cracking , which can degrade the mechanical

properties of the target in two major areas: (1) erosion resistance , and (2)

tensile strength. In order to optimize operating performance , it is important

to know the parameters , i.e., load , crack size , crack shape , corresponding to

the threshold for damage in a given ceramic , as well as the influence of

deformation and fracture properties in establishing this threshold for a given

ceramic. Currently , there appears to exist no reliable experimLntal data

concerning indentation threshold damage parameters in ceramics. However ,

recent progress has been made in the theoretical consideration of the influence

of both the elastic/plastic indentation stress field , and material deformation!

fracture properties , upon the threshold for indentation cracking .

In particular , Lawn and Evans [1] have developed a model to determine the

critical conditions for the initiation of cracks at the sites of sharp

indenters. The model uses a very simplified approximation to the elastic/p lastic

stress field field of an actual indentation; i.e., one based upon the

solution for an expanding cavity , and as a consequence assumes that the

initial cracks formed will be “median” (subsurface , penny—shaped) flaws

4 
- lying at the elastic/plastic boundary beneath the apex of the indenter.
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From a fracture—mechanics—based analysis utilizing this stress field

representation , the sizes of the earliest—formed cracks , and their corresponding

indenter loads, are predicted for a range of ceramic materials.

Another recent model , developed principally to describe Palmqvist*

cracking in tough ceramics like WC—Co , has been proposed by Perrott 12].

In this case, account is taken of the fact that the stress distribution on

the indenter/indentation interface is not really constant , but rather is a

function of the indentation plastic zone size . Because of this stress

redistribution , the maximum tensile field occurs near the surface , at the

indent corners , rathe r than below the indentation apex as in the Lawn—Evans

model. Thus the Perrott theory predicts radial , rather than median , crack

nucleation . Unlike the Lawn—Evans theory , the Perrott model does not rank

materials in terms of their critical crack nucleation parameters , threshold

load and crack size.

In this paper , the results of an experimental study of threshold crack

nucleation in a wide range of ceramics are described . It is shown tha t by

considering the two existing theoretical models in combination , the materials

studied may be ranked successfully in terms of their relative threshold crack

sizes and loads; further , both parameters may be predicted with surprising

accuracy.

2. ~~p~?rimental Procedure

The materials chosen consisted of single crystal sodium chloride ,

silicon , and germanium , and polycrystalline aluminum oxide~ and silicon car—

bide
t
. These provided a wide range in electronic bonding type and deformation/

fracture properties , as indicated in Table 1. Faces of the NaCl crystal

*Palmqvist cracks are shallow, radial surface fractures lying within median
planes (i.e., planes containing the axis of the indenter), extending out
from the corners of an indentation .

**Lucalox 25 iim grain size , General Electric Lamp Glass Division , Cleveland , Ohio.
tSintered cr-SiC, 7 urn grain size , Carborundum Corporation , Niagara Falls ,
New York . 
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5

were {lOO} as—cleaved surfaces, while the silicon and germanium crystals had

as—grown surfaces. The A12O3 and SiC specimen surfaces were polished to a

0.25 urn diamond finish.

Acoustic emission (AE) was monitored using an apparatus (described

previously [3]) operating within the frequency domain 100 kHz to 1MHz ,

using a PZT transducer resonant at 160 kHz. During the microhardness tests,

specimens were tested on an alumina base , to which the transducer was affixed .

Microhardness tests were carried out over a load range of 1 to 6000

gm; during each test , the quasi—statically applied , diamond pyramid indenter

rested upon the specimen for approximately 18 seconds. The threshold for

indentation cracking was determined to correspond to the lowest load at which

acoustic emission could be detected. At all loads at which emission occurred ,

optical or electron microscopy was used to verify the presence of , and measure ,

F indentation cracks . Similarly, the SEM was used to ensure that “quiet” (no AE)

indentations were crack—free . For observation in the SEM, it  was necessary

to coat the A12O3 
specimens with a thin , conducting film of palladium .

3. Results

Deformation/fracture phenomena characteristics of the indentation threshold

are shown in Figures 1 and 2. In Figure 1, both NaC1 indents were produced

by 1500 gm loads. Since this is the approximate threshold load for this

material , the presence of cracks is very sensitive to the local microflaw

population in the vicinity of each indent corner. Thus, only one of the indents

displays cracks , and these only at three of the corners; clearly , the only

cracks are radial , with no subsurface median cracks visible in this trans-

parent material. In this particular case , acoustic emission was associated

• only with the cracked indentation . It is interesting to observe that the

P NeC]. formed indentation cracks only when oriented such that the indentation

diagonals were approximately parallel to <110> ; when rotated 45°, so that the

- . - — - . — —,— -.___ - .—— — — —. _ _ _ .  #4 -  — - — — — — — - -— - .— -
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Figure 1. Indents on as—cleaved {100 faci of ~aCl crystal , indent diagonals
parallel to --110> . both indents caused by 1500 gm load , with
radial cracks nucleated adjacent to the upper indent , optical
V ie w  at 55X .
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(a) 25 gm load , no (b) 50 gm load , radial
c rack ing  c r a c k i n g  ( a r row) ,

twins formed

Figure 2. Indents on polished surface of polycrystalline
• A1203, SEN view at 2800X .
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diagonals were parallel to <100> , no cracks were obtained for loads as high

as 6000 gm , the maximum capacity of the microhardness tester. Similar cry-

stallographic dependencies of indentation cracking have been noted [4] for

other ionic solids as well.

The near threshold behavior of aluminum oxide is shown in Figure 2 .

In Figure 2a, a 25 gm load is seen to produce a perfect indentation , with no

visible cracks . Acoust ic  emission did not occur  during the format ion  of th is

indent . Cracking and acoustic emission both were detected , however , at the

si te of the 50 gm indentat ion shown in Figure 2b , where three radial cracks

have nuc lea ted .  At loads above the threshold , radial cracking in both

mater ia l s  was observed consis tent ly, wi th  corresponding acoustic emission.

Similar behavior was observed in the o ther  mater ia ls  t e s ted .

In te rp re ta t ion  of the in i t ia l ly  observed cracks as radial , rather than

— the man i fe s t a t ion  of subsurface , penny—shaped median cracks breaking through

to the s u r f a c e  is importan t , and is based on the fol lowing considerat ions.

Firs t , the cracks in NaCl are clearly radial .  Add i t i ona l l y , study of cleaved

indentat ions  in sing le crystal  cr—SiC ( reported elsewhere [ 8 ] )  shows tha t

radial cracks in this material definitely form in lieu of subsurface median

cracks , fo r  loads as hig h as 3500 gm. Presently unreported results (this

laboratory) of serial sectioning through cracked indents in polycrystalline

Al203 show that in this material as well, initial indentation fractures are

shallow radial  su r face  cracks . Finally ,  acoust ic  emission was never obtained

in any of the five materials studied for loads below which apparent radial

cracks were first visible in the SEM. Since in the several cases c ted above

(NaCl, SiC , A12O3) these cracks were proven to be radial , it is reasonable to

suppose tha t  those which  in Si and Ge likewise appeared only in coincidence with

the threshold acoustic emission , also were radial .

p
— — — — — - - — - - — -• -.  •~~~

___
~~ •___ _~~~~~~ 4’~~~~4•_ - - - . - . - - -
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The acous t ic  emission associated w i t h  radial cracking occurred prediminant ly

upon immediate application of the load; very little stress wave activity

took place during the period in which the indenter rested upon the specimen .

Moreover , except  f o r  f a i r l y  hig h loads , l i t t l e  acoustic response was seen

as the load was removed . In these l a t t e r  cases , the emission had two

possible sources:  ( 1) extension of the radial  cracks formed on loading ;

(2)  nuc lea t ion  of l a t e r a l  cracks . This point  will  be the  subject  of work

to be repor ted  l a t e r .  However , s ince the counts  on unloading cons t i t u t ed

such a very small fraction of the total emission (loading plus unloading),

the acoust ic  emission counts  to be repor ted  represent  those detected wi th in

app roximately the first half second of load application.

These resu l t s  are summarized in Fi gure  3 , where P is the q u a s i — s t a t i c

load , and N the average number of t o t a l  counts  accumulated dur ing  a series

of i nden ta t i ons  a t  each load . It can be seen tha t  for  each ceramic , N

decreases w i t h  P un t i l  a threshold  value in load is reached . This point ,

indicated b y the ar rows along the h o r i z o n t a l  axis , was def ined  in two

ways:  For Si and Ce , it corresponds to the load at which cracking , hence

acoust ic  emission , is so in f r e q uen t tha t the average number of emission

counts is less than one.  On the o the r  hand , it was determined fo r  Al 203,

SiC , and NaC 1 to be simp ly the load below which no acoust ic  emission (and

no cracks as we l l )  could be de t ec t ed .  I t  should be emp hasized that scanning

electron microscopy was used to ver i f y the presence of at least one radial

crack at each indentation for which acoustic emission was detected , and

• converse ly ,  the absence of cracks at all “quie t ” indents .

In add i t ion  to es tab l i sh ing  the threshold  load for  c r a c k i n g ,  which

ranges f rom a p p r o x i m a t e l y 2 to 1500 gms , the da ta  of Fi gure 3 also rank

the ceramics in terms of their resistance to indentation crack nucleation .

.m4
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lO

The least crack resistant mater ial, insofar as concerns the load to produce

a crack , is Ce, followed in order of increasing resistance by Si, SIC,

A1203 and NaCl.

The SEM measurements of crack length and indentation dimension also

were plotted , as shown for SIC in Figure 4. There the crack length (2c)

is considered to consist of the radial corner cracks p lus the length of the

inden ta t i on  (2 a ) .  As seen in the  f i g u r e , th i s  procedure  gives remarkably

good load/c rack  length  cor re la t ion , desp i t e  the f a c t  tha t  the corner

cracks  a p p a r e n t l y do not a c t u a l l y  pene t r a t e  the indent at low loads. For

all materials studied , it was found that the indenter load P could be

related to a and c over the entire load range by [5]

P/ a 2 
= 211 (1)

and [6]

P/ c 3
~
”2 

= (2)

where H is the hardness , Kc is the fracture toughness, and an indenter

constant .

Threshold crack nucleation parameters are summarized for each material

*in Table I. Here P is the lowest indenter load for which cracking
Exp

occurred , as determined by SEM and AE, and CE P 
is the length of the

individual radial cracks corresponding to these PE
’s; i.e., excluding

the uncracked indentation dimension . Included for comparison are the

* *corresponding theoretical parameters P and c from the Lawn—
Theory Theory

*Evans t h e o r y ,  w i t h  c de f ined  as the radius  of a subsur face  median
Theory

crack. The relationship between the latter and a surface radial crack
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12

attached to an indentation corner is not obvious, so the crack dimension

comparison in this case can only be an approximate one.

It should be noted that to the knowledge of the authors, almost

— no comparable experiments have been carried out regarding the crack

nucleation threshold . The only apparent comparison is afforded by the very

limited work of Sata, et al. [7], who determined the indentation threshold

*in Si using replica TEN. They found P to be approximately 3 gm, in fairly

good agreement with the present value of 5 gm.

4. Discussion

From the results reported above , it seems clear that in all of the

materials studied , the first cracks to form, hence those associated with

the threshold , are radial surface cracks . Moreover the ordering of the

materials by the Lawn—Evans theory is perfect with respect both to threshold

load level and crack size, despite the fact that the theory is intended to

apply to median crack nucleation , it is for this latter reason , however ,
*that numerical inaccuracies in P arise .Theory

According to Lawn and Evans [1] the threshold parameters are given by

* 2 2cTheory 
= (1.767/0 )(K /H) (3)

and

* 2 4  3

~Theory 
= (54.47a/r~ 8 )(K~

/H) K (4)

where 8, n~, and cr are dimensionless factors related respectively to the

peak stress at the elastic—plastic boundary beneath the indenter , the

spacial extent of the tensi]e field , and the indenter geometry . Agreement

4 
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between the predicted and observed crack sizes is quite good (Table I). In

*the case of P , however , the predicted values disagree with experimental

observations by a considerable margin.

This disagreement can be rationalized by appealing to the theoretical

model of Perrott [2]. We have already shown that the cracks nucleated

in this study were radial , as required by the model. However , rigorous

application of this analysis requires that two other conditions be met as

well , namely (1) that considerable subsurface plasticity must be present ,

and (2) in order for the hoop stress in the near—surface region to achieve

tensile character , the surface plastic zone must be sufficiently large ,

i.e., approximately 50% larger than the indentation impression . We have

addressed the first of these qualifications for the particular case of SiC ,

using a new technique (selected area electron channeling) as described in

detail elsewhere [8], with the principal conclusion that the extent of the

subsurface plastic zone beneath an indentation in silicon carbide is quite

large , equal to approximately five times the impression radius . The second

requirement has been established through the recent TEN observations of

Hockey, et al [9], in which the near—surface p las tic zone radius was found,

for  SiC , Al 203, and MgO (hence N aCl) ,  to be c lear ly  in excess of the minimum

dimension required by the Perrott theory . For Si and Ge , it was found that

near—surface plasticity was present at distances from the indent which were

in the neighborhood of the minimum .

Assuming ,then , that the Perrott model is indeed applicable in the

present case, the threshold loads calculated by Lawn and Evans must be

modified. Specifically, Perrott showed that the maximum tensile stress

across the subsurface median plane beneath the indent apex is actually lower

than that acting across surface radial planes by a factor of (l—2v)/(7—2v),

—--— ~~~~~~~ -~~~--—-.-—— - . — - - - - — -- —
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or approximately 13. In addition , it is clear that based on the TEM

observations of Hockey , et al [9], the value of ri (—l) used by Lawn and Evans

is too large for Si and Ge. This parameter is related to the extent of the

surface tensile field embedded within the near—surface plastic zone created

by compressive stresses; considering the minimal size of their observed [8]

surface zones , a value of n 0.1 would appear more appropriate for silicon

and germanium . Applying these corrections to the Lawn—Evans data produces

*the results shown in Table I as P . In this case , quiteTheory (Corrected )

4 satisfactory agreement is now obtained between theory and experiment .

These results indicate that the Lawn—Evans approach to the indentation

threshold cracking problem is essentially correct , but errs in its assumption

of subsurface median cracking as the threshold event (at least for the

materials studied). Basically, instead of a situation in which the subsurface

plastic zone “searches” for subsurface nucleation centers , one envisions a

near—surface plastic zone “searching ” for surface flaws . This arises from

the unexpectedl y large degree of plasticity apparently associated with indenta-

tions in even such strong , hard ceramics as SiC , and which alters the indenta-

tion stress distribution to the extent that the Perrott model must be invoked .

However , the critical dependence of the cracking threshold upon H and K is

not thereby affected , so that the (qualitative) ordering of materials in

terms of their threshold loads for cracking is valid regardless.

* *Considering the good agreement between c and c , it seems clear
Exp Theory

that the cracks created at the threshold should be considered to be the small

radial ones attached to the indentations. However , from the fracture mechanics—

lifetime prediction point of view , the f l a w  created at the threshold may be

significantly larger. The flaw probably should be considered to be a continuous

shallow surface crack consisting of the radial crack segments plus the central ,

uncracked indentation . This is borne out by the experimentally obtained

- -_ -~~~~~~~~ --~~~~ -~~~~ -~~~~~ ---

- 
- - S.

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ — -  -



- - ~~~~~~ - - -~~~~~~~~~~~~~~ - - -- - ~~~~ - - -~~~~~~~ --~~~~~~~-

15

relationship between load and total crack length 2c summarized in Figure 4.

Since the threshold for cracking is determined by the lowest loads and

smallest cracks plotted in Figure 4, the remainder of the load—crack length

results should be concerned with propagation . Indeed , Equation (2), which

describes these data , has precisely the same form as the fracture mechanics

equation for equilibrium penny—like cracks extending under center—loading

conditions [6]. The fact that there is no break in plots like Figure 4

as loads are increased above the threshold value thus implies that the very

smallest indentation—induced flaws, although well within the indentation field

of influence , behave like large flaws whose cracked region is much larger

than the nucleating indentation . From the fracture mechanics point of view,

they therefore are analytically treatable in the same fashion .

5. Conclusions

The ordering of various ceramics with regard to their relative threshold

loads and crack sizes during indentation microfracture is shown to be accom-

plished successfully by the theory of Lawn and Evans, although at the threshold ,

radial surface , rather than the predicted median subsurface , cracks , are

observed. Moreover , the sizes of the threshold cracks are predicted wi th

reasonable accuracy. The cracking threshold load , however , isin error by

more than an order of magnitude , a factor which can be corrected by taking

into account indentation plasticity and the indentation stress field analysis

of Perrott. It appears that fracture mechanics relationships may be applicable

without alteration from the macroscopic surface crack regime down to the very

threshold for indentation crack nucleation .
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CHARACTERIZATION OF SURFACE DAMAGE iN CERAMICS USING
SELECTED AREA ELECTRON CHANNELING

The technique of selec ted area elec tron channeling has been appl ied to

the problem of charac ter izing subsurfac e plas tic damage introduced during

ceramic machining and pol ishing opera t ions .  The su r f aces  of ceramics spanning

a wide range in hardness were prepared under controlled grinding and pol ishing

conditions . Subsurface regions of sectioned specimens were subjected to

elec tron channeling analys is , enabling the boundaries of the subsurface damage

(pla s t i c )  zones to be mapped out . It was determined tha t  under condi t ions

of cons t an t  app l ied load , the dep th  of damage dur ing  po l i sh ing  is inversely

propor t iona l  to the square root of the hardness ;  th is  f i n d i n g  is in good

agreement w i t h  p r ed i c t i ons  based on i nden ta t i on  theory .

Key Words : E lec t ron  channe l ing ; p l a s t i c i t y ;  subsu r f ace  damage;  sur face  damage .

1. Introduction

Damage produced in ceramic materials through conventional surface

preparation techniques can manifest itself in at least  two ways .  F i r s t , a

populat ion of microflaws capable of degrad ing the mechanical proper ties may

be introduced; Becher , for example , has shown [l]~ that twins generated in

alumina by surface grinding constitute failure initiation sites upon subsequent

bend testing. Second , it is known that microplasticity attending mechanical

surface preparation can be reflected in signif icant surface compress ive

stresses [2]. These likewise can exert an appreciable influence upon

mechanical properties .

A consistent problem in dealing with these damage factors is the inherent

• difficul ty in charac terizing them. To a certain extent , topograph ically

sensitive techniques such as scanning electron microscopy and p ro f i lomet ry

1Figures in brackets Indicate the literature references at the end of this paper. 
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can be used to cha rac t e r i ze  f ea tu re s  such as surface cracks , pullouts , and

surface  roug hness.  Howeve r , the  depth  and severity of near subsurface

microplastic damage is much more difficult to ascertain. In a few mater ia l s

such as MgO , dislocation etch—pitting can be used to acc urately map the

subsu r face  p las t ic  zone . However , the t echn ique  is not app licable in general ,

especially fo r  mater ia l s  of eng ineering in te res t  such as Al 203, SiC , e t c .

In these l a t t e r  cases the only ava i lab le  data  regarding the  depth of machining

damage have come f rom TEM s tud i e s  such as those of Hockey , et a l .  [ 3 ,4 ] ,  which

because of the difficulty in knowing precisely the depth from which the foils

are taken , provide rough estimates at best.

In th is pap er , a new technique is shown to be capable of providing

h i the r to  unava i lab le  i n fo rma t ion  concern ing  near subs urface plas tic damage

layers  in engineering ceramics . The techni que of selected area electron

channe l ing  has been used p r i m a r i l y  in the s tudy  of meta l  p l a s t i c i t y, but

was r ecen t ly  app lied by the au thors  to the stud y of indenta t ion  p l a s t i c i t y

in SiC [ 5 ] .  i t  is possible tha t  the technique w i l l  prove hel p f u l  in o the r

app l i ca t i ons  of ceramics  where m i c r o p l a s ti c i t v  is a cons idera t ion .

2. Choice of Materials

Th e pr inc ipal criteria fo r  the selection of ma te r i a l s  were a wide

range in hardness , and tha t  each ma te r i a l  be avai lable  in single c r y s t a l

form . The ceramics chosen , and t he i r  measured hardnesses , are ind i ca t ed  in

Table i. 2 It  was f e l t  tha t  s t a t i s t i c a l  s ca t t e r  could be reduced by using

single crys ta l s , since vary ing  po lyc rys t al l i ne  grain or ien ta t ions  would be

expected to produce a non—uniform subsurface damage p r o f i l e , r e f l ec t ing  cry-

s tal lographic  an iso t ropy  in hardness .  Al l  c rys ta l s  were approximatel y the

same size.

p

2 M 0 , w i t h  a hardness  of — 3 . 5  GNm
2

, was also selected , hut  chi pp ing of the
t~ per edge dur ing preparation unfortunately precluded damage depth measurements.
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Table l

Mater ia ls  Chosen and Hardness Values

Material Hardness (GNm
2
)

SiC 34.0

A 1203 20.4

Si 11.0

GaAs 7.8

3. ~rimen ta 1 P r o c e d u r e

For t h e  s u r f a c e  f i n i s h i n g  ope ra t ions , two c rys ta l s  of every specimen

m a t e r i a l  were each mounted separatel y upon stainless steel right cir cular

c y l i n d e r s  whose faces  had been ground pa r a l l e l .  One set of four  mounted

specimens was then selec ted  f o r  diamond su r f ace  g r i nd ing ,  while  the o ther  set

was used for metallographic surface polishing .

G r i n d i n g  was c a r r i ed  out  by gr i pping each c y l i n d e r  in the  chuck of a

la the , and mak ing  a pass across the face of the exposed specimen w i t h  an

800 g r i t , diamond bonded cup whee l .  The three  inch diameter  wheel was turned

at  3500 rpm , u s i n g  a feed r a t e  of 2 5 i im/ sec  and a 25gm depth of cut ; a steady

s t ream of w a t e r  soluble  oil  coolant was appl ied throughout the g r ind ing  pass .

For p o l i s h i n g , the  o t h e r  set of specimens was mounted  in an automat ic

m e t al l o g r a p h i c  p o l i s h i n g  appara tus . Wet po l i sh ing  was performed using 600

grit SiC polishing compound and a pressure of about five pounds. Polishing

was con tinued until an equilibrium situation was achieved with respect to

apparen t  ( o p t i c a l )  s u r f a c e  f i n i s h , i . e . ,  wi th  f u r t h e r  po l i sh ing ,  no change in

su r f ace  t e x t u r e  was evident .

Fo l lowing  c h a r a c t e r i z a t i o n  ~ f these su r faces  in the  scanning e lec tron
p

microscope (using palladium to coat the non—conducting A 1203), it was necessary

:o section the specimens to allow electron channeling characterization of

— ~~~~—- - — - - _ - . - - -. * - — —
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subsurface damage. Since it was ant ic ipa ted  that the damage depth probably

was not very deep , it appeared desirable to section the specimens on a taper.

This “magnifies” dep th inversely as the sine of the taper angle , thus increasing

the damage zone dimension re la t ive  to the d iameter  of the probing scanning

electron beam . The taper  sectioning was per formed as shown in Fi gure 1.

Firs t , a c y l i n d r i c a l  epoxy mount is machined so tha t  one face ( A — A ’ )  lies

150 from normal to the axis. Next , a ceramic specimen is cemented to this

inclined s u r f a c e  w i t h  the ground /po l i shed  s u r f a c e  fac ing  the mount . These

are then placed in a mold , and epoxy is added to re fo rm the cy l indr ica l

mount , sealing the specimen within. The moun t is sectioned down to B—B ’ by

sequential polishing , taking care to intersect the machined/polished surface

of the ceramic , and finally the damage introduced into the ceramic along

B—B ’ d u r i n g  sec t ioning  is removed b y ion mi l l i ng . This process was carried

out at the  Na t iona l  Bureau  of S tandards  b y B. Hockey.  Each specimen was

argon—ion mi l led  f o r  a min imum of ten hours , so tha t  f l a w — f r e e  channeling

patterns were produced in unground/unpolished areas of the specimens .

Selected area e l e c t r o n  channeling has been applied extensively b y the

au thors  in the  study of localized p l a s t i c i t y  in meta l s  [ 6] and ceramics [ 5]

The t e c h n i que , g e n e r a l ly  descr ibed elsewhere [ 7 ] ,  is as fol lows : The

e l ec t ron  beam of an SEN is made to rock about a small area on the specimen

s u r f a c e , and the e lec t rons  backsca t te red  from tha t  su r f ace  are collected.

Since electron backscattering is crystallographically specific , a pa tt ern

related to the orientation of the crystal is obtained. The acuity of lines

within the pattern depends on instrument parameters  and on the  defec t  s tate

of the crystal. As the defect density increases, the acui ty of the lines on

the  c h a n n e l i n g  p a t t e r n  is decreased . The s e n s i t i v i t y  of the l ine a c u i t y  to
0

d e f e c t  d e n s i t y  is m a t e r i a l  s p e c i f i c , but genera l ly  it has been found t h a t

very small amounts  of c r y s t a l l i t e  damage may be d e t e c t e d .  Sui table  theore t ical
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Epoxy Mount

A ’

Machined Surfac

F igure 1. Mounting scheme for taper section

Plastic Zone
Boundary

Plastic Damage Zone

- lO~m. . .....
Ground/Polish ed Surface

Zone 
~~~~~~~ 

Surface

Figure 2. Scheme for determining depth of subsurface plastic zone;
arrows and spots Indicate l ocations at which channeflng
patterns are taken ; spot size - lOum
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and expe rimental techniques are not now available to make quantification of

this effect generally possible . Thus, whi le it is not di f f ic ult to define

the ex ten t of plasticity, a suitable techn ique has not been developed to

quan t i f y the magnitude of the plasticity determined , excep t in general terms.

The dep th wit hin the crys tal from which information is being der ived

by the channe l ing  technique depends on a combination of mater ia ls  proper t ies ,

a c c e l e r a t i n g  vol tage  of the  e lec t ron beam and de tec tor  charac te r i s t i c s .  For

the  present  work , an a c c e l e r a t i n g  vol tage  of 20 keV was used for  all the

specimens and ins t rumen t  parameters  y ie ld ing  a p a t t e r n  of four  degrees were

ob ta ined  f rom an approx ima te ly  10pm d i ame te r  area of the s u r f a c e . The same

instrument parameters were used for all materials.

Since A12
0
3 

is an excellent insulator , it was necessary to vacuum

deposi t  a very  t h i n  layer  of amorphous grap h i t e  on the su r faces  of the specimens

s t u d i e d .  By c a r e f u l l y  c o n t r o l l i n g  the coa t ing  th ickness , i t  is poss ib le  to

ob ta in  channe l ing  p a t t e r n s  f rom AJ 203 which  have the  same line a c u i t y  as f rom

conducting specimens.

The electron channeling data in the present circumstances were obtained

f rom the  ion—milled taper—section specimens as sketched in Figure  2 .  S t a r t i ng

near the machined  s u r f a c e , a local region on the order of 10pm in diameter

was interrogated by the electron beam , yielding a channeling pattern . Th is

process was repeated as the beam was moved to other locations further from

the surface , until a pattern of identical quality to that found at an “infini te”

(large) dis tance was ob tained , thus es tablishing the dep th of plas ti c damage ,

d .
p

4. R e s u l t s

SEM views of the ground and polished surfaces are shown in Figure 3,
p

where hardness dec re ases moving from top to bottom . It is clear that despite

the fa ct tha t both gr inding and polishing were carried out under identi cal
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cond i t ions  fo r  a l l  f o u r  m a t e r i a l s , t he re  is no correlation between surface

f e a t u r e s  and ha rdness .  For example , ground SiC and Si e x h i b i t  c h i p p i n g  along

w i t h  cons iderable  p l a s t i c  scor ing ,  w h i l e  ground A120 and GaAs seem to be

chipped and burn i shed . Polished a lumina  (F i g .  id)  has an extremely smooth

s u r f a c e  i n t e r spe r s ed  w i t h  mic rosp a l ling , w h i l e h a r d e r  SIC ( F i g .  3c) and

s oft e r  GaAs (Fig. 3h) are heavi  l v  scored b y p las t i c  gouges .  In t h i s  case ,

s u r fac e  appe arance  is o b v i o u sly  a poor p ar a m e t er  by w h i c h  to  rank ce ramics

w i t h  regard to ab r a s ion  res i stance.

An exampl e  of s u b s u r f a c e  damage ch a r a c t e r i ? a t i o n  us ing e l e c t r o n  c h a n n e l i ng

is shown f o r  GaAs in Fi gure  4 .  F ive  m i c r o n s  b e n e a t h  the s u r f a ce , damage is

s u f f i c i e n tl y  e x t e n s i v e  t h a t  the  co r r e s p o n d i n g  c h a n n e l i n g  p a t t e r n  is n e a r l y

des t roy ed  ( F i g .  4a )  . Somewhat deeper (d = 12p m . Fi g. 4 b )  , the p a t t e r n  begins

to emerge , and is quite recognizable just inside the pl a stic - zone (d = 32pm ,

Fi g.  4 c )  . The difference between pat  terns obtained f ron j u s t  i n s i d e , versus

anywhere outside , the  p l a s t ic  zone can he c~ earl v discerned by comparing

Fic~ures 4c and 4d.

S i m i l a r  r e s u l t s  were o b t a i n e d  fo r  h a r d e r  m a t e r i a l s  such as SIC , fo r

which the e x t e n t  of pl a sticit y i s  c o n f i n e d  to a region neare r the  s u rf a ce .

(Table  2 summar i ze s  the damage zone r e s u l t s  f o r  a l l  f o u r  m a t e r i a l s . )

Fi gure  5a shows a d i s t o r t e d  p a t t e r n  10pm below the s u r f a c e , and  F ig u r e  Sb

a much c l e a r e r  vers ion of t he  same p a t t e r n  o b t a i n e d  r i g h t  at  the apparen t

p l a s t i c  zone b o u n d ar y .  Close compar i son  between the  l a t t e r  pho tomic rog raph

and t h a t  co r r e spond ing  to d = 3Spm (F i g .  5c) show t h a t  a s u b t le  but  resolvable

loss in  c l a r i t y  and f i nenes s  of d e t a i l  c h a r a c t e r i z e s  the  d = 2Opm pa t t e rn .

p
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( a )  d = 5. m ( c )  d = 32~m (just inside plastic zone)

P ~~~
(b) d = l2~-m 

(d) d =

F I G U R E  4 .  Typical channeling pattern results for polished GaAs
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F I G U R E  5 .  Typical Channeling pattern results for polished SIC
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Table 2

Material Plastic Zone Depth (pm)

Ground Polished

Sic —— 19.5

Al203 32.0 21.0

Si 32.0 30.4

GaAs 46.5 38.5

-
~~ The e f f e c t  of hardness upon the depth of equivalent damage is suggested

in Figure 6. At d = 3pm , polished silicon exhibits the pattern of Figure 6a,

and at d = 9pm , that of Figure 6b. At approximately the latter depth , polished

GaAs produces a pattern (Fig. 6c) lower in quality than that of Si at d = 3pm.

The lower hardness of the GaAs clearly exerts a major influence upon the

damage gradient.

This fact is emphasized in Figure 7, a plot of the apparent plastic

zone boundary d versus hardness H. Chipping of the specimen disallowed the

determination of d~ for ground SIC, so that the slope of the ground specimen

results is questionable . However , for the polished state , it seems reasonable

to consider the potential significance of the observed relationship between d~

(polished) and H. As it turns out , 
F

d~ (polished) 
-

~~~~ (1)
H

which has interesting theoretical implications.

5. Discussion

• The preceding results Indicat e , as expected , that polishing introduces

less subsurface damage , for approximately equivalent grit size, than does

grinding . Moreover , the functional dependence of the polishing damage 
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C c )  GaAs , d = 8~.m
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F I G U R E  6 .  Comparison of effect of polishing damage upon channeling patterns
for Si an d GaAs , show ing the infl uence of hardness.
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Figure 7. Depth of plastic zone versus hardness.
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depth is controlled principally by hardness (under constant load conditions).

This observation can be rationalized by appealing to the results of recent

studies of the physics and mechanics of the elastic—plastic indentation

proces.

It is by now well known [8] that a sharp indenter under a load P

produces a plastic impression of characteristic dimension a, which is

related to hardness through

a =— 11 (2)

where m is a geometric constant. If the load is constant , then

a o ~~4 (3)

Recently , Lawn and Evans suggested f 9 ~~ on the basis of geometrical similitude

considerations that the depth of the plastic zone d1 
beneath such an indent

should be proportional to a. This prediction was borne out for SIC by

recent work by the authors [5]. From equation (2), one would then expect

(4)

for indentations in materials of varying H under equal loads. This result is

predicted independently by the recent elastic—plastic analysis of Perrott P0].

The similarity between equations (1) and (4) is obvious.

From the preceding , it appears that the depth of the subsurface damage

zone caused by polishing can be predicted on the basis of indentation theory ,

p 
whereby a dynamic (sliding) indenter (i.e., a grit particle) behaves like a

static indenter. This would imply that if one could determine the depth of

a 
- - - —- 4 -  — — -——-——--  - -

I ’ 
-

- 4 .- - - -~~~~~~~~~~~~~ - - ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~~~~~ -—— ——-~~ ~~~~~~~~~~~~~~~~~~~~~



- -  -

damage in a ceramic of a given hardness subject to prescribed polishing 
4

conditions , the damage zone in another ceramic polished under the same condi-

tions could be predicted , based on its hardness alone. It is clear, In

addition , that electron channeling recommends itself as a technique for

obtaining information on plastic damage in materials which do not lend

themselves to conventional damage assessment techniques (such as dislocation

etchpitting).
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THE EFFECT OF COMP RESSIVE STRENGTH ON THE MECHANICAL
PERFORMANCE OF STRONG CERAMICS

INTRODUCTION

Most studies of ceramic strength have emphasized tens ile modes of load ing ,

since these materials are especially susceptible to failure under tension .

However , certain aspects of mechanical be~havior , including even tensile

failure , can be controlled or at least influenced significantly by compressive

s t r e n g t h  or compres s ion—induced  damage . In this paper , recent experiments

aimed at determining the compressive strength and damage behavior of two strong

ceramics are summarized. The results arc then considered in terms of current

knowledge of lifetime prediction under tensile loading, for material which has

s u f f e r e d  p r i o r  compressive loads (such as mi ght  occur in pre loading of

ceramic t u r b i n e  c o m p o n e n t s ) ,  and also in terms of cu r r en t  models of i nden ta t i on!

p a r t i c l e  impact  c racking , as a f u n c t i o n  of t emp e r a t u r e  and s t r a in  ra te  ( i . e . ,

loading r a t e ) .

EXPERIMENTAL PROCEDURES

The compress ion  tes t  se tup  and procedures  have been described in de t a i l

elsewhere ( L a n k f o r d , 19 7 7 ) ,  and are desc r ibed  here only  b r i e f l y .  Cy l i n d r i c a l

specimens of Lucalox ’ A12 O 3 and s in t e red  ci—SiC 2 were compressed at s t r a i n

rates  rang ing f rom 7xl0 6 to 2xl0 3sec~~~, the l a t t e r  achieved by means of the

Hop kinson pressure  b a r ;  t e m p e r a t u r e s  v a r i e d  f rom —200 °C to 1600°C . Acoust ic

emission (AE)  was mon i to red  w i t h i n  the f r e q u e n c y  domain 100 kHz to 1 MHz ,

using a t ransducer  resonant  at 160 kHz . Scanning e l ec t ron  microscopy was

used to c h a ra ct er i z e  damage induced b y lc4ading specimens above the damage

threshold established through AE

0
1-T ype GW, General E l e c t r i c  Lamp Glass D i v i s i o n , Cleveland , Ohio
2 Carborundum Company , Resea rch  and Developmen t Divis ion , Niagara  Fa l l s . NY
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RESULT S

Compressive s t r e n g t h  o~ Al 20 as a f u n c t i o n  of t empera tu re  is shown in

Fig .  1 f o r  a s t r a i n  ra te  of 7 x 10 ~sec 
l ; a lso  shown is °AE~ 

The s t r e n g t h

genera l ly  decreases  w i t h  t e m p e r a t u r e , a t r end  m o d i f i e d  b~- a peak at 350°C , which

has prev ious ly  ( L an k f o r d , 1978) been i d e n t i f i e d  w i t h  t w i n n i n g  e f f e ct s .  Damage

commences at s t res s  l e v e l s  on the  o rder  ot O . S O f ,  c o n s i s t i n g  of t w i n n i n g  and

more i m p o r t a n t  l v , t w i n — n u c l e a t e d  c r a c k i n g .  For - i — S i C , on the othe r ban d ,

St r en g th  at the  same inc reases  monoton i c a l l  v w i t h  t e m p er a t u r e  as shown

in F i g .  2 while L1AE peaks a t  room t e m p e r a t u r e .  For low t e m p e r a tu r e s

(hence hi gh st r ai n rates ) , o~~ is ve ry  low ; in  f a c t , i t  ba r e l y  exceeds t h e

t e n s i l e  s t r e n g t h  ( K r a f t  and Dooher , 1976) .  Damage at  t h i s  l i - ve l  is

t y p i f i e d  b y short  ( - l 0 — 2 O p m )  c r a c k s .

As a f u n c t i o n  of s t r a i n  ra te , the room t e m p e r a t u r e  corn ’ r e s s iv c  s t r e n g t h s

f o r  b o t h  A120 3 and SiC i nc rease  monotori  i c a l  lv ( F i g .  3) . lloweve r , n e a r  t h e

uppe r  end of the  s t r a i n  r a t e  range , the strength for SiC undergoes a dramatic

increase , n e a r l y  d o u b l i n g  w i t h i n  l ess  t han  two decades  in

P l o t t e d  in Figs. 1—1 as co—tun ctiona l with o
~ 

is an e m p i r i c a l l y  e s t a bl i s h e d

hardness  “H ” , w h i c h  i s  scaled based on room t e m p e r a t u r e , quasi  — s t a t i c

hardness measurements. The assumed p r o p o r t i o n a l i ty  be tween  “H” and over a

range in t h e r m a l l y  a c t i v a t e d  s t a tes  (T , I~~) is based on e m p i r i c a l  evidence ,

as summar i zed  by Rice ( 1 9 7 0 ) ,  t h a t  the  y i e l d  s t ress  (mi c r o har d n e s s/ 3 )  is

the upper  l i m i t  of both  ambien t  and e l eva t ed  t e m p e r a t u r e  compressive s t r e n g t h s .

I t  should be no ted  t h a t  at  23 °C , the  hardnesse s  of the  A1 20 3 and SiC are  17

and 24 CNn 2 , r e s p e c t i v e ly , in p r o p o r t i o n a l  agreement  w i t h  t h e i r  cor responding

slow s t r a i n  r a t e  c o m p r e s s i v e  s t r e n g t h s  of 3000 and 3800 MNm 2 ( H / 6 ) .  h a rdness

t e s t s ov er  t h e  T— ~ range  of i n t e r e s t  wou ld  he e x t r e m e l y  d i f f i c u l t  to ~c r f o r m ,

w i t h  the  adop ted  p roc edu re , i . e . ,  assuming “H(T ,I’)” O
f
(T I ~~~

) r e p r e s e n t i n g

a current b e st  ap p r o x i m a t i o n  to the a c t u a l  H ( T , I~~) (n ote that th Fig. 3, “H”

was normal ized to (I

~~ 
t i s i n g  the A 1203 

v a l ue s ) .

- _. -4- — — -4. ._-a - — — —
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Fig.  1. Compressive strength , acous tic emission stress level , and hardness ,
versus temperature for A1203.
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Fig . 2. Compressive strength acoustic emission stress level , and hardness
versus temperature for a—SiC .
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Fig. 3. Compressive strength and hardness versus strain rate for A1203

and SiC at T — 23° C.
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DISCUSS ION

Tensile Lifetimes Following Compressive Loading

i t  is c lear  tha t  compressive loads well below the compressive failure

level may nevertheless introduce damage. The significance of the damage

during subsequent static tensile loading depends on the size of the flaws,

their orientation relative to the tensile field , temperature , loading rate ,

and env i ronmen t .  I t  is i n s t r u c t i v e  to cons ider  a few cases based on the

preced ing  r e s u l t s .

Based on a t y p i c a l  compress ive  crack , in Lucalox , of length  55 ji m ,

one can c a l c u l a t e  the s tress i n t e n s i t y  in a subsequent  t ens i l e  f i e ld  according

to

(1)

where a conservative value fo r  k is about  1 .4 .  Assuming an o p e r a t i n g  t ens i l e

stress leve l of , say , 200 tfl~m 2
, then K 1 = l . 6~~~m

_3!2 
. If one then considers

slow crack v e l o c i t y  V versus K 1 da ta  fo r  Lu c a l o x ( F i g .  4 ) ,  i t  is appa rent  t h a t

at lower t em p e r a t u r e s , the  s p e c i f i e d  o p e r a t i n g  c o n d i t i o n s  are sa fe  f o r  the

given set of compression induced  f l a w s . At 1300°C , however , V would be nearly

a micron  per second . Since KIC at this t empera tu re  is on ly  -2 . 4 ?~~m ~~~~~~~~ meaning

a c r i t i c a l  f l a w  s i z e  a of 75ji m , the  spec imen would have on ly  seconds to l ive .

It  is clear t hat at  high temperatures , cracks of the size Introduced during

compression w o u l d  act  to reduce permissible operating stress levels In Lucalox ;

200 MNm 2 is  w e l l  below the nom inal failu re stress at 1300°C.

Similar considerations can be seen to hold for Sic , if it can he assumed

that V— K 1 
for hot—pressed SIC (Fi g. 5) is equivalent to that for the sintered
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material. For an initial compressive crack of length 2Ojim, suppose a

tensile operating stress of 350 MNtn 2 
(due to the higher strength in general

of Sic). This y ields K
1 

i.55MNm 31’2 wh ich , on the bas is of Fig. 5 , with

T = 1400°C, corresponds to V = 0. lj i m/sec .  This predic ts  at least a fini te

(but still very short) lifetime , since for a—SiC , Ki~ 
at T = 1400 °C is

approxima tely 7MNm 3/2
, or a crack length of —25Ojjm . Again it would seem that

the tensile operating stress level would be compromised , since 350 MNm
2 

is

0only about 60/. of the nominal tensile strength at 1400 C.

E f f e c t  of Compressive S t r e n g t h  (Hardness)  On Indenta t ion  F rac tu re

P a r t i c l e  impacts  can cause two p r i n c i p a l  k inds  ofdamage : (1) erosion ,

i.e., volume loss , through lateral cracking , and (2) strength degradation ,

through radial or median crack nucleation . With regard to the former , Evans,

Gulden , and Rosenblatt (1978) have shown that the amount of material removed

per particle impact V 1 
is g iven by

a 
~
2
~
5 R 4p0~

3H °3 K~
”5 (2)

1 o p P C

where V is the par tic le veloc ity, R~ the particle radius , and p~ the pa r t i c l e

density. In our treatment , we shall hold these factors constant , and consider

only the effect of H and K
~
.

Similarly , Lawn and Evans (1977) have shown that during indentat ion,

the threshold crack size

C*a~~-~ -) (3)

p and is produced by a threshold load

~ K (4)

-- - ----4.—- -— - - -~~~~~
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We now utilize the temperature dependent hardness results of Figs. 1 and 2

and the dynamic hardness data of Fig. 3, together with measurements (by

others , Fig. 6) of the temperature dependence of K
1C 

for sintered a—SiC and

Lucalox Al203, in evaluating the T, ~ sensitivity of V1, C*, and ~~~~ No

data exists , to the authors’ knowledge , of (~~~
) for either mater ial;

however , Evans and Wilshaw (1977) state that for ceramics Kic is 
“generally

similar” to the dynamic fracture toughness K.0. We therefore will assume

Kic 
= K.0. In addition , we will assume that of(T) for a—SIC at higher

temperatures than those already tested is simply an extension of the current

plot (Fig. 2), as is the case for tensile failure (Kraft and Dooher , 1976).

These data are used to calculate , for a—SIC and Lucalox , the quantities

‘1./V , C*/C* , and P*/P* as functions of T and ~~, where V . , C*, and P* are
1 io 0 0 10 0 0

simp ly the values of Equations (2), (3), and (4) for I = 23°C, ~ = 7 x lO 5
sec

1
.

The results are summarized in Figs. 7 to 11.

Temperature has a large effect on C*, ~~* , and V .. In Fig. 7, the large

increase in C* is caused by the rapid dropoff in H; this is counteracted by

the increase , Fig. 8, in ~~* due to the f a c t  tha t  K
1c 

does not decrease as

rapidly as H , and in addition, enters through the fourth power rather than

the third, as for H. Although the increases in C* and P* are no t as

spectacular as those for Al203, they still aresizeable ; P~ at 1600°C is

four times that at room temperature . It is interesting to note that for

A1203, V1 increases by a factor of nearly eight from 23
° to 1400°C,

(Fig. 9), while over the same range , the removal rate for SIC decreases

by nearly 50%.

Increases in strain rate (im ~act velocity) cause the same effect , ap
steady decrease , upon C*, P*, and V1 In both materials. As shown in Fig. 10,
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Fig. 6 . Fracture toughness versus temperature for a—SiC (Kraft and Dooher, 1976)
and Lucalox A1203 (Evans , Linzer , and Russell, 1974).
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Fig. 7. Threshold crack size versus temperature during quasistatic indentation .
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the threshold crack size decreases with Increasing ~ most rapidly in Al203, while

the net decrease is greatest for the SiC . Unfortunately, these benefic ial

effects are counteracted by corresponding decreases in the minimum load

required to nucleate the cracks (Fig. 11). No plot is shown for V . versus

~~, since the dependence was not strong ; however , recent unpublished results

indicate that strain rate may have a significant dependence upon V . at

higher temperature.

CONCLUS IONS

It is clear from the foregoing resul ts  t ha t  if the r e l a t i onsh ip  between

“H” and o
~ 

is as assumed , profound a l t e ra t ions  may be af f e c ted by ~ and T in

the tensile and Indentation/impact characteristics of strong ceramics.

Because of the fashion in which they are incorporated into the indentation

relationships in par t icular , T are ~— induced hardness changes may exert

sig n i f i c a n t l y  o u t — o f — p r o p o r t i o n  i n f l u e n c e .

At present , the predicted results must be treated with caution , because

of the assumptions involved. Critical experiments remain to be carried out:

(1) ac tual hardness as a f unc tion of T and ~~~, espec ia l ly  where both I and

are hi gh , s i m u l a t i n g  h igh  ve loc i ty  impact  of a hot targe t ; (2) ac tual

measurement of threshold crack size and load as a function of T and 
~;

(3) K as a f un c t i o n  of T w i t h i n  grains . App l i ca t ion  of the “H” and K
c

data used in the present work may suffer from the physical circumstances under

which it was ob tained , i.e., bulk compression tests , and s tandard frac ture

mechanics  tests , in which grain boundary ef fe cts are impor tant at high

temperature. More relevant to the indentation/impact process would be micro—

hardness tests within the interiors of grains , to determine both H and K

a t hi gh temperature .
I
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