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MACHINING FLAWS AND THE STRENGTH GRAIN
SIZE BEHAVIOR OF CERAMICS

1. Introduction

Single phase as well as some multiphase ceramic polycrystalline bodies,
especially those of limited to zero porosity, show a definitive and charac-
teristic dependence of their brittle tensile failure on grain size (G) L1-4J.1
For most materials, such behavior occurs to temperatures of at least a few
hundred °C and for many more refractory bodies to temperatures of 1000°C or
more. Typically, two regimes of such G dependence of brittle fracture are
observed. At larger G, there is typically a significant increase in tensile
(or flexure) strength(s) as G decreases. However, as G decreases below some
intermediate level, e.g. below 10 to 50 um much less or possibly no, increase
in S is observed with further decreasing G (fig. 1). The latter regime show-
ing more limited or no increase in S with decreasing G typjcally gives a non-
zero intercept on a Petch plot, i.e. a plot of S versus G2 . In the past,
such non-zero intercepts have often been interpreted as indicating strength
control due to microplastic nucleation or growth of cracks [1-3]. However,
recent fractographic information shows that this is commonly not the case
that flaws, commonly from machining, are typically the source of failure t2-
4]. 1In the past, it was often assumed that the G dependence of S was due to
the flaw size (C) being related to G, i.e. most commonly it was assumed that
C = G. However, recent fractographic information shows that the size of
flaws introduced by machining do not vary much, if at all, with G (5]. Thus,
flaws are typically much smaller than large grains and typically much larger
than fine grains. This extensive fractographic information thus invalidates

1Figures in brackets indicate the literature references at the end of this
paper.

Note: Manuscript submitted July 6, 1979,
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Figure 1. Schematic representation of proposed strength-grain size model.

Note that this is divided into two regions. Region I is for larger grain
sizes where strength significantly increases with decreasing grain size.
Region II is for finer grain sizes where strength shows significantly less,
and possibly no, increase with decreasing grain size. The transition be-
tween these two regions occurs over a grain size range where the grain and
flaw sizes are similar as indicated by the vertical wavy line. The two
sets of trends indicated by 1) and 2) are for samples of the same material
but having different surface finish, sizes, or testing conditions. There
may be an overlap of one or both regions for two such sample sets over

the full grain size extent, or partial overlap (as shown), or no overlap.
However, it is commonly expected that due to scatter and other factors
that there will commonly be at least some degree of overlap in the larger
grain size regime. Note also on the right hand side of the figure that
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the strength ranges for single crystals of the same material in their
weaker orientations with the same set of finishing or testing parameters
are indicated for the two sets of polycrystalline samples by 1) and 2) are
shown respectively by X/1 and X£2.

the previous explanation for the grain size dependence of brittle failure of
ceramics under tensile loading. The purpose of this paper is to review the
pertinent fractographic observations on machining flaws and S-G data in order
to relate the two together and to discuss the mechanisms of failure that they
demonstrate or suggest.

2, Mechanisms of Failure

Before reviewing the fractographic and S-G data and their interrelation,
it is appropriate to first briefly review the two basic mechanisms of fail-
ure. One mechanism is failure due to microplastic crack nucleation, due to
blocking of slip bands or twins by other slip bands or other twins, or more
commonly, by grain boundaries. Microplastic failure is typically repre-
sented by the equation:

S =0+ xc‘i (1)

where ¢© is the stress to activate the slip or twinning phenomena that leads
to failu?e, and K 1is a constant. The second mechanism, that of flaw failure,
typically follows the relationship:

where A 1is a geometrical factor associated with the shape of the flaw, and
may also be dependent on the size of the flaw relative to that of the speci-
men, as well as the location of the flaw in the specimen, E is Youngs modulus,
and ¥ 1is the fracture energy. As noted earlier, it has commonly been as-
sumed in the past that C was related to G, commonly C = G, implying that
one should be able to tell whether the mechanisms implied by egs. (1) or (2)
were operative by plotting S versus G~%. Equation (1) would result in a
straight line with a non-zero intercept at ¢_while eq. (2) would result in

a straight line with a zero intercept. Howe?er, as noted earlier and dis-
cussed in detail later, C is generally not related to G so this is not a
valid method of separating the two mechanisms. Further, there are other com-
plications such as the fact that the two mechanisms may interact, e.g. slip
may aid the growth of pre-existing flaws to grow to a critical size. Also,
there can be competition between the two processes such that one may domin-
ate in one grain size region and the other in another grain size regime,

with a transition between the two regimes shifting with such parameters as
impurities, porosity, and surface finish, e.g. machining.

3. Proposed Mechanism of Failure

Any mechanism of brittle failure of polycrystalline ceramics must ad-
dress the following factors:

1. Foremost is the fact that failure typically appears to initiate
fro? ?achining flaws that have little or no dependence on G as noted earli-
er LS5].

2. The observed dependence of strength on surface finish parameters
such as grit size [6-9] and machining direction [5,10].

3. The possible dependence of strength on Specimen size [5].

4, That strengths of polycrystalline specimens can often extend below
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the strengths of single crystals of the same material given the same surface
finishing which are tested in those orientations that give lower strength
due to favorable orientation of lower fracture energy planes [2,4].

5. The expected interaction or competition between microplastic and
brittle mechanisms of failure in materials such as MgO where the former mech-
anism can be operative [1,2].

The proposed mechanism of tensile (or flexural) failure is as follows.
First consider the smaller G regime indicated by II in figure 1, i.e. where
strength shows either limited or no dependence of G. Fractography has clear-
ly shown that in this region flaws are typically many grains in size [2-5].
Since E does not depend on G, ¥ often does not depend significantly on G L2,
4,11], and the flaws are multi-grained in size and show no relationship to
the grain size, no significant dependence of S on G would thus be expected.
This absence of any significant G dependence for failure with C > G gives a
non-zero intercept on a Petch plot, e.g. figure 1. This is now believed to
be the predominant source of non-zero intercepts. The possible limited in-
crease of strength with decreasing G in this region (II) can arise from
either of at least two sources. The first source is some possible limited
decrease of C with decreasing G (5], e.g. possibly following the limited
increase of hardness with decreasing G. A second possible source is the ef-
fect of internal stresses, i.e. due to incompatible strains between grains in
non-cubic materials or materials that have undergone a phase transformation.
Since there are statistical variations of these stresses, as the number of
grains encompassed by C decreases, internal stresses can increasingly aid
failure Such effects can begin to occur even when flaws encompass many
grains t1,2,4,12]. With C nearly constant, the number of grains encom-
passed by the flaw increases with decreasing G, which would thus reduce the
internal stress effect, and hence increase S,

This leaves the significant dependence of S on G in region I and the
reason for the transition between regions I and II of figure 1 to be ex-
plained. A key observation is that the transition between these two differ-
ent regimes of S-G behavior typically appears to occur when C ~ G [2-4, 13].
Two explanations for the significant decrease in strength as G increases so
the ~ constant C becomes progressively < G have been considered. The first
is that the machining flaws start propagating below the failure stress but
are arrested when they encounter the adjacent grains. Failure would thus
result when the stress increases to the level to propagate the flaw now the
size of the grain in which it has grown, or the size of one or more grain
boundary facets for intergranular flaws, into or around the surrounding
grains. This mechanism provides a ready explanation for the G dependence
of S in region I (fig. 1) since it gives the final flaw size ~ G. However,
this mechanism leaves unexplained how cracks can grow several fold in size
so their increase in stress intensity is greater than the change in fracture
toughness on going from a single-~ to multi-grain crack can be arrested.
Further, this mechanism does not explain how polycrystalline bodies with
initial flaws similar to those in single crystals of the same material can
have strengths similar to, or below, those of the weakest orientation of
such crystals when polycrystalline fracture energies are several fold times
those for common single- or bi-crystal fracture.

The second explanation for the significant G dependence of S in region I
rests on the recognization that for C sufficiently smaller than G flaws would
effectively see themselves in a single crystal environment for flaws within
grains, or in a grain boundary environment for grain boundary flaws. In the
extreme of such cases, failure would then be controlled by the single crystal
fracture energy (7,) for failure on the easier cleaving or fracture sur-
faces of the single crystal or the fracture energy (»g) for crack propaga-
tion along a single grain boundary, e.g. bicrystal fracture energies. 7Y,
values vary from ~ 1/3 to ~ 1/10 of typical polycrystalline fracture energy
(Ypc) values. g can be anywhere from a fraction, e.g. 1/2, to 100% of Yoo
Thus, as previously suggested [2,4,14], it is proposed that the significant
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increase in strength with decreasing grain size in region I arises fror an
effective transition from ¥, or ¥g to Ype as G of different specimens
decrease relative to an ~ constant C.

Recent calculations indicate that unless the flaw is a sufficient frac-
tion of G, e.g. 1/3 to 1/2, that propagation will become catastrophic before
the crack reaches the grain boundary where a major, if not the total, in-
crease of fracture energy towards Yp. would occur f14]. This transition has
been sketched out in some cubic materials based on calculations using _ the
initial flaw size [4,14). However, some crack growth may also occur [15].
There are also questions of whether the change from ¥; or ¥g to ¥ values
is really gradual or possibly a step function. The above noted transition
could, in fact, be a result of different more abrupt transitions of indi-
vidual flaws in different specimens due to varying grain-flaw parameters
such as sizes and location €14]. In any event, it appears that the second
mechanism, that of a ¥y transition, applies when C is sufficiently small rela-
tive to G, e.g. C < G/3, while the first is operative for C larger relative
to G, e.g. C > G/3.

The above transition in ¥ is completed at different C/G ratios in dif-
ferent materials, e.g. ~ 1 to 3. This range depends upon a variety of
factors such as texture and the orientation dependence of ¥ within a single
grain (14]. The C/G ratio over which this transition occurs can also vary
depending on the size, shape, and location of the flaw. Thus, for example,
a flaw may be rather shallow but fairly elongated so it crosses into two or
three grains, so it probably reached ¥ sooner than a penny shaped flaw
of the same depth located entirely witgin one grain or entirely along one
grain boundary. Similarly, a flaw located entirely within a grain, but
located adjacent to one grain boundary may have a different transition than
a flaw whose ends are well away from the grain boundaries. Internal stresses
from thermal expansion anisotropy (TEA) or phase transformation and redis-
tribution of applied stresses due to elastic anisotropy (EA) may also ef-
fect the C/G ratios for completing this transition.

Note that the polycrystalline strength in region I can extend below
the strengths for the weaker orientation of single crystals having the same
surface finish as the polycrystalline materials for several reasons (fig. 1).
There are extrinsic causes of this, such as impurities, and porosity. How-
ever, there are also intrinsic causes such as failure from grain boundary
flaws in materials in which yg values are sufficiently below those of ¥,
values. Also, internal stresses from phase transformation or TEA can con-
tribute to failure either by adding to the applied stress or by allowing
larger machining flaws to form, e.g. by machining flaws linking up with pre-
existing cracks from the internal stresses or cracks forming from such
stresses during machining operations. Stress concentrations due to EA,
which also occurs in cubic materials, may also contribute to lower poly-
crystalline versus single crystal strengths,

The above model is clearly consistent with all of the observed effects
of machining. Thus, for example, grinding perpendicular to the tensile axis
of bars generally introduces more elongated and hence more severe flaws
whether they are much larger or smaller than G [5]. They also lower the
transition because, as noted above, elongated flaws should reach Yy values
sooner because of their interaction with a greater number of grains. Simi-
larly, effects of changing grit size would have the same effect. Again, in
a similar fashion, if larger flaws occur in larger bodies, they will lower
strengths in both large and fine G bodies and thus give transitions at
larger G. Finally, the competition and trade-off between microplastic and
flaw failure can also be anticipated. Since slip or twin nucleation of
cracks is typically associated with slip bands and/or twins propagating a-
cross a single grain, a pre-existing flaw larger than that grain will dom-
inate failure. Thus, entirely brittle failure of materials that can ex-
hibit microplastic failure, such as MgO and CaO should occur for C > G.
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However, as the C approaches G, the microplastic mechanisms can become com-
petitive so that as flaws become smaller than the grain size, microplastic
failure can begin to occur. When flaws are still a sufficient fraction of
the G, slip assisted crack growth may be a dominant mechanism of failure.

Subsequent to the authors original discussion of this model, Bradt and
colleagues also discussed a similar model in which the fine grain size re-
gion was also attributed to C > G (6,]. They, however, attributed the tran-
sition and the subsequent larger G region where S depends more extensively
on G to a change from machining to "intrinsic'" flaws of unspecified charac-
ter which they apparently felt depended upon G for an explanation of the G
dependence of S. Several aspects of the model proposed by the present
author were also independently proposed by Rhodes et al (16] who similarly
attributed the transition in S-G behavior to C ~ G. Also, some aspects of
the model were suggested in an earlier review of devitrified glasses by
Emrich (17], i.e. a two branch S-G relation depending upon flaw size. Em-
rich attributes this model to Stookley E17], but the latter reference does
not show a definite base for the model, so it appears that it is really
more due to Emrich himself.

4., Comparison of the Strength Grain Size
Model with Available Data

Considerable S-G data exists in the literature. Much of it lacks de-
finitive characterization of either the surface finishing conditions or the
strength test methods, and little fractography has been done. Much of the
earlier data does not necessarily show a clear transition for several rea-
sons. First, often only limited G ranges were investigated. Second, much
of the data was not plotted in a fashion to clearly show such transitions,
e.g. log-log plots which tend to obscure such transitions. Finally, there
is also an important experimental difficulty in many materials; namely,
variable grain sizes. Thus, for example, bodies such as Al503 which often
readily exhibit exaggerated grain growth may have one large grain at or
near the surface in which one or more machining flaws may form. If a flaw
forms in or along such a large grain, that flaw is likely to be the source
of failure which will then reflect a large, if not total, influence of the
size of that large grain. In such cases, plotting S as a function of the
average G can be quite misleading. Some have, therefore, plotted strength
as a function of the largest G. While this author was one of the first to
recognize such possible effects of large grains just inside the machined
tensile surface, he has also clearly observed cases where large grains are
present, but machining flaws did not form in them (e.g. fig. 2) and hence
plotting their strength as a function of the large G is incorrect. This un-
certainty of which G is controlling thus leads to substantial scatter in the
data and must be considered. Despite these problems, there is still a sub-
stantial amount of data which either individually or collectively supports
the proposed theory.

Figure 3 shows one of the more complete studies waich, in fact, was
one of the factors precipitating the development of the model of section 3.
Note in figure 3 that the inserted fractographs of fracture initiating flaws
clearly show an increase of the strength as G decreases as discussed in
the model. Also, note since this is a cubic material in which internal
stresses from TEA, or other complications such as those due to phase trans-
formation are not present, one can calculate fracture energies from the in-
dicated flaw sizes. Such calculated fracture energies do, in fact, show a
transition from approximately 2 J/m?2 for C << G in good agreement with DCB
measurements of Y, to ~ 7 J/m2 for C >> G in good agreement with DCB mea-
surements of 7pC'

The only other set of S-G data that has associated fractography with it
are the more limited studies of B4C (fig. 4). Evaluation of earlier B4C
data suggests a transition as shown in figure 4, and the more recent data of




Figure 2, Example of fracture not initiating from larger grains. This lower
magnification photo of B4C (the same specimen shown at higher magnifica-
tion in the right hand portion of figure 4) shows large grains to the
left of the machining flaw origin (arrow). The largest grain (G) despite
almost reaching the tensile surface is clearly not the source of failure
showing that larger grains, while often sources of failure, are not always
such sources.

the author is reasonably consistent with this, possibly suggesting a transi-
tion at somewhat larger G. Also, it shows a larger transition and lower
strengths for specimens ground perpendicular in comparison to those ground
parallel to the tensile axis. Because of possible differing compocsitions,
and more generally because internal stresses may alter the apparent fracture
energies calculated from the flaw sizes, such analysis is not attempted here.

Consider now Al203, one of the more extensively studied materials; i.e.
see figures 5-7. Also note table 1 where much of the machining and mech-
anical testing parameters for these and other studies are given. Figure 5
shows earlier Al203 data of various investigators each indicating to various
degrees, a S-G transition as expected. More recent flexural data of Al,03
(fig. 5) again indicates various transitions, e.g. at larger G for spec%mens
ground perpendicular than for those ground parallel to the tensile axis,
Figure 7 represents various data from diametral compression tests of Al903
with indicated specimen compositions and sizes. While clearly significant
less certain because of the limited data, these results are again consistent
with a S-G transition. Note that all of the Alp03 transitions are reason-
ably consistent, especially when one considers the uncertainty of the G val-
ues due to exaggerated grain growth. More specifically, they are also con-
sistent with flaws observed in single and polycrystalline Alg03, e.g. figure9 .

Consider next, BeO, one of the more extensively studied ceramics after
A1203. Note that the extensive studies of carefully characterized material
by Fryxell and Chandler [27] clearly suggest a transition at G ~ 25 um (£fig.7).
While this data is corrected to zero porosity (P), the individual sets of
samples of ~ constant porosity each show similar trends. Also, this correct-
ed data agrees well with the data of Bentle and Kniefel (28] for hot pressed
BeO with P ~ 0. Note that Greenspan's incomplete data [30] would suggest a
possible transition at finer G, which is consistent with the fact that his
specimens were probably ground approximately parallel with the tensile axis
while those of Fryxell and Chandler, and Bentle and Kniefel, were circumfer-
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Machining

G (30 4 in)
G (ER ~ 0.4mm)

then an. 24hr
900°C

G(320 grit) ER
G, ER
G various grit

(ER ~ 1/16",
~ 1.6 mm)

CG rods
G rods

Core drilled
rods

G(25-35 rms)
G?

G?

Sawn

D(C) G; L T.A.
100,220,400,
or 600 grit

G(320 grit), th
DS (600 grit Si
| T.A., ER

34 lapped
(B.F.?)

G?

G(220 grit,
0,025mm per
pass, 0.31 m/mi
EC)

TABLE

1
MACHINING AND FLEXURE TEST DATA

Flexure Test

Specimen (GM)

Cross
Sect. Length
0.38x
0.63 4.45
0.38x
0.63 4,45
0.25x 1.5
0.5
0.4 x 0.5 255
s,

0.63 x 0.63 5.1
0.58(dia) 8.88
0.41(dia) 2,54
0.25(dia) 2.54

~0.,7 x 0,7 > 5
~0,43 x 0.43 2.54
~0,43 x 0,43 2.54
0.35x
0.45 =5
1.27x
1.27 S8
en
0.25x
©) 9.5
.01x
0.1 <0.63
0.64x
0.64 5.1
0.254x -
n 0,254 Sy

Span(s) Lr3
Type2 (cm) (mm/min)
4 3.20
12T L pase
3.80
% 1.27
3 27 T2
3 2.0 0.051
3 3.05 05
7.61 .
4 2 54 15552
1.90
4 0°%9 0.76
3 1.90 0.051
1-2 min
- 2.8 to failure
= - unspecified
3 2,0
2.4
4 1.2 0.051
3 3.05 0.51
1.27
3 or 2.27
1.9
0,43
4 016 0.051
3.81
4 127 0,051
<) 1.59 0.051

(continued)




Investigator Machining’

Cranmer D(C) G + T.A.
et al 220,320,400 or
600 grit
(0,005 mm pass)

Flexure Test

Specimen (GM)

Cross Span(s) LR3
Sect. Length Typez (cm) (mm/min)
0.3x
0.3 3.0 3 19 0.051

1All machining with diamond abrasive unless otherwise specified. G = ground,
D(C)G = down (climb) ground, + or ; TA.= perpendicular or parallel to tensile
axis (i.e. bar length), ER = edges radius or rounding, EC = edges champ-
fered, EF = edge fininishing; DC = dry sanded, an = annealed.

23 point or 4 point flexure.

3LR = loading rate.
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Figure 3. Strength-grain size behavior for MgAl,04. The crossed hatch re-
gion shows the extensive strength-grain size ﬁa%a for near theoretical
density MgAlgO4 of good purity, as reported by Rice and McDonough (13].
Note the inserted fractographs showing flaws found at fracture origins
for the indicated levels of strength. Also note the fracture energies
calculated from the observed flaws show the transition from single to
polycrystalline values as discussed in the text. Note that the flaw for
the insert of intermediate strength consists of both a transgranular ma-
chining flaw portion, marked F, as well as a portion along the adja-
cent grain boundary, marked GB. Also note that the weaker orientation of
single crystal specimens of the same size and surface finish as for the
polycrystalline specimens give typical strengths of ~ 210 MPa (30,000 psi).
The strength of polycrystalline specimens extends below this level.
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Figure 4. Strength-grain size data for hot pressed B4C. Note the crossed
hatch area representing analysis of an earlier survey of B4C data [1],
which gives a fair indication of S-G transition. More recent results of
the author are shown by individual data points as well as the two fracto-
graph inserts. The right insert shows a distinct fracture origin from
a flaw much larger than the grain size in a fine grain body ground parallel
with whe tensile axis (see also fig. 2). The left insert shows a flaw
whose depth is comparable to the intermediate grain size, but the flaw
is fairly elongated perpendicular to the tensile axis. Internal stresses
due to the non-cubic structure of B4C as well as possible variations of
stoichiometry in the different bodies makes fracture energy calculations
from these flaw sizes and their interpretation in terms of the proposed
fracture energy transition uncertain.
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Figure 5. Earlier strength-grain size data for dense, machined Al203. Note

that while there are some differences in corrections for limited amounts
of porosity, e.g. between Carniglia's and Rice's plot of Spriggs et al
earlier data .1., all show strength-grain size transitions in the range
0 Note also that although specimens of Passmore et
al (19] were annealed for 24 hours at 900°C after machining that both
the fabrication temperature (2 1400°C) as well as the temperature (~
1700°C) for crack healing in larger grain Alg0g (20] indicate that this
annealing did not significantly effect the machining flaws.

of ~ 20 to < 100 um.
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Figure 6. More recent strength-grain size data for A1203. Limited data
for parallel grinding, though scattered, shows a clear transition as
does the limited data for perpendicular grinding, although this is more

ill-defined [21].

Note that these transitions are reasonably consistent

with the data of Evans and Tappin (22] for sintered alumina, especially
when strengths are corrected for the ~ 5% porosity.
data for surface finishing of Tressler et al (7] with various grit sizes
is consistent with the other data and the range of transitions that they
indicate.

13

Also note that the




GRAIN SIZE, G (um)

400100 30 10 5 3 2 15 1 0.05
0 [ e | T T T T T T T
- b 2 —30
B S
[ [J

40 et % 1)
= 3 ‘
7] — -~
3| ; ® 3 |
g 2
T 2f . x
o 2 =
& 2 2
€ B HOT PRESSED Al,0, 23°C =
L2 [

—15
< ok SYMBOL COMPOSITION INVESTIGATOR SPECIMEN (cm) 5
< DIA. THICK <
- C o
Wy « Al,05 + No ADD., GAZZA ET AL. 191 0.51 E
< 151 MgO, OR CoO 110 E
o =
e A0, +5V/0 Mo RANKIN ET AL. 0.64 0.51 a
L © Al,0, ONLY
! s Al,0, STEELE ET AL.  0.91 0.76
5 -
1 1 1 1 1 | 1 ) e | | el
0 10 20 30 40 5 60 70 80 9 100 110 12
1/V'G (em™*%)

Figure 7. Strength-grain size data for diametral compression testing of
Al903. While the data [23-25] is limited, it is clearly consistent
with a transition which would also for example be suggested by the
data of Gazza et al [23] alone. Note that the use of Mo additions
appears to have no significant affect on the strength other than
controlling grain size, e.g. as shown by similar flexural studies of
Al503 specimens with a range of Mo additions including those beyond
the §% level, by McHugh et al [26]. Note also that Rankin et al are
the only ones to report a head travel rate (0.27 mm/min); however,
Gazza (private communications) notes that they used the same head
travel speed as Rankin et al. Steele et al's tests were conducted
in a hand-operated press.




Figure 8. Example of machining flaws i1 A4192053. A and B) Machining riaw
at the fracture origin of a sapphire Jaboratorv test bar failing at
138 MPa (20,000 psi). C and D) Flaw at the fracture origin of a circum-
ferentially machined large het pressed Alp03 tensile specimen having a
gauge diameter of 14.4 mm, failure stress 275 ¥Pa (40,000 psi). Note
elongated flaws (arrows) due to machining perpendicular to the tensile
axis in both samples.

entially machined, Also, Veavers' data (29], although low, in part due to

its greater P,would also suggest a trangition in the range observed for data
of Fryxell and Chandler, and Bentle and Kniefel, were it corrected to P = O.
Figure 10 presents more recent BeO data that suggests a transition at finer
grain sizes in comparison with those of Fryxell and Chandler, and Bentle and
Kniefel. This is consistent with the data of figure 10 having higher strength
expected from their probable grinding ~ parallel with the tensile axis.

An important question is whether the indicated C ~ G transitions for
Al203 and BeO are due to machining or other flaws. In view of the densities
and qualities of the bodies, dominance by processing flaws whose size is
similar to machining flaws 1s unlikely. However, intrinsic flaws resulting
from the TEA associated with their non-cubic crystal structures must also be
considered. Data of Charles [33] on Lucalox rods with as-fired surfaces
indicates a S-G transition at G = 70 g, This is generally beyond the range
of observed transitions for machined A12°3' but is in the G range for initia-
tion of spontaneous cracks from TEA (347.° Similarly, Virkar and Gordon's
8-G data on 8" - Alqy04 with as-annealed surfaces [353 shows a S-G transition
at G =2 120 um. Thoiigh this value of G ig probably somewhat high because of
the tabular shape of the grains (4], the apparently similar thermal expan-
sions and anisotropies of &« and £ aluminas again indicates that Alg03 S~G
transitions from intrinsic cracking are beyond those seen for the machined
samples. This 1s also indicated by £-G data of as-annealed TiOg exhibiting
spontaneous cracking and an associated S~G transition at G 2 50 um (36],
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Figure 9. Strength-grain size data for earlier studies of BeO {27-30.. Note
that the data of Fryxell and Chandler (27] is a compilation of their three
sets of specimens having approximate constant porosities of 3.6, 8.6, and
13.6% all of which have been corrected to zero porosity using the porosity
dependence determined by their study. Each of the individual sets of the
specimens uncorrected for porosity would show approximately the same grain

size transition.

Note also that these corrected data agrees extremely

well with hot prer-~d BeO of near zeroporosity by Bentle and Kneifel (28_.
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Figure 10. More recent strength-grain size data for BeO [31,32]. Note the

distinct transition shown by the data of O'Neil and Livey [31] and that

this transition is at a finer grain size than that indicated by

data of

Fryxell and Chandler, and Bentle and Kneifel. This is consistent with
the proposed model since O'Neil and Livey's samples apparently were both
smaller and were probably ground parallel with the tensiie axis while

those of all authors in figure 9, except probably Greenspan, were ground

perpendicular to the tensile axis.
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since Ti02 exhibits such cracking at smaller G than Alz03 [44], BeO exhibits
spontaneous cracking at similar grain sizes as Al1l203 (34 , and hence the S-G
transitions for machined BeO of this paper are below those expected for in-
trinsic cracks.

Thus, two factors should be noted. First the above S-G transitions
associated with cracks from TEA significantly reinforce the model and the
concept of S-G transitions at C ~ G. Second, the machined Al203 and BeO data
is consistent with S-G transitions at G ~ the size of machined flaws, not in-
trinsic cracks, e.g. from TEA, This latter fact is also consistent with ob-
servations on cubic materials, such as SiC and MgO below where such TEA and
associated cracking does not occur.

Next consider the compilation of SiC data shown in figure 11. Note that
both the small polished samples of CVD SiC suggests a S-G transition at small-
er G than does the data of Cranmer et al [9], the latter indicating progres-
sively larger G transitions for progressively coarser finishing. Correction
for Cranmer's et als use of the largest G would lower the G transition values,
but not below that for the CVD SiC. Both of these sets of SiC data are con-
sistent with the proposed model.

Finally, consider the data for MgO (fig. 12), which can exhibit micro-
plastically induced or assisted failure. Note that the limited data for
parallel ground specimens, at best, only faintly suggests transitions at
somewhat small, but not necessarily unreasonable, grain sizes. However, per-
pendicular grinding results show a more definitive transition at quite rea-
sonable grain sizes. Also, note that this data is quite consistent with
earlier extensive studies t40] as well as more recent studies [42,8].

A summary of the tentative, as well as the fairly well established
grain sizes for transitions in S-G behavior, are summarized in table 2.
Table 2 also shows transitions suggested, or fairly well indicated, for
other specimens based on re-evaluation of an earlier survey of strength
grain size data [1]. Note that all of these are consistent with the typical
flaw sizes observed for machining laboratory size specimens; the type of
specimens tested in these studies.

5. Summary and Conclusions

A model has been presented for the grain size dependence of ceramic
strengths controlled by machining flaws whose size has typically little or
no relation to grain size. The model consists of two regimes. In the finer
grain regime, flaws are substantially larger than the grain size so there is
little or no decrease in strength with increasing grain size. Thus, strength-
grain size curves are typically straight lines extrapolating to non-zero
intercepts on a Petch (S=-G-2) plot.

In the larger grain regime, flaws are smaller than the grains and
strengths decrease substantially with increasing grain size. When flaws are
not too much smaller than G, e.g. C > G/3 subcritical growth to the grain
size probably occurs. At small C/G ratios, e.g. C/G < 1/3 the fracture en-
ergies undergo a transition from grain boundary (for intergranular flaws) or
single crystal (for transgranular flaws) to polycrystalline fracture energies
as the flaw size to grain size ratio increases (mainly due to changing grain
size). In any event, the transition between the finer and larger grain size
regimes occurs when the flaw size (C) and grain size (G) are similar. Be-
sides the smearing out of the transition in strength behavior due to C grow-
ing to G, the transition may not necessarily occur at C = G for reasons such
as flaw shape and location, as well as preferred grain orientation and the
crystal orientation of fracture energy. Thus, an increase in flaw size
shifts both the fine and large grain portions of the curves downward and in-
creases the grain size of the transition between the two curves.
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sistency between the range of the previous data surveyed by Rice [1] and
the more recent data of Coppola and Bradt {30]. Also note that these

two ranges are more consistent with the correction of Prochazka and
Charles (38] data as suggested by Rice et al [4]. These would suggest a
transition for the small CVD SiC specimens of Gulden and Price from a few
to ~ 20 microns. Note also the studies of hot pressed SiC ground or
lapped perpendicular to the tensile axis with the various grit sizes (9]
would indicate transitions at larger grain sizes. However, it should also
be noted that Crammer et al plotted their data as a function of the lar-
gest grain size in the body. While larger grain sizes within a given body
often mean the data should be represented by a somewhat larger grain size
than the average, complete use of the largest grain size is probably an
overcompensation (e.g. see fig. 2) so the G values for the transitions
indicated by Crammer et al's data are probably somewhat high.
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Figure 12. Strength-grain size data for MgO [8,21,40-42]. The dashed lines
represent earlier extensive data of Rice [403. Note that the more limited

data for grinding parallel with the tensile axis E21,41] suggests that

the transition for the as-hot pressed and hot-pressed, and annealed bodies
at grain sizes from ~ 3 to 15 ym. Note the earlier specimens of Rice (1]
were tested with a 600 grit dry sanded surface for as-hot pressed samples |
while most of the hot pressed and annealed samples were tested with as-
annealed surfaces. This more definitive indication of a tramsition in
strength-grain.size behavior for both types of samples ground perpendicu-
lar to the tensile axis and both of these transitions are clearly at
larger grain sizes than those indicated for parallel ground samples. Note
also the good agreement of the data of Bradt et al for samples ground or
lapped perpendicular to the tensile axis with the various grit shown.
Also, the data of Evans and Davidge (42] for hot pressed and annealed
samples of MgO tested with as diamond-sawn surfaces, is also reasonably
consistent with the other data, i.e. falling below the curve for hot
pressed and annealed MgO tested with annealed or ground surfaces as ex-

pected.
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TABLE 2
"PETCH PLOT" BRANCHING'
4
3 Grain Size (um)
Material Processing2 552212135 of Branching
Al203 Hot Pressing Various grinding 30-90
and sanding
Al203 Hot Pressing | grinding ~ 20
Al203 Hot Pressing 1 grinding 30-50
Al203 Sintering P ~ 5% Grinding 20-25
Al203 Hot Pressed . Grinding (500 grit?) ~ 8%
Al205 Press Forged Diamond Ground ~ 10
BeO Sintered Circumferential ~ 25
(i.e. +) grinding
BeO Hot Pressed Grinding (?) ~ 20
BeO Sintered (P:1-5%) Grinding ( 4?) 10-25
BeO Hot Pressed Grinding (?) ~ 157
Mgo Hot Pressed Grinding ~ 47?7
Grinding + ~ 40
Hot Pressed Grinding ~ 157
and annealed Grinding <+ ~ 25
MgAlg04 Sintered and Y
ot Deamnsd P:0-2% Grinding 25 = 10
TiBg Hot Pressing Unspecified machining 5 - 20
B4C Hot Pressing Unspecified machining 15 - 20
B4C Hot Pressing Grinding + ~ 20
B4C Hot Pressing Grinding + 2 25%?
SicC CVD Polishing 5 - 20
SicC Hot Pressed Grinding + (400 or 600 grit) ~ 35
SicC Hot Pressed Grinding &+ (320 grit) > 352
SicC Hot Pressed Grinding + (220 grit) ~ 507
PP —
All data from flexure tests at room temperature except for two noted cases

of Al203.

2Approximate % porosity P shown for some bodies. Typically hot pressed
bodies had ~ 1% or less porosity.

3n and : refer to direction of grinding relative to the tensile axis. ? in-
dicates uncertainty in direction. Unspecified machining means samples were
machined from larger pieces by unspecified processes which would most common-
ly be grinding, probably at or near | to the bar axis.

>

Question marks indicate values indicated by limited data.
From data for diametral compression at 23°C.

From tests at - 196°C [1].

~ O O

Data corrected to zero porosity. Consideration of values at the different
~ constant levels of a few percent porosity would give similar results.
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A survey of strength-grain size data shows good support for the model
and the transition grain sizes most commonly ~ 20-50 um, are typically con-
sistant with commonly observed machining flaw sizes.
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