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This report; contains several pairr of stereo scanning

elec tron micrographs. Each left hand photograph is on the
left and each right hand photograph is on the right. For
viewing , the photographs should be cut out of the report and
arranged with the correct spacing and orientation under a
stereo viewer.
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General Introduction

In polycrystalline ceramics the overall fracture process consists

of a wide variety of elementary fracture processes including trans—

granular fracture of individual crystals on various crystal planes,

intergranular fracture on various crystal surfaces, and fracture of

intergranular phases. The polycrystalline fracture energy is the sum

of the f racture  energies 
~~~ 

of the elementary fracture processes .

The “mix” of the elementary fracture processes varies substantially

along radii drawn from fracture origins in polycrystalline ceramics but

the existence of these variations is not widely known and has been little

studied. Presumably , in the early stages of slow crack growth, the first

elementary fracture events to occur are those with the lowest such as

fractures on 1012 planes in sapphire. As each such event occurs the

stress intensity factor (K
1) at each intact grain at the crack front

increases both as a result of the general increase in crack size and

the tendency of the crack to advance around resistant grains. Because

inherent f laws may not be large relative to the grain size, statistical

factors governing the local distributions of grain sizes and orientations

are likely to be important. Localized stresses arising from thermal

expansion and elastic anisotropy are also important. One would expect

the fracture to originate at the site that is most vulnerable in terms

of the combination of f law severity and reduced local critical stress

intensity factor (Kic).

The strength of ceramics is determined by the characteristics of

preexisting flaws, subcritical crack growth, and the mechanism of transition

- - - ‘ “ fl-; ,-
n - -

- .‘ ‘ .~~
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P
from subcritical to critical crack growth. Although , the mechanisms

of fracture during critical crack propagation are interesting in their

own right , these mechanisms are not relevant to the strength because at

this stage the integrity of the ceramic article has been lost. Sub-

critical crack growth depends on the method of loading, the loading

rate and the environment. At large cracks or flaws that experience

ave rage material  p roper t ies , the crack velocity increases exponentially

with increasing K1. However , when the crack or flaw is so small that it

does not experience such average properties , local conditions can be

expected to have impo r t an t  inf luences  on crack velocity. One would

expect low loading rates and corrosive environments to favor more

symmetrical advance of the crack front and more uniform increase in

crack velocity. As K
1 

approacLes Kic , the crack accelerates to velocities

in the range l0~~—l ms
1
. Fracture mechanics considerations alone do not

lead us to expect any discontinuity in the fracture markings as the crack

accele rates or at the c r i t ica l  crack growth boundary . The observed

markings depend on the mechanisms of fracture of the particular material

at each stage in the variation of K1. Thus, resistance to fracture can

resul t  from the relative absence of f laws , resistance to subcri t ical

crack growth which reduces the rate of increase of K
1 
or by the prese nce

o f obstacles that  postpone the t ransi t ion to critical crack propagation.

In this investigation , the variations in the elementary f racture

processes along radii extending from fracture origins were studied in

hot p ressed ( H . P . )  alumina , 96% alumina , and H . P .  silicon ni tr ide by

optical and scanning electron microscopy (SEM) including stereo SEN. The

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



variations in the rclz~tiv ’ [rcquen&’ies of  inter~ ranu1ar and transgraLlular

f rac ture  were determined . The percent intergranular fracture (PIF) was

plotted versus K 1 fo r va r ious distances from the fEacLure origin assuming

a smooth crack f ron t  and the absence of localized stresses . The observed

variations were analyzed in relation to single crys ta l  and pol ycrystal

Kic values.

The report has four main sections covering the following topics :

1. A fractographic criterion for subcritical crack growth boundaries

in H.P. alumina.

2. Fracture mechanics of reflecting spocs in H.P. alumina.

3. Fractographic criteria for subcritical crack growth boundaries

in 96% alumina.

4

4. A Fractographic criterion for subcritical crack growth boundaries in

H.P. silicon nitride .

The final section cons list s of geucral  conclusions and recommendations.
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‘h ~.’ r t ’r ~- t.’nt  i u t c r g r a n t i l a r  f r a c t u r e  ( P I F )  was measu red along rad i i

extendi ng t rorn fracture origi ns in hot  pressed a l u m i n a  specimens , f rac —

i i r t d at  v a r i o u s  l o a d i n g  r a t e s  and temperatures , and plotted versus

i n i l t  .‘s o t  s t re s s  i n t c i is l t v  factors (K
1) at the various crack lengths.

~-~iI)1rflJ in PIF occur at values of K
1 that are close to the critical stress

I i I t t i~~~j t v  f . i c tors  ( K 1~~
) for ~- I c a v a g e  on va r ious  crystal lattice planes in

I n.’ - The siihc r [t ical crack growth boundary (K
1 

= K 1~. of the poly—

t - r v s t a l l i i i e  m a t e r ia l )  o c c u r s  nea r  t h e  p r i m a r y  minimum in PIF suggesting

i - it this minimum can be used as a criterion for locating this boundary.

I n  : s d ! i t i o i s , i t  was noted that t h e  polycrystalline K
i~ 

(4. 2 ?lPamu/2) is

-:e rv clo se  to t h e  K
ic for f racture on [1f26} planes which is 4 . 3  Mpam l/ 2

.

I ’h es ~ observations suggest that critical crack growth begins when increased

f ractu re energy can no longer be absorbed by cleavage on these planes.

‘Ihere is a secondary minimum at K
1 

> K IC tha t appears to be associa ted

w ith the Ki~ 
necessary for fracture on combinations of planes selected

i tv  t h e  fracture as alternatives to the high fracture toughness basal

plane .

- 
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1. IntroductIon

Development of fracture theories and failure analysis has been

handicapped by the lack of f r a c t o g r a p hic c r i t e r i a  for  loca t ing  subcrit-

ical cra ck grow th bo undar ies  in fr a c t u r e  su r f aces  of ce ramics .  In t h i s

paper , such a cri terion is described for hot pressed (h.P.) alumina .

It is well known that fracture origins in H.P. alumina , when observed

in reflec ted li gh t by optical microscopy , are surro unded b y r e f l ec t ing

spotsU~
2)

. In fact , observation of these reflecting spots 1- . the most

reliable method of locating the fracture origins. The area of intense

reflecting spots is related to the fracture stress and rate of loading~
3
~~.

In weak specimens or those fractured in delayed fracture , the area s are

relatively large . In strong specimens or those fractured by impact , the

areas are relatively small. Cleavage regions are observed surrounding

flaws a t f rac tu re ori gins in H.P. alumina , 96% alumina and H.P. silicon

ni tride~
3’4~~ These cleavage regions are associated with subcritical

crack grow th~
4’~~~. These observations led to efforts to relate t h e

reflec ting spots in H. P. alumina to cleavage and a one to one correspondence

was observed. Therefore , the r e f l e ct ing spo ts and cleavage regions in

H.P. alumina are associated w i t h  s u b c r i t i c a l  c rack  growth.

In an investi gation of microplastic processes in a dense , coarse

gralned alumina ,, l ,ankf o rd~
6 8

~ was able to :Issoc iaN ’ the acous t ic  emis-

sion reco rded dur ing subcritic al crack growth with deformation twinning.

The twinning process tends to propagate to adjacent grains and leads to

microcrack formation . Therefore , twinn ing is one mechanism by which

cleavage regions form in alumina .

— ‘~~~~~~~1~~~~M - , - ~~~~~~~~~~~ — ~~~~
- - - - -
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The fracture energy of a crack traversing a polycryatalline ceramic L

is the sum of the fracture energies of the individual fracture events

occurring near the crack front. These events include transgranular frac-

ture on various crystal lattice planes in individual crystals having

various orientations to the crack front, intergranular fracture on various

crystal surfaces at various orientations to the crack front , and fracture

of intergranular phases. It is well known that there can be substantial

variations in the fracture energies for various crystal lattice planes of

(9 ,10)single crystals. Wiederhorn measured the fracture energies 
~~~ 

for

several crystal lattice planes in sapphire with the results given in

‘rable I. Also included in the table are estimates of the critical stress

intensity factors (K
ic) for the individual lattice planes calculated using

Kic= (2E 
~~ 

in which E is Young ’s modulus which was assumed to be 407

CPa . These values of K11, can be compared with Ki~ 
for H.P. alumina

1/2(11) (12)which is about 4.2 ~~am . Becher measured fracture energies in

several additional planes showing that the fracture energies drop off

rapidly for planes close to the basal (0001) plane.

The principal fracture events in H.P. alumina ceramics are cleavage

on various crystal planes and intergranular fracture on various crystal

surfaces. Because of the wide range of Kic values of the individual

cleavage events and knowing that cleavage and intergranular fracture are

i..:erpersed near the fracture origin, it is reasonable to expect that

of the pol.ycrystalline material will be characterized by a particular

combination of cleavage and intergranular fracture events. Based on the

above information, an attempt was made to relate the stress intensity •

fac tors (K 1) during subcritical crack growth to the critical stress inten— 
‘

- -

sity factors of the individual fracture events in the individual crystals

and to develop a fractographic criterion for subcritical crack growth

boundaries in H.P. alumina.

~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _ _ _ _ _ _  _______—-——---- —‘- ----~~~— - -
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‘a (9 10)Table I. Fracture Energies’ ‘ and Critical Stress Intensity Factors
. for Several Crystal Lattice Planes in Sapphire .

I

Fracture Fracture Critical Stress
Plane Energy Intensity Factor

Jm 2 MPam~~
2

— 
*1012 6.0 2.15 (1.7)

ioTo 7.3 2.4

1126 24.4 4.3

0001 > 40 > 5.6

*See reference 10.

I
‘I
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-

~~~~~~~~~
-
,_‘~~~~~~~~ • _  

- 

- -  ~j J



10

11. Proced ures

The presen t  research was (lone b y f r a c t o g r a p h i c  a na l y si s  of H . P .

al umina specimens fractured In earlier Investigations. Preparation

and tes t  log of these spec incus was described prcvIotisIy~
4 
‘
~~~~~~ . the

spec imens were cy l indri cal rods about 3.3 mm diameter , with densities

rang ing from 99.5 to 99.7% of theoretical and average grain size in the

range 1—3 tim. The specimens were f r a c t u re d  in fl e xur e .

The percentages  of I n t o r g r a n u l a r  and t r a n sg r a nu l ar  f r a c t u r e , a long

radii extending from the fracture origins , were de termined us ing  scanning

electron mtcrographs (1000 or 2(100 X) w h i c h  were t aken  at  i n t e r v a l s  a long

the radii and assembled to form composite photograp h s of the fracture

su r f ac e s .  A g r ( t l  w i t h  spaces approximately equal to one g r a i n  size and

ten spaces wide was pr epa  red. t h e  g r i d  was placed on the composite photo-

graph and t he  f rac t tire stir ace at the center of each gr hI space was

e x a m i ne d  and c la s s i  fled as to whether it was in t e r g r a nu l ar  or t r an s g r a n —

t i l a r . c h a r a c t e r i z i n g  ,i p a t h  abou t  t en  g r a i n s  w i d e .  This process was

repea ted for adi ni n hug rows of the gr I d .  The pe rcen tages  of I nte rgranular

and t r an s g r a uu l a r  f r a c t u r e  v a r i e d  coni~id er ab ly  f r o m  one row to the  next  so

averages were calcu lated fo r  each  row which  i nc lu ded  t h e  r e su lt s  of the

p r e c e d i n g  and f o l l o w i n g  rows to  f o r m  th ree  row r u n n i n g  averages .

The s t ress  i n t e n s i t y  f a c t o r s  were c a l c u l a t e d  fo r  each row u s i n g  the

f o l  l ow in g  e q u i l t  ion for s e m i — c i r c u l a r  s u r f a c e  c racks  (13)

K 1 
= 

~ 
°F (a)

”~
’ (1)

- T : ’ -
~:~~-. - ~ - 

-

_ _ _  
—

~~~~~-- -- ---— ———



11

in which a is the crack depth , 0
~ 

is the fracture stress, Y is a geometrical

parameter (2 for surface flaws and 1.8 for internal flaws), and Z is a flaw

shape parameter (~
. = 1.57 for semicircular cracks). This equation assumes

a planar crack. Furthermore, this equation is strictly correct only for

delayed fracture specimens for which the applied stress is constant. For

specimens fractured by a linearly increasing load , K1 
is overestimated

when K
1 

< Ki~ 
because the stress is overestimated. However , a computer

simulation of crack growth in another alumina involving numerical Integration

of the crack velocities (V) using the empirical relation V = AK~ revealed

that 99% of the crack growth occurred in the last 6% of the time. There—

fore, the error in the calculated K1 values is small for most of the crack

growth.

Using the inf ormation from the procedures described above, curves of

K1 vs. Percent lntergranular Fracture (PIF) were plotted.

In the initial attempts to determine the relationship between K1 and

PIF , the results were scattered. There was no consistent relationship

between Kic for the individual fracture events and KIC of the polycrystal—

line material. The problem seemed to arise because of uncertainties in

the K1 values. A possible explanation was that in strong specimens in

which there is a rapid variation in K1 with (a) , small errors in locating

the fracture origin were causing large errors in K1. Therefore, weaker

specimens were studied. More subcritical crack growth occurs in weak

specimens and in delayed frac ture specimens so that there is more gradual

variation in fracture features. Also, more accurate K1 estimates could

be made with specimens with well, defined flaws at the fracture origins,

symmetrical areas of reflecting spots and symmetrical fracture mirrors.

Therefore , specimens with these characteristics were selected for investi-

gation. The results are presented in the next section.

_

~
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I l l .  Resu l t s  and Discussion

Fra~~~~~~~~ at room t em~e ratu e~~ n o r m a l l a d f i ~~~~~te

Frac ture surface of a specimen fractured in flexure by a linearly

Increasing load at a fracture stress of 436 liPa is shown in Figures 1

and 2. The frac ture ori gin is a machining flaw about 15—20 pm deep.

‘this flaw Is bounded by a region of mainly transgranular fracture that

appears  as a dark  spot a t  the top of the f rac ture s u r f a c e  In Figure 1.

A t highe r magnification in Figure 2, the Increase In transgranular frac-

ture along the radi us f r om t he f rac ture ori gin , fo l l owed b y a decrease

in transgk anular fracture , is evident. The K
1 
vs. PIF curve for this

specimen Is given In Figure 3. A horizontal dashed line indicates

for the polycrystalline material. The minimum in PIF (maximum In percent

transgranular fracture) almost coincides with Ki~~
.

Load 1n~ r a te  dercmk.uce

Specimens f r a c t u r e d  by de layed  f r a c t u re  and by impact  were measured.

The loading rate variations were observed by comparing K1 vs. PIF curves

for delayed f r a ct ure , norma l loading rate and impact fractures.

The K 1~, vs. P I F  curve fo r  a delayed f r a c t u r e  specimen f r a c t u r e d

at 467 MPa in 362 seconds is given in Figure 4. This figure illustrates

the Increased detail observable in delayed fracture specimens. Again ,

there Is a minimum in PIF nea r K
1~
. Comparison of this curve with the

previous one reveals another typical feature , a secondary minimum at

about 5.6 MPam”~~. Overall , the minima in P I F  in FIgure 4 occur at K1

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :~~~~ ~~~~=~~~~~~~~~~~~
-—- - 
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Figure I Hot Pressed Alumina ( Specimen R— 5 )
Fractured by a Li nearly Increasing
Load ot 436 MPa(30 X ).
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values close to the K ic valu es  for v a r i o u s  crystal lattice planes as

listed In Table 1.

There are d e f i n i t e  d i f f e r e n c e s  be tween  the curves In  Figures 3 and

4 at low values of K
1
. In this region (K1 

-
~ 2 MPa m 11

~
’2) ,  the PIF depends

on the type of flaw In each case. Machining flaws and surface pores

have relativel y hi gh PIF. Large gra i ns or groups of large grains acting

as fracture ori gins tend to cleave , leading to relatively low values of

PIP. When s u b s u r f a c e  flaws are present , cleavage of the polycrystalline

materI al between t h e  flaw and the surface may Indicate flaw linking
(13)

prior to fracture .

The K
1 vs. PIF curve for specimen 1—18 fractured by impact Is

given in Figure ~~ . The fracture stress is not measured d i r e c t l y  du r i n g

impact testing. Therefore , the fracture stress , necessary to compute K1,

was obtained from measurement of the fracture mirror radius using 
(14)

l/~
)

A = o  rF m

in which A = 10.1 MPam 1”
~ 

(15) 
and r is the fracture mirror radius . The

resulting fracture stress was ~41 MPa. At the high loading ra tes  c h a r a c t e r —

Istic of impact fractures there Is much less subcritical crack growth than

there is in the specimens fractured at lower loading rates. As a result ,

the fracture stresses are higher and variations in PIF occur close to the

frac ture origin and are obscured to some degree by the transition from the

flaw to the subcritical crack growth region . These conditions result In

a K 1 
vs. PiP curve in  which the minor fluctwi t ions are absent or poorly

defined. Desp it e this fact , a definite minimum In PIF was observed at K
1

close to K 1~. 
of the  polycrystallinc material .
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• 
~~~~ t~~~~ d~ pendence

Specimens fractured at elevated temperatures (800°C) were also

measured . The results for a particular specimen (E—17), fractured at

528 MPa , are given in Figure 6. There is more intergranular fracture

at 800°C than at room temperature but the shape of the curve remains

roughly the same showing a primary minimum and secondary minima.

Because Kic values at elevated temperatures are not available it is

not possible to compare K1 at minimum PIF with Ki~
. However , if this

K1 is taken as a criterion for the subcritical crack growth boundary ,

the fact that this K1 is still in the same range indicates that Kic has

not changed very much.

Lankford~
7’8~ indicates that twinning is more prevalent at elevated

temperatures , tha t the twins are thicker , that there is multiple twin
a

system activity, and tha t the onset of acoustic emission occurs at lower

stresses. However , despite these fac ts, our observations indicate that

there is less cleavage at high temperatures.

Perhaps the increased thickness of the  twins and increased multiple

twin system activity allow accommodation of more strain without cleavage

thus leading to the h igh er  f r a c t u r e  stresses observed in the temperature

range 500—1000 C

Discussion

The fact that the K1 at the lowest minimum in PIF coincides approxi—

mately with Kic of the polycrystalline body suggests that the minimum in

PIF (or the maximum In percent transgranular fracture) can be used as a

1= ~~~~
— -~~ — 
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criterion to locate the subcritical crack growth boundary in fine gralned

H.P. alumina. Presumably , this criterion can be used to locate sub-

critical crack growth boundaries in fractures for which the fracture

s tress was not measured, making it possible estimate the fracture stress

and stress distribution in such specimens. Also, the information should

be helpful for calculating branching radius to critical flaw size ratios

more pred.sely than has been done in the past. Determination of these

ratios for various materials is important for the theory of crack propaga-

tion. The fact tha t almost coincides with K
1 
at the minimum in PIF, and

considering that, at room temperature, almost all of the fracture at the

subcritical crack growth boundary is transgranular suggests that critical

crack growth begins when increased fracture energy can no longer be

absorbed by cleavage on these lattice planes.

Comparison of the K
1 vs. PIF curves with the Kic values for the

individual fracture events listed in Table I leads to interesting results.

Based on the K~~ values for 1012 planes , one would expect crack growth to

begin by cleavage on these planes of favorably oriented crystals at stresses

of about 300—400 MFa (assuming a semicircular surface flaw with a radius

of 20 iim) . If the flaw is primarily intergranular , this will lead to

decreasing PIF in the region surrounding the flaw (Figure 3). Apparently ,

intergranular fracture can also occur at these low stresses, perhaps aided

by stress intensification at cleaved grains or by stress corrosion. As the

crack depth and K
1 
increase, cleavage on other planes becomes possible. This

p
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effect , plus the tendency [or tw i n n i ng to be propagated from one grain to

the next , will c:iuse hii r t L t F  (Ie(-rease In PIF. At K
1 4.3 MPain~~

2 where

all of the planes w it h meas u r~ d values of Kin, except (0001) can cleave

the PIF is very low. Becher ’
~
12
~ has shown that basal twins induced by

grinding cause small (0001) fracture surfaces in sapphire indicating that

fracture on (0001) is possible even though it was not observed by Wiederhorn .

However, twinning is a t ime consuming process~
8
~ . A long extrapolation of

Lankford ’s acoustic emission .Lta indicates that strain rates of about

io8 sec ’ would be required to suppress twinning (on all planes). Very

high s t ra in  rates are present  at the tips of running cracks. ThQrefore,

it is not surprising that , as the crack accelerates near Kic~ 
the cleavage

mechanisms grad ual ly dr op out and PIF increases.

One can speculate that the increase in PIF just above Kic 
= 4 . 2

is limi ted by the increased availability of another cleavage mechanism as Kic

increases. This mechanism may he cleavage on {iOlO} combined with conchoidal

f rac tu re  roughly pa r a l l e l  to {0l14} which occurs because of the difficulty

of (0001) c leavage , as s u g g e st e d  by l~iederhorn~
9
~~. In any case , the increase

In PIF is reversed and with further increase in crack velocity and K1, PIF

passes thro ugh a secondary mi n imum a t K
1 ~ 

5.6 ~~amhJ2
. Above this value

of K1, P IF  Inc reases to  h i gh valu~- .~ (Figu re 4).

The technique described in this paper requires very precise location

of the fracture origin. For example , in the early stages of the investiga-

t ion , specimen R—45 ~~~ 660 MPa) was assumed to have a fracture origin

at the surface . The K 1 vs. PIF curve was determined and found to have a

minimum in PIF at 6.6 MPam~~
2
, by far the highest value observed thus far

for H.P. alumina. On reexamination , the actual fracture origin was found , -
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to be 19 t im below t h e  su r f  ~~~~~~~ The K values were reca icu lat ed , assu m ing

a subsurface penny—shaped flaw. The minimum In PIF is at about 4.8 MPamhh’2
,

a value that Is now tn the  probable range of sample to sample variation of

Kic. Again , there is a secondary minimum at about 5.6 Mpam u /’2
.

The s t ress  I n t e n s i t y  f a c t o r s  at the m i n i m a  in PIF for the H.P. alumina

specimens invest 1g.-it ed thus ta r a rL’ summarized In Tab 1 e ii . At room

t empera tu re  t he vat ties of K at the lowest m inimum In P1 F near  K

1/ ’4.2 MPam average 4.6 MPam and occur at an average of ltZ P i t ’ . The

values of K a t  t h e  s t e on d a  rv nil ni mum In P1 F near  K S . h MP tm t / 2 ave rage

5.85 MPam~~ and occur  a t  an average of l9~ PIF.

In Interpret tug t h e  :mbo v e resti Its it is i mport ant to rea l i ze tha t •

f t  r s t of all , t he  s t ibe  r I t lea f crack growt it houn da rv and K do not &.O I n —

r i d e  w i t  h he homin da  rv of he r eg i on  of rt’ II cc t I ng spot s which cons 1st ent  lv

a i l s  a t  h i g h e r  v iiti , o i t t  K 1 - S e c o n d l y ,  a ! hougl i  t h e  tea vagt ’  tends to

o rm a to ftc e t in g r e i on , it tends to t e t n t  I nate in t i g  ion  of 
~ 
t I marl I v

I n t  e r g ran u  I ar  t rae t nrc - There  Is ito ev I ~~~~~~~~~~ of in Ic  robr inch I ug i n  t h i s

rog ton o t m e  t-~ ratm i i  r [r a t  I tire . There t ore , tin’ tog ion of Et’ I I cet lug

spot s is not ex.m c t Iv an a l o g ou s  to the in I i r o r  region In glass beca~ise in

that cast’ the m i r r o r  reg ion o r m i n a t  es in a tegion of m t e r n h r ~m n c l i l i i g

usuall y cal led m ist .

lilt’ fact that P I F ~‘a r I t’~~ wit Ii K
1 

I eads one to i Ofls I der whet  in’ r ot - n o t

P IF can ho used to r o u g h l y  es t I mat t’ K at poi iii s on t ho I rie t im i-e stir I o

other than ~ Lose to the I ru- ure o r i g i n .  Sons ’ steps wore t ak i n t o  ~v , m  1—

un t e  t h i s  poss Lb II i t  v . A subs t an t  I a I r e d u c t i o n  I n  St ress In t en s I v

f a c t o r  Is expec t ed  in  t he  r e g i o n  of cr ack  b r a n c h i n g .  A p r e l  im i n a  rv ox in t i —

nat  Len of f r at  t ir e  s t i r  faces m i s t  be f~~rt and i t s t a ft t~ r e rac  k hr . tn ch  I ng
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fa i led to reveal a s u b s ta nt  j .  ~i aig~ in  1’ I F .  T u e  f r a c t u r e  r ema ined

primarily intergranular. Therefore , one can conclude that K
1 

remains

above K
i~ 

during crack branching in  H.P. alumina . This result is

consistent with the observation of Ikill who found that the crack

veloci ty decreases onl y s l i g h t ly  f rom the  maximum crack v e l o c i t y  d u r i n g

branching in glass.

In flexural specimens K
1 

increases from the fracture origin to a

maximum between 0.45 and 0.55 of the distance from the origin to the

neutral axis (18,
19) 

and then decreases .  K 1 vs .  (a) curves extrapolate to

K 1 0 at  about  1.4 to 1.6 of the distance from the origin to the neutra l

axis. Reflecting spots were observed at 1.2 of th is  d i s t ance .  The area

of reflecting spots was examined by SEM and was found to be caused by

cleavage . Apparentl y, the stress intensity factor and crack velocity in

this region were low enough so that the fracture was characterized by a

distribution of types of individua l fracture events like that occurring

during subcritical crack growth near the fracture origin.

Preliminary evaluations o t  K 1 vs. PIF curves for two other materia ls ,

96% alumina and H.P. Si
3
N4, indi cate tha t different fracture mechanisms

occur at subcritical crack growth boundaries in these other materials.

Therefore , one shoul d expect di fferent mechanisms and different criteria

for the subcritical crack growth boundary  in various ceramic materials.

The fact tha t the frequencies of various ind ividua l fracture events

at K ic are d i f f e r e n t  front those at crack hi c i n c h i n g  has  imp licat ionS for

theories of crack p r o p a g a t i o n .  Cle at Lv , i t  t h e r e  is a v a r ia t ion in  t h e

frequenc ies of individua l fra cture events with K
1
, the fracture energy

varies wi th crack velocity. In comparing the fracture energies at

-- : ~~~~~~~~~~~~~~~~~~. y— - - -- - -  
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criticality with those at crack branching, it is clear that, because there

is no necessary relation between the distributions of the frequencies of

the individual fracture events at criticality and at crack branching,

there is no necessary relationship between frac ture energies and thus no

necessary relationship between K
ic and the stress intensity fac tor at crack

branching (KB). This result is important because it has been argued that

there is a fixed ratio of crack branching radius to critical flaw size

in various materials ~20,2 1)
• If this were correct it would imply that

there is a direct proportionality between K
8 and K~~ which would hold over

a range of materials. However, it appears that this is not the case for

the reasons given above.

The existence of correlations between K
ic and the types of individual

fracture events occurring on the fracture surface, indicates some hope for

development of improved methods of determination of Ki~
. The best methods,

currently in use, involve determination of the curve of crack velocity vs.

K1, selection of some arbitrary crack velocity usually in the range lO~~ — 1

ins ~, and estimation of K
1~ 

as the K1 value at this velocity . However,

it is clear from the fractographic investigation described above that in

H.P. alumina the crack grows subcritically until K1 becomes high enough

for increased intergranular fracture to occur. Then, the structure “lets

go” and failure occurs. In other materials the mechanisms may vary but

they should be identifiable. Therefore, it may be desirable to define

in terms of the change in the types of individual fracture events rather

than in terms of an arbitrary crack velocity .
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IV. Conclusions

1. The variations of PIF with K
1 confirm that there is a rela-

tionship between the K
ic 

values of the individual frac ture events and

the types of fracture events occurring in H.P. alumina at particular

values of K
1.

2. The subcritical crack growth boundary in H.P. alumina occurs

near the lowest minimum in PIF (the maximum in transgranular fracture).

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~
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Earlier observations have shown that the areas of the regions of

intense reflecting spots, observed at fracture origins in alumina ceramics a

by optical microscopy, vary with fracture atress 5
~. In weak specimens

the areas are relatively large and in strong specimens they are relatively

small.

The reflecting spots are caused by areas of transgranular fracture~
2’6~.

The fraction of transgranular fracture diminishes gradually with distance

from the fracture origin~
6’7~ but the eye discerns a fairly definite

boundary of reflecting spots. In members , uniformly stressed in tension,

the stress intensity factor (K1) ,  at various poin ts on the boundary of

a semi—elliptical surface crack perpendicular to the stress (a) j~~(8)

1/2 1/4
K1 

— ~~~ (!) (a2cos2O + c2sin28) t

in which a and c are the semi—axes of the crack as indicated in Figures

l.A and B, 0 is the angle between the c—axis and a line joining the center

of the ellipse with the point on the boundary for which K1 is calculated ,

• is the elliptic integral having the form

II, 2 1/2
— f 2 (1 — (1 — ~~ )sin20] do , a ~ c (2)

fl~ 2 1/2

c ~~ 
El — (1 — ~j) sin 2O] do , c ~ a (3)

*
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A . c > a  B . a > c

Figure I Semi -elliptical Surface Flaws
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Figure 2 Fracture Stre ss vs. Flaw Severity
• Squared for Reflecting Spot

Boundaries in H. P Alumina Fracture
in Flexure at Room Temp erature.
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so that 
~~~, 

= (~ 1 i~~. t~~r a ~ iv c i i  e c c e n t r i c i ty  of the ell i l)se and Y is

a geometrical tactor that accounts for the location of the crack , surface

or internal , and the Si /c ~~t ~~~i. c rack relative to the stressed member.

The maxima in K
1 occur at. the intersections of the minor axes with the

elliptical boundaries. I~ a’ m i n i m a  in K1 occur at the intersections of

the major axi .’. w i t h  t i c  ‘ 
~~~~~ 

i c . ’ l  boundary . We are mainl y in teres ted

in the  maximum ~‘a I t i es  ~~~ 
~ L 

-c:~ t h i  occu r  al  the points  labeled x in

Figures  IA and 8. H. “ -
‘~~~, r - e - i  c. -~~’ i t e  t h e s e  maximum values using

-~~~ a for c a (4)
1

and

‘I ( ‘
= - - - c to r a ~ c

- .~~~~

The s i .~es c~ ci  t i c . i l  1it ~ are related to the  f r a c t u r e  s t r ess

by expressions t h a t  ar c  s i m il a r  in torm to equations t.4 ) and ~~~

above in which ~s e~ ,~ .i ~o Lhe c r it i ca l  s t ress  i n t e n s i ty  f a c t o r

(K
1
) where K 1, i~ a material properL~’ . The qualitative observations

of variations in reflecting spots referred to above raised the question

whether or not the location of the reflecting spot boundary is related

to Of by similar equations . Therefore , a and c of the reflec ting spot

area were measured from photographs of a number of hot pressed (H.P.)

alumina specimens , 3. 3 mm In d iameter , fractured in flexure from surface

- -~~~~ - --- ~~~~~~~~~~~~~~~~~~~
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fracture origins in regular strength tests and by delayed fracture. The

detailed procedures were described previously~
3’4~ . Although the app lied

stress field was non—uniform , the variation in stress across the reflecting

spot region was negligible (less than about 10%).

If the flaw severity is defined as the square root of the length of

the minor semi—axis divided by I~•
, it is a measure of the greatest stress

intensification at a crack. Rearranging (5) and taking the logarithm

of the terms yields

K1 1 Clog —v- = log a + ~~ log —i (6)

Therefore , if we assume that there is a particular maximum value of the

stress intensity factor , say KR, at which the reflecting spot boundary

forms along the  minor axis , a p lot of the fracture stress (O
f
) vs. the

flaw severity squared should have a slope of —1/2 . Such a plot for H.P.

alumina specimens f r ac tu red  in flexure is given in Figure 2. Values of

were taken from mathematical tables. A dashed line with a slope of —1/2

has been drawn through the data. Clearly , the slope indicated by the

data is close to —1/2. K,~ was estimated at a value of C/~~ of 4.5 10~~ m ,

using Y = 2.0 for surface cracks yielding K,~ = 6.6 MPam~~2. The critical

stress intensity factor (K ic) of a similar alumina body was measured by

Bansal and Duckworth~
9
~ and found to be 4.2 MPatn

”12. Therefore, KR is

substantially greater than Kic showing that the reflecting spot boundary

is not the subcritical crack growth boundary .

~~~~~~~~~~~~~~~ ‘4j~.; 
_ _ _  A
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The average value of the stress intensity factor at the intersectioti

of the major axis with the boundary of the reflecting spots (K1 ) was

1/2 mm
calculated yielding 5.5 MPatn . This value is also greater than K1~ .

The variation in K1 along the reflecting spot boundary is substantial

and is clearly different from the constant values of K1 observed along

crack branching boundaries (lO ,1l)~ This observation points out a contra-

diction involved in characterizing the area of reflecting spots as the

“inner inirror”~
5
~ . If the area of reflecting spots were associated with

crack branching as implied by this characterization, K1 should be constant

around the boundary .

(8)Bansal has shown that the areas of critical flaws (A) are related

to the fracture stress by

- 1.68 Kic (6)
Y A

By analogy , one might expect a similar relation to hold for the areas of

ellipses formed by reflecting spot boundaries. The area of an ellipse

2
is trac so that for a semi—ellipse — A = ac. The log of af is plotted vs.

log A in Figure 3. The slope is —1/4, as expected.

The results for delayed fracture specimens were analyzed similarly.

The average calculated at the minor axis intersections was 6.6

confirming the above result and showing that the observed

increase in the area of the reflecting spots in delayed fracture speci—

mena is a result of the lower fracture stresses caused by subcritical

crack growth rather than being a direct result of loading rate. The

~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ i
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Figure 3 Fracture Stress vs. Ar ea of Ellip se x 2hr
Formed by Ref lect ing Spot Bound aries
in H.P Al umina Fractured in Flexure at
Room Temperat ure.
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c—axes of the ellipses formed in delayed fracture specimens appear to

be greater on the average relative to the a—axes, compared with the

specimens fractured in regular strength tests. This difference may have

occurred as a result of stress corrosion enhanced crack growth along

the surface.

In conclusion, it has been shown quantitatively that the maximum

stress intensity factor at the reflecting spot boundary in H.P. alumina

is a material property with a value of about 6.6 t,~ am~~
2. However,

the fact that the stress intensity factor is not constant at all points

on these boundaries indicates that the reflecting spot regions are not

analogous to the mirrors observed in glass fracture surfaces which are

bounded by crack branching.

--~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ ~~~~-~~~~-~~~~~~~ - - -—~~~~~~~~~~~~ ~~~ - -—- • - -_ - -  ~~~~~~~~~~~~~~~~~~~~~ .-~ - -~
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Abstract

The percent intergranular fracture (PIF) was measured along radii

extending from fracture origins in 96% alumina specimens, fractured at

var ious loading rates and temperatures, and plotted versus estimates of

stress intensity factors (K
1
) at the corresponding crack lengths. Two

types of curves were observed. The first type was similar to curves

previously observed for hot pressed alumina. In this case the subcritical

crack growth boundary was located approximately where the minimum in the

PIF occurred near K
1 

= 4 MPam~
’2 as was also the case for hot pressed

alumina. Therefore, the location of this minimum or the projecting grains

formed by intergranular fracture as the crack velocity increased can be

used as criteria for locating the subcritical crack growth boundary . The

second type of curve lacks the minima in PIF characteristic of the first

type and is characterized by a gradual trend toward higher PIF beginning

at K1 ~ 3MPam~
”2. This type of curve may be caused by acceleration of

the crack to high crack velocities at values of K1 approximately equal to

or slightly greater than those necessary to cause critical crack growth on

the lower fracture energy planes in sapphire. Assuming that this is the

case, one can use the K1 
at which the trend toward higher PIF begins to

calculate the radius to the critical flaw boundary for this type of frac-

ture.
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I. Introduction

Previous  research has shown tha t , in pol y c r y s t a l l i n e  a l u m i n a  ce ramics ,

( 1 — 7 )Ir ietu r e s originate at several types of preexisting flaws . Attempts

t o  c o r r e l a t e  the f l aw sizes and the f r a c t ur e  s t r e s ses  of i n d i v i d u a l  sped —

mens have achieved onl y p a r t i a l  success.  The p r i n c i p a l r eason fo r  the

d i f f i c u l t i e s  is t h a t  s u b c r i t i c a l  f l aw  growth increases the  s iz e  of  the

p r e e x i s t in g  f l a w s . ~~ en f r a c t u r e  s t r e s s  (~~f
) i s  e s t i m at e d  u s in g ~~~

_ Z
°f Y l / ’  

(1)

in  which K
ic is the critical stress intensity factor , a is the flaw size ,

Z is the flaw shape parameter and Y is a geometrical factor accounting for

the f l a w  l oca t ion  and the  r e l a t i v e  s i z e s  of the f l a w  and specimen , subs t i—

rut ion of the sizes of pores , l a r g e  c r y s t a l s  or other flaws at the f r a ct u r e

or i~~i i i s  y i e l d s  o v e r e s t i m a t e s  of the  f r a c t u r e  s t res s  because  of f a l  lu r e  to

•~ct oun t  f o r  s u h c r i  t ica l  c r ack  g r o w t h .  One canno t i c cu r a t e l  
~
‘ ca l  en l i t  e these

r i e t u r e  st r e s s e s  w i t h ou t  r e l i a b l e  ev idence  of the  flaw s iz e  and shape when

t h e  s t r e s s  i n t e n s i t y  f a c t o r  (K
1) e q ua l s  K 1~~.

One way to determine the c r i t i c a l  f l a w  s i ze  and shap e ’ is to determ i tie

t r ; i c t o gr a p h ic c r i t e r i o n  f o r  the  en  t I cal flaw bcnind ar v  so t h a t , b y

• I p j )  lv  i ng such a criterion , the crit i ca l  f l a w  can be ou t  I i nod by post

m o r t e m  f rac tograph ii examination. Bansa 1 , l)uckworth and N ie sz  
( 7 )  

used

cal en lat i ons based on measured I r ae t u re  s t re sses  and assume d f l a w  shapes

o draw cr  i t  i cal 11 .iw b o u n d a r i e s  on a s m a l l  number  of f r a c t u r e  s u r fa c e s  i n

___________ _ -
~~~~

_

~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ jj
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96% alumina . These boundaries appeared to coin cide with fracture TO l t i l l

Kirchner and Cruver~
8
~ developed a fractographic criterion for subcri tica l

crack growth boundaries in hot pressed (H.P.) alumina based on the varia-

tion of the ratio of intergranular to transgranular fracture with K1.

In this investigation , fracture surfaces of 96% alumina specimens

were charac terized by optical and scanning electron microscopy (SEM),

including stereo SEM. The results were used to suggest fractographic

criteria for subcritical crack growth boundaries in this material.

• 
- ~~~~~~~~~~~ - ~~~~~~ p 
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II. Procedures

*96% alumina specimens , fractured in earlier investigations , were

analyzed by fractography . Preparation and testing of these specimens

was described previous1y
(l
~
S
~
t . The specimens were cylindrical rods,

3.2 nun diameter , with a specific gravity of 3.71 and average grain size in

the range 5—7 pm.

The percentages of intergranular and transgranular fracture , along

radii extending from the fracture origins , were determined using scanning

electron micrographs (1000 or 2000 X) which were taken at intervals along

the radii and assembled to form composite photographs of the fracture

surfaces . A grid with spaces approximately equal to one grain size at

2000 X and ten spaces wide was prepared. The grid was placed on the

composite photograph and the fracture surface at the center of each grid

space was examined and classified as to whether it was intergranular or

t r a n s g r a n u l a r , cha rac t e r i z ing  a path about ten grains wide. This process

was repeated for adjoining rows of the grid . The percentages of inter-

granular and transgranular fracture varied considerab ly from one row to

the next so averages were calculated for each row which included the results

of the preceding and following rows to form three row running averages.

The stress intensity factors were calculated for each row using the

C’)following equation for semi—circular surface cracks

Y 1/2K1 =~~~°f 
(a) (2)

*ALSIMAG 614, 3M Company , Chattanooga , Tenn.

_ _ _ _ _  - 
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in w h i c h  a is the  crac k d e p t h , is  t he  f r a c t  n r c  s t r e s s , Y I s  a g e o m e t r i c a l

parameter (2 for surface flaws and 1.8 for internal flaws), and Z is a flaw

shape parameter (
~ ,- = l . 7  tor semicircular cracks). This equation assumes

a planar crack. Furthermore , this equa t ion  is strictly correct only for

delayed fracture specimens for which the app lied stress is constant. For

specimens fractured by a linear ly increasing load , K
1 

is overes t imated

when K
1 

‘~ K1(. because the stress Is overestimated. However , a computer

s i m u l a t i o n  of c r ack  g r o w t h  in t h i s  a l u m i n a  i n v o l v i n g  n u m e r i c a l  i n t e g r a t i o n

el the crack  v e l o c i t i e s  (V )  u s i ng  the  e m p i r i c a l  r e l i t  ion V = AK~ r evea led

t h a t  99 1 of the  c rack  g rowth  occur red  In the  las t  6% of the  t ime . Th e r e t  ore ,

the e r ror  in the  ct Iculated K
1 va lues  is  sma l I fo r  most of the  c rack  g r o w t h .

The equat ion was su [tab l v  modified when it was applied to i n t e r n a l penny—

shaped c rac k s . Us ing  t he  I n f or i n a t  ion f r o m  the  p r o c ed u res  desc r ibed  above ,

curves  of K 1 v s .  P e r c ent  I lit er granu  t a r  F r a c t u r e  (P I F )  were p l o t te d  and

ana l yzed .

-V - - -~~~~~~ •-- -V-~~~~~~~~~~~~~--
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III. Results and I)iscussion

A. Fractography of 96% alumina

Fractographic examinations can he used to locate and characterize

flaws at fracture origins and to establish relationshi ps between fracture

f ea t u r e s  and the  s t ress  i n ten s i  tv  fac tor ac t  ing  a t  the c r ack  tip at

ea ch poin t du r ing  c rack propaga t ion , f o r  v ar  ions  load ! ng condi t ions

( load ing  r a t e , t e m p e r a t u r e  and e n v i r o n m e n t)  . In t h e following para—

grap hs these r e l a t i o n s h ips w i l l  be d iscussed f o r  r e f l e c t i n g  spots ,

transgranular fracture at a d j a c e n t  g ra ins , and subcritical crack  growth

Jt  P o r e s .

~
_
~± Y ~~

1_’!&~ 
[)OtS

I t  is  well known that fracture o r i g i n s  in  a l u m i n a  cer amics  are  sur-

r ound e d  by f r a c t u r e ’ features that r~~f lect inc  id e n t  I [ g u t  ca l  led re f  lect ing

( 1 , 3 , 4 , 9) - - - -
s p t s . R et  lee t tug spot s in  one h a l  1 ol a sp e c im e n  cor respond  in

d e t a i l  to  r e f  lee t i ng  spot s  i ti t lie’ ot h e r  ha I f  as shown in F I gure  I . The re—

f o r e , one m i g h t ant ic ipa te  t h a t  t he r e f l e c t  ing  spo t s  i r e ’ caused Lw ref  lee  t ions

f rom r eg i o n s  of t ransgranu tar I rae t u r e  be cause’ these’ f e a t  ur 1’s are norma l i v

the on l v  features with the same appearance  i n  b o t h  h a l v e s  of the  spec imen.

That  t h i s  Is the case is illustrated in Figure 2 where t h e ’ regions of

t ran sg ran ul ar  f r a c t u r e  s u r r o u n d i n g  the  pore are • a fter a l l o w i n g  f o r  the

small di fterence In magnification , ide’nt i cal in s i z e  and shape’ to the

ref lect  1mg spots .  It  should he noted that not al l of the  regions of

t r an s gr an u l ar  f r a c t u r e  can he in the ref  I ect Ing posi t ion a t  One ’ orientation

hut  t h a t  s m a l l  changes In o r i en ta tio n wou ld cause the o t h e r  regions of

t ransgra’~u I ar fracture to r e f l e c t

_ _ _ _  — - • - - ~~~~~~~~~~~~~~~~~~~~ 
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Figur e I Co mparison of refle c t ing spots in both
halv es of a 96% alumina spec imen
( Specimen AR— 2 , fra ctured in f l exure at
r oom t emperature at 434 MPa).
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A. Reflecting spot s , l6Ox
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B. Ar eas of transgranu lar fr acture , 200x

Figure 2 Comparison of ref l ect ing s pots and areas of
transgranu lar fracture in 96 °/a alumina
( Spe c imen N-37 fractured at — 196 °C )
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The area of reflecting spots varies with fracture stress and loading

rate. The areas are relatively large for weak specimens or those loaded

at low loading rates and relatively small for those that are strong or

loaded at high loading rates~
9
~ . These observations lead one to associate

reflecting spots and transgranular fracture with subcritical crack growth.

However, the area of reflecting spots is not the region of subcritical

crack growth because calculations of the stress intensity factors at the

reflecting spot area boundaries yield values of K
1 

that are greater than

KIC •

At a given fracture stress there is a greater area of reflecting

spots when fracture orii inates at a pore than there is when fracture

originates at other types of flaws . This difference is particularly

great in the case of fractures at —196°C or under impact loading. It

may be caused by the fact that pores are less effective stress concen—

trators than other types of flaws so that substantial subcritical crack

growth must occur before tne combined pore and crack act as a sharp crack .

Evans and Tappin~
2
~ have shown that this does not happen until the crack

grows to a length equa l Lu 0.3 of the pore radius. Pores as large as 75 lim

in radius have been observed at fracture origins in 96% alumina so that

25 ~im of additional subcritical crack growth is required in this case.

The above observations of reflecting spots and their association with

transgranular fracture suggest that significant observations should result

from investigation of the variations of transgranular and intergranular

fracture in 96% alumina .
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*has shown that, in a coarse grained alumina , twins tend to propagate

from one grain to the next and that microcracks initiate at the twins.

Furthermore , he has shown that the twinning is a time consuminp process

that, based on a very long extrapolation of acoustic emission data,will

3 be suppressed at strain rates of 108 sec 1. Therefore , twinning is a

possible mechanism by which t ransgranular  f r a c t u r e  migh t spread from

grain to grain but with decreasing frequency as the crack accelerates .

Subcritical crack growth at pores

Stereo SEM was used to examine fracture surfaces surrounding pores.

An example, specimen N—37 fractured in flexure at —196°C, is shown in

Figure 4. The fracture originated at the large pore near the center of

the pho to as indica ted clearly by lines radia ting from the pore. The

• pore is surrounded by a reg ion of transgranular fracture . The straigh t

edges under the pore indicate that at least part of the pore was bounded

by a large grain but it is clear that the area of transgranular fracture

spreads into other grains. It has been argued that the fracture stresses

at pores can be calculated by assuming that the pore is surrounded by a

crack one average grain size in depth. These arguments have been re—

viewed in detail by Rice~
4
~ . In the present case one can estimate the

critical flaw size assuming a penny—shaped crack , using Equation (1). The

resulting flaw radius is 43 jim. This radius is clearly much larger than

the radius of the pore plus one average grain size and it is also larger than

the distance from the center  of the pore to the straight boundary below the

pore. Therefore , it is clear that in the present case, no simple rule

*LUCAL OX , Genera l Elec tric Company .
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such as use of the radius of the pore p lus one average grain size can be

app lied .

Further examination of the fracture surface reveals that many of the

other pores, perhaps all of them , are surrounded by s imi lar  regions of

transgranular fracture . This observation raises the question whether

this transgranular fracture occurs as the crack front sweeps pas t the

pores during fast fracture or , alternatively, whether it has occurred

by subcritical crack growth before fast fracture begins at the fracture

or igin .  If this t ransgranular  f r a c t u r e  had occurred as the crack front

swept past the pore , one mi ght expec t the regions before the crack

reaches the pore ( the near side) to be a combina tion of in tergran ular

and t r ansg ranula r  f r a c t u r e  like the su r round ing  f r a c t u r e  su r f ace  and

to observe transgranu1ar fracture mainly on the far side of the pore .

Examinat ion of the regions surrou nd ing pores shows tha t this is no t the

case. Therefore , the present evidence suggests that subcritical crack

growth occurred at most of the pores as the specimen was loaded .

B. Relationships between stress intensit y factor and percent intergranular

fracture

Curves of stress intensity factor (K
1
) vs. percent intergranular

frac ture (PIF) were plotted . Two distinc t types of curves were observed .

One type  was very similar to those obtained for fine grained H.P.

alumina~
8
~~, showing si g n i f i c a n t  maxima and m i n i m a  in P I F  a t  various

values of K1. An example , for a specimen fractured in flexure at room

tempera ture , is given in Figure 5. The surface flaw propagated as an
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approximately semi—circular surface crack. As in the case of H .P .  alumina ,

• there is a rough correspondence between the values of K
1 

at the minima in

PIF and the values of K
ic for fracture in various crystallographic direc-

tions in sapphire which were calculated using fracture energies measured

by Wiederhorn~
1’4’~

’5
~ and listed in Table I. In particular , the minimum

at about 4.1 MPam1”2 is close to K
ic 

= 4.3 MPam~
12 for the {1126} fracture

plane and the minima at 5.1 and 5.7 MPam~~
2 are close to K

ic 
= 5.6 MPam1~

’2

which , based on Wiederhorn ’s observations , is the value at which the

fracture alternates between {l012} rhombohedral surfaces and chonchoidal

surfaces roughly parallel to {0l14} planes . At K
1 

> 5.7 MPam~
’
~
’2 

there is

a strong trend toward intergranular fracture . K
ic 

for nominally the same

96% A1
2
0
3 
was measured by Bansal and Duckworth~~

6
~ yielding 3.8 MPam~~

2
.

Thus, the loca tion of the minimum a t K
1 

= 4.1 MPam~~
2 
corresponds approxi-

ma tely with the location at which K
1 

Ki~ 
fo r  the pol y c r y s t all i n e  mate r i a l

as observed fo r  H . P .  alumina .

Two views of the f r a c t u r e  s u r f a c e  of t h i s  specimen are given in

Figure 6. Figure  6A is a general  view of the fracture surface showing the

flaw at the f r a c t u r e  orig in sur rounded  by a darker  region . At higher

magnification in Figure 6B, the darker region is clearly shown to be a

region of transgranular fracture. This region is bounded by a region that

is much rougher and more varied in appearance. Voids of various irregular

shapes and sizes form a rough semicircle at the boundary. Also , there are

a subs tant ia l  number of i n d i v i d u a l gra i l’s , f r a c t u r e d  in t e r g r a n ul a r l y ,

p ro jec t ing  above the average level of the s u r f a c e  just outside this

boundary . The coexistence of these features suggests that many of the

~~~~~~ 
_ _ _  

-

---V —~~~- --C - - 
— ‘~~~~~~~~~



55

Table I. Fracture EnergiesU4~
l5) 

and Critical Stress Intensity Factors
for Several Crystal Lattice Planes in Sapphire .

Critical Stress
Fracture Plane Fracture Energy Intensity Factor

—2 1/2Jm MPam

— 
*1012 6.0 2.15 (1.7)

ioTo 7.3 2.4

1126 24.4 4.3

0001 >40 >5.6

*See reference 15.
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voids a re  the  r e s u l t  of p u l l  ou t s  of t he in e t - g t . t n u  I a r  l v  I rae tu r e d  g r a i n s .

The f l a w  rad ius  at t h i s  boundary  is 50 tim which corresponds to K
1 

= 3 .9

MPam~~~ , a value very close to K
1~ 

of the polvcrvstall lne material.

Somewhat similar results were obtained for a specimen fractured

in flexure at —196°C. At this temperature , the s t r e n g t h  of 96 V V a l u m i n a

is much grea ter than it is at room t empera tu re  and the m a t e r i a l  is much

less susceptible to surface f l a w  t u i i u r e ~~~’9
~ . F r a c t u r e  in t h i s  p a r t  ii’u—

lar  specimen which is the  same as that illustrated previously in Figures

2 and -~, originated at a pore loca ted  about  hi ) t im f r o m  the s u r fa c e  at a

s t ress  of 623 ‘I[’a. Near  the or i g in the  t t i c  tori’ is pr imari .  lv transgranular.

The K
1 

vs .  P I F  curve is given in Fi g u r e  7 . The f i- ic t u r e  s u r f , t c c  has such

a h i g h  degree of t r ansgr anu l  ar  1 tv  t h a t  opp o r t u n  i t  ii’ s f o r  the miii m a  to

manifest themselves a re’ limited. There is an in cr e ase  in l’IF at K
1

I ues above - (  MPa m 1 / 2 , followed by a dec re,ise to 0’.- P IF at -~ . 
11 MPam /

Above K
1 

= 6 MPa m ’ / t he re  is a s t ron g  t r en d  toward  i ocr eas i i i~~ 1’ I F  as

there was i i i  t he  p r e v iou s  case

i 1ue c~t f l t io t make a d e f i n i t e  c o n t p , i t i s o n  h i  ~5’ceu t he v a r i u t t  i o n s  in  1’l F

and K 11, of  t h e  pci \ - c r v s t  ,i  ii i t ie  m a te r  i;t I because K 1(. has not been measured

for th is  m a t e r i a l  ~i t  —19 6°C. If one ,t s s i t n i c s t h a t  t h e  h t - , u c t t t t ’ t~ i u e c h t u u t i i s m s

a t  t he ’ c t - i t  ic a  I i-r ack  gr ow t h  hotiii d5trv and ,tt i-r a c k  b r an c h i n i ~ ~‘, t i ’~ ’ t h e sa me

way ~i t — I 96”(’ is they do i t t  room tempo r t litr e • 0th’ can  es t ima t e K a t  — I s4h (S
(~

f r o m  the  siop es  of  f r ac t u r e  s t r e s s  — ( m i r t o t  r,t~h i t i s ~~~ ’ / cu rves  wl iU -h  a re

p r o p o r t i o n a l  to the stress intensi i v  f t ~ ’ t  s ’ tS t t c t V n - ~~ h t t t i c h j n ~~. These

slopes are 8. 3 MP am ’ - 2 a t  room t empe t . t  tu  Fe a tid 10.1) MI’uim ’ / i t t  —I Q6 1 7) 
-

~~~~~ -.• 
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A c a l c u l a t i o n  based on the  t~~st i m p t  ion t h a t  K 11, varies in  proportion to
1 1 • )

these slopes , y i e l d s  an i ’~~;t iuia t &-d K3, sO -~ . h Ni 5 u tt- : ‘ at l96° C.

A composite photograph of a portion of this fracture surface is shown

in Figure 8. The pore at the fracture u:igin is indicated near the top

of the figure. The scale at the right indicates the stress intensity

factors acting at the tip of the crack when the crack was at that particu—

lar dis tance from the f rac ture ori gin. Only cursory examination is needed

to show that there is substantial variation in the fracture fea tures from

one portion of the fracture surface to another and that the features vary

with stress Intensity factor.

The region near the pore is a region of 100% transgranular fracture .

Apparently, the crack grew around the pore on slightl y different planes

fo rming  the tai l  e x t e n d i n g  f rom the left side of the pore. As the distance

from the pore increased there is increasing evidence of Intergranular

f rac ture and pullouts. The boundary at which K 1 equals the est imated

passes through some grains fractured intergranularly . Beyond this

boundary there is increasing evidence of disruption of the f r a c t u r e  surface 
V

caused by hi gher values of K1, including cleavage steps and other fracture

markings . One of the most interesting of these markings is indicated by

*the letter A. The suggestion has been made that these are so—called

cathedral dome markings that are observed bounding fracture mirrors in

fractures of sapphire single crystals. The markings at A can be compared

with those observed in sapphire and attributed to rhombohedral cleavage

by Abdel—Latif , Tressler and Brad t~~
8
~~. If this identification is correct ,

*By R . W . R ice , Naval Research Laboratory .
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the features may have arisen as a result of crack formation in advance

of the crack front, If that is the case it may be possible to estimate

the stress at which the crack formed in advance of the crack front using

(3,17,19)fracture stress—mirror size relations

The fracture energy at a particular stage of crack propagation is

the sum of the fracture energies of the individual fracture events

(transgranular and intergranular fracture on various lattice planes,

microplastic processes , etc.). These processes have extremely variable

fracture energies as shown in Table I. The frequencies of the processes

vary substantially with K1 and crac.k velocity as shown in Figure 8. There— - 
V

fore, substantial variations in fracture energy at various stages of crack

propagation should be expected .

The second type of K
1 vs. FIF curve is given in Figure 9 for a

specimen fractured in flexure at room temperature. This curve bears

little resemblance to the curves obtained for  H.P .  alumina~
8
~~. The

fracture is transgranular near the f rac ture origin but above some value

of K1, in this case about 3 MPam
h1l’2

, there is a gradual trend toward

intergranular fracture. It is suggested that this second type of curve

occurs when the crack propagation goes critical with respect to single

crystal Ki~ 
values near the fracture origin and the crack is not arrested

by the surrounding material. The importance of single crystal Kic values

in determining the fracture stress of coarse grained ceramics has been

emphasized by R. W . Rice and co—workers~
20

~~. If the present exp lanation

is correct it means that the 96% alumina is a material having relative

flaw sizes and grain sizes in a transition range. It would be reasonable
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to expect this second type of behavior in cases in which several grains

near the fracture origin are oriented favorably for crack propagation at

low values of K1. As soon as the crack velocity increases above that

characteristic of K
ic 

the crack will tend to go around the smaller grains

for which the deviation of the crack from the average plane of the crack Is

small but it will continue to go through the larger grains for which the

deflection of the crack would be too large. Therefore , as the crack

velocity increases PIF also increases .

The fracture surface of a specimen fractured by delayed fracture

a f t e r  622 seconds under load was analyzed. The original study of this

fracture using a photograph taken at a magnification of 600 X indicated

a very flat fracture surface consisting almost entirely of transgranular

fracture . However, at higher magnification (1000 X) the appearance of

the sur face  was qui te  different especially in revealing clusters of small

crystals separated by intergranular fracture and surrounding larger

areas of transgranular fracture . The K
1 
vs. PIF curve for this specimen

is also characteristic of this second type of behavior.

C. Criteria for subcritical crack growth boundaries

The existence of the two types of behavior noted above makes the

task of determining subcritical crack growth boundaries in 96% alumina

considerably more difficult than it was in H . P .  alumina . For the first

type of behavior which was somewhat similar to that observed in H.P.

alumina , it may be possible in some cases to determine the location of the

minimum in PIF near K1 
= 4 MPam1”2 and use this boundary as the subcritical

_ _  

V • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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crack growth boundary. In o t h e r  cases t h e r e  niav be very  l i t t l e  i n t e r —

granular fracture so this minimum may be poorly defined . In those cases

it may be possible to use the boundary determined by isola ted pro je ct ing

grains ( in t e rg ranula rl y f r a c t u r e d  gra ins) f rom the f r a c t u r e  s u r f ac e  as

illustrated by Figures 8 and 10. In Figure 10 the p r o j e c t i n g  grains

seem to be of average size whereas those in Figure 8 and the one i l l u s t r a t e d

by Bansal and Duckworth~
7
~ were l a rge r than average size.

As a means of c o n f i r m i n g  the loca t ion  of the s u b c r it i c a l  crack growth

boundary for the first type of behavior , one can locate the boundary

formed by the onse t of cleavage s teps  and o t h e r  s igns  of severe d isturban ce

in a substantial fraction of grains . This boundary falls at a greater

distance from the fracture origin than that of the s u b c r i t i c a l  crack growth

boundary . Therefore , by comp ar ing  the locat ions of var ious a l t e rna t ive

subcritical crack growth boundaries with this boundary formed by the onset

of cleavage steps , one may be able to make a more reliable decision.

Loca ting the subcr iti cal crack growth  b o u n d a r y  f o r  the  second type of

behavior is more difficult. No particular fracture features were noted

at low values of s t ress i n t e n s i t y  f a c t o r .  T h e r e f o r e , the  best  p rocedure

seems to be to consider the stress intensit y f ac t o r , a t  w h i c h  the long trend

toward incre3singK
1 
begins,as the critical stress intensity factor at this

boundary. The crack depth to t h i s  boundary can be calculated using Equation

(1) making it possible to locate the boundary .

~ 

.~~_ _ _  ~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _
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IV. Conclusions

As in the case of H.P. alumina , K1 vs. PIF curves can be used to

determine criteria for locating subcritical crack growth boundaries in

96% alumina. Two types of curves were observed. The first of these

types seems to be similar in most respects to curves plotted for H.P.

alumIna. 96% alumina has a greater tendency to fracture transgranularly

near fracture origins , compared with H.P. alumina . This tendency may

be a result of the larger grain size. The fact that fractures around the

grains (intergranular fracture) require greater deviations from the

main fracture plane ; and that such deviations would require more energy ,

favors transgranular fracture . As in H.P. alu m ina , the subcri tical

crack growth boundaries of 96% alumina specimens characterized by the

f i rst type of curve , can be loca ted using the m inimum in the K
1 
vs. PIF

curve near K
1 

= 4 MPam~~
’2
. If there is so little intergranular fracture

that the minima do not have an opportunity to manifest themselves , the

boundary can be located at the boundary indicated by isolated grains

projec ting from the fracture surface.

The second type of curve is characterized by a trend toward higher

PIF beg inning at much lower K
1 

(near K
1 

= 3 MPam~~
’2
). It is suggested

that this type of curve may be observed in cases in which the crack front

accelera tes to hi gh veloc ities while it is propagating at K
1 

values

slightly above the Kic values for  f rac ture on par ticu lar la ttice p lanes

of the individual crystals. As the crack accelerates there is insuf—

ficient time for transgranular fracture to occur in an increasing fraction
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of cases so that there is a gradual increase in PIF. If this interpretation

Is correct, it indicates that the 96% alumina is a transition material ,

as far as grain size is concerned . In other words, in some cases the

crack propagation goes critical at K
1c values charac teristic of a fine

grained polycrystalline material and in other cases it goes critical at

lower values of K
ic just above the values measured for fracture on

individual lattice planes that fracture at relatively low fracture ener-

gies.

~1

-
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Abstract

Using the elliptic integral method, stress intensity factors (K1)

were estimated at boundaries defined by fracture features observed

at various distances from internal fracture ori.gins in H.P. silicon

nitride. The fracture origins are surrounded by regions of transgranular

fracture . At the outer boundaries of these regions K1 is less than Ki~

showing that these are regions of subcritical crack growth. Regions of

hummocks and depressions were observed surrounding the regions of

transgranular fracture. K1 was calculated at the elliptical boundary

determined by the outer edge of the nearest of these features to the

fracture origin. At this boundary , K1 ~~

‘ Kt~
. Therefore, these features

can be used to locate the subcritical crack growth boundary .
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I. Introduction

Developme n t of f rac ture theories and me thods of failure analysis

has been handicapped by the lack of fractographic criteria for locating

subcritical crack growth boundaries in fracture surfaces of ceramics.

In this paper such a criterion is described for a particular hot pressed

(H.P.) silicon nitride ceramic.

Fracture origins in H.P. silicon nitride , fractured at room tempera-

ture , are easily located in most cases at the intersection of the extensions

of lines drawn through the hackle. In some cases other types of lines

oriented in the direction of the fracture origin can be observed in the

fracture surface. Because the material is strong and fine gralned , these

fracture features are well defined , aid ing in loca tion of the frac ture

origins. Although individual grains in fracture surfaces may strongly

reflect incident ligh t , the areas of reflecting spots that are so helpful

in locating fracture orig ins in alumina ceramics are not observed in

H.P. silicon nitride.

Flaws at fracture origins in H.P. silicon nitride specimens , frac-

tured at various temperatures and loading rates,were located and character-

ized by Kirchner , Gruve r and Sotter~
l
~
2’) and Baratta , Driscoll and Katz~

3
~ .

Recently, D. C. Miller et al. 
(14) described a number of such flaws. At

room temperature , fracture may originate at various types of flaws

including machining damage , pores , large crystals and inclusions. How—

ever , with improved surface finish and increased volume under stress

(tensile tests or large specimens) there is increased tendency for fracture

- -V
_ - V — - V-
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to originate at internal flaws, frequently inclusions associated with

pores. The fracture stress increases with increasing transformation of

(5 ,6) V
alpha to beta silicon nitride . This increase has been attributed

to increased particle elongation.

Attempts  to measure the variat ion of crack velocity with stress

intensity factor (K
1
) at room temperature using standard techniques such

as the double torsion beam test have , thus far, not been successful.

Apparen tly,  crack velocity increases so rapidly with K
1 that it has not

been possible to achieve stable crack propagation. However , there is a

small slow crack growth effect in H.P. silicon nitride0~~. Twenty

cylindrical rods were loaded in flexure to a constant stress of 629 MPa

in air at 18—22% relative humidity. Four of the specimens fractured on

loading (‘ 1 s) and seven survived for more than 1000 s after which the V

test  was t e rmi n a t e d .  The remaining specimens (9) fractured after various

times rang ing from one to 863 s. Results  consis tent  with these observa-

tions were obtained by Culden and Metca1fe~
7
~~. They observed a substantial

stress corrosion effect but lOll of the  f r a c t u r e s  orig inated at in te rna l

flaws to which the test environment did not have direct access perhaps

show ing tha t a corrosive env ironmen t is not necessary for slow crack

growth to occur in this material.

(8) (9 ,10)
Evans and Tappin and Bansal , Duckworth and Nfesz have

attempted to locate critical flaw boundaries after subcritical crack

growth and flaw linking in several ceramics. However , as indicated by

Rice~~
’
~~ , considerable subjective ~udgement is involved in such attempts.

lit would be desirable to have more objective criteria for locating these

(12 13)
boundaries. Kirchner and Gruver ‘ have used the variation of the

- -——-p - -V~~._ -V -__ V., — 
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percent intergranular fracture (PIF) wi th K
1 to develop such criteria

V 

for H.P. alumina and 96% alumina. In the present investigation, this

- technique was used to develop a criterion for locating subcritical crack

growth boundaries in silicon nitride.

-- - - —- V-V - -V V - - V  ~~~~~~~~~~~~~~~~~~~~~~~~~
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II. Procedures

The present research was done b y f r a c t o g rap hic ana ly s i s  of H .P .

*silicon nitride specimens fractured in tension in an earlier investiga—

tion . Preparation and testing of these specimens was described previous—

ly~~ ’
7
~ . The specimens were cy lindrical rods necked down to form a test

section about 1.4 mm diameter. The loading rate was rather slow , req u i r ing

more than one minute to fracture t h e  spec imens .  The f ra c  t t i r c  s u r fa c e s

were studied by optical and scanning  c lec t r on  m i c r o s c o p Y  (SEM ) i n c l u d i n g

stereo SEM.

The f r a c t u r e s  ori gina ted  a t i n t e r n a l  f l aws  wh ich were surr oun ded b y

regions of transgranular fracture . Two pr in cipal methods of analysis

were used . The f i r st method invi l ved oti t 1 in in~ the out or boundary of

the region of t r a nsg ranu l a r  f r a c t u r e !  and u s i n g  the  e l l i pt Ic integral

method~~
’4

~ to c a l c u l a t e  t h e  st ress intensity factors at the  i n t e r s e c t  ions

of the m a j o r  and minor  axes w i t h  t h  is b o u n d a r y . The s t ress  i n t e n s i ty

f a c t o r  (K ) was ca 1 & ‘u t a t  e’d us i ng

1/2 V ) V)  -, V ) 1/4
K
1 

= ~~ - (~~
) (a cos’~ + c~~si n ’U ) ( 1) —

in ~~, et , ,i , e and 0 are d e f i n e d  by

- I 1? . S. .r t  ~‘n ~~~~~~~~~~~ , Wo rce s t  er , ~~~

-V 
_ _ _ _ _
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That is, a is 1/2 the minor axis o~ the ellipse , c is 1/2 the major axis

of the ellipse , and 0 is the angle between the  major axis and a radius

of the ellipse. ~ is defined by the fo l lowing  in tegral

11
2 2 , 1/2

~ 5 [ 1  — ( 1 -‘ 2)  s in O I  dO (2)
0

which is an elliptic Integra l of t he  second k i n d .  Mathemat ica l  tables 
V

werE used to determine the  va lues  of t h i s  Integral. To determine K 1 at

the in te rsec t ion  of the  minor  a.’.es w i t h  I he boundary of the e l l ipse , 0

is taken as ‘
~~‘ in Equat ion (1) y i e l d I n g

I \‘
K 1 (o ~) ) = ( 1)

max

Similarly , for  the in te rsec t ion  w i t h  t h e  m a l or  ax i s

K (o - 0) ~‘ t / ~~(a)I/2 (4)I m m

—‘V -V - V- V  -V-V -- - ~~~~——~~~—----- — --V -
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The values of K1 were compared w i t h  t he  critical stress intensity factor

(K
ic).

The second method involved determining the percentages of inter—

granular and transgranular fracture along radii from t he  f r a c t u r e

origin. Scanning electron micrographs (1000—5000 X) were taken at

intervals along the radii and assembled to form composite photographs

of the fracture surfaces. A grid with spaces approximately equal to one

grain size and ten spaces wide was PrePared. The grid was placed on the

compos ite photograph and t h e  f r a c t u r e  s ur f a c e  at the  center of each grid

space was examined and c l a s s i f i e d  as to w h e t her  i t  was i n ter g r a n ul ar

or transgranular , characterizing a p a t h  about  ten g r a i n s  wide . Th is

process was repeated for adjoining rows of the grid. The percentages

of in t er g r a nu l ar  and transgranulnr fracture varied c o n s i d e r a b ly  f r o m  one

row to the  next  so averages were c a l c ul a t e d  f o r  each row w h i c h  inc luded

the resul ts  of t he  p reced ing  and f o l  l owing  rews to  fo rm three row r u n n i n g

averages. The percentages  of i n t e r g r a n u l a r  f r a c t u r e  ( P T F )  were  p l o t t e d

vs. the  stress in t e n si t  v fac  to rs  c a l c u l a t e d  at  t h e ’  various p o i n t s  a long

the r ad i i  when the crack  f r o n t  was a t  ca&’ h point - The czi I ciii a t  ions o 1
V

K1 were done using the  f r a t - t nr c  st  ress so t h a t  the restil s are stri ct lv

correct  only  fo r  delay ed f r a c t u r e  (constant load) specimens for w h i c h

the applied stress is cons tan t . For spec imen s f r a c t u r e d  by a I ln e a r l v

Inc reas ing  load , the K values are ovo i - es t i m a t e d  a t  a l l  c r a c k  I e ng t h s

except  the c r i t  Ical  c rack  l e n g t h  because t ile stress Is ove re st  imated.

However , c a l c ula t  tons show that almost all of the crack growth o c c u rs

in less than the  las t  l o l l  ~ t ti le ’ loading t I m e .  In t h i  s t I me ’ th e  a p p l i e d

stress var ies  by less  t han I O l l .  There t o r e  , t he  t ’ r i’or in  the calculat ed

K 1 values is sma l l  fo r  most  of t h e  c r a c k  g r o w t h .

• —
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III. Results and Discussion

General observations

Most of the results of this investigation were obtained from

five specimens f rac tured  in uniform tension. All of the fractures

originated at what appeared to be inclusions, pores or porous regions

(Figure 1). The flaws at the fracture origins ranged in size from the

average grain size (1—2 pm) to several times that size. When the frac-

ture surfaces were rotated in the SEM, it was observed that , in particular

orientations , each fracture origin was surrounded by a rather dark

elliptical region (Figure 2). Such a dark region was observed previously

by Baratta et al.~
3
~
’. At slightly higher magnification it was observed

that these regions contained a large fraction of transgranularly frac-

tured grains (Figure 3).

Outside the dark elliptical region is a region in which the surface

is more uneven, as indicated by light and dark blotches. At higher

magnification using stereo SEM these blotches are observed to be hummocks

and depressions which form a wide band outside the dark elliptical region.

Numerous pores are observed in the wide band of hummocks and depres-

sions . Many of these pores are surrounded by small regions of transgranular

fracture. These observations are additional evidence of the tendency of

cracks originating at pores to grow by subcritical crack growth.

Stress intensity factors at boundaries of dark elliptical regions

The elliptic integral method was used to calculate values of K
1 at

the intersections of the major  and minor axes with the boundaries of these 
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Fig ure I Fracture surfa ce and intern al fracture orig in ,
specimen 21 
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20
‘ p.m

Figure 2 Dark reg ion surroundin g fracture o rigin ,
s pecimen 4T ( I000X)

‘ p.m 1

Figure 3 Tra ns g ranu lar f racture at fracture ori gin ,
s pecimen IT ( 1500X)
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ellipses yielding the results shown in Table 1. As e x p e c te d , t h e  h i gher  
V

values of K
1 occur at the intersections of the minor axes w i t h  t h e

boundaries of the ellipses. These values range from 3.16 to 4.65

The highest value is slightly less than a widely accepted value of

which is 4.7 ~~am
2(15

~
16).

The K1 values in Table I seem to be too low to support the hypothesis

that the subcritical crack growth boundary is the boundary of the dark

region of grains fractured mainly by transgranular fracture . Therefore ,

the fracture surfaces were examined for other features that mi ght serve to

locate the subcritical crack growth boundary . Outside the bo unda ry  of

the dark area are numerous features that might be described as hummocks

and depressions as shown in the stereo pairs in Figures 4 and 5. Many of

the hummocks and depressions are elonga ted rad ially from the fracture

origin. These features are not hackle which are observed at much

greater distances from the fracture origin. At low magnification tiie

elongated hummocks and depressions give the fracture surface a somewhat

fibrous appearance. The normal range of sizes of these f e a t u r e s  is about

4—8 pm.

Based on the above observations , it was hypo thes i zed  t h a t  t h e

hummocks consisted of agglomerates that were resistant to f r a c t u r e  so

that , for crack propagation to occur at the velocity characteristic of

the particular K1 value , it is necessary f o r  the crack to p r o p a g a t e  a round  
V

the agglomerates. Assuming t h i s  t o  be tile case a roug h bounda ry  ou t s ide

the f i r s t “row” of these hummocks and dep re s s ions  was v i s t , a I i : - ~ed and the

minor axis was measured. The e c c e n t r ic i ty  of t h e  e l l i p s e  was assumed to
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be the same as that of the dark region . The resulting K1 values are

given in Table II. These values are more consistent with the measured

K
ic.

The fact that these K
1 values are somewhat scattered is not surprising

because of experimental uncertainties in measurement of the ellipses and

local variations in material properties such as Kic
. One expects frac—

tures to originate in the regions that have the most vulnerable combination

of flaw severity and reduced local K
i~
.

The mechanism by which the agglomerates resist fracture was studied.

An etched fracture photographed by Miller et al. shows hummocks and

depressions of the same size as those observed in the present investigation.

The hummocks appear to contain elongated grains with preferred orientations

tending to be perpendicular to the fracture surface. Therefore , the

agglomerates may resist fracture because they consist of elongated grains

with preferred orientations perpendicular to the crack front. The hummock

illustrated in Figure 4 evidently resisted fracture because of the presence

of the elongated grains at the “leading” edge of the hummock. In other

cases such as Figure 5 similar grains were not observed but may have been

present within the hummock. Figure 28 of Bowen~
6
~ , Figure 5, and some of

the composite pho tographs not included because they are too large, show

that the depressions contain many grains elongated parallel to the fracture

surface. Interspersed among these grains are individual elongated grains

that have either pulled out of the opposite surface of the crack or frac—

• tured through the grain. These observations are interpreted to mean that

the crack propagates by transgranular fracture until it speeds up to the

point that it no longer can pass through the hummocks by transgranular
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fracture . Therefore , the cracks are deflected over, unde r and aro und

the hummocks . The preferred paths are those in which the grains are

elongated parallel  to the  f r a c t u r e  su r f ace .  In these paths , those

grains oriented perpendicular to the fracture surface pull out or frac-

ture , as suggested by Bowen~
5’6~ , contributing to the fracture resistance.

The ellipticity of the dark regions remains to be explained. The

tensile specimens were six inches long and were cut from hot pressed

billets , 6 x 6 x 1 in. The fracture surfaces were roughly perpend icular

to the long axes of the specimens so that each surface can be considered to

contain axes perpendicular and parallel to the hot pressing direction. It

is well known that the average strengths of specimens cut with the long

axes parallel to the hot pressing direction are lower than those of

specimens cut pe rpend icu la r  to the ho t p ressing d irec t ion~~
7
~~. Therefore ,

one possible explanation is that the ell ipt icity is caused by dif fe rences

in the fracture energies for crack propagat ion in the directions perpen-

dicular  and parallel to the hot pressing direction .

An alternative explanation of the ellipticity of the dark areas is

that the flaws are elongated and that the cracks tend to propagate in

all direc tions from the flaw preserving this elongation. Examination

of the flaws revealed that they were rather irregular in shape and were

more or less elongat ed. In some cases the ellipticity of the dark reg ion

seemed to correspond to that of the flaw . However , it should he noted

that the flaws may be elongated perpendicular to the hot pressing direc—

tion so that the suggested explanations may not be independent  of each

other.

The large variations in eccentric ity (a/c) of the dark reg ion

indicate the possibilit y of rather large variations in the f rac ture
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energy anisotropy and the flaw anisotropy from specime n to specimen.

Therefore , the present evidence i-s mos t usef ul for  de f in ing  the na ture

of the problem but is not sufficient to permit conclusions to be drawn .

(14) - (3)In any case, Lange and Miller et al. both observed a 20/. reduction

in the strengths of specimens fractured in the weak direction compared

with the strong direction , The average difference between K
1 

and K
1

max mm
is consistent  wi th  t h i s  d i f f e r e n c e  in the  s trengths .

It  is also interesting to note that the fracture mirror (crack

branching) boundaries are circular or almost circular indicating that

the ellipticity in the early stages of crack propagation does not extend —

to the later stages.  This observation , together with the variations in

the mode of f rac ture , indicates that the mechanism of fracture at branching

is not necessarily the same as that near the fracture origin . This has

implications fo r  the relative sizes of critical flaws and fracture mirrors

in various ceramics .

Stress intensity factor vs. p~~~ ent iritergranular fracture

The PIF was determined along the major and minor axes of the ellipses

formed by the boundaries of the dark areas. The results were somewhat

variable , in part because of variations in the quality of the photographs.

Emphasis was placed on determinations along the minor axes because the

highest K1 
values are observed there .

Two of the resulting curves of K1 vs. PIF are given in Figures 6 and

7. At low values of K 1, t h e  PIF is de te rmined  m a i n l y  by the charac teristics

of the particular flaw at th e  f r a c t u r e  or ig in  which may vary wide ly  as j
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ind ica ted  In these f i g u r e s .  However , in both  cases the curves pass

through low Values  of P1F (h igh  percentages  of t r ansg ranu lar  f r a c t u r e )

which are fol lowed by a s t r o n g  t rend toward higher I ’IF.

These curves  c o n f i r m  t h a t  the  f r a c t u r e  o r ig ins are surrounded by

a hand of pr imar l iv  t r a n sg r a nu l ar  I rac tur e .  In a d d i t i o n , they  Indicate

t ha t  K 1 
= K

~~
. in a region  of r e l a t i v e l y  high P I F .  This  r e s u l t  Is

cons i s ten t  w i t h  expec t  at ions i f  c rack propagation is inhib ited 1w

agglomerates  that I thai lv pull out when K K

Recent data of oviiia
(18) ra ises some doubt about the correc tness

of the K
ic 

values chosen fo r  use In analyzing the above data. Govilla

tes ted nominally s imi la r  m a t e r i a l  and observed K ic 
= 4.1 MPam”2 (range

3.9 — 4.4 MPam~~~ ). Analysis on th e  bas is of Covilla’s data would lead

to some difference in interpretation because the subcritical crack growth

boundary would be s h i f t e d  closer to the outer edge of the dark elli p t ical

1/2
region. however , the PIF at 4.1 MPam , as indicated in Figures b and

7, Is well above the value at minimum I’iF so that the difference in

fracture modes of h.P . s i l i c a n  nitride and ILl’ , alumina at criticalit y

is still evident. Desp ite the avai lab [l i t  v ol the new data it was decided

to retain the origina l interpretation for th e following reasons :

(1) GovIlla stressed that his new data are preliminary , (2) the material

used in our invest igation was manufactured at a much earlier tIme (1971)

and therefore is more likely to he like the materials used by Petrovic et

ai~~
6
~ and Evans and Wiederhorn than that o1 (~ovii1a • ( 1) K va I ue~ ~

Lange
U9) 

for research specimens having v a ry i n g  percentages  of o — Si .1 N 4

in the star ting powder s and, therefore , varying degrees of par t icle

—. -— — -.~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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h / 2elongat ion , ranged t rum ~~~~ 1 (~ to ( .0 MPam so that , cons ide r ing  the  f a c t

t ha t  NC—132 sil icon nit i i ~I t ~ant :ii us a s I I I ) s L an t  La I I ract  ion of elongated

grains , it seems u n l I ke l y t h a t  t h e  N C — I  12 s i l i c o n  n i t r i de  would have K 1(.

as low as 4. 1  MPam Iu’2 and (4 )  th e  e s s e n t i a l  aspects of t he i n t e rp r e t a t i o n ,

especially the d i f f e r e n ce  in the iracture mode at t he subcritical crack

growth boundary compared w i t h  t ha t  in IL !’. alumina , would remain unchanged .
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IV. Conclusions

Study of fracture origins , dark ellipses surrounding the fracture

origins and the hummocks and depressions has shown that there is an

orderly sequence of fracture features observed along radii extending

from internal fracture origins in H.P. S1
3
N
4
. Initially, the cracks

grow from the fracture origin by transgranular fracture . Similar results

(12 ,13)were obtained previously for H.P. alumina and 964 alumina . Appar-

ently , as the crack accelerates with increasing K1, there is insufficient

time for transgranular fracture to occur and the crack is forced to find

another path. Based on our previous observations in alumina ceramics we

• would have expected simply increased intergranular fracture . However,

this appears to be prevented with the result that the crack diverges

from the average fracture plane forming a continuing series of hummocks

and depressions. Present evidence indicates that these features are

formed because of the presence of fracture resistant agglomerates. Th is

fracture resistance may arise because of the presence of elongated

crystals which may tend to bind the agglomerates together. Such an

explanation is consistent with the increased strength of H.P. Si
3
N
4 

bodies

derived from high alpha powders which form elongated crystals on conversion

to beta silicon nitride~
5’6~ .

Based on these observations a criterion for locating the subcritical

crack growth boundary in a particular silicon nitride , can he suggested.

First , the dark elliptical region formed by transgranular fracture should

be outlined. Then , the hummocks formed along the extensions of the minor
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axis of the ellipse should be located. An ellipse of the same eccen—

tricitv as the dark region , drawn through the outer edge of the first

of these hummocks should coincide approximately with the subcritical

crack growth boundary.
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General Conclusions and Recommendations

The suggested fractographic criteria for subcritical crack growth

boundaries in H.P. al umina , 967 alum ina and H.P. silicon nitride are

given in Table 1. Comparison of these criteria indicates that in each

case the transiti on from subcritical to critical crack growth occurs as

a result of fracture mechanisms that are uni que to the particular material.

The present results indicate that these differences arise as a result of

differences in fr actu re energy anisotropy, grain size , grain shape and

spatial variations in the degree of preferred orientation of the grains .

The present resul ts have implications that range far beyond the solu—

tion of the problem of locating subcritical crack grow th boundaries in

these particular materials. Some of these imp licat ions are indicated

by the following recommendations for future research in which the tech-

ni ques developed in this program can he applied:

1. Development of improved methods for evaluating K
1~ 

in poly—

crystalline ceramics that take into consideration the localized variations

in material proper t ie~-~ on tho so n i c  of the critical flaws .

2. Determination of  the v3iiations in strength controlling fracture

mechanisms in various ceramics with variations in temperature and environ—

mental conditions.

3. Further investigations uf the relationships between fracture 1 =

mechanisms in sing le crystals and grain boundaries and the variations in

fracture mechanisms in polycryscal line ceramics .
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a

4. Investigation of mechanisms of toughening of ceramics.

a

5. Development of improved understanding of the relationships

be tween the early stages of crack propagation and the later stages; that

is , between subcritical and critical crack propagation.

6. Investigation of the effects of variations in stress state and

crack opening mode on fracture mechanisms .

7. Further investigations of the effects of grain size and crack

velocity on frac ture mechanisms .

-4
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