
AD—A075 481 NAVAL RESEARCH LAB WASHINGTON DC F/B 1132
THE NATURE OF STRENGTH CONTROLLINS MACHINING FLAWS IN CE*AMICS. (U)
SEP 79 R W RICE. 4 4 MECHOI..SK Y

UNCLASSIFIED NRL—MR—~ O77 Pt

IIIU _i An
IA



_ _  /

;
~i ~~~~~~~~~~~
~cr ~ ~~t~J NRL Mrinorandum Miporl 4077

The Nature of Strength Controlli ng
Machi ning Flaws in Ceram ics

I~. R. W. Rica A14D 3. 3. ~~~~ Ht~~~ k’ . JR .

C.r.mia 8rwsc1~
Material Science and Teclrnology D~vEz~on

Scptem bcr 25 . 1979

I

D D C
1~Ei~SF~llf l Tii?f l
1)

NAVAL RFSEA~ CH LAPOIATOIY
W .f ii’.$, D.C.

~~~~~~~ tsr pi~~~ ~k i  JU.fti*.’& __kJ~ d.

79’ SI�.,—,



1

%5C~~~~V~ *t %iV~ . 0~ ~~~~% ~~~~~.1 ~~1. ~~~~~

REPORT DOCUUENTAT$OW PAGE J BI ONM
I 5(0~~5V s~a~~S(1. a 6ev’  £c ..55t~ON ..oj I. 0(C~O,(v ’ $  C &? ~~iOG ~~~~SS0

~KL Memorandum Report 4077
t~~.!”~° ~~~ L. .....~ I, ;.~~~Ga *5~~~~~~ O 0(~~ OO COw C 1.t O

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I I Intr flm rr~p~it On a roatin iMn(

Fl AWS IN CE RAMICS . - - - J L_ RL~~~bIei~0 
_________ 

5 • aso.. ,,.Q oao •tpoa’ N~..•su

• .~ 
- 

~~~~~~~~~~~~~~~~~~~~~~~ rr~r,

R W Ricv J J
j~
iIe~hoIak J~/ / ~~~~~~~~~~~~ /~i

5 •(0’O*~~ v4 3a~~*1.t j*’G0 l.*~~ ( *ii Ø *DOaSfl 
— 

•~~~I~I*1. I~ t ..( .. •.0~ IC’ CaSI
.at . a .o•. ~~. ‘

Maval Hrwarch Laborator,
Was hing ton . I) (’ )fl375 Nt tL P ro bkm .:tMu~ 12 and

~~. 1 5  ~~*1.l £1.0 &Q01.(55 7 IL ~CPQR’ D A ? S

j ,1.~ ~~~~ 
Sep

N~ IN 0 I 0Q l  0 1 (1

__________ ___________________________________________ 
32

11 ~~~~~~~~~~~~~~~~~ • .. m ..t S ~~~~~~~~~ mi?.. . ~~~~~~~~~~~ 
offi.. ~ ~~ii sEc ~~0. ? v  Ci. £11 .. rn. .. •... ,

~ — I NCLASSI E1KI)
- 

Ti;
o Oui.(

.0 D.5~~a.0u ‘O  5 1. (0S ’ .1 ~~ll 0.....

A pprosrd (or public re lease . distr i but ion unlim it ed .

~ ~•. •~~~~~~~~ %• è 51.1w’ •1 . 1.” .’  ~...d — Ot..0 10 1 .‘rn... . .. ~~~~~

‘S I~~P0L 5 1 .( . ’ 1 0 ’

This report w r ~ r~ as a prr rwl nt re print of the pmprr b~ the ~~me (il k and aut hor that 1.111 appear in th.

~ or dings of ( sintere ncs on th e i.’nce of Ceramic Machining and Surface F’ in ii. hing. II

0 ((~ eOOC$ ~~~~~~~~~ 1. — ~~~~~~ •. l  1 ~~~~~~~~~ ~~4 If~~ ~~ 1i. ~~ ~~~ 0

Roth . failure ractog ra ph ’. Sanding
Flaw ;rinding ~~rength-1zr effect s

Flaw popula t ions Machining
P’Ta cturv or~~ins ~~Iithlng

to ia,ifi..c’ -C...... — •~ .l ~~. •~ ~~~~~~~~~~ 4 .I ~ p  ~~~ 05.1 * ~~~~~ 5.II

~ The nature of rmt-hinlng flaws tntrnduced ins isrls4y of glats Mngl. ,~ stal.snd espochally poI~-
dYstal bodies are uport ed. b sed on fraciographic d$.mslnatkrn of such flaws as t hi ~~ UFcI of fsaniea l
(sh iv,. Part,rular ahten lk n is gisen to gflnding where the anlantropy of drength due ti. the d~1ct k)n of
gnndirig relst~~ to th e Irnotle aUs Is shown to he due primarily to a dual populat ion of fla ws of difTrnng
shapes . One act of flaws form perpo ndiruler and another ~ ~w rallel to the grinding dIrection . The
latt er fl aws are t picall ~ suhatantlaflv moo elongated and ioften avgrt than the (onset and thu s V~

e lowey

a p, - ~~~~~~~~~~~~~~~~~~~~~~~ ithntinursl

DO ~~~~~~~~~~~~ 
1473 i0. ’~~~ ~~‘ ‘ wO v SS i OSSOi. I ’I  I

S S i~~~: II I.  .1 ____________________________

ss c~ ..’. ci. afliC, CI?,ou. 0’ ‘.~~~ ~~~~~~~~ 0... Io’~~ss ,

-~~~~

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

_ _ _ _ _ __ _ _  _ _ _



- -

‘ C~ OtSif * ‘ - .~ 1. 0~ ~~~~~~~~~ ~~~~~ ri .. • .... .~~

3). Abst ract iContinurd )

strengths for ~* r t v ~ ng perpendicular to the direct ion of grinding. Sawing , sanding, and polishing are aiwi
shown to result in insular dual (law populations. The character of Claws are examin.d a’ a function of lb.
t~~pr of material and machlrnng,as will as specimen si ze and ship,. Th. latter siajidi a limited strength
‘i i  ef fec t due t o machining flaws. Ilowiver , the key findings at. thai machining flaws do not sary
grsatR with typical swrtatmnsof machining or material parsmeters ,e4. csimpoutiofl,graifl uZe ,or
hardness.

II
5I~ 1., !? CL  *$$ ir,C*’IGw 0’ ‘ .5 P* G 5 ’ ~~ . t’•S I1.4S. 4)

- — —-- — - - - -- - __ - - - . -  - - - - — - -- - ---- .___~~~~_ ._s_____ ..— --.--- - — -- — - --- —- —-—



I.
TAULE OF CONTENTS

INTRODUCTION 1

EXPERIMENI’A L PROCEDURE 2

STRENGTH ANISOTROPY AN !) FLAW SHAPE AS A FUNCTION
OF GRINDIN G DIRECTION 2

OTHER ASPECTS OF MACHINING INDUCED FLAWS 10

Micros t ruc tu re , Composit ion and Mach in in g
Flaws from Grinding 10

Machin ing Flaws from Other Modes of Abrasive
Machin ing 12

Mach ining Flaw Distributions and Strength—Sizt
E f f e c t s  17

SUMMARY ANI) (ONCIdSIONS 24

REFERF:N (-I;s 27

‘~~~~- : ~ ~~~~~~~~~ ‘

I—
I ~ 

. 
- —— -- — ——

I —‘.!r_~ — . 

-

i i i

_ _  - —-.~~ - -

_ _ _I_1_ -- ~~~~~~~~~~~~~~~~~~~~~~~~ -— - 
_______



THE NATURE OF STREN6TH CONThOLl.lM.~MA C H I N I N ( .  FLAW S IN CERAMICS

I. Introduct ion

Machining of most glasses , single cry stals , and th’nse po1ycryst~s3l ine
specimens is typ i cal ly assum e d to introduc e flaw s which  control the ir mech-
anical strength . However , in discussing the evidenei for such flaw c on-
trolled failur e versus dislocat ion controlled fa i lur e , Ric. ~l • at the
previous Machining Conference , pointed out tha t thor . had been lit t l e  or tu.
direct verification of f law failure . Thi s  pa per sum~ a ri / i ’s  and si g n i f i c a n t ly
ex tends reci nt  work on the nature of flaws introduce l in a vari e ty of ceram—
Ic mat er ials , as a function of various machinin g and sp is im e t . para meters 2-
9~ . The nature of the two flaw populations that result in t h e  c0 *on ant—
sotropy of stre ngth associated with diff er e nt grind ing dir e ctions art’ treated
fi rst . Then , mor e limited studi e s of other modes of machining ar . -umpar ed
with these grinding studies , fol l owed by s~~ e di sc u ssion of flaw variation s
and d istribution s .

1Presen t mailing address, Sandia Labora t ories , Albuqu erque , New Mexi co $7185 .

2figures in bracket s indicate the literature references at the end of this
paper .

Manuscript submitted JuR 11 , 1979.
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2 . Experi mental Procedure

The grinding observations su~~ ari~ ed here cover several years Involving
several machine operators as well as a variety of materials. Grinding was
done predominant )>, but not exclusively, with 320 grit diamond wheels , mos t
often either with a vitreous bonded wheel (-. 10 cm dia . operating at
7900 rpm ) or a metal bonded whc’t’l (— 20 cm dia. operating at — 1725 rpm). A
range of feed rat.s, comaonly of the order of 1 cm/sec , and depths of cut ,
co~~ only 0.05 mm , per pass and at least two different su es and styli’s of
grind ing machint s have been used ~3,lU ,l l .  In addition , some observations
are from specimens or components of different materials , sizes , and config-
uratlons , ground and tested by at least three other organizations Thus,
the results should have broad applicability.

Diamond sawing was with typical diamond saws , e.g. as described else-
where .io with cutting rates of the order of 2 ca2/mtn for the Mg~ 2 of this
study . Hand sanding was done with 320 or 600 grit SIC paper under dry con-
ditions with finger pressure only. Diamond polishing was typi cally done to

1 ~~ grit site on a maple lap with kerosene as a fluid. Some specimens or
components were polished and tc~ ted in other labora tories.

Mechanical testing was typically by 3 point flexure at 22°C on bars
— 1.3 * 2.6 mm in cross section on a span of 1.3 cm with a head travel of
— 1.3 mm/mm , but other s ize  and test results are included . Fracture origins
were deturmin.’ t on tested samples by optical and scann ing elect  ron microscopy
using the techniques described by RIc. .12 ,

3. Strength A n i s o t ropy and F law Shape as
a ~unc t ion of (.rindlng Z) irc. t Ion

A t  the previous ceram ic machi ning c on fe r e nc e , Ric. repc rt . i stud i.s
showing t a t  an an iso t  ropy of s~ rrngth r e su l t e d  in a v a r ie t y  c. f g lasses ,
s i ng le  c r y s t a l , and po l y i t s s t a l l i n c  f 1 e xu r c~ bars as a result of  s t r ssuig
r e l a t i v e  to the  g r i n d i n g  or s a n d i n g  d i r ec t i o n  and t i . .  t a r  a x i s  .11 .. C h a r—
a c ter i s t  t e a l  I > ,  tensile s t r e s s es  p.sral lel w i t h  the grindi 0.: direc t ion , I . i.
pa r a l le l  to this bar axi s , gave  the h i g he s t  st r e n g t h , w h i l e  tonsil,’ st r c sses
p er p en d i c u l a r  to the grisi t ing direc t ion gay.’ a lower Mt rc~ng t h , o f t e n by  UI)
to 50’~. K i r ch n er  also i n de l i n t in t  ly reported similar anisot ropy of s t r e ngt h
r . ’la t  i v .  t o  th e ’  g r i n d i n g  direct ion of round rods of fin ” grain A l203 .13~~.
Subs equen t ly , o t her  invest igato rs have reported similar ..ntsotrop ies of
s t r e n g t h s  especially in hot pressed S13N4 14~ whi t h was a lso  ini luth i in
Rice ’s original w t u d y .

Rice originall y propos.’d tha t the cause of this anisotropy of strength
was stress concentration s associated with resultant grinding striat ion ’- or
grooves that  could be viewed as two facing sur face steps , eat -h ha v io g  a
stress concentrat ion a sso c i a ted  w i t h  it of — 1 • 0 .7 ( h -’r) whi r. h is the
height of the steps and r is the radius of curvature at  the has,’ 1 the
step. Thus , for stressing parallel w i t h  the grinding st r iat ions there would
be no stress concentration whi le for stress i ng perpendicular to the direr-
tion of grinding the stress being normal to the grind ing striation s would
prov ide the maximum stress concentrations at the surface steps or grooves .
Several subsequent investigators h*ve also generally associated the strength
anisotropy with these grinding striations . However , there arc two factors
which show that these grinding striat ions arc typically not a major factor
in the anisotropy of strength associated with stressing relative to the
grinding direction,

The first factor showing that the grinding grooves thermselves are
probably not the predom inant factor in the strength snisotropy as * function
of the stress direction relative to the grinding direction is a closer oval-

2
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us t ion of t h. oat  ure of  the gc~~~~~ OS t t o ms.I vi’s and tb. ir possible stress
i one c~t i  I rat ton . 1 f a g c i  I part 1. Ic g ug e d  cu t  a simp ie groove del I ned by the
.. v t’ t ’ag.’ upper limit of i t s  ~~i c t ru - c 1un f rom the grinding w h.’el , h — r , it
would ~: I ye an — (?~ inc reas. 1 u the umpolleti I of st r’’ss normal to the groove .
rhus • i t  h w e  i’. of  t hi’ or t. ’ r of t he f law sii.’s in ceramics , the — 7~ i
stress concentration would suggc .st l iii ’ pos sibil ity tha t the grooves the.—
selves art t h e ’  soui’c. of f a t  lu te . Howc’rc’r , exam ination of more seve re grind-
ing grooves which are t .p ic al l s associated wi t t i  the flaws causing fai lure
shows that h/r ~

- 1 , e.g. ~~, w hich is  also m d i  at . ’d  in the single particle
machining i’xpt’rlmi’nt s of Giel j~~

.s, et  al I 15. Ihi ~etttic .’s the stress con—
cent ra t ion  to  — ,bP or less W hi Ic 1 oca 1 i r reg 01 ar it les in the grooves
wou ld 1 oca 11 v iii cc’ .. s’ t he stress conc .~i.t rat ions, the ’s ’ ’  are not  likely to
ex te nd  over S sot ! i t i c u i t  ra re: . to cbi &~~:.’ the situat ion . Further , the grooves
often do no appear to hr as deep as typ ical flaws . Another aspect of the
grooves thems.•1 v.,. oit tndicat .s they are nut tho predominant cause of
s t re ng th  an isut ropy is t he ’  f ac t  tha t they arc’ oft.’ ,. not continuous ~~~~~and failuri’ is ohcserc,’d t o  sometimes occur wh er ,’ grooves ha ve not forme d
or have been removed b . spal ling . ~~~c t e ’  als.’  that correlations between grit
pa r t ic l e  s t / c  and f l a w  si/t ’s 1h— l9 ~ to not hay . ’  to aris . from the groove
being the f laws . It is qui l t’  likel y t h a t  the d i f fe re n t  sized gri t particles
act as i i f I.’ t e  t si tc’ t nde ’nto ,’. w i th I a  Eg” r gr i t  s i’ .”— introduc ing c racks
t h a t  c ’x t , nd deepe r bel ow ( i t .’  surface ib is , c rac ks i x  tending in f rom the
s u r f a ce  clue t o  the grooving isv t h e  ; . . . t i ile  may w i l l  co r re l a t e  wi th  part icle
sii.~~. How, e c’r , because of ti.. Ine:ri’as,’d d is t a nc  of t : ,  t rack periphery
f rom I h.’ s u r f a c  .~ s teps  • th e’ .1 f.’e’t of the st e ’j st ross C onc entration on the
crack woul ci ict ’ g c i a  t 1 , cccl to-

rh. second , and m a ) c r  f a c t o r . show ing t h a t  t b .  gr inding st r i a tions
th,’mst’l y es are j i c a l  1 y not a maJ I. lac  t or in th e an isot ropv  of str .’ngth as
a result of st rc’ss tog cc’ I at  i vi u it ’ ’  grind i rig di t e ch on is c l i  rot t f ract o—
gr aphic t h ot  i f t  c a t io n  I t hi’ na t .. cc of laws I rum whi t • c nec hanical failure
i n i t i a t e’s  in sp. ’ it ~ . tas . rh. n e t  result  of a sutn— t. , r. t ial amount of study is
tha t  t here  a re ’  hasic a1I~ t w o  111 f . i . ’ n t  M e t s of flaws .‘xte ’r.li ng into the body
f rom (hi’ surface gen i.rate’ l by g r i nd i n g  (fi, :ure 11 , Sample I i’actograp hs Ii—
lust rat ing the’ dm tf.’rence’ in sha1,’ t c . . t w c c n  the two  s e t s  of f laws  are shown
for fine grain (tigur e 2~ , large grain ( f i gu re  3) , and single c rys ta l  bodies
figure 4). uth ci’ . xasples w i l l  be showfl and d iscusse d later. Additiona l

e~ amp1es of t hi- two sets of I Li ~~ ‘- ca n hit’ 5(•(•f~ in ci’ f. j’e’itc,’s 3—9 and 2~~ 24

Tb.’s,’ studios how t ha t  ott. ’ ~~, t  of flaws form esse’s.t iall v parallel with ,
and approx imate ly  a t , th . ’ bott;’rt of t Ic’ grinding groove . The other set of
f l a w s  t v p i c . t l l v  f orm — perpendicular t o  the grinding grooves , appa rent ly due
to at tck— sl ij or other dynamic varia ti ons in lot -a l tens .1.- stresses gener-
ated by the ma chining action — parall el with the directions of machining , i.e.
of grinding particle motion . Typicall y , both sets of flaws extend to simi—
lar depths . However , th.’ f l aws  forming alon g lb.’  grinding grooves are char-
acteristically mor e severe than those forming perpendicular to the grinding
grooves consiste’nt with the observed strength anisotropv. The greater se-
verity of tb . flaws along the grinding grooves is generally due
more to their greater 1.’ngth rather than their depth (figures 1—4).

Analys ts of • ‘x t c n si v, ’  observations of the anisotropy in flaw shape be—
twc’en tb . two sets of flaws on strength is giv.’n in table 1. Here the ob-
served anisotrupv of strength is compared with the strength anisotropy pre-
dicted from the t~i i f I i t h  equation using the observed flaw size and shape
parameters . This clearly shows that the anlsotropy In flaw shape is typic-
ally the overwhelming factor in the strength anisotropy.

In a l li t i o n  to the above more detailed , quantitative studies , a variety
of qua ll ta tiic ’ observations further extend the scope of the observation of
strength anisotropy being due to the differences in shape of the two flaw
populations associated with machining as indicated in table 2. Thus, for
example , In studi,’s of hot pressed Si3N4. limited determinations of machin-
ing flaws at fracture origins of bars machined parallel with the tensile(bar)

3
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Figure 1. Schematic representation of f laws introduced in scratching a
ceramic surface . Wh ile the main focus  of the schematic is the effec t of
an abrasive grit particle on the surface of the ceramic , it is al so rea-
sonably representative of wha t commonly happens in a scrat ch hardness
type test. One of the main differences between ti,,’s.’ two types of scratch-
ing operations is that in the abrasive machining operation extensive spa)-
Ling often occurs along the path of the grit particle which is not shown
in order to keep the schematic simp le . Such spalling may or may not occur
in the scrauh hardness type test depending for example on the load and
ma terial. This sketch schematically summarizes the basic findings of ex-
tensive observations on machining f l aws wh i ( h  are also generally consistent
with observations made from scratch testing ; namely tha t the motion of
particle or an indontor over the surface introduces two sets of flaws ex-
tending into the body f rom the surface . One set of flaws is essentially
pa r a l le l  with the groove . Such flaws are typically reasonably elongated
either in a fairly continuous fashion or in a more irregular fashion due
to the partial or complete overlap of a number of shorter flaws . The
second set of flaws are typically approximately perpendicular to the mo-
t ion of the particle er point and their periphery often approaches a semi-
circle. While some of the second type of flaws may be relatively planar
they often have some concavity towards the direction from which the par-
ticle or point approached the point where the flaw initiate s . The insert
to the right schematically illustrates the approximate analogue for a
static indentation . While for simplicity, a round particle has been shown
fro . which more than two sets of flaws might well for. in a simple indenta-
tion teat only two have been shown here since this would tend to be more
representative of the angular nature of particles similar to what one ob-
tains with an angular , e.g. Vickers, indentor .
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Figu,’e 2 . F~~art p l u of oa -hin ing f l a w s  at I rae t o r e  o u t , ,  juts in a f i n .~ i i•ain
cc’ ran Ic ma h in’ 1 pa i’a 11 .1  a net pe rp. l i d i t ol a t  t ii t h e ’  t e’ti’ ~ 1 1.’ ax t s of t h e

ica r A and It u•e p  re’s. ’ iii lowe r and hi g her magn i f t .  a I t ‘t, of the I u’a c i  t IE.’

origin of a le ’ I ts .  • f i n. gra in  mul l It ’  bar macht n ,’ cl ;a r a l l e l  w i t h he ’

~~~~~~~~ a x i s ;  f r a c t u re  ‘- . t i t ~~~~ — :t2~~t Mi ’.i (47 ,0(1.) 
~~~~~ - ‘c c i i’  t h e  io ;i i’I v

semi. i rc ula r , t .e ’ . hal l— prnn~ shape of th e ’  I law p.’i’ t j ’ P i . r~ . but t h a t  t h e ’

f l aw  has som . - i i i  i’va tu i ’  t o  it  , ‘ ‘  . g . i t s  sha ic. is s tnt I a r t o  ha I I a c lan
sh,’ll . Figure (‘ and I) show f racture s , . i I a, - ,’s anti t i t .  Ira, h u t ’  ot- ig i t i  of
a t e s t  bar of the same material ground p.’.’p’ i.’ti. - u l a r  to t i c ’ ’  t .’.isi Ic

axis: fracture st i’,’ss 207 MI~ (30 ,0 1)1 s c s i . ‘s o t ~~ s.~~’’ iii I l.’r.’ni - c in
depth of t he f laws i i i  A —L i , t h e  more c I ouig a I i’d c ha ra’ I .‘ r of 1 hat 1 n ( - and
I), and tb..’ fac t that  t h e ’  l a t t e r  c on sist s of at  leas t  two part  t a l l y  e e . r —
lapping segments . 
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Figure 3 . Examples of machining f laws at the fracture ’ origins for parallel
and perpendicular machining of a large g ra in  ceramic. A and B show
the f racture origin area and the specific fa i lu re  causing f l aw  (arrows )
.is a result of grinding a dense , sintered Y203 tIttralox ) bar parallel
w i t h  the te ’n ’-.ile’ axis . Note the nearly semicircular nature of the final
flaw boundary and tha t the flaw is substantially loss than the size of
the grain in which it fot~~ed. C and I) show the f racture surface and
l i-ac -I tire origin (arrows ) of a specimen of the sa*e material ground per—
pendicu lar to the tensi le ax is .  Not i’ the more elongated character  of
the flaw but tha t it is again substantially smaller than the s u e  r.f
the gra i n in which it is located . 
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Figur’ ’  I . F.x .cmlcle .s of Flaws - i t  t h e ’  f r a c t u r e  ori1~i rcs iii parallel and per—
p,.ncl it  ul a r ,: I’ t~u ti , I \~~ ;~~ 1204 si  r ig 1.’ c r  V s  t al . -‘ -e nd II sh ow the ’  I r a’  t ure
sur face and f r.i~~tt i r ,’  or igin (arrows ) of a s t o i c  l l c m e t r i e  %t~~\l .~u~ c - r vs t a l
ground p a r a lle l  w i l t  I he’ - I~~) t e n s  iii ’ axis a uid having a ll~ l - t e’iic - .i I.’
surface , f rac tu re  s t ress  — l it  MPa (2 1 ,000 ps i) .  C and Ii show the
f r a c t u r e -  stur f a c e ’ and origin  (arrows ) of a sample- of t lit ’ sanc mater ia l
and o r ie ’ n t a t  ion gr ioun t perpendicular t o the’ t , ’ n s i  l.~ ax i s; f i t ’  I t i r e ’
str e ss — 117 ~!I;t 17 ,h)00 psi). Whil ,. the flaw shape s shown tori’ ar’
somewhat nor.’ 1 ru- o c u l a r  I lt ;cn o f t  .‘n observed , t he’ f 1 :1w caus t rig ía I lure
from mac h iut itu. paralle l w i th the tensi le ’  ax i s  is I ’ - f l n i t . ’ I v  of similar
d c -p t i~ hu t  ~~~~~~ e ’ i : c u i g : e t e ’ d  ,~~ that causing l:e i h it - c- from ma c h i n i n g  per—
pu- t i ! t eu l  .. r to t ~o-  t e n  i l e ’  .t \ is

axis show t i.’ fl.tws t i c  ‘noon Iv  approach — hal f  pe nny I l .ews . w h i l e ’  more c x —
1 e’ nsi~~.’ uh ,s , ’ rva t  ions cit specimens ground perpendicu lar t o  t he’ t e - n s i Ii’ axis
both in the fore of f l a t  liars and round tons il .’  specimc’ns clearly stmw much
more’ ci onga t i ’ !  f l a w s  20 , 21 , ( qee ’  a lso f i g .  1$) . S Intl a rI v , la r ge -  r u c u u t i c l
tensi le spec im”r;M of A l 203 which w e ’ re’ ground ci rcumfo re’nt ia l  ly ~22 ,, i. ,- ,
perpendic-ular to t it ’ tensile ax i s  c h a r ac t o r is t  ical Iv show more “I ongated
f laws at f r a c t  nrc ’ orh: ins than dcse rve ’d in A1 203 or o t h e r mate r ia ls  ground
parallel with th e ’ir t ,- ncsil , - axis . AlM O e l imited s t ud ie s o f  :—A 1 201 bars
ground perpendicular to the t i-os t ie (bar)  ax is  show more c - I  on c a t  “ci f laws at
fracture origins than the ’ — penny shaped machinin~ flaws at f racture origins
of bars ground parallel wi th  the te nsi le’  ax is  123 j .  The -.rc are ilso prelim-
inary Indicat ions of str en gth anisotropy in a ce’rme -t ( t ab le’  2 ) .  Finally,
Richerson has shown i - si l,’tir.’ of grindin~ hi r , ’c t  ion di’ponc le ’ nt  s t  r.’ngths in
some denser reac -t ion s intered St N~ .24 , . u c n s i s t c ’nt w i t h  other observations
of machining f laws in ‘-.Ii(’ h mater?af 21),2l .

The- . observat ions of t h is  sec t i o n  on two sets of f laws from grinding,
one Met forming gen ie - ra l l y  parallel w i t h  and essent ia l ly  — along the bottom
of the grooves g .-ni’rat e’ci by the individual gr inding p a r t ic l e -s  and the other

7
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TABLE 1

EFFECT OF GRINDING ON FlAW GEOMETRY OF CERAMICS

Orient .1 Fracture 4
or G.S. 2 Stress C 

~Material (j
~~

) C . D. No .3 (MPa ) i~~! .~L?,.L_ °
A . Glasses :

Silica 7 0 
~~~~~~ ~~~~~~ 

~~~~~~~ O.s6

Aluatno- 12 117*10 39±9 1.6±2 0 68 0 69silicate - 5 80t7 71*10 0.52 .1

• 3 99±8 35*6 0.9± .3
Itorosilicate 4 92*9 39*9 l .lt ,3 0.9 0.9

• - 7 69*3 43*17 l.35± .6Lead Silicate j  7 59 17 64~ 38 l,26t .8 
0.86 0.82

• 2~c 97*5 28±9 l.6t.2Soda Lime 
. 16 6*1*8 67*5 0,5t .2 

0.65 0.65

• 10 94*9 40*9 O.9t .3Glassy Carbon 9 87*18 35*15 l.2t .6 0.93 1.03

B. Crystals: —

‘-ll 0~ 6 113 *7 25 0.7Tt0., (110) . 6 120 - -i 30 0.7 
1.1 0.9

slT0~ 5 113*3 30 1.5 I 7 0 7h O 2 tOol) . 77*3 70 1, 5
<0l0~nO2 (100 ) 

n 288’ l .~ —— -— 1) 81 — —
• 5 239*12 25 1.3

- 1) 1 4) ”  5 108*6 60 1.3
1102 (001) . 5 103*6 70 1. 3 1.0 0.9

- (till i S 285*86 10 0 .4 0 6 0 5Ti02 (100) A 7 183*36 3!~: 0.18
- 1 1) 1) ’  • 3 217±28 l~~~ 0 0.4*0.6i.gAl2O4 (110) . :i 265,28 1-1- 7 0.4*0 6 0,8 0.8

C. Po ly c rv s t a l s :

~.‘ . it t t ”  Ic l ass < ~ 
6 180*39 l6~~ 11 ,9±0 ,4 0 6 0 5

Ceramic 7 102*8 36 i5 0.~~i0 .2

• 10 8 7* 2  54*21 l.) i .07
NgF2 ‘~ t 10 53±2 89*20 0 ,5’ .Q$ 0.6 0.6 

-

7 319±35 4l~~2:1 1.0,0
tiull ite 1—3 6 259*54 24 *5  0 .4 * 0 .3 0 .8 1.0

• 5 374±69 19*3 1.0*02—10 9 154*24 26±10 0,2*0,07 0.6 0,8

2 0 4 2 2*228 19*9 0.7*0.5
841 100” 0 6 250*55 23±3 0.3* 0.2

• 3 50±13 23*7 0.7*0,2
CaT 2 50’• ’ lSO 3 40* 5 33*7 0.6*0 ,6 0 .8 0,8

6 99*6 36~13 0.8±0.3
Yt tralox 100-200 7 77*8 44*20 0 ,7*0 . 3 0,8 0.9

~~ rientation of single crystals > gives tensile aaia , and ( ) tensile stir—

8 
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!ac ’i’ , (c_S . - grain silt’.

- grind ing dir ection r e lat i v e  to tensile azis.
1

Y’c o . - numbe r of specimens .

4c - small es t flaw dimension (smallest of a or ii i.e-low) .

- flaw halt length along surface; a - flaw dept h.
bRatio of fracture stre ss for pe rpe ndicular to parallel grinding .
.~ r~it - ‘u— i— ~ l e - r e -  r an d c are’ the smalleh t f l aw  dimension for pa ra l-

- li- I and perp4’u iI’ u lar grind i ng respectively and and •~are ’ re’spec t iv” e ’hl ipt Ic i n t e g r aj s  fo r the f law shape s .

TABL I. 2

OTHER MATERIAl S I~ 8111CR ~ NI~tflIlL DIREtIION
El- I I tT  HAS ~~~~~ I NOUAT ED 1 I1~

Ma tc•ria Q3 Mate .rial
2

Sapphu ire’ a 1r02— I l u t e -  g ra in
H.P. Al 0- a p art iahl’. sta-

2 3 bih i ie’ci a a
S. A l - , o- * , -- H.P. Sit a a
H.P . ~ u l l i t e -  x a - -H I ’ . Si 3~ 4 * 5
II P a —A l U- 2 3 x 

7~i’~ Ta~ -25 In—
cone)” (e- r me ’ t

In - - I t i t h e ’ — . I c ’ .  I ‘ u. ant hors ,

- s i n t e- r e” ! , If .)’. hot pre ss.- !.

st reng th , I ‘- . strength anisotropy .

4a ,h f las tIoJ)t h and ha If lengt h , i .e- - flaw coo.e’t ry

From se’l,’ctic’n of tears w i t h  — , irc ’ular pat te- rn mi l l ing or grind i ng marks
— to tens i le  axis (17:1 ~I3 1 and I to t e - t * s i le - a x I s  1140 38 851
for 3 spec- . each .

‘c i t  gene-ral ly  forming — perpendicular to  those’ grooves , ar e - cons1~~tent w i t h
cracking patterns observed over ~ period of years liv a variety of investi-
gators for both static hardness impressions and especially dynamic , i .e.
scrat ch 1 hardness grooves 25-2 ie~ including ear lier work , Itruche and
Poppa • 2 . , 26 . Note- *1st, that the flaws — perpendicular to the grinding -
d i re q t i on  have’ a c urvature’ e-on~~istent with that expected for the motion of
th e- grinding pue rt i c l e s . Thus, while- there are variations in these two sets
of flaws , th e ’y are’ a ba~~ir aspect of grinding as we’ll as othe- .r machining
processes as wi ll be- dis-ussed later .

Before prooseding with a more detailed description of acbioing flaws -
and variables effecting them , it is appropriate to briefly conaid•r the de—
tection of these flaws and their meaning. Typically, the flaws observed
are believed to be the original machining flaws for two reasons. The first

L - .4



of I lu st- is Ic .I—.. ct c e l l  f lue f 4 t t t ‘ - - i t  i’ t - .ic k M It h u l l - i l I - i’l’~c~,agatv norma l to  t hee
t e n s i l e -  s t ,ri’s ’c 1-a us ing t tu,’ i r propagu* t i i i. h’l .ci s. 51c c • t he- or ienta t ion of
t he’ s t re-Ms f orming t he’ c i- .tck during r e ’  hi i i  cu ~~ can .~ most uec - ve r be duplicated
I c’ .  I bit~ appl i ,,1  —.t re-ss ‘ .COM I II~ f ’ % i i t t ,” , lit. &- rack ci 11 tie,’ propagat eel on a
some-what c hit I i-r e -li t sur I -it it I lua u I Pta I on whic h it or ig 1 ia ii y formcd , ‘ ‘ c is
cicaiu ~ e- of  s ur f a~- c- i~e’~ t i l ts  lii a i. -r -tic , at I ’ t lu , *h ie ’ti is j~e-n era l ly li -tectab l.
uuiies~ ta ilor ’- 1$ nc - art or t Uahc j e ’ uU l t t n t c - i~~*-a cu lar , in ~ b u i c  Ii case the du—
ma ri-a Ii t e n  1 ’-’ u~ c - c l . ’ u- .t 11 &el~~ c U red icy t t i c -  grain I o g ra in va t -ia lion of the
c i- .ic k I c )tt~~ i•~u ~~‘i - 5 l ute - c ot t . - i ~‘t e— -~ t ic) .’  c - lea l i~.e - .  in 1 ocal ‘- .1 F’ -51 around a
•-ra. i to.- t i c  - i . e  8 r e - itt . Ity e f  l e . . t s  a ’’ mc,c. h more’ subtle’ , if t o y  e - ’ c i s t  at
all , the eIe’mui t’ t -i f l u  c i t  tM’ t ~~e ei f l  I h e -  c c i  i ~ i -.) f I ccc. .tcc i I ts I i s ’ - . t subsequent
not ion I t -  f a i l  i’.- -e i- . e I ‘‘ .‘cr 1 p t ’ I t  i~aui t anti typ i -ally shia t is ob..rved,
t i c i s  is a major z e - .e’.Ofl ~ l u. t Ito port- I ~~~ )i ta t e -  spue-ulat ion of hloremus .30 ,
t ic - c t s imi lar f I.e.--. t i c . ’ - , tc I.- ..’r ’ce-th at I c c - lute ’ tort’ origins of machined g lass

i- .’1 ’i- , - - -~’nt cci tt t hu or i g i tc .e 1 I 1i -,- -. hut ‘oae- iiit.-r ~~e ’.hite t e- s ta g e- of  fai lure
s i u c c u i t  1 I , -  r e t j e - .  I ‘‘‘I —

I’ u c- ‘-, t ’COuu- t rt,.csOfi t ‘c-i t t i -  eli-ui _ c rc . ut l  t e O ~-. s c - e ’ f l  arc a ft El t o t  c - c f  to the or—
t g i i c . e I I I.e.— . et I-ie-i- f liat i Mc~~ e’ stag t ’ c ut su# -. l ’ c l u e - t u t  I c r c c b c .i 4.:at Ion is  due t o

C tc .i f lge’s ill I r e - I cure- *t,the’ that  c - .t~c eec u r elur I ng st ~~ e - s I .e~z~ - of  propaga t Ion -
w e .,  ho! s k’ .  ‘.1 el - I .e  —.P ct c ~~ti I h.e t c - cu ’ . t ri r- .-n ta l ly lt * chcit e ’c I sl ew c c- _ ic -k growth

c t  ton i - r~’~ .’’’’t- -. t t t i e ’ r c , r , ; iuc i i ar i y  in I . c c l y , - r - . t a I - ., e .g. 8g1. 31 ,. Thus , since
both t h u - t i  igina l mae - I c c : u i l c t . , I 1.e.s - i t  I t b . -  p - c I .- .c’ i ue ui t I to i l f a s t  f racture are
Ste m l  • or - - ‘ .c I c c — . i ‘ .e~ I y , t i - -c n—e g ranu) -i i- in lt .i t nrc’ • t it ’- ‘.Ieis c-rack 

~
- rowt i-i re ’—

g eo n i- . ‘ i ‘- an 1. -f l i c e - - P  ‘-~ c c c ~ I i c e :  l i c e  f I .ews sw- h  c-i t tin-.’- in this paper to
~~ j i i .  a1 I,  c . t p t . ’ c c l ’ i gi’ .el f l - u - .  .icu c i c c 1 love .! iii,. s.ci’ie- ltiIPse ..tU e .flt subcrit ical

- c c i  c r  —~ ‘-‘~~~-~~ t --e of V _ c c t—i in i r c g  Ind it e  ‘- .1 1 I.iws

1.1 ‘c i ,  i ,’ .t  ruc I - i c ’ , Ueeu i h i c c M it  1 c ’ t u  c t - i

N;i’ ’uz r i i ng  l- 1.u~~’. f rom i i - u c c . J i s i g

I ’ ct e ’lis iv c- st - ti c - N  of in t . - u . c ’  I lion c c l  mat - tu ni ng f l a w s  w i t h  porosit’. ha ve
lu l l  t,e’cii e t c i l i c u ,  1 . - c l . II t~~e - ‘ . e  ~ • a o u s t e r  of  ‘.tet i cons u t i l e  .ete- tha t i s o —
I,.t c - i 1 c c c 1 ’ , s  ru’’ter I Ice - Stic - f e c .- c - i n I c c ’  C c c t c l i e ~e t  .- I t o I ‘c e  s u i fa c ’e ’ h e ’ . mac hin ing
I I,uws . ‘ ‘ , g .  I u~ :ccr e ’ 5, ~— c - e ’  also I i. i 11 ( anti 0.

Seih ’-c c c i t  i.e I ly, more- ex t .  ru - - i  ‘ O  eel’s, i’..,t ions ha ’ . . ’  I c e - c - n  macit’ on the- ef—
I ’ c  t c t  ~ r.i in ‘. 1 / c -  on mac-h I ning f l a w s , T i c  c - c - . s e - n t  i al ro ’sc i l  1 is that  ove r
the’ I ‘c-p t . a t  r .eci e:’ - of grain M i / e ’ s  a’IIt - uc u i I t - r e - e l  t h c - r e -  is at  tc ’ - ’ .I a l im i t ed
t i c - c  re .esc lii t h e -  l.’ht l h of f l a ws  t o t  r te ’ I uc  ‘- .1 Icy nae’~, i t - m i: w i t h  tI e-c re asing
graiti ‘ - t u i e - , Thus , fo r  e xample’ , no t,’ the ’ s i n t l a r i t v  tue f law SI/i ’M of spt’Ci—
Se-nM of -omparalcle- si/ c~ fu~ sin g! e ’ c i ’ . M t - ’ .l - . and po i ’ .c  u ’ . s t a l n  of 8gA l2O4 of
‘f t  ( ( . -n.’nt  ,l’.u Icc ~~i .- .-— . ( c c r * ; - u r e -  tab].’ I a n -  I l c : c c r e -  -1 ~ i t b  fi~-ure 3 of
re’ f . - r e - n c  .- ?~i , l i t  f e - r e - n t  u:r- i  i fl si/os ccl it ~~~ (I_ el , !,- Ii a ol single ’ and po ly—

u - , - ’ . - - t . ’ c l l in e  f l a w s  in -tI .,O~ 22 4 ,  A ‘.-arj .’t r of c cl ii. r sot - c- l imited , e.g.
non—quant i t - c t i r e -  e l c s e ’ r v : e l t c i n s  - support this • I c r  e’~~as lc he’  • note the- machin-
ing flaw at a 1 u c s s i l i le ’  but t i t c c ’e - i ’ t & * i n , f t - a c  lure’ origin in large gt~~ in C’e’l)in f igure — h has — the  ‘came’ ‘ Ie’pt h as tic .’ t ‘, pi  c te l I I,e.s deserved in f ine gra in
hot pre - ’ - cs c - t i  Si ~N (se-i ’ re- f e ’ r e . n i - e - s  20 -i nel I is well  as f igure IN)

Ec u rther , note ’ in i:’- r c ’  ra 1 1 hat i lc o re ’  .e re ’ l im it  c c i  c~~~ f fe’rvnc-es In f l aw
depths ant i no syst i-nuuat l. - pat te ’ rn  lce ’twcc-n ma terials c c l  d i f f e r e n t  compositions
and henc e ’ c i t  cli f fe ’ r  i t,. prope-rt i c - s scu -h as harcln.’ss . Thus , note t he typical
flaw s i/ c ’ s  fo r th e- var iety of m a t e r ia l s  of s imi lar  s p e c i m e n sii.c and a ~-om —
mon mae’Iulning ci i  re- c L i on , d o  not vary c c ’ .e r  a ign i f leant rang c’ (table 1).
This f o r t  her ri-in I circ e-s t h e -  l i m i t e d  c - f t c - c t c ’ f  grain . i t e ’  on the’ ~i te- of ma—
c l i i n ing f l aws  that e t il l  rol ‘it re’nght (e’ . • e ’ompare- figures 2—4 I - The ra.i—
f i c - a t  tons of t tie ic iest ’ r ‘cat ion I hat th e— re is I i It I.- or no t i e ’  I~~- ne i a -  lie ,’ Of the
si/c’ c i t mach it~ i ng flaws ceo ra In - - i ,e- c c l l i t.’  body t i e - i  ni: macti I nod , are’ dis—
cussed in e l i ci t her loe hte ’ r  22

11)
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PZT a~~15 KSI
Flgure~ 5 . E.~te pIet of jio re’ —mae’hinlng f l a w  I i c t . ’ r . e t  l io n c s  a s etH ’. .-  of (al l ur e’ .

On t Pie ’ tract ure s o c - f a c e- of I hi pe ,- ce~~ e-rc- Ia I I e ’ .i’l ~ i r-o nate• t 1 I e , t .e  I . -  sanpl v
t hree’ s ise ! . c r s i / c ’  m a c h in i n g  f l a w s  can I ce-  s c - c - i c  -c lung I I c c -  ‘ .c ui ’lt t , - , Ilaw I
lutes e ccnn ’-e - I ccl  ci I Ii a pore , P, somewha t be’ 1 ow l i c e ’  —. u c e  ta t  . - , t o  I cern l i c e -

• pr imary -‘totE’ .- of failure . Flaw s 2 and 1 indle -ale . tw o c eI P i o u mac - h u i n m u i g
flaws ,

Figure $ , e e c - le t t i n g  law in large’ gra in e-t i S13N4. A and R show respectively
lower and higher u.agnif i t - a l  ion of a probable’ fr*c’ture origin and probable

- f law (a r rd iw s ) c - a c i s i ng  f a i lu r e  in th is  large , c o l u mna r grain , ( ‘VII Si 3$4 .
~4o t ,’ a l s o  the ’ two ~u ’ three nearl y conc entric marking s su ggesting prog re ’s —
clvi’ sIeges of f l a w  itevvlopme’nt . Such markings w i th  vc. rving spacings
are’ observed fairl y frequently with f laws form i ng approximately pcrpe’n—

‘ 
dicu lar to the direct ion of machining . Photo cou rtesy of Dr. Car l Cm . Vu,

II
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4 , 2 . Mach in ing  Flaws from Ot lu e-r Mode’s of Abra sive’ Machining

Fbtre-e otiuc -r major mode s of mat-inning , diamond saw ing , hand sanding w i t hF abrasivu- paper , and polishing (w i t h  d iamond paste’ ) have been studied to var y-
ing extent . Con siu t u -r f i rs t d iamond sawing . While extens ive studies have not
been conducted , dir ect comparisons have been made usi ng optical grade , hot
pressed , MgF~ as shown in table 3. The c ircular  nature of the blade leaves

TABLE 3

FLEXURAL STRENGTH Dl-’ AS-DIAMOND SAWN MgF2

Strength
Bars No, of Tests 

- 
MPa ksl

0.36 x 0.65 ~~ 10 71 t 2~ 10 t 31.9 e m  spa n

0.23 x 0 ,55 
~~~~ 3 100 23 15 3

1 .27 cm spann

Ke,idtek IR w indow grade’ tes ted  in 3 poInt I I t’x uru-  w i t h  a 1 ,2 7  mm/mm head
travel rat e- -

an arc of ‘c- .awing ’ grooves with , in turn , presumably re-nul l In a direction—
ality of the stre’ngth of diamond sawn sic,.cimens If they we’re’ te’sted as a
function cii suc h or i e-nt a t ion. ft is has not bee-n e-~~pl u n - c t , most spec imitna
hail t ‘ c .  --. .ec ing g roove- s  at t n t  e - u ~~e’di a te -  angle-s (e ’ g - 4~~e t O 1 to  the t e ’ u us i  Ii’
*~~i-, 1 1c c ’ s lrc ’ngt hs  of t ’ .p ie-al l;e lct, r ,etor v s u e , hters as a re-scu l l of such
cli ;emond -— e  WI n~: ,e z-.’ In 1 Pci’ n;em.- ra age but somewha t I ‘ - — ‘S  I han those from di a -
mon ci u: r tciht n g - I lac - t og raph i e ’  stu dies in t h i s  na te- r ia l  - ch ic h is excellent
f o r  s u c h stud te-e , s ’u~ w t ie-Unit  ire ’ f l aws  at f r ac tu re’  or ig ins f rom diamond
sawing . These fI .e-as are’ v’-rv c lean v associate- cl ci Ui mo re ext reme surface
grtio’.e’s. -~gain bot h set,~ of f laws , i.e.  thoMe’ e -sse ’ n t  t a l l y  - parallel and —

pe’rpe’niicular to Iii,’ grooves are ’  Me’e ’ ut ( f * ~ :s and N) w i t h  the’ former tending
to doøtn*te- fat l c t u - .- w i t h  the gr ooves at — C” to the ten s il e’ ax i s , Both
t b ’  s t r e n gths  ( t a l c ) ’ -  3) and actual flaw c l c s e - r v a t i o n s  (figs . 7 and M~ s how
similar aI7.e f laws f rom sawing as from the comparable d i r” c t i on  of grinding .

Previous s t c i t i ie ” i  have’ shown that st ress ing relative- to the direction of
h and s. encl ung r.’ - - . c t l ts  in a similar £hisotropy of strength relative to the
direction of abrasive i’.crlicle motion 1I~~. Thus , hand sanding (dry ) with
Si(’ abrasive’ paper c l e a r ly  sugge ’sts that t he-re are again two populations of
flaws , one’ population form i ng parallel and the other forming perpendicular
to the not ion of the abrasive part icles , The’ differrence in the shapes
of the’ tw o so ’ts of ~ iie h sanding flaws is thus apparently very similar to
those of t ’ t e ’  two sets of flaws from grinding . Again limited , but definitive ,
c , l ise ’ rvat ion support this conclusion , e.g. note the character of f laws asso-

c iated w i t h  hand sanding (f i g .  9) of ve ry fine’ gra in , high strength SIC re--
suIting f rom the (NTD process .32., It should be noted that this similarity
suggests that the differences between grind i ng and sanding , e.g. orders of
magnitud e’ different-” in abrasive particle velocity have a limited effsctt

•Surh re ’sults incite - a t e ’ that muc h study of mixed mode failure (-an hi’ done ‘

directly with machining flaws by varying the angle of machining relative -
to the tens il e axis , rather than using art i fi ci al i ndent induced flaws .

Es se nt ia l ly a ~ od Ifie ’cl chemica l vapor deposi t ion process.
12
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Figure 7. Example’s of m ae ’hini uc~: flaws in MgE2 from diamond saving , A and B
show th e f racture’  sur face in t he’ v i e  u n i ty  of t ic’ frac t ure origin (uppe r
part of photos ) and part of the machined tensile ’ surface (lower portion
of photos ) of dense hot presse’.I optic -al grade MgF2. Note the deeper
sawing grooves at — 450 to t i c . -  t e n s i l e ’  ax i s  anc i tha t each of these ap-
pears to have’ a machining flaw associate’d with it on the fracture surface
e .g. note-  f laws I and 2 a s s o c i a t e - c l  res pect ive ly w i th  s awi ng scratches
a and b in both photos . The larger flaw , I , Is cl early the origin of
fa ilure . So l e’  that this flaw is somewhat less e l ongated  than average
for hieing -— parallel with the’ machining groove . Fracture stress — 59 MPa
(N ,60() psi)

13 



-
~ 0-_I 

~, 
‘

.
~~~~~~~~~~~~~ - --

— — - 

D 
- - 

‘ ~
“ 

~g~4 ‘— ——-c

-
.

Figure 8 , Further examples of flaws from diamond sawing at fracture origins
of MgF2. A and It show another example of an elongated flaw alo ng one of
the deeper s awing groo ves at — 450 to the tens ile axis as the source of
fai lure ’ . C and I) show another sawn sample of the name’ hot pressed opt i-
cal grade- MgF~ failing from sawing flaws where the sawi ng groove. are —
para llel w i t h  the tensile axis.  This i l lustrates the more complex char-
ac te’r of flaws that sometimes can be encountered. Failure ap~~ar. to
have ’ occurred from two flaws : i ,e. from part of a flaw parallel to the
grinding groove (1 in 0) and part , or all , of a flaw — perpendicular to
the’ grinding groove . The apparent intersection of two such flaws at
the fracture origins is rare but illustrates some of the complications
tha t can arise .
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Figure 9. Examples of flaws from sanding CNTD SiC , A and B represent lower
and higher m agn i fleatuo rm of the fracture’ origin in a sample sanded — par—

a l le l with the t i-o s  ile a x i s . Note-  the nearly semi-c ircular nature of the
periphery of the flaw causing failure and its curved character , Note also
tha t it is as s oc ia t e - u i  w i t h  a somewhat discontinuous sanding groove ,( 1),
Note ai sc i that each of the other sand i ng grooves marked 1 through 5 in A
has a flaw associated w i t h  them , but smaller than the f law , F , w hlcn
caused fai lure . Note also that some of the other f laws are parallel w i t h
the grinding groove , e’ .g, the f law associated with sc ratch 3, and hence
results in a short vert ical step on the fracture surface . A number of

- : - case’s of th is type of behavior are observed (or machining falws , further
reinforc ing the’ concept of the two flaw population observed here . C , 0,
E , and F are photos of flaws at the origin of different spec imens, Note
the generally progressively more elongated character of the flaw or por-
tion of the flaw exposed on the fracture surface as the angle of the
scratch forming the’ flaw increases relative to the tensile ax is . The’
much smaller flaw sizes in this material may reflec t in part its extremely
fine grain size , e .g. 0.2 ~~~~, but may also be significantly affected by
the apparently f a i r l y  high residual stress that may exist in theSe bodies ,
They, however , prov ide an excellent opportunity for observing such scratches

______________  - - 
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and the’ resultaiit f laws not only i c e c ause the’ I liii ’ grain Si/t- allow s more
d e f i nit i v e  fractography , but also be- ca u s e ’  they luave - a Icc -a r prist ine’ sur-
face to beg in wi th , i , e . produt i ic,~ s t 2 c ’ c~ t u s  of ( lie- orde r of up to or
e’xt c - c-d ing 3,500 ~Pa ( 500 ,000 psi ~~. t h e -  lailure St re-sa of the,’ spec lmenc-e
were as fo l lows : A , 13 - 1170 MIt .c t l i O ,00() lcsi ); (‘ — 986 UPa (143,000
psi); I) - 778 ~Pa (113,000 psI); E - 606 MPa t $l-i ,000 psi); I- - 220 MPa
(32 ,000 psi-).

wh ic -h  is prcdom m at e- I  y of de-g rc’e- rat h c 
~
- than of a kind on t he’ f laws genera t ed.

The t hi c c i  ot iie’i tu rn  of abras i .- c’ ,, ‘ c i , ,  m og , di amonci pal is hi rig , has l~een
i nvc’st iga te- il some- . ()bs,-rv i t ions have-  t u e - c ii made- on mate’nla] s pol l sh.-d in a
typical fa sh iOn , 1 , e’ • ci t ic the spe.c - imt ’ri i~ciU iite ’ui Oil a di’1~ w hich is allowed to
rotate- whi le ’  the- polishing whet- I ro ta te ’s . l’his resul ts  in a net pattern of
abrasive p a r t ic l e ’  motion over t h e ’  suri,u- ’s which Ic. ec.se’nt iallv random as
sketched in f igui- c ’ 10 . lt c l i s h u i ng flaws observed at fracture origins of
single’ and po lyt- r~ s ta l l i ne -  nateri.els studied to da te -  arc highly elongated
f l a ws, e.g. f igu i- e-s  11 ;iuccl 12 , ‘onststent with all of the above result s in
the following fashion. A s a re-suit 01 t he’ e - s s e -n t i a l i v  random notion of the
abrasive part icl e ore- i- t he’ surface- , cu e- should always have some of the most
severe- flaws , 1 - , t huu s -  f ui-mi ng pa r a l l el  w i t  hi t h e -  d i r e - c - t i  on of not ion of
abras ive part le ’lt’s .et or near perpe’uuel ic  ul :c n i t  y tu t i c , ’ te-ns i l e’ axis of the’
resultant tes t  bar so that t hie’se ’ • ‘ 1o uc ~’;c t c - i  I laws wc ,c i ld  douuui nate- f a i lure as
observed . It is also consistent w i t h  t i c , fac t tha t 0 c c -  has  t o  do r a th e r
ex te ’ ns i ye- p01 tsbc i utg to obtain igcu i f  icanil y Ii l g i c e - i -  st rt-ng t bu s than can I ce ’ ob-
tained by diamond g u i -  iud ing paral 1” 1 w i t  Ic t i e -  tensile - axIs, li d S re’sul ta be-cause-
of di! fe ’ re ’ nce-s in the consist e ncy of aI r a — . l v ’ -  part i nit’ not ton. Alt hough the
f1a~~s from t h e -  I vpic ,e ) pci i — .huing u c j c ! a t  i i’ !  al- c’ se rce-sica t —-ha l l ce~~e’r t h an those’
from grindin~~, str e -uig t h i s  o f  poli ’— h c - ’h ape-t im ’ c c — - a re’ t yp i e a) l~ i,c’lng c o n t r o l l e d
by I hu e- nuu’e’ se -ye-re’ s e t  of f L e e — - e:’’,uc - r a t . - e I  b y .ebcraslr,- not intl I,e’t-aust’ of the’
( ‘ S s e ’ l ct  ial lv u’ac c lcim cl i r e r t  l c ’ Tc of .it n.i ’.i yc- across t ic . ’ spcc ime’n. On t he - oth (-r
hand • spe c Ame -,cs g 1-oc uic i j ’;i ra li e- ) 1 o l ice ’ Ic tic. ile axis have - ti c , i n st re-ng (ii eon—
t ro l le - l he, the l’s’, -. c ’ V c - F e -  pc c p c c ) a t  io u of f l a w s  geneZ~~t e - d  Ic ’, t h e ’  consistent
motion of a t cr asi ’ ,e - p .ii’ti cl ’-s ac t -c isc .  tic,’ s i t e-c- inc -n .

Two facto i- -. should i~ - not e l  about the polishing f la w - s ol ,se’rvv( i - First
their per iph e-rv t e-ic Is to I~~- nut- h Mmoot her in t Oflt u -a- -t t o  the nor-’- i rrc’gular

POLISHING WH EEL SPECIMEN

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~Y

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

_ _

Figure 10. Se ’ he ’ma t cc re ’pc- e ”-ce-ntat ion of the’ common polishing operation and -

ne-sultant part c - le ’ anti scratch patterns on the’ surface of the specimen,
Typically, t h e- s e ’ will approach a random pattern; hc-rw e the mos t se-re-re
flaws , 1 •e. I icc es e - forme’cl essetru t isl 1 y parallel with 11w part I e-)e-s will
domina t e’ failure ’ , e’ve’n in uniaxia l stressing .

16

I, - -- — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ __,____,—___. —— —---— -—-~~———-- --——---- - — - -  -- — •- - - — —- ~ —- — -‘--—---—-- -----~-‘~--—---—‘- -—-- ---—---——-



A ”  ‘ K~O~un C~~ — 50°_i
- s :~~“‘  

- 

~~~~~~~~

~~~~ .i~~ ’ ~~~ ~~~~~~~~~~~

Pigur. 11. Example, of ceramic polishing flaws . A and B show the area of
frac ture and the fracture origin (arrows) of a fine grain polycrystalliuie
bod y (hot pressed , optical grade MgF~ ) an a result of polishi ng. This
sample was tested in biaxial flexure , fa ilure stress 91.6 MPa (13,300
psi). No te the elongated character of the flaws as well as their rela—
tively smooth periphere , in contrast to the cosmonly muc h more irregular
shape of such elongated flaws from grinding . See figure 17 for anothsr
similar example. C and 0 show the fracture origin area and fracture
origin (arrows ) of a polished specime n of A l 203—rich MgA12O4 (Verneuil)
single crystal ,

nature of elongated flaws from grinding , A s shown in Sections 3 and 4.3,
the elongated flaws f rom grinding are often more irregular , e.g. du. to
their being made’ up of a series of smaller flaws of varying degrees of over-
la pping character. This smoother character of polishing f laws may well rep-
resent either , or both of , two aspect. of the pol ishing operations relative
to the grinding operation . The much slower motion of the abrasive particles
may dir e ctly be the cause of the much smoother nature of the flaw periphery
due fcr exampl e to less variation in friction , On the other hand , the slaver
speed of the abrasive particles may indirectly be effectively allowing more
opportunity for stress corrosion or other phenomena to result in a smoother
crac k periphery during machining flaw formation. Secondly, it should be
noted that while there are some differences between grinding and polishing
flaws , overall the general nature of the flaws introduced appear. to be simi-
lar. Thi, again suggest , that the velocity and forces associated with dif-
ferent abrasive processes are not a major factor in a character of the flaws
tha t are introduced , but only result in varying degrees of the flaw parame-
ters , e .g. their depth a rwi smoothness .

4.3. Machining Flaw Distributions and Strength—Size Effects

An important set of questions is: 1) how variable are the flaws from
machining in terms of size, shape , and orientation ; and 2) how do such varia—
tions compare with the observed dependence of strength of specimen. on their
size and shape due to the differe nces in the amount of surface or volome
under significant stress . W hile much yet needs to be done in terms of de—
ta iled studies of the variation and statistical distribution of the different

—- — - 
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Figure 12 . Examples of variation of grinding flaws in hot pressed , optical
g rade MgF~~. A and B are fracture photos of the area of origin and the
fa ilure causing flaw (arrows) from grinding parallel with the tensile axis ,
fra cture’ stress — 64 MPa (9 ,300 psi). Note the unusually elongated char-
acter for a flaw forming perpendicular to the direction of grinding. This
may be in part due to the fact that this flaw is next to the edge of the
sample. C and D show the fracture origin and failure causing flaw (ar-
rows ) in a sampl e of the 55Sf mater ial ground perpendicu lar to the tensile
axis; failur e stress — 50 MPa (7 ,200 psi). This shows a somewhat mor e
exaggerated , bu t not extreme , example of thy type of variation that one
can have in flaws form ing essentially parallel with the grinding groove ,

types of machi ning flaws , some important observations can be made at this
t ime .

A variety of statistical variations of flaws are observed, One of the
most frequent and obviously expected variations of flaws form ing parallel
and ~~- along the bottom of the grinding grooves is their extent and regularity.
Basicall y, those often appear to be not one flaw , but a Series of flaws that
par tially or totally overlap , e.g. see figures 2,3,4,8,9, and 12. For flaws
of the type characteristica lly perpendicular to the grinding grooves , a lim-
ited but definite number are observed forming at a variety of angles to the
grooves , e.g. figure 13. In finer grain bodies , these angular variations
represen t sporatic variations of the material or variations of the local ma-
chining conditions . However , in larger grain bodies , and single crystals ,
especially non—cubic ones where planes of the sane cleavage system nay not
be orthogonal , orientation of preferred fracture planes can also be import—
ant , f igure 13C , 0.

Also , some flaws of the type typically forming perpendicular to the
grinding grooves nay also be wider , i.e. more ecc.ntric than .— half penny
flaws , A gain local variations in grinding forces , e.g. a deeper grinding
groove or flaw forming between grinding grooves (e.g. see reference 20, 21),
as well as local variation. in material properties . Another variation , es-
pecially w ith flaws of the type forming perpendicular to the grinding grooves
are two to several — concentric markings before the fina l flaw boundaries,

18
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Figure 13. Examples of varIation in flaws forming approximately perpendicu-

lar to the direction of grinding . A and 13 are fracture photos of the are-a
of origin and the f r i t  lu c r e  ori gin arrows in a spec imen of tine grain ,
dense nul lite ’ , frae-tuu - e- stre-ss — 206 SPa (30,000 i”’~~). Note that the f l a w
is at a substaiuti;e l aru r: ]e- an’) has substantial curvature relative to the-
fracturo plane tine) t~~e tensile’ axis . Wh Ile ’  some sue- h flaws may actual ly
be the continuation, or a curved end , of a flaw forming parallel with t ic ’
grinding di re -c t ic uc . c- learly many of them are not and are simply variati c-u vcs
of the angle of Flaw s formiuct: perpendicular to the direction of grinding.
This sample rvpr’e’se-uu ts an e-~~trt’me misorientation of such f laws . Note also
that the-ri’ is no obvious deep gu-inding groove associated w i t h  this f law
and that there is S def in i t i ve  grinding groove to the le f t  of it in H.
C and D are photos of the area of fracture origin in dense , hot pressed
SiC, failure stress — 372 SPa (54,000 psi). Wh ile the specific- f raetuc - e-
origin and the machining flaws arc both less well—def ined , I is a fa i rly
probable machining flaw and 2 is a possible machini ng flaw in 1). Note
that these are — equal to  the grain size and that neither is associated
with obv ious grind ing grooves . Note also the substantial angle of 1
relative to the direction of grinding and the tensile axis may be as

‘ much or mor e due to the orientation of the grain in which it formed ,
e.g. due to the orientation of a preferred cleavage plane in that grain ,
ra ther than a statistical variation in the machining or material parame-
ters govern ing the formation of cracks .
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e.g . figure 6. Such observations , which are more common than shown in the
examples in this paper indica te that the flaws are.’ of ten formed in s t a g e - s  by
some de-gree’ of oscillating stresses , or with other vibrat ion.

Another important variation in machining flaws is the formation of edge
f laws , such as along the edges of recta ngular test bars or edges of compo-
nents , e- .g. trailing edges of turb ine blades . While fracture’ origins from
samp le edges are gene rally readily identified , specific flaws are not always
evident , e .g .  figure 14 . However , a substantial number have been identifie d ,
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Figure 14. Examples of ill—defined edge flaws at fracture origins in fine
grained ceramics . A and H are fracture photos showing the origin of a
fine grain Z r02 bod y partially stabilined with 8 w/o Y203, fra cture
stresses 276 SPa (40,000 psi). C and D are similar photos of fine grain ,
dense nullit e , failure stress — 296 SPa 43 ,000 psi) . Note that the speci-
mens failed from one of their edges are quite definite and usually fairly
readily determined but the specific flaw sine and shape often cannot be
defined , though f i rst approximation would simpl y be to use the approxi—
mate dimensions of the edge chip in A and B , or lip in C’ and P am a flaw
dimension . Suc h fracture origins are quite comson for specimens failing
from edges .
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some of whi t -ic  nay be -lose to a quarter ellipse or circle , but t he- re ’ can be
a v a r i e - t y  of Mh;ipcs t5 indicate-t i in figure 15. A n example of an edge’ flaw
in hot jtre-sse’eI Si3N4 is shown in reference 21. Some indications of t he tro—
quenc y w i th  w hie ’h such flaws can occur are given e- ls e ’w he ’ re ’  ~4 ~~. It has also
t)(-e’Il s Ic t ~~n t iu~et w hAle ’  suc h edge flaws may be.’ more se’ve’re- , and hence’ giving
lower strengths , this is clean s not universally so.

An important question is what are the spatial and size distributions of
machining flaws . At prese nt , only partial indications of these distributions
exist. Thus , for example , fracture surfaces have ),‘e’n examined for machin-
ing flaws oth ’-i- than the one from which failure initiated . Such exam ina t ions
are mos t ~l. -f i n i t i’.’ in the smooth , fracture mirror , area since machining
f l a ws , e’spec iahlly snalle-r ones , will generally be partly or totally obscured
in t he’ hackle .m e) t u- .me -k branching regions of fracture .12 .. Thus , more area
s s i - c - t i  on w ea ke-u ’ spec imens which could bias the results . However , such ob—

se’rvatlons do giv e - a preliminary idea of flaw distributions , e.g. other ma—
chi,i irc 3 flaws 10-50% the site- of the one causing failure have been reported
within — 100-300 ~~ along ground surfaces of fine grain SgF~ and As 2S3
g lass ~4 . Similarly note’ other machining flaws near the fracture origins
of ,,~s- -i ne-iu s in fi gu re-s 7—9 , Finally, one other pre l iminary indication of
flaw distri but ions arc slow crack growth observations in hot pressed Si3N4
(HPSS ). -set ‘ - l e - - ~.mte-ct temperatures , flaws begin to  open up on tensile surfaces
)f hU’S\ due It , local deformation , presumably predom inant e’ly by grain bound—
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Figure l~~. Examp les of specific failure causing flaws at specimen edges .

A and 8 are- photos of the area of origin and sp ecif ic fracture origin
(arrows) in a mingle crystal of CaO stabilized Zr02, fa ilure stress 105 SPa
(15 ,300 psci . C and I) are fracture photo. of the area of origin and ac—
tual origin (arrows ) of a failure causing flaw at the edge of a hot press—
ed MgF2.
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ary sliding , lice - se- opening cracks appear to often originate- from larger ma-
chining flaws (some cases of this have been verified 2l~~). The-re-lore, the
distribution of these opening cracks giv&- s som e- idea of the- surface density
of f laws , e.g. figure 16. While controlled , e.g. side , lighting , or etching
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Figure l(i. Example of slow crack growth opening of machining flaws. A and

Ii show hot pressed Si3N,f (HS—l30)  tensi le creep rup~ ure te-s ted at — 87 SPa
(12 , ,uu psi 1 at l3000C (failure strain — 13.8 x 10 ). No t e -  t he — linear
featuu- ”s developing on the surf ace- , shown at higher magn ification in LI.
Machining f laws such as those ide’nt i f ied as t h e- source of f rac - tu r - at
lowe-n temperatures e- .g. fig . 1$A , B) have-  he-e n ide-nt i f ied as a major
source of ~ uie - h f l aw growth 121 ., - 

-

of machined I u mns pa r-n t  bodies , especial ly of gl~~ss’-s and c u-ystals can beimportant tools in bettor defining machining flaw populat ions , opening of
f laws due to s lo~ crack growth may have fairly broad applicability . Thus, a
variety of A1203 and other commercial ceramic bodies , suc h as crystallized
glasses ~33 . are known , or expected, to exhibit  slow crack growth that could
be exploited for further definition of ma chining flaw populations.

= , The studies thus far of this paper have been made mainis on bars
1, 3 x 2. 6 a 13 mm. While much strength-specimen s i t e ’  dependence arises

from processing defects 5,6,34,35 , the observed size dependence of the
strength of ceramic material such as glasse-s and dense polycrystalline bodies
whe re machining flaws should dominat e- would suggest tha t there is a size
dependence to the maximum flaw size introduced by machining samples of dif-
ferent sizes . in order to specifically test this , large bars of optical
grade , full y dense, hot pressed SgF2 were ground on one side parallel to the
tensile axis and on the other perpendicular , then tested . Sections of these
large MgF~ bars after flexural testing were then cut up into smaller test
bars whose tensile surfaces wore the original ground surfaces of the large
bars so we were testing the same flaw population . The results of these
t .-sts along with some data on different sets of 84C specimens are shown in
table 4.

The results of table 4 suggest a possible effect of the spec imen size
on t he size of machining flaws controlling strengths , but several campl ica—
tions occur . First , since the same head travel rate was used , the strain
rates were lower for larger bars allowing more slow crack growt h to occur ;
thus strain rate is being held constant in other tests of MgI’2 and Si02
based glasses now underway , Second , processing defects (and possibly var ia-
tions in 04C) play a larger role in the failure of larger bars , l im iting the
machining results. Third , both MgF2 and 04C have internal stresses due to
their non—cubic crystal structures which limit the increases in strength
with decreasing flaw size .36L Thus, whi le the stre ngth results do not
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strongly show a size effect , the flaw observations more strongly indicate
suc h an effect. In order to minimize these complications , addi tiona l tests
are now under way on Si02 based glasses . However , initial results have been
complica ted by different t ypes of flaws being cameon sources of failure in
many of the large bars . These flaws represent either handling damage (which
could be much more severe in larger , i.e. more massive , bars), or a new , much
more limited population of machining induced flaws , e.g. from such possible
effec t s such as damage from unusually large swarf particles trapped between
the specime n and grinding wheel.’ Ot her indications that a size effect for
machining flaws may exist , but may generally be limited , are shown by frac-
ture origins of components or prototypes , e.g. figures 17 , 18, and refer-
ences 5,16,18, and 19. These suggest somewha t deeper flaws tha n in test bars ,
but specimen shape may a~so b. a factor. Thus , the data of Bansal and Duck-
worth on Pyroceram 9606 .34 ,. reporting no size effect of machining is not
necessar ily at conflict with the preliminary studies . Either their material
or machining may have produced limited changes in machining flaw sizes not
discernable in the limited number of obeervation . made . (Again , possible
effects of in ternal stresses could limit strength different-c’s between differ-
ent size bars with different siz. flaws.)
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Figure-  17 . Photos of the area of fracture origin and actual origin (arrows )
of a polished , JR dome- , Mg?2 f a i l e d  in a simulated aero—th crma ) heat ing
t es t .  The fai lure ’ s t ress of — 69 SPa (10,000 psi) estimated from the ob-
served f ] aw  sli.e and the measured fracture energy and Youngm modulus is
in exc ellent agreement with the failure stress predicted from thermal
analysis. Note the’ similarity in slit ’ and shape of th is flaw in a pol-
ished component to tha t  shown earlier in f igure’  11 in a polished MgF2 disk .

‘Ano ther possible source of different flaws are thos e forme d at the edge of
the grinding wheel on larger bars tha t are wide r than the wheel in contrast
to  small bars which are narrower than the wheel .
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Figure 18. Examples of machining f laws at f rae ’ t ccr e ’  origins in hot pressed
S13N4 IM’-132) . A and B are photos of the area of fra-tur t ’ origin and
t he ’  F ract U r e - or igin (arrows ) of sp~-t imun gi ccn~1 eirc umfe -re ’ntia lly for
t rue’ tens ile te -s t i ng ; Frac ture’ st ress :112 S~~ 145 ,300 i” a ) .  If
a port eon of the highly e longated f law whi t -h is about a .-cai ~.- lie defini—
t i Ofl for such flaws in Si 1N4 - Other e l ’- .ere-r e xamples of t bese t vpe’s of
flaw s i-an be found in no f e - rq - nc - ,-s 2 e)  and 21, 1 and I) show t i c , ’  f racture
origin area aol fracture origin (arrows) in a simple prototype S13N4turbine blade spun tested to failure at room temperature’, The spe .-ime-n
(cour tesy of Sr. 1)ave Richurson , Garrett A irese’a r, ~i) f a i led  a n  the attach—
mint area where stresses are highest and machining i’. pe rpendicular to
the t ,lade (te nsi le )  ax is ;  fai lure stress was — 483 SPa (70 ,000 psI) .  Note
the Rit-herson and Yonushonis ~37~ have show n eci m i lar , cle’are’r examples of
such fracture origins in failed turbine’ blades.

5. Su ary and c eucc l usiona

Fractography has been used to identify machining flaws e-ontrolling the
strengths of a va r ie ty  of ceramic bodies. This ~how~ that sawing , grinding ,
sanding, and polishing all introduce predominate ly two populations of flaws
extending in from the surface. One set , those giving the lowest strengths
are formed essentially paral lel with the machining grooves formed by the grit
part icle ’s and are generally fairly elongated . The other set of flaws, those
typical ly  giving higher st rengths , are typically formed perpendicular to the . 

-

machining grooves and are generally less elongated , often approaching a semi-
circ ular periphery. The differences in site’ and shape in these two sets of -
flaws combined with their orientation relative to the direction of machining
are the predominate cause of the anisotropy of strength as a function of the -

stressing direction relative to the direction of machining .
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V ariations in the depth , shape , and orientation of the above sets of
fla ws have been observed , as wel l as ef fec ts  of c omposition and aicro stru c-
ture . Whi le some variations in flaw orientation appear to be sporati - in
lar ger grain bodies where flaws are similar to or l.ss than the grain in
size , and especially in single crystals , the orientation of pre ferred cleav-
age plan es can be an important factor. The set of genera lly elongated flaws
that typically for. parallel with the machining grooves vary from a continu-
ous flaw to a series of p a rtially overlapping flaw. . Flaw . forming generally
perpendicular to machini ng grooves often have a fan and curved character ,
e.g. l ike half a clam shell, No obvious effec t of body composition is seen
on the size , i.e. depth , of e ither set of flaw introduced , and decreasing
grain size has at best a limited effect on reducing the size of the strength
controll ing flaws introduc.d , Thus , the typical variety of machining pro-
cesses commonl y introduce flaws in the range of 20-50 ~~ depth for both sets
of flaws in glasses , single cr ys tals , and typical grain sit ’- dc-nse- poly -rys—
tals in most laboratory size test bars . Limited evide nce , as ~e ll as the
s ta t i s t i ca l nature ’ of machining flaw s , bot h suggest that t he’ size of machining
f laws controll i ng strength increases some’ wi th  spec imen or component eel ,.- .
However , increasing com pet i t ion from other flaws , e.g. pro -e’eercing t ] a ee . or
flaws introduced by handling processes limit such machining flaw Silt’-
sp eci me n si ze evaluat ion.

Nc~ t e- added in Proof

Two f a c t c r-. , slo w (-rack gro w t h  and res idua l St  re’ssc’s • not .e,l ’I* .-s- .,’et in
the-  t e x t  should is’ brie’ f l y  c onsidere d . ~ hi Ii’ slow e rack grow-ftc ma g u t in. r’ ;e~~’-f l aw ‘,l/es b~ ~,l)— l(flY. in the e~~t rt ’me’ , th is  would nut c-han re- the ’ st na’n&: t hr .iiu —
Isotropy un less t he’ growth was s ig n i f i c a n t )  v di f t c - r e n t  fur t Ie,’ I w e e  pupei la—
t Ions of flaws , The ge ne ra 11 good agre e-me-nt b e t w e e n  ,eeasure’d ~t re-ng (Ii .i~ - -

lsotrup~ and that ca l culated from obserbed f laws argue- s agai nst 51 1: 11 *11. . i i tt
di ffcrence-s in flaw growth . 1-urth e r , fractur e ’ e’ne•rE Ce”. c a l c u l a t e d  f rom ~i-
serve-ti f law s i/ c ’s  ge-nc -rai l  agree w i t h  mc- as ur c ’d va l ue’s (9 ,20—23 , :11.) un le ss
a I F e-r e-el by other fat- t ors such as the-rma l expansion ant sot rc pv [:10 ~ , a n i l  —

cat in g flaw g rowth in mos t of t h e - s e -  materials Is I im i t . - . i , e- ,g, ~-IY , It
re’s a d ual ate- ,- s s ,-s  in t h(’ sur fare’ from mar hi ni n~: ~ ‘ i - c c - c e m p r e -s  ‘ .1 e-  in nat t s ’
they wou ld compensate • at le’aat in part • for 5) ow crac k g row-tie . (Iii i i .- of ‘ e.
hand • if re’s idual at ri-ase’s are tensile ’ , c’ .g . as I n(tie-a 1. - i in r i-c ‘‘Ut i n - b - r i t a  —

t ion tests (pr ivate- communication wi th  fa r . Hr lan [awn ) then t h e i r  sh e e t s
would he additive to those of slow c-ra c k growth . A gain , t he- S t e o v e -  re sults
indicate’ that any a d d i t i v e -  e - f f e ’ i t s  are’  l i m i t e d .  Thus , w h i l e -  Iurttw’r ~ tc id ~
of s low c rac k growth and r -s id ua i  stress are Important to  r i - f i n.-  ciii une le’r-
standing of mac hining flaw—mechanical property relations , the- . do not appe ar
to require- mat or c hange’s in the results and conclusions of this study,
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TAHLE 4

SPECIMEN SIZE—STRENGTH1 AN!) FLAW SIZE EEFEC1~ IN GROUND BARS

Ground s 
__________ ~round~,,~~

Strength Flaw 3 Strength Flaw 3
kee l — 

SPa a (j~~) b/a ksi SPa a(~~~) ~~/a

!&!2 cKOIMK ,. HOT PRESSED. — 0 POROSITY, GRAIN SIZE .- 0 ,5 j )

Span 4 cm , cross section 1 a 1.8 cm:
l l~ 2 76tl4 75t20 4*2 12~ 2 80*14 - —

(4) (4) (3)

Span 1,27 cm , cross s e c t i o n  0.51 a 0 .25ca:

l2~ l su~~7 42t3 — 4 16i3 110*20 57*11 0 .8*0.3
(4) t3) ( 9)  :i

04C ~ NOH fOM~ HOT PRLSSED’~~~ l’[ POHOSi ~~~~~~~~~ SIZE lO~~~j
Spa n 2.54 cm , cross sectIon 1.27 x (1 ,60 cm:
:1:.t4 240 27 ~ Ill ): McI I .1 0.2 44 ‘6 304 - 4c ) hUt - I l )  I tQ ,5

(4) ( : 1 ) ( 4 )  (3 )

Span 1,27 cm , i-ru’.--- nce’. - t io n 0 ,62 x 0, 24 cm :

3-1 12 2:1:’Mu 18*3 3d 49t6 33$i40 - —( 7 )  (3 )  ( 7 )

8, 1j j I B E R  ~A T E R I A I ~S1 tfOT PiliSSED~ - l~~~i~~ko~~1I’Y1 ,R lN sFzI :~~- 2  )~~~
Span 1.9 cm , cross section 0.51 x 0.25 c m :

19t2 l3U~ l4 ‘29~ 1l 4 - 1  4 7 t 12  325*80 J 3 ~~8 2 *1.8
(~~) (-1 ) (5) (3 )

1 Streng t hM measured a t 23°C in 3 point flexure w i t h  a head tra v el rate ’  of
— 1.27 ms/sin.

2 
A and I refer respectively to tho direc t ion of grindi ng relative to i . ’-
bars’ tensile ax*,s . Lower numbers in parentheses give the numbe r of va l ues .
The fewer number of values for flaw parame’ t e-rs than strengths reflec t
fa i lure from processing de ’ f . - c - t s  or specimen edges .

a - flaw depth , h — flaw length along surface .

_ - 
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