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THE NATURE OF STRENGTH CONTROLLING
MACHINING FLAWS IN CERAMICS

1. Introduction

Machining of most glasses, single crystals, and dense polycrystalline
specimens is typically assumed to introduce flaws which control their mech-
anical strength, However, in discussing the evidence for such flaw con-
trolled failure versus dislocation controlled failure, Rice (1] , at the
previous Machining Conference, pointed out that there had been little or no
direct verification of flaw failure. This paper summarizes and significantly
extends recent work on the nature of flaws introduced in a variety of ceram-
ic materials, as a function of various machining and specimen parameters [ 2-
9). The nature of the two flaw populations that result in the common ani-
sotropy of strength associated with different grinding directions are treated
first, Then, more limited studies of other modes of machining are compared
with these grinding studies, followed by some discussion of flaw variations
and distributions.

lProccnt mailing address: Sandia Laboratories, Albuquerque, New Mexico B7185,

2Pi‘nron in brackets indicate the literature references at the end of this
paper.

Manuscript submitted July 11,1979,




2. Experimental Procedure

The grinding observations summarized here cover several years involving
several machine operators as well as a variety of materials. Grinding was
done predominantly, but not exclusively, with 320 grit diamond wheels, most
often either with a vitreous bonded wheel (~ 10 cm dia, operating at ~
7900 rpm) or a metal bonded wheel (~ 20 cm dia. operating at ~ 1725 rpm). A
range of feed rates, commonly of the order of 1 cm/sec, and depths of cut,
commonly ~ 0,05 mm, per pass and at least two different sizes and styles of
grinding machines have been used (3,10,11). In addition, some observations
are from sSpecimens or components of dirlerenl materials, sizes, and config-
urations, ground and tested by at least three other organizations. Thus,
the results should have broad applicability.

Dln-ond sawing was with typical diamond savs, ¢.g. as described else~-
where (10] with cutting rates of the order of 2 cm 2/min for the MgFo 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 typically done to
~ 1 wm grit size on a maple lap with kerosene as a fluid, Some specimens or
components were polished and tested in other laboratories,

Mechanical testing was typically by 3 point flexure at ~ 22°C on bars
~ 1.3 x 2.6 mm in cross section on a span of ~ 1.3 cm with a head travel of
~ 1.3 mm/min, but other size and test results are included. Fracture origins
were determined on tested samples by optlcnl and scanning electron microscopy
using the techniques described by Rice [12],

3. Strength Anisotropy and Flaw Shape as
a Function of Grinding Direction

At the previous ceramic machining conference, Rice reported studies
showing that an anisotropy of strength resulted in a variety of glasses,
single crystal, and polycrystalline flexure bars as a result of stressing
relative to the grinding or sanding direction and the bar axis (11) Char-
acteristically, tensile stresses parallel with the grinding dxroctton, 1.9,
parallel to the bar axis, gave the highest strength, while tensile stresses
perpendicular to the grinding direction gave a lower strength, often by up
to 50%. Kirchner also independently reported similar anisotropy of stronuth
relative to the grinding direction of round rods of fine grain Al 204 (13]
Subsequently, other investigators have reported similar anisotropies of
strengths especially in hot pressed SigNg (14, which was also included in
Rice's original study.

.

Rice originally proposed that the cause of this anisotropy of strength
was stress concentrations associated with resultant grinding striations or
grooves that could be viewed as two facing surface steps, each having a
stress concentration associated with it of ~ 1 + 0,7 (h/r) where h is the
height of the steps and r is the radius of curvature at the base of the
1 step. Thus, for stressing parallel with the grinding striations there would
be no stress concentration while for stressing perpendicular to the direc-
tion of grinding the stress being normal to the grinding striations would
provide the maximum stress concentrations at the surface steps or grooves,
Several subsequent investigators have also generally associated the strength
anisotropy with these grinding striations, However, there are two factors
which show that these grinding striations are 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 predominant factor in the strength anisotropy as a function
of the stress direction relative to the grinding direction is a closer eval-
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uation of the nature of the grooves themselves and their possible stress
concentration, If a grit particle gouged out a simple groove defined by the
average upper limit of its protrusion from the grinding wheel, h ~ r, it
would give an ~ 70% increase in the component of stress normal to the groove,
Thus, if h were of the order of the flaw sizes in ceramics, the ~ 70%
stress concentration would suggest the possibility that the grooves them-
selves are the source of failure, However, examination of more severe grind-
ing grooves which are typically associated with the flaws causing failure
shows that h/r < 1, e.g. }, which is also indicated in the single particle
machining experiments of Gielisse et al [15]). This reduces the stress con-
centration to ~ 30% or less, While local irregularities in the grooves
would locally increase the stress concentrations, these are not likely to
extend over a sufficient range to change the situation. Further, the grooves
often do no appear to be as deep as typical flaws. Another aspect of the
grooves themselves that indicates they are not the predominant cause of
strength anisotropy is the fact that they are often not continuous (11],

and failure is observed to sometimes occur where grooves have not formed
or have been removed by spalling. Note also that correlations between grit
particle size and flaw sizes _16-19] do not have to arise from the groove
being the flaws, It is quite likely that the different sized grit particles
act as different size indentors with larger grit sizes introducing cracks
that extend deeper below the surface, Thus, cracks extending in from the
surface due to the grooving by the particle may well correlate with particle
size. However, because of the increased distance of the crack periphery
from the surface steps, the effect of the step stress concentration on the
crack would be greatly reduced.

The second, and major factor, showing that the grinding striations
themselves are typically not a major factor in the anisotropy of strength as
a result of stressing relative to the grinding direction is direct fracto-
graphic identification of the nature of flaws from which mechanical failure
initiates in specimens. The net result of a substantial amount of study is
that there are basically two different sets of flaws extending into the body
from the surface generated by grinding (figure 1). Sample fractographs 11-
lustrating the difference in shape between the two sets of flaws are shown
for fine grain (figure2), large grain (figure 3), and single crystal bodies
(figure 4), Other examples will be shown and discussed later., Additional
examples of the two sets of flaws can be seen in references 3-9 and 20-24,

These studies show that one set of flaws form essentially parallel with,
and approximately at, the bottom of the grinding groove, The other set of
flaws typically form ~ perpendicular to the grinding grooves, apparently due
to stick=slip or other dynamic variations in local tensile stresses gener-
ated by the machining action ~ paralle]l with the directions of machining, i.e.
of grinding particle motion. Typically, both sets of flaws extend to simi-
lar depths, However, the flaws forming along the grinding grooves are char-
acteristically more severe than those forming perpendicular to the grinding
grooves consistent with the observed strength anisotropy. The greater se-
verity of the flaws along the grinding grooves is generally due
more to their greater length rather than their depth (figures 1-4),

Analysis of extensive observations of the anisotropy in flaw shape be-
tween the two sets of flaws on strength is given in table 1. Here the ob-
served anisotropy of strength is compared with the strength anisotropy pre-
dicted from the Griffith equation using the observed flaw size and shape
parameters, This clearly shows that the anisotropy in flaw shape is typic-
ally the overwhelming factor in the strength anisotropy.

In addition to the above more detailed, quantitative studies, a variety
of qualitative 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 studies of hot pressed SigN,, limited determinations of machin-
ing flaws at fracture origins of bars nachtned parallel with the tensile (bar)
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Figure 1. Schematic representation of flaws introduced in scratching a

ceramic surface, While the main focus of the schematic is the effect of

an abrasive grit particle on the surface of the ceramic, it is also rea-
sonably representative of what commonly happens in a scratch hardness

type test. One of the main differences between these two types of scratch-
ing operations is that in the abrasive machining operation extensive spal-
ling often occurs along the path of the grit particle which is not shown

in order to keep the schematic simple., Such spalling may or may not occur
in the scratch hardness type test depending for example on the load and
material. This sketch schematically summarizes the basic findings of ex-
tensive observations on machining flaws which are also generally consistent
with observations made from scratch testing; namely that the motion of
particle or an indentor over the surface introduces two sets of flaws ex-
tending into the body from the surface. One set of flaws is essentially
parallel 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-
tion of the particle or 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 initiates. The insert
to the right schematically illustrates the approximate analogue for a
static indentation. While for simplicity, a round particle has been shown
from which more than two sets of flaws might well form in a simple indenta-
tion test 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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Figure 2, Example of machining flaws at fracture origins in a fine grain
ceramic machined parallel and perpendicular to the tensile axis of the
bar. A and B represent lower and higher magnification of the fracture
origin of a dense, fine grain mullite bar machined parallel with the
tensile axis; fracture stress ~ 325 MPa (47,000 psi). Note the nearly
semicircular, i.e¢. half-penny shape of the flaw periphery, but that the
flaw has some curvature to it, e.g. its shape is similar to half a clam
shell., Figure C and D show fracture surfaces and the fracture origin of
a test bar of the same material ground perpendicular to the tensile
axis; fracture stress ~ 207 Mpa (30,000 psi). Note some difference in
depth of the flaws in A-D, the more c¢longated character of that in C and
D, and the fact that the latter consists of at least two partially over-
lapping segments,
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Figure 3. Examples of machining flaws at the fracture origins for parallel

and perpendicular machining of a large grain ceramic. A and B show

the fracture origin area and the specific failure causing flaw (arrows)
as a result of grinding a dense, sintered Y203 (Yttralox) bar parallel
with the tensile axis, Note the nearly semicircular nature of the final
flaw boundary and that the flaw is substantially less than the size of
the grain in which it formed. C and D show the fracture surface and
fracture origin (arrows) of a specimen of the same material ground per-
pendicular to the tensile axis, Note the more elongated character of
the flaw but that it is again substantially smaller than the size nf

the grain in which it is located.
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Figure 4., Examples of flaws at the fracture origins in parallel and pere
pendicular ground MgAl204 single crystal. A and B show the fracture
surface and fracture origin (arrows) of a stoichiometric MgAlpO, crystal
ground parallel with the <100 > tensile axis and having a {110) tensile
surface, fracture stress ~ 145 MPa (21,000 psi). C and D show the
fracture surface and origin (arrows) of a sample of the same material
and orientation ground perpendicular to the tensile axis; fracture
stress ~ 117 MPa (17,000 psi)., While the flaw shapes shown here are
somewhat more irregular than often observed, the flaw causing failure
from machining paralle]l with the tensile axis is definitely of similar
depth but less elongated than that causing failure from machining per-
pendicular to the tensile axis,

axis show the flaws to commonly approach ~ half penny flaws, while more ex-
tensive observations on specimens ground perpendicular to the tensile axis
both in the form of flat bars and round tensile specimens clearly show much
more elongated flaws '20,21, (see also fig. 18). Similarly, large round
tensile specimers of Alg0q which were ground circumferentially 123), 1.e.
perpendicular to the tensile axis characteristically show more elongated
flaws at fracture origins than observed in Alp03 or other materials ground
parallel with their tensile axis, Also, limited studies of 5-Al903 bars
ground perpendicular to the tensile (bar) axis show more elongated flaws at
fracture origins than the ~ penny shaped machining flaws at fracture origins
of bars ground parallel with the tensile axis (23), There are also prelim-
inary indications of strength anisotropy in a cermet (table 2), Finally,
Richerson has shown evidence of grinqtng direction dependent strengths in
some denser reaction sintered Si,Ng4 .24 consistent with other observations
of machining flaws in such nntor?n l20,21).

The observations of this section on two sets of flaws from grinding,
one set forming generally parallel with and essentially ~ along the bottom
of the grooves generated by the individual grinding particles and the other

7
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TABLE 1
EFFECT OF GRINDING ON FLAW GEOMETRY OF CERAMICS

Ortont.1 Fracture 4
or G.S, 2 3 Stress c e 6 ¥
Material (am) G.D, No., (MPa)  (um) a/b”’ 9./9," B
A, Glasses: 1
3 7 73410  45:16 1.3+.4
Silica h & 638 - T84T B0k AR A0
Alumino- 2 12 117410 39:9 1.6%.2
silicate : 8- SONT - PIEIG 0.Be,) T um,ep
" 3 99+8 356 0.9+.3
Borosilicate b 4 9249 3949 1.1+.3 0.9 0.9
: 7 69:3  43:17 1.35:.6
Lead Silicate i ; 59417 64:38 1.26+. 8 0.86 0.82
: 25 97+5  28:9 1,642 :
Soda Lime A 16 6828 6725 0.5¢,2 0:8% 0.63
5 10 9419  40:9 0.9:.3
Glassy Carbon 3 9 87¢18 35:15 1.2¢.6 0.93 1.03
B. Crystals: N % n :
<110> ' 11347 25 7
T103 (110) i 6  120:4 30 0.7 1.1 0.9
<1T0> 5 113:3 30 1.8
T10, (001) . 5 7743 70 1.5 D.7. T
<010>
T102 S MeKIS b i 99
(100) h 5  239:12 25 1.3 0.83
<010> . 5 10816 60 1.3
Ti02 (001) ; 5  103:6 70 1.3 L0 < D
<001> . 8  285:86 10 0.4
T10, (100) s 7 183436 35 0.18 o SR L o
<100> 3 217428 15:0 0.440.6
MEA150, (110) h 3 165428 1427 0.420.6 28 0.8
C. Polycrystals:
Keatite Glass - 6 180+39 165 0,.9:0.4
Ceramic <A L 7 102¢8 36415 o0.5¢0.2 ©°'® 0.5
¥ 10 B7+2 54+£21 1.1+.07
MgFa <3 . 10 53:2 89420 0.5:¢.08 '8 0.6
4 7 319435 41423 1.0:0
s e . 6  259:+54 24:5 o0.420.3 -8 1.0
" 5 374469 1943  1.020
B4C 2-10 . 9 154224 26210 0.2:0.07 °'® 0.8 |
: 4 2824228 19:9  0.7+0.5 ?
ByC 100-200 6 250455 23:3 0.3:0.2 92 0.7 "
: 3 50+¢13 2347 0.740.2
ca¥, 50-150 | - ry-w = e ol ey,
' 6 9946 36213 0.8:0.3 -
Yttralox 100-200 3 - 7748 44420 0.70.3 0.8 0.9
' Iarientatton of single crystals < > gives tensile acis, and ( ) tensile sur-
: 8
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g face. G.S., « grain size,

2G.D. = grinding direction relative to tensile axis.
3No. = number of specimens,
‘c ~ smallest flaw dimension (smallest of a or b below),
% % - flaw half length along surface; a - flaw depth.
&
& snatxo of fracture stress for perpendicular to parallel grinding,
o, 5,
i L -"%- \1;‘- where ¢ and ¢, are the smallest flaw dimension for paral-
: ' : lel and perpendicular grinding respectively and 0. and ¢,
E are respective elliptic integrals for the flaw shapes.
! TABLE 2
OTHER MATERIALS IN WHICH GRINDING DIRECTION
EFFECT HAS BEEN INDICATED! BY
lllortllz 03 n,b‘ lltorlllz 03 l.b‘
Sapphire X X ZrOg-fine grain
partially sta-
} H.P. Al,04 x x bilized &
' . 8. Alz0, - H.P. SiC
H.P, Mullite x x H.P. S!aN‘ -
H.P. B-A1,0,4 x x 75% TaC-25 In-
conel” Cermet x

b
In studies by the authors.

28 = sintered, H.P. =~ hot pressed,

30 = strength, {.e. strength anisotropy.

4

a,b = flaw depth and half length, i.e. flaw geometry,

5Fron selection of bars with - circular pattern milling or grinding marks
~ ¢ to tensile axis (173 ¢ 33 ksi) and ~ & to tensile axis (140 * 38 ksi)
for 3 spec. each,

set generally forming ~ perpendicular to those grooves, are consistent with
cracking patterns observed over a period of years by a variety of investi-
gators for both static hardness impressions and especially dynamic, i.e.
scratch, hardness grooves (25-29] including earlier work, Bruche and

Poppa .25, 26]. Note also that the flaws ~ perpendicular to the grinding
direction have a curvature consistent with that expected for the motion of
the grinding particles, Thus, while there are variations in these two sets
of flaws, they are a basic aspect of grinding as well as other machining
processes as will be discussed later,

b
i
N
{
:
k

Before proceeding with a more detailed description of machining flaws
and variables effecting them, it is appropriate to briefly consider 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




of these is based on the fact that cracks typically propagate normal to the
tensile stress causing their propagation, Thus, since the orientation of
the stress forming the crack during machining can almost never be duplicated
by the applied stress causing failure, the crack will be propagated on a
somowhat different surface than that on which it originally formed, ™.uis
change of surface results in a demarcation, which is generally detectable
unless faillure 18 nearly or completely intergranular, in which case the de-~
marcation is generally obscured by the grain to grain variation of the

crack topography. Since other possible changes in local stress around a
crack due to crack velocity effects are much more subtle, if they exist at
all, the demarcation between the original flaws and its first subsequent
motion for failure are clearly predominant and typically what is ob-orvod?
This is a major reason why the purely qualitative speculation of Doremus [30)
that similar flaws they observed at the fracture origins of machined glass
bars represent not the original flaws but some intermediate stage of failure
should be rejected,

The second reason that the demarcations seen are attributed to the or~
iginal flaws rather than some stage of subsequent propagation is due to
changes in fracture mode that can occur during some stage of propagation,
Mecholsky et al have shown that enviromnmentally induced nlgv crack growth
often proceeds intergranularly in polycrystals, e.g. MgF, [31), Thus, since
both the original machining flaws and the subsequent ltnzl fast fracture are
mainly, or exclusively, transgranular in nature, the slow crack growth re-
gion is clearly defined showing the flaws such as those in this paper to
typically be the original flaw and not involving some subsequent subcritical
growth,

4. Other Aspoects of Machining Induced Flaws

4.1 Microstructure, Composition and
Machintag ¥Flaws from Gripnding

Extensive studies of interaction of machining flaws with porosity have
not been conducted, However, a number of observations indicate that iso-
lated pores near the surface can be connected to the surface by machining
flaws, o.g. figure 5. See also figure 13C and D,

Substantially, more extensive observations have been made on the ef-
fect of grain size on machining flaws, The essential result is that over
the typical range of grain sizes encountered there is at best a limited
decrease in the depth of flaws introduced by machining with decreasing
grain size, Thus, for example, note the similarity in flaw sizes of speci-
mens of comparable size for single crystals and polycrystals of MgAlgO4 of
different grain sizes (compare table 1 an.: figure 4 with figure 3 of
reference 22), different grain sizes of ByC (table 1) and single and poly=-
crystalline flaws in Al (22], A variety of other more limited, e.g.
non-quantitative observations, support this, For example, note the machin-
ing flaw at a possible, but uncertain, fracture origin in large gmin CVD
in figure 6 has ~ the same depth as the typical flaws observed in fine grain
hot pressed SigNyg (see references 20 and 21 as well as figure 18),

Further, note in general that there are limited differences in flaw
depths and no systemmatic pattern between materials of different compositions
and hence of differing properties such as hardness., Thus, note the typical
flaw sizes for the varjety of materials of similar specimen size and a com-
mon machining direction, do not vary over a significant range (table 1),

This further reinforces the limited effect of grain size on the size of ma-
chining flaws that control strenght (e.g., compare figures 2-4), The rami-
fications of the observation that there is little or no dependence of the
size of machining flaws on qruln size of the body being machined, are dis-
cussed in another paper (22,

10
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Figure 5. Example of pore-machining flaw interaction as a source of fatlure,
On the fracture surface of this commercial lead zirconate titanate sample,
three similar size machining flaws can be scen along the surface, Flaw 1
has connected with a pore, P, somewhat below the surface, to form the
primary source of failure. Flaws 2 and 3 indicate two other machining
flaws,

o RN

Figure 6, Grinding flaw in large grained SigNg. A and B show respectively
lower and higher magnification of a probable fracture origin and probable
flaw (arrows) causing failure in this large, columnar grain, CVD Sl3N‘.
Note also the two or three nearly concentric markings sSuggesting progres-
sive stages of flaw development, Such markings with verying spacings
are observed fairly frequently with flaws forming approximately perpen=-
dicular to the direction of machining. Photo courtesy of Dr. Carl Cm, Wu,
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4.2, Machining Flaws from Other Modes of Abrasive Machining

Three other major modes of machining, diamond sawing, hand sanding with
abrasive paper, and polishing (with diamond paste) have been studied to vary-
ing extent, Consider first diamond sawing. While extensive studies have not
been conducted, direct comparisons have been made using optical grade, hot
pressed, MgF2 as shown in table 3, The circular nature of the blade leaves

TABLE 3
FLEXURAL STRENGTH OF AS-DIAMOND SAWN MgF,®

Strength
Bars No. of Tests MPa ksi
0.36 x 0,65 cm
1.9 cm span 10 71 £+ 21 10 ¢+ 3
0.23 x 0,55 ¢cm
1.27 cm spann 3 100 + 23 15+ 3

.Kndll IR window grade tested in 3 point flexure with a 1.27 mm/min head
travel rate,

an arc of "sawing"” grooves with, in turn, presumably result in a directton~-
ality of the strength of diamond sawn specimens if they were tested as a
function of such orientation. This has not been explored, most specimens
had the sawing grooves at intemediate angles (e.g. ~ 459) to the tensile
axis. The strengths of typical laboratory size bars as a result of such
diamond sawing are in the same range but someowhat less than those from dia-
mond grinding, Fractographic studies in this material, which is excellent
for such studies, show definitive flaws at fracture origins from diamond
sawing. These flaws are very clearly associated with more extreme surface
grooves, Again both sets of flaws, {.e. those essentially ~ parallel and ~
perpendicular to the grooves are seen (figs. 7 and 8) with the former tending
to dominate failure with the grooves at ~ 45° to the tensile axis.* Both
the strengths (table 3) and actual flaw observations (figs. 7 and 8) show
similar size flaws from sawing as from the comparable direction of grinding.

Previous studies have shown that stressing relative to the direction of
hand sanding results in a similar anisotropy of strength relative to the
direction of abrasive particle motion .11.. Thus, hand sanding (dry) with
S$1C abrasive paper clearly suggests that there are again two populations of
flaws, one population forming parallel and the other forming perpendicular
to the motion of the abrasive particles, The difference in the shapes
of the two sets of such sanding flaws is thus apparently very similar to
those of the two sets of flaws from grinding. Again limited, but definitive,
observation support this conclusion, e.g. note the character of flaws asso-
ciated with hand sanding (fig. 9) of very fine grain, high strength SiC re-
sulting from the CNTD' process (32], It should be noted that this similarity
suggests that the differences between grinding and sanding, e.g. orders of
magnitude difference in abrasive particle velocity have a limited effect

.Snch results indicate that much study of mixed mode failure can be done
directly with machining flaws by varying the angle of machining relative
to the tensile axis, rather than using artificial indent induced flaws,

.Esnentxllly a modified chemical vapor deposition process,
12
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Figure 7. Examples of machining flaws in MgFy from diamond sawing. A and B
show the fracture surface in the vicinity of the fracture origin (upper
part of photos) and part of the machined tensile surface (lower portion
of photos) of dense hot pressed optical grade MgFy. Note the deeper
sawing grooves at ~ 45° to the tensile axis and that each of these ap-
pears to have a machining flaw associated with it on the fracture surface
e.g. note flaws 1 and 2 associated respectively with sawing scratches
a and b in both photos, The larger flaw, 1, i8 clearly the origin of
failure. Note that this flaw is somewhat less elongated than average
for being ~ parallel with the machining groove, Fracture stress ~ 59 MPa
(8,600 psi)

13
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Figure 8. Further examples of flaws from diamond sawing at fracture origins

of MgFp. A and B show another example of an elongated flaw along one of
the deeper sawing grooves at ~ 45° to the tensile axis as the source of
failure, C and D show another sawn sample of the same hot pressed opti-
cal grade MgFy failing from sawing flaws where the sawing grooves are ~
parallel with the tensile axis. This illustrates the more complex char-
acter of flaws that sometimes can be encountered. Failure appears to
have occurred from two flaws; i.e. from part of a flaw parallel to the
grinding groove (1 in D) 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
that can arise,
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Figure 9. Examples of flaws from sanding CNTD SiC, A and B represent lower
and higher magnifications of the fracture origin in a sample sanded ~ par-
allel with the tensile axis, Note the nearly semi-circular nature of the
periphery of the flaw causing failure and its curved character, Note also
that it is associated with a somewhat discontinuous sanding groove,(1).
Note also that each of the other sanding grooves marked 1 through 5 in A

v has a flaw associated with them, but smaller than the flaw, F, whicn

@ caused failure, Note also that some of the other flaws are parallel with

the grinding groove, e.g. the flaw associated with scratch 3, and hence

| results in a short vertical step on the fracture surface., A number of

E cases of this type of behavior are observed for machining falws, further

reinforcing the concept of the two flaw population observed here. C, D,

E, and F are photos of flaws at the origin of different specimens, 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 axis, The

much smaller flaw sizes in this material may reflect in part its extremely

; fine grain size, e.g. 0.2 gm, but may also be significantly affected by

‘ . the apparently fairly high residual stress that may exist in these bodies.

£ They, however, provide an excellent opportunity for observing such scratches
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and the resultant flaws not only because the fine grain size allows more
definitive fractography, but also because they have a near pristine sur-
face to begin with, i.e. producing strengths of the order of up to or
exceeding 3,500 MPa (500,000 psi). The failure stress of the specimens
were as follows: A, B = 1170 MPa (170,000 psi); C - 986 MPa (143,000
psi); D - 778 MPa (113,000 psi); E - 606 MPa (BB,000 psi); F - 220 MPa
(32,000 psi).

which is predominately of degree rather than of a kind on the flaws generated.

The third other form of abrasive machining, diamond polishing, has been
f investigated some, Observations have been made on materials polished in a
i typical fashion, 1i.e, with the specimen mounted on a disk which is allowed to
rotate while the polishing wheel rotates. This results in a net pattern of
abrasive particle motion over the surfaces which is essentially random as
sketched in figure 10, Polishing flaws observed at fracture origins of
single and polycrystalline materials studied to date are highly elongated
flaws, e.g. figures 11 and 12, consistent with all of the above results in
the following fashion. As a result of the essentially random motion of the
3 abrasive particle over the surface, one should always have some of the most
severe flaws, i.e. those forming parallel with the direction of motion of
abrasive particles at or near perpendicularity to the tensile axis of the
resultant test bar so that these elongated flaws would dominate failure as
observed, It is also consistent with the fact that one has to do rather i
extensive polishing to obtain significantly higher strengths than can be ob-
tained by diamond grinding parallel with the tensile axis, This results because
of differences in the consistency of abrasive particle motion. Although the
flaws from the typical polishing operation are somewhat shallower than those
from grinding, strengths of polished specimens are typically being controlled
by the more severe set of flaws generated by abrasive motion because of the
3 essentially random direction of abrasive across the specimen. On the other
k hand, specimens ground parallel to the tensile axis have their strength con-

trolled by the less severe population of flaws generated by the consistent
motion of abrasive particles across the specimen,

|
Two factors should be noted about the polishing flaws observed. First, |
their periphery tends to be much smoother in contrast to the more irregular

POLISHING WHEEL SPECIMEN
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Figure 10, Schematic representation of the common polishing operation and .
resultant particle and scratch patterns on the surface of the specimen,
Typically, these will approach a random pattern; hence the most severe
flaws, i1.e. those formed essentially parallel with the particles will
dominate failure, even in uniaxial stressing.
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Figure 11. Examples of ceramic polishing flaws. A and B show the area of
fracture and the fracture origin (arrows) of a fine grain polycrystalline
body (hot pressed, optical grade MgF2) as a result of polishing. This
sample was tested in biaxial flexure, failure stress ~ 91.6 MPa (13,300
psi). Note the elongated character of the flaws as well as their rela-
tively smooth periphere, in contrast to the commonly much more irregular
shape of such elongated flaws from grinding. See figure 17 for another
similar example. C and D show the fracture origin area and fracture
origin (arrows) of a polished specimen of Aly03-rich MgAlp04 (Verneuil)
single crystal.

nature of elongated flaws from grinding. As shown in Sections 3 and 4.3,
the elongated flaws from grinding are often more irregular, e.g. due to
their being made up of a series of smaller flaws of varying degrees of over-
lapping character. This smoother character of polishing flaws may well rep-
resent either, or both of, two aspects of the polishing operations relative
to the grinding operation, The much slower motion of the abrasive particles
may directly be the cause of the much smoother nature of the flaw periphery
due far example to less variation in friction. On the other hand, the slower
speed of the abrasive particles may indirectly be effectively allowing more
opportunity for stress corrosion or other phenomena to result in a smoother
crack 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 appears to be simi-
lar. This again suggests that the velocity and forces associated with dif-
ferent abrasive processes are not a major factor in a character of the flaws
that are introduced, but only result in varying degrees of the flaw parame-
ters, e.g. their depth and 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 specimens on their
size and shape due to the differences in the amount of surface or volume
under significant stress, While much yet needs to be done in terms of de-
tailed 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
grade MgF2. A and B are fracture photos of the area of origin and the
failure causing flaw (arrows) from grinding parallel with the tensile axis,
fracture 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 sample of the same material ground perpendicular to the tensile
axis; failure stress ~ 50 MPa (7,200 psi). This shows a somewhat more
exaggerated, but not extreme, example of the type of variation that one
can have in flaws forming essentially parallel with the grinding groove.

types of machining flaws, some important observations can be made at this
time,

A variety of statistical variations of flaws are observed. One of the
most frequent and obviously expected variations of flaws forming parallel
and ~ along the bottom of the grinding grooves is their extent and regularity.
Basically, these often appear to be not one flaw, but a series of flaws that
partially or totally overlap, e.g. see figures 2,3,4,8,9, and 12, For flaws
of the type characteristically perpendicular to the grinding grooves, a lim-
ited but definite number sre observed forming at a variety of angles to the
grooves, e.g, figure 13, In finer grain bodies, these angular variations
represent 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 same cleavage system may not
be orthogonal, orientation of preferred fracture planes can also be import-

ant, figure 13C, D,

Also, some flaws of the type typically forming perpendicular to the
grinding grooves may also be wider, i.e. more eccentric than ~ half penny
flaws, Again 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 variations in material properties. Another variation, es-
pecially with flaws of the type forming perpendicular to the grinding grooves
are two to several ~ concentric markings before the final flaw boundaries,
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Figure 13. Examples of variation in flaws forming approximately perpendicu-

lar to the direction of grinding, A and B are fracture photos of the area
of origin and the fracture origin arrows in a specimen of fine grain,
dense mullite, fracture stress ~ 206 MPa (30,000 psi). Note that the flaw
is at a substantial angle and has substantial curvature relative to the
fracture plane and the tensile axis, While some such flaws may actually
be the continuation, or a curved end, of a flaw forming parallel with the
grinding direction,clearly many of them are not and are simply variations
of the angle of flaws forming perpendicular to the direction of grinding.
This sample represents an extreme misorientation of such flaws, Note also
that there is no obvious deep grinding groove associated with this flaw
and that there is a definitive grinding groove to the left of it in B,

C and D are photos of the area of fracture origin in dense, hot pressed
SiC, failure stress ~ 372 MPa (54,000 psi). While the specific fracture
origin and the machining flaws are both less well-defined, 1 is a fairly
probable machining flaw and 2 is a possible machining flaw in D. Note
that these are ~ equal to the grain size and that neither is associated
with obvious grinding grooves. Note also the substantial angle of 1
relative to the direction of grinding and the tensile axis may be as

much or more 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, !
rather than a statistical variation in the machining or material parame-

ters governing the formation of cracks,

19




g

e.g. figure 6, Such observations, which are more common than shown in the
examples in this paper indicate that the flaws are often formed in stages by
some degree of oscillating stresses, or with other vibration,

Another important variation in machining flaws is the formation of edge
flaws, such as along the edges of rectangular test bars or edges of compo-
nents, e.g. trailing edges of turbine blades, While fracture origins from
sample edges are genemlly readily identified, specific flaws are not always
evident, e.g. figure 14, However, a substantial number have been identified,

N - }

Figure 14, Examples of ill-defined edge flaws at fracture origins in fine
grained ceramics. A and B are fracture photos showing the origin of a
fine grain Zr0O2 body partially stabilized with 8 w/o Y203, fracture
stresses 276 MPa (40,000 psi). C and D are similar photos of fine grain,

dense mullite, failure stress ~ 296 MPa (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 size and shape often cannot be
defined, though first approximation would simply be to use the approxi-
mate dimensions of the edge chip in A and B, or 1ip in C and D as a flaw
dimension. Such fracture origins are quite common for specimens failing
from edges.
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some of which may be close to a quarter ellipse or circle, but there can be
a variety of shapes as indicated in figure 15, An example of an edge flaw
in hot pressed SigNy is shown in reference 21. Some indications of the fre-
quency with which such flaws can occur are given elsewhere (4], It has also
been shown that while such edge flaws may be more severe, and hence giving
lower strengths, this is clearly not universally so,

An important question is what are the spatial and size distributions of
machining flaws. At present, only partial indications of these distributions
exist., Thus, for example, fracture surfaces have been examined for machin-
ing flaws other than the one from which failure initiated. Such examinations
are most definitive in the smooth, fracture mirror, area since machining
flaws, especiallly smaller ones, will generally be partly or totally obscured
in the hackle and crack branching regions of fracture [12]. Thus, more area
is seen on weaker specimens which could bias the results, However, such ob-
servations do give a preliminary idea of flaw distributions, e.g. other ma-
chining flaws 10-50% the size of the one causing failure have been reported |
within ~ 100-300 um along ground surfaces of fine grain MgF2 and Aszsg |
glass 4., Similarly note other machining flaws near the fracture origins |
of specimens in figures 7-9, Finally, one other preliminary indication of |
flaw distributions are slow crack growth observations in hot pressed SigN4 |
(HPSN). At elevated temperatures, flaws begin to open up on tensile surfaces
of HPSN due to local deformation, presumably predominantely by grain bound- 4

ZOCQ‘M

¢ Figure 15, Examples of specific failure causing flaws at specimen edges.
s A and B are photos of the area of origin and specific fracture origin
(arrows) in a single crystal of CaO stabilized ZrO2, failure stress 105 MPa
(15,300 psi). C and D are fracture photos of the area of origin and ac-
tual origin (arrows) of a failure causing flaw at the edge of a hot press-
ed lurz .
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ary sliding. These opening cracks appear to often originate from larger ma-
chining flaws (some cases of this have been verified [21]). Theretore, the
distribution of these opening cracks gives some idea of the surface density
of flaws, e.g. figure 16, While controlled, e.g. side, lighting, or etching
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Figure 16, Example of slow crack growth opening of machining flaws, A and
B show hot pressed SigNgq (HS-130) tensile creep rupgure tested at ~ 87 MPa
(12,500 psi) at 13000C (failure strain ~ 13.8 x 1077)., Note the ~ linear
features developing on the surface, shown at higher magnification in B,
Machining flaws such as those identified as the source of fracture at
lower temperatures (e.g. fig. 18A, B) have been identified as a major
source of such flaw growth (21 _,

of machined transparent bodies, especially of glasses and crystals can be
important tools in better defining machining flaw populations, opening of
flaws due to slow crack growth may have fairly broad applicability. Thus, a
variety of Al203 and other commercial ceramic bodies, such as crystallized
glasses (33] are known, or expected, to exhibit slow crack growth that could
be exploited for further definition of machining flaw populations,

The studies thus far of this paper have been made mainly on bars
~ 1.3 x 2.6 x 13 mm., While much strength-specimen size dependence arises
from processing defects .5,6,34,35:, the observed size dependence of the
strength of ceramic material such as glasses and dense polycrystalline bodies
where machining flaws should dominate would suggest that 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, fully dense, hot pressed MgFy were ground on one side parallel to the
tensile axis and on the other perpendicular, then tested, Sections of these
large MgF2 bars after flexural testing were then cut up into smaller test
bars whose tensile surfaces were the original ground surfaces of the large
bars so0 we were testing the same flaw population. The results of these
tests along with some data on different sets of B4C specimens are shown in
table 4,

The results of table 4 suggest a possible effect of the specimen size
on the size of machining flaws controlling strengths, but several complica-
tions occur., First, since the same head travel rate was used, the strain
rates were lower for larger bars allowing more slow crack growth to occur;
thus strain rate is being held constant in other tests of MgF; and Si
based glasses now underway. Second, processing defects (and possibly varia-
tions in B4C) play a larger role in the failure of larger bars, limiting the
machining results. Third, both MgFy and B4C have internal stresses due to
their non-cubic crystal structures which lt-lt the increases in strength

with decreasing flaw size ([36]. Thus, while the strength results do not
22
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strongly show a size effect, the flaw observations more strongly indicate
such an effect. In order to minimize these complications, additional tests
are now under way on Si02 based glasses. However, initial results have been
complicated by different types of flaws being common 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
effects such as damage from unusually large swarf particles trapped between
the specimen and grinding wheel.® Other 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 somewhat deeper flaws than in test bars,
but specimen shape may a]so be a factor. Thus, the data of Bansal and Duck-
worth on Pyroceram 9606 .34] reporting no size effect of machining is not
necessarily 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 observations made. (Again, possible
effects of internal stresses could limit strength differences between differ-
ent size bars with different size flaws,)

500um B . ;f)wt_f50pm
— A : WAL NS
R R’ 3 LYK St
-t | i \'%s'.: ;s:‘- ._".
t ‘;‘\: .‘#\‘ ,f'.‘\{
. \\- dfeT

b } f

Figure 17, Photos of the area of fracture origin and actual origin (arrows)
of a polished, IR dome, MgFs failed in a simulated aero-thermal heating
test. The failure stress of ~ 69 MPa (10,000 psi) estimated from the ob-
served flaw size and the measured fracture energy and Youngs modulus is
in excellent agreement with the failure stress predicted from thermal
analysis, Note the similarity in size and shape of this flaw in a pol-
ished component to that shown earlier in figure 11 in a polished MgFo disk.

'Another possible source of different flaws are those formed at the edge of
the grinding wheel on larger bars that are wider than the wheel in contrast
to small bars which are narrower than the wheel,
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Figure 18, Examples of machining tlaws at fracture origins in hot pressed
SigNg (NC=132). A and B are photos of the area of fracture origin and
the fracture origin (arrows) of specimen ground circumferentially for
true tensile testing; fracture stress 312 MPa (45,300 psi)., B shows
a portion of the highly elongated flaw which is about average in defini-
tion for such flaws in SigN4. Other clearer examples of these types of

flaws can be found in references 20 and 21, C and D show the fracture
origin area and fracture origin (arrows) in a simple prototype Si N4
turbine blade spun tested to failure at room temperature, The upo«t-w

(courtesy of Mr., Dave Richerson, Garrett Airescarch) failed in the attach-
ment area where stresses are highest and machining is perpendicular to

the blade (tensile) axis; fatlure stress was ~ 483 MPa (70,000 psi). Note
the Richerson and Yonushonis .37] have shown similar, Llunrvr examples of
such fracture origins in Illlod turbine blades.

5. Summary and Conclusions

Fractography has been used to identify machining flaws controlling the
strengths of a variety of ceramic bodies., This shows that sawing, grinding,
sanding, and polishing all introduce predominately two populations of flaws
extending in from the surface. One set, those giving the lowest strengths
are formed essentially parallel with the machining grooves formed by the grit
particles and are generally fairly elongated, The other set of flaws, those
typically giving higher strengths, are typically formed perpendicular to the
machining grooves and are generally less elongated, often approaching a semi-
circular periphery, The differences in size 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.




Variations in the depth, shape, and orientation of the above sets of
flaws have been observed, as well as effects of composition and microstruc~
ture. While some variations in flaw orientation appear to be sporatic in
larger grain bodies where flaws are similar to or less than the grain in
size, and especially in single crystals, the orientation of preferred cleav-
age planes can be an important factor, The set of generally elongated flaws
that typically form parallel with the machining grooves vary from a continu-
ous flaw to a series of partially overlapping flaws., Flaws forming generally
perpendicular to machining grooves often have a fan and curved character,
e.g. like half a clam shell. No obvious effect of body composition is seen
on the size, i.e. depth, of either set of flaw introduced, and decreasing
grain size has at best a limited effect on reducing the size of the strength
controlling flaws introduced. Thus, the typical variety of machining pro-
cesses commonly introduce flaws in the range of 20-50 ym depth for both sets
of flaws in glasses, single crystals, and typical grain size dense polycrys-
tals in most laborntory size test bars. Limited evidence, as well as the
statistical nature of machining flaws, both suggest that the size of machining
flaws controlling strength increases some with specimen or component size,
However, increasing competition from other flaws, e.g. processing flaws or
flaws introduced by handling processes limit such machining flaw size-
specimen size evaluation.

Note added in Proof

Two factors, slow crack growth and residual stresses, not addressed in
the text should be briefly considered, While slow crack growth might increasec
flaw sizes by 50-<100% in the extreme, this would not change the strength an-
isotropy unless the growth was significantly different for the two popula=-
tions of flaws, The generally good agreement between measured strength an-
isotropy and that calculated from observed flaws argues against significant
differences in flaw growth, Further, fracture energies c-lculntod from ob-
served flaw sizes generally agree with measured values 9 20-2 36] unless
altered by other factors such as thermal expansion lnlnotropy ?3 ] ,indi-
cating flaw growth in most of these materials is limited, e.g. < 500, 1If
residual stresses in the surface from machining were compressive in nature,
they would compensate, at least in part, for slow crack growth, On the other
hand, if residual stresses are tensile, e.g. as indicated in recent indenta-
tion tests (private communication with Dr. Brian Lawn) then their effects
would be additive to those of slow crack growth, Again, the above results
indicate that any additive effects are limited. Thus, while further study
of slow crack growth and residual stress are important to refine our under-
standing of machining flaw-mechanical property relations, they do not appear
to require major changes in the results and conclusions of this study,




TABLE 4
SPECIMEN stS-STRBNGTﬂl AND FLAW SIZE EFFECTS IN GROUND BARS
Ground 2 Ground gz
Strength Flawd Strength Flaw3
ks i MPa a(yem) b/a ksi MPa a(gm) b/a

MgF2 (KODAK, HOT PRESSED, ~ O POROSITY, GRAIN SI1ZE ~ 0.5 wm)
Span 4 cm, cross section 1 x 1.8 cm:

1122 76214 75220 4:2 1212 80214 - -
(4) (4) 3)
Span 1.27 cm, cross section 0,51 x 0,25cm:
12:] 80=7 4243 ~ 4 16:3 110220 57+11 0.820.3
(4) (3) (9) (3)

B4C (NORTON, HOT PRESSED, < 1% POROSITY, GRAIN SIZE ~ 10 ym)
Span 2.54 cm, cross section 1,27 x 0,60 cm:
35:4 240:27 10080 1.1:0.2 44:6 304:40 60:40 120.5
(4) (3) (4) (3)
Span 1.27 cm, cross section 0,62 x 0,24 cm:

34:12 235:80 18:3 321 49:6 338:40 - -
(7) (3) (7)

B C (FIBER MATERIALS, HOT PRESSED, < 17 POROSITY, GRAIN SIZE ~ 2 jom )
Span 1.9 cm, cross section 0.51 x 0.25 em:

1922 13014 20:11 4+1 47+12 325:80 13+8 2+]1 .8
(5) (4) (5) (3)

1 Strengths measured at 23°C in 3 point flexure with a head travel rate of

~ 1.27 mm/min,

2 L and | refer respectively to the direction of grinding relative to ihe
bars' tensile axis., Lower numbers in parentheses give the number of values,
The fewer number of values for flaw parameters than strengths reflect
failure from processing defects or specimen edges,

* a - flaw depth, b = flaw length along surface,
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