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Abstract

A model giving the size, ¢, of flaws from machining of ceramics as ¢ o« (E/H)'3(F/K)*3, where F= the vertical force on abrasive
particles, and H, K, and E= respectively local values of hardness, fracture toughness (i.e. small crack values) and Young’s modulus
is shown to be consistent with material, microstructural and machining parameter effects on flaws and strengths. Specifically
this model is consistent with effects of machining flaw sizes on strengths due to effects of: (1) porosity and grain size in mono-
lithic ceramics, (2) matrix grain size, and dispersed particle size and volume fraction in ceramic particulate composites, and (3)
machining parameters such as grit size in monolithic and composite ceramics. Such a model emphasizes the role of microstructural
and compositional dependence of properties impacting strengths via both flaw introduction as well as via flaw propagation
to failure, which provides a broader perspective on strengths of typically machined ceramics. © 2002 Published by Elsevier
Science Ltd.
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1. Introduction
1.1. Brittle fracture and machining flaw model used

The uniaxial tensile strength of brittle ceramics is
controlled some by loading conditions and especially by
microstructure, flaws, and their interrelation. Of parti-
cular interest are flaws from abrasive machining pro-
cess, especially diamond grinding, since it is often
necessary to meet component dimensional and surface
finish requirements, but is the major source of failure
causing flaws in well made dense ceramics, as well as a
number of porous ceramics, especially those with fine,
uniform porosity. Thus machining, though often giving
acceptable strength levels and reproducibility, needs
better understanding, especially in terms of material,
microstructural, and machining parameters that control
the size and character of resultant machining flaws, as
well as residual stresses introduced. This paper addres-
ses primarily microstructural and machining parameters
not addressed in other complimenting work. !~
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The most extensively used approach to determine
machining flaw sizes from machining and related
microstructural dependence of tensile strength has been
via the Griffith or Irwin forms of the equation for tensile
strength (o) failure by brittle fracture:

o= YQEy)'?cV? = YKe1? (1)

where Y =a factor for the shape and location of the flaw
causing failure, £=Young’s modulus of the body, y its
fracture energy, ¢=the flaw size (commonly the depth,
e.g. radius of a half penny flaw), and K=the fracture
toughness (= (2Ey)?). Thus, by measuring both o and K
or y and E, ¢ can be calculated assuming a value for Y
(which varies by a factor of < 2 for most flaws). How-
ever, this approach, while often useful, has important
limitations, e.g. the flaw size calculated is the final, not
the original flaw, size, i.e. after any subcritical crack
growth, and neglects any residual, e.g. surface, stresses.
Further, such ¢ values do not differentiate between
microstructural effects on the generation of the flaw
during machining versus those on crack growth prior to
failure. Also, measurement of K with large cracks,
where significant increases in toughness may occur with
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increasing crack propagation, leaves the issue of whe-
ther such large crack effects are operative at the orders
of magnitude smaller machining flaw sizes and thus a
factor in controlling failure.

More fundamentally, calculating ¢ via Eq. (1) does
not meet the important test of self consistency, i.e.
where all 4 factors of o, K, and ¢ and Y are separately
determined and compared for their consistency with one
another. Inconsistent results are indications of other
variables such as other, e.g. residual stresses from
machining, (entailing both their level and spatial extent
relative to flaw depths, both of which may be factors
needing independent measurement, or of micro-
structural stresses, e.g. from thermal expansion differ-
ences between grains.> Also, while now discounted as a
major factor in strength behavior of machined ceramics,
stress concentrations from machining induced topo-
graphy may be a more modest factor to be considered in
some cases.® Much attention has been focused on
understanding the microstructural dependence of
strength via the microstructural dependence of K, espe-
cially with R-curve effects, but this neglects and may
overshadow possible microstructural dependence of ¢
and resultant effects on strength. Fractography to iden-
tify and characterize machining flaws, i.e. directly
determine their Y and ¢ values and their relation to the
microstructure though very valuable, as shown below, is
grossly under used.

An important additional aid in machining studies are
models of the machining process, which have been
derived from indentation mechanics to address 3 related
aspects of machining. The first is the actual material
removal process modeled by Evans and Marshall'~3
based on lateral crack development from abrasive par-
ticles indenting the surface being machined. Such mod-
eling gives good agreement with experimental data for
horizontal and vertical grinding forces as well as for
material removal rates, despite the idealizations
made.'™ In both cases the dominant material (and
microstructurally dependent) properties impacting the
process was the product K'/2H>?® to different exponents
(8/9 for machining forces and —1 for material removal
rates, H=hardness). Besides their value for modeling
machining forces and rates, and corroborating machin-
ing flaw size and stress modeling discussed next, such
models show a role of hardness in machining, as noted
further below.

Indentation mechanics has also been used to model
machining flaw sizes introduced, based on the formation
of median cracks, and residual stresses on them!™
hence, resultant strengths, usually combined in a single
model, which present two problems. The first is uncer-
tainty based on idealization of the process, e.g. using a
symmetric quasi-static indentation analysis for the
dynamic, asymmetric machining process from abrasive
particle motion and effects. Second, such combined

flaw-residual stress models leave the sources of varia-
bility or uncertainty difficult or impossible to determine
between which are due to machining effects via flaws or
residual stresses, e.g. effects of surface heating in
machining which can effect either or both. This problem
is compounded by the fact that there are limited data on
machining stresses and that almost all, or none, of it is
accompanied by detailed flaw data. However, Mar-
shall>? gives a model for ¢ alone, i.e.:

¢ o (E/H)'P(F/K)? (@)

where F= the vertical force on an abrasive particle, H,
K, and E= respectively local values of hardness, frac-
ture toughness (i.e. small crack values) and Young’s
modulus. This model, which avoids the uncertainties of
combined models of flaw sizes and surface stresses, is
the focus of this paper. The material and micro-
structural dependence of ¢ via the 4 shown factors,
when combined with Eq. (1) not only alters the depen-
dence of strength on E and K, but also introduces a
dependence on H. Also note that important effects of
abrasive grit size on machining flaws and strength can
be incorporated into Eq. (2) via F as follows. F is
inversely proportional to the average number of abra-
sive particles active in machining at any time, which in
the limit of no binder between abrasive particles, or with
certain ratios of binder thickness between abrasive par-
ticles and abrasive particle size, is in turn inversely pro-
portional to the square of the average abrasive particle
size (d). Thus, for such conditions Focd?, so cocd*/3, and
ooxd 23,

The above model, and more extensively the combined
flaw-residual stress, have been shown to be consistent
with overall trends.'™ This paper complements and
extends these evaluations by reviewing the machining,
material and especially microstructural dependence of
machining flaw size trends via Eq. (2) and on resultant
o. While Eq. (2) is generally only qualitative or semi-
quantitative, it gives microstructural strength and flaw
size dependences consistent with observations. Pertinent
background on machining flaws and strengths is first
summarized, then an application of Eq. (2) to the por-
osity and grain size, as well as effects of abrasive grit size
dependence of machining effects in monolithic ceramics,
are considered. Residual stresses from machining and
their effects are also noted. This is followed by a sum-
mary review of effects of machining ceramic particulate
composites and application of Eq. (2) as a function of
machining and microstructural dependence of pertinent
body properties. This focus on individual materials and
factors gives added insight to the microstructural
dependence of strengths of machined ceramics and
ceramic composites, including a rationale for higher
strengths in some composites, especially nanocompo-
sites despite their frequently limited toughnesses.
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1.2. Background on machining effects on flaw character
and strength

The limited portion of ceramic studies having suffi-
cient machining and material characterization provides
insight to some general and specific machining trends
and their consistency with Eq. (2).>~2° Increasing grind-
ing depth of cut, wheel speed, and infeed rate tend to
give lower strengths, consistent with expected increases
in F and thus ¢ in Eq. (2). Fractography®'? shows gen-
eral similarities of flaw character for fixed abrasive
machining (sawing and especially grinding) and free
abrasive machining (lapping and polishing), but with
lower forces and finer abrasives and, hence, finer flaws
for the latter as expected. However, a basic difference
between these two types of abrasive machining is the
collective, global directional paths of fixed abrasive
particles versus the generally globally random directions
of paths of individual free abrasive particles.

The above directionality of abrasive particles is a major
factor in ceramic machining.®~!° Fractography shows, as
intuitively expected, median cracks form along, or very
near, the apex of the groove formed by abrasive particles
penetrating the surface with some possible variation in
depth and continuity of the crack (Figs. 1 and 2). Such
cracking along the groove is a stretched out version of the
median crack of a static indenter, but with perturbations,
mainly of continuity, due to stick-slip effects. The other,
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Fig. 1. Schematic of surface cracking generated from indentation of
an abrasive particle into a surface being machined showing that the
typical median cracks normal to the surface and each other formed
around hardness indents occur in modified form in machined surfaces.
The key modification from static indentation flaws is the elongation of
the median cracks emanating into the body from the base of the
groove formed by the abrasive particle’s motion, and parallel with the
groove and abrasive particle direction, as on the left side of the sketch.
Frequent further modifications are: (1) the above elongated cracks
being made up of a series of smaller segments and (2) the more half
penny shaped cracks nominally normal to the elongated cracks, and
the machining grooves and machining direction, often have various
curvature, e.g. shown near sketch centre.

and often somewhat subsequent, cracking is basically
transverse to the groove, similar to the other median crack
of static indents nominally normal to the abrasive particle
motion, but often with some curvature (Fig. 2). These
transverse cracks also have variations, such as occurrence,
type, and degree of curvature and in the separation of
their halves on each side of the longitudinal crack (show-
ing that transverse cracks form after the longitudinal
cracks). These crack variations are mainly attributed to
stick-slip phenomena in groove formation (beautifully
shown in a movie?®), which in turn is probably a factor in
discontinuities and other variations in parallel cracks.

Despite variations, there are two important aspects of
these machining flaws. First, both sets of cracks are gen-
erally of similar depths, which is fortitious since significant
variations of their depths from one another and idealized
median cracks might limit or preclude use of Eq. (2),
which gives no clue to the asymmetry of the 2 machining
flaw populations, but is not inconsistent with it. Second, a
key difference between the above longitudinal and trans-
verse cracks is their degree of eclongation. Though this
varies, it is the dominant factor in the strength anisotropy
as a result of machining versus stress direction for fixed
abrasive machining,%’ as shown by studies of glasses, sin-
gle crystal and polycrystalline bodies.®!?> Besides corro-
borating substantial earlier work, more recent studies
have mapped out the strength transition between the two
extremes of parallel versus perpendicular machining, e.g.
as reviewed by Rice,! but there is no model, e.g. of mixed
mode fracture for this strength transition as a function of
stress versus machining direction, for fixed abrasive
machining. Similar flaw elongation along abrasive particle
grooves occurs with free abrasive machining, but the
essentially random paths of the individual abrasive parti-
cles relative to one another precludes any overall direc-
tionality of the resultant strengths. Instead, failure of
specimens with free abrasive finishing is controlled by
elongated flaws along abrasive grooves, some of which are
always normal to applied stresses to cause failure.

Three other overall aspects of machining flaws should
be noted. The first two, again revealed by fractography,
are that flaw sizes do not change significantly for typical
machining, (1) of various typical ceramics and (2) as a
function of grain size. With regard to the first point,
most machining flaw sizes for strengths representative
of many production ceramics are in the range of 20-60
pum, often the same range as for other flaws such as iso-
lated pores.>2! Finer machining flaws ~5-20 pm in size
have been identified for higher strength, e.g. > 600
MPa, fine grain bodies such as SizN4.2>2* A key result
of flaw sizes not changing much with grain size is that
machining flaws change from being larger than the
grains at fine grain sizes, to smaller than larger grains in
large grain bodies (and also often in isolated large
grains).'!"17:19:25 This transition in flaw size relative to
grain size is a major factor in a key change in strength-
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Fig. 2. Examples of actual machining flaws at fracture origins of dense, polycrystalline machined specimens illustrating their general character and
some of their variations. (A) Flaw normal to the grinding direction in dense, fine grain MgAl,O, indicating 2 or more stages of development (cir-
cular demarcations which are common, but far from universal) and greater than usual deviation from normality to the machined surface and some
curvature to the final section. (B) Flaw parallel with the machining direction in a dense, optical grade MgF, showing substantially more than normal
interruption and re-initiation of the crack along the abrasive groove. (C) Flaw partly parallel and partly approaching normal to the abrasive groove
in dense, fine grain mullite, reflecting a combination or hybrid of the 2 basic machining flaw types. (D) Flaw parallel with the machining direction in
a dense, large grain transparent Y,O3 showing common, but somewhat less than average elongation. Note that it is entirely contained in a single
grain, but close to the left boundary of the grain and that such large surface grains are often truncated substantially, thus varying the apparent size

of such grains.

grain size behavior (Fig. 3, as discussed later). The third
overall aspect of machining flaws is that their size cor-
relates with hardness, as do both machining forces and
rates.?® Thus, Munro and Freiman?’ surveyed fracture
toughness and strength values of various ceramics, plot-
ting fracture toughness versus tensile strength of various
individual compositions of polycrystalline bodies at
either constant grain size or constant porosity. It is
shown here that the slopes of these plots, which are the
proportional to the inverse of the average flaw size for a
given material correlates with representative hardness
values for dense bodies of each composition (Fig. 4).

2. Comparison of machining flaw size predictions with
strength-flaw-microstructural effects in monolithic
ceramics

2.1. Effects of porosity on machining flaws and strength

The porosity dependence of tensile strengths of
machined ceramics, especially where pore sizes are

substantially smaller than machining flaws so individual
pores or clusters of pores are not common fracture ori-
gins, is generally very similar to, but often somewhat
greater than, that for Young’s modulus.!”-18:2859 Eq. (1)
shows that, baring toughening effects such as crack
branching or bridging, the porosity dependence of
strength, toughness and Young’s modulus (£) should all
be the same since theoretically the porosity dependence
of y is normally that of FE, i.e. close to broadly observed
trends.

The machining flaw model [Eq. (2)], is approximately
to very consistent with this correspondence of the por-
osity dependence of strength and Young’s modulus (E),
since the porosity dependence of E and H are the same,
hence, canceling in their effect on flaw size. Thus, in the
worst case the flaw size dependence on porosity is that
of the normal, i.e. small, crack toughness raised to the
—2/3 power, so the net porosity dependence of strength
would be the K porosity dependence raised to the +4/3
power, i.e. 1/3 of this due to porosity effects on ¢ via Eq.
(2) and the other 3/3 due to the K dependence of
strength via Eq. (1). Such a net porosity dependence of
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Fig. 3. Schematic of the typical strength dependence as a function of
G~ (G = grain size), where strength is controlled by machining flaws.
The finer G branch reflects flaws sizes > G and the larger G branch
flaws sizes < G, meeting when 2¢ ~ G.

strength via effects of K on ¢ and directly on K is rea-
sonably consistent with data which shows the porosity
dependence of strength being > that of £ or K (from
small crack tests) since £ and K have equal porosity
dependences. Whether the porosity dependence of c¢ is
fully reflected in that of E, H, and K, or there is also
some direct effect of porosity via F is uncertain. Clearly
the force (F) on each abrasive particle depends on the
stiffness of the body being machined, but whether this is
fully reflected in the porosity dependence of E is uncertain,
e.g. porosity may aid fragmentation of swarf, reducing F.
However, direct measurement shows the machining diffi-
culty (Mp, i.e. the reciprocal of the machining rate, M)
decreases as porosity increases the same or somewhat < F
decreases with increasing porosity.2° Since faster machin-
ing implies lower forces resisting machining, i.e. that F o
1/My < Mp and thus that the porosity dependence of
strength via Egs. (1) and (2) is the same or slightly >
that of E.

The one study of porosity-machining effects on cera-
mic strengths,'>!7 supports the above general effects of
porosity on strength. It showed by direct fractography
that machining flaw sizes in fine grain porous Al,O3;
were the same or similar to those in fine grain dense
Al,O3 and that toughness values calculated from the
flaw dimensions showed the same or similar porosity
dependence as for strength and E. This correspondence
of machining flaws in bodies that were otherwise about
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Fig. 4. Plot of the slope of plots of fracture toughness versus tensile
strength of various individual compositions of polycrystalline bodies
at either constant grain size or constant porosity versus representative
hardness values for dense bodies of each composition. Note that K/o
o ¢~!2, increases with increasing H, consistant with Eq. (2). Plot
obtained from evaluation of data compiled by Munro and Freiman.?’

the same except for different amounts of fine porosity,
was also shown by the anisotropy of strengths as a
function of machining parallel or perpendicular to the
stress axis of strength testing, generally being indepen-
dent of the amount of porosity. The limited exceptions
to this independence of strength anisotropy as a result
of machining direction as a function of porosity were
some cases where strengths of specimens ground per-
pendicular to the tensile axis showed reduced depen-
dence of strength on porosity at higher porosity levels.
The extent of this reduction was observed to increase as
the heterogeneity of the spatial distribution of the por-
osity increased, indicating increasing porosity hetero-
geneity progressively limited elongation of flaws formed
along abrasive particle paths.

2.2. Effects of grain size on machining flaws and
strengths

The grain size (G) dependence of tensile strength of
machined bodies has been extensively shown to be a
direct result of machining flaw interaction and resultant
relation to grain size.'l''>1925 The dependence of
strength on G over the normal G range encountered has
two regimes, a finer G regime where strengths generally
show modest decreases as G increases and a larger G
regime where strengths decrease substantially faster as
G increases (Fig. 3). The finer G regime may follow
various, generally parallel paths, or branches, that
depend on machining parameters, e.g. grit size as dis-
cussed below, or a single broader branch reflecting
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greater flaw variations. In contrast to possible wider or
multiple finer grain branches there is a single larger G
branch. This two branch behavior has been shown to be
due to machining flaws typically being larger than finer
grains and not varying much with G, e.g. being similar
in single crystal specimens for the same machining con-
dition. Thus, as G increases in a given material, the size
of machining flaws introduced must first approach, then
equal, and subsequently become progressively less than
the grain size (in terms of actual sizes since they have
different measures in practice, i.e. G is measured by a
diameter and ¢ by a radius). Thus, the larger and finer G
branches meet when the flaw and grain sizes are the
same, which actually encompasses a range of G due to
statistical size variations of both the machining flaws
and grains. The larger G branch reflects machining flaws
being contained in or around part of a single grain
whose size becomes the flaw size and where flaw propa-
gation is controlled by grain boundary or single crystal
toughness values or their transition to polycrystalline
values. This larger versus finer strength change and the
transition between single and multiple grain toughness
values, which has been modelled,>®*—31-%% is a basic rea-
son why many larger crack toughening effects often
have no effect on strengths, since strengths at larger
grain sizes are no longer determined exclusively, if at all,
by polycrystalline toughness values, which reflect R-
curve effects when they occur.

Three facts should be noted about the above flaw and
strength trends. First, strengths generally decrease as
machining grit size increases, mainly or exclusively at
finer G, i.e. at larger G there is much less, if any effect of
grit size on strength, as discussed in the next section.
Second, while some have claimed that the slopes of the
finer G branches are zero, there is no data which con-
clusively shows this and there is substantial data to the
contrary.'®?> Increasing impacts of microstructural
stress from thermal expansion anisotropy in noncubic
materials and of elastic anisotropy in all crystalline
ceramics as G increases have been cited as reasons for
the limited strength decrease as G increases along finer
G branches, but this has not been established. Such
strength decrease as G increases along finer G branches
have also been attributed, at least in part, to micro-
structural effects on machining flaw generation as also
discussed below. Third, not only do flaw sizes not vary
significantly with G, they generally do not vary sig-
nificantly over a variety of different ceramic materials,
e.g. note that most ceramic strength-G behavior falls in
a limited range.'%?>

Both the limited strength decreases as grain size
increases over the finer grain branch and the limited
flaw differences for many ceramics can be seen from
microstructural effects per Eq. (2). For a given material
E does not depend on G unless there is microcracking or
some other special mechanism operative (in which case

machining flaws and their effects on strength are mod-
ified, or preempted). However, H clearly depends on G,
generally decreasing as G increases,'® which thus gives a
modest increase in flaw sizes, hence modest strength
decreases as grain size increases over the finer grain
branch as observed. K may also depend on G, but the
local, small crack values of K pertinent to machining
flaw generation do not appear to have much G depen-
dence, but if they do they are likely to increase modestly
as G increases over the G range of finer G branches,
counteracting at least some of the effects of H increasing
with decreasing grain size on flaw size. Thus, the clear,
but modest decrease in H, hence increase in ¢, as G
increases provides another source of a modest strength
decrease as grain size increases over the finer grain
branch and possible modest changes in K provide a
rational for variations in this slope. However, large K
increases as G increases due to R-curve effects with large
cracks are clearly inconsistent with the modest slopes of
finer G branches. Turning to the limited flaw size differ-
ences for different materials, note that hardness overall
roughly correlates with E, so differences for different
materials tend to cancel out. This combined with limited
small crack K values for many ceramics gives a limited
range of flaw sizes per Eq. (2) consistent with fracto-
graphic observations.

The original, extensive demonstration of strength
anisotropy as a function of machining versus tensile
stressing directions noted a G dependence of such ani-
sotropy in MgO, but did not address this on a broader
basis.” However, subsequent consideration of the origi-
nal along with added data shows a broad substantial
grain size dependence of the strength anisotropy as a
function of machining versus stressing direction'>!°
(Fig. 5). Thus, the range of materials investigated shows
the anisotropy of strengths as a function of machining
direction is highest at finer grain sizes, decreasing as G
increases, disappearing at intermediate G, e.g. ~ 50 pm,
then increasing as G further increases to the limits found
for single crystals. While the latter clearly depends on
crystal orientation, strength anisotropy as a function of
machining direction in single crystals is often a sub-
stantial fraction of those at fine G. The minimum of
strength anisotropy at intermediate G is generally con-
sistent in its occurrence and specific G values with the
intersection of larger and finer G branches, again con-
sistent with grains constraining flaws as the flaws
approach the size of grains. As the strength anisotropy
minimum is approached the lower strength finer G
branch due to stressing normal to the machining direc-
tion rises as G increases, meeting the larger G branch
where it meets the higher strength finer G branch from
stressing parallel with the machining direction since the
two basic machining flaw populations become the same
due to being constrained by the individual grains. Also,
note that both the grain size of the minimum of strength
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Fig. 5. Plot of the ratio of the strengths of various dense ceramics as ground perpendicular versus parallel to the test bar/stress axis versus the
inverse square root of their grain sizes (for ready comparison with typical strength-grain size plots, e.g. Fig. 3). This ratio reflects the anisotropy of
strength as a function of machining direction versus the test bar/stress axis. Note that the anisotropy; (1) is greatest at fine grain sizes, but despite
dependent on crystallographic orientation of single crystal specimens, can also be substantial in them, and (2) generally disappears, i.e. at a ratio of
100% at grain sizes in the range of 20-100 um. (MgO exceeding 100% is attributed to strengthening of larger grain bodies due to surface work

hardening from finishing.) After Rice.!>1¢

anisotropy and the intersection of finer and larger G
strength-grain size branches are approximately the
same, and also correlate, at least approximately with the
frequent minima found for most hardness values.'®

2.3. Effects of machining grit size and direction on
strength and machining flaws

Consider now effects of machining grit size on resul-
tant machined ceramic strengths. As noted earlier
extension of the machining flaw model predicts a limit-
ing dependence of strength on grit particle diameter (d)
of the order of d=2/3. The limited data available (mostly
for bodies with G ~ 1-10 um) indicate consistency with
this (Figs. 6 and 7). Somewhat more data exist for dense
sintered or hot pressed Si3N4,3>734 all of which show
trends reasonably consistent with the model and gen-
erally with each other, and between strengths from
machining parallel or perpendicular to the tensile axis of
strength testing. The limited characterization of the
material and grinding parameters (often only the grit
size was given) preclude indicating possible sources of
the differences in the data, mainly of Ota and Miya-
hara,** for grinding parallel to the bar axes. More

recently, Mayer and Fang®’ reported that the difference
in strength of Si;Ny as a function of machining direction
is reduced, then disappears as the grit size increases, €.g.
respectively at 80 and 50 grit. Data of Kishi et al.>¢ for
B-sialon shows extension to finer grit sizes, but possible
variations of it at very fine grit sizes (e.g. 6000, Fig. 6),
which may reflect changing indent-cracking effects when
the indent (related to grit) sizes are similar.'® Strengths
of SiC ground normal to the bar tensile axis with var-
ious grit sizes showed similar trend over a range of grain
sizes to that for some SizN, results.?’

Turning to the limited data for oxides (Fig. 7), data of
Bradt and colleagues on hot pressed MgO3*® and
Al,03% (both for perpendicular grinding) agree reason-
ably with the model and with their SiC data reflecting
the similar techniques and resultant consistency. Data
of McKinney and Herbert*® are also reasonably con-
sistent with the model and the other Al,O5 data despite
being with SiC abrasive in lapping instead of grinding
and in biaxial flexure versus uniaxial flexure testing.
(Note that the latter consistency is reasonable since, as
noted carlier, biaxial tests of lapped specimens effec-
tively reflect strengths similar to those of specimens tes-
ted with uniaxial tensile stress normal to the grinding
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Fig. 6. Flexure strength for diamond grinding flexure bars parallel or
perpendicular to the bar axis for dense sintered or hot pressed SizN432734,
B-sialon,*® and SiC>’ versus the abrasive particle size to the minus two
thirds power, per Egs. (1) and (2). Note strengths for as-machined and
for an B-sialon, the latter effects of both some changes in machining
stresses and stresses introduced from surface oxidation.

direction.) The data for a TZP*, which also used SiC
instead of diamond abrasive and biaxial versus uniaxial
flexure, are reasonably consistent with other data at
coarser, but varies at finer, grit sizes. Gupta*! suggested
that the changing trends of his data reflected changing
surface stresses, but no data were given in support of this.
Except for some variation at finer grit size, there is gen-
eral agreement of overall trends of strength decreasing,
hence flaw sizes increasing, as abrasive grit sizes decrease
(hence grit diameter increases). This trend occurs despite
variations between various tests, some of which reflect
varying (uncited) machining parameters such as abrasive
concentration/binder content and depth, direction, and
speed of cut. Note again, however, that effects of coarser
grit sizes on strengths become much less or disappear as
the flaw size approaches the grain size, consistent with
larger grains constraining flaw sizes. Also note that the
clear correlation of strength with the grit size where 2¢
< G implies that strength correlates with machining
flaw sizes, not with R-curve or other increases in
toughness in toughness tests of some bodies with large
cracks.
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Fig. 7. Flexure strength of hot pressed MgO?® or Al,03%® and com-
mercial 96% Al,03,%° as well as sintered TZP*' (composition and
grain size not given) disks versus the abrasive particle size to the minus
two thirds power, per Eqgs. (1) and (2). Note that the hot pressed MgO
and Al,O3 were diamond ground perpendicular to the bar axis, while
the 96% Al,05 and sintered TZP were respectively lapped and ground
with SiC abrasives and tested in biaxial flexure ( as-fired strengths of
the ZrO, were 354436 MPa).

2.4. Comparison of calculated and fractographically
observed machining flaw depths

Now consider direct evaluation of flaw sizes (depths)
calculated from Eq. (2) (using representative values
shown in Table 1 and a proportionality factor of 1,
similar to other evaluation*) versus actual measured
machining flaw depths obtained from fracture origin
determinations of flexure bars using data from previous
publications®!° and some from more recent tests.
Results for machining parallel as well as perpendicular,
and for some unspecified machining directions, while
scattered, show some correlation between observed and
calculated flaw depths (Fig. 8). The lack of a 1 to 1
correspondence of the observed and calculated flaw
depths, beyond the unknown specific value of the pro-
portionality factor in Eq. (2) and scatter, is attributed,
in approximate order of expected decreasing impact, to:
(1) use of a single number for the flaw size, i.e. a half
penny radius (depth) rather than a more exact ellipsoi-
dal flaw approximation, (2) some variations in machin-
ing conditions for different tests, (3) simplifications of
the model, i.e. simple idealized flaws and uniformity of
abrasive particle sizes and shapes, and spatial distribu-
tion and extent of penetration into the machined sur-
face, (4) the limited amount and especially range of the
data (e.g. no data for in situ toughened Si;Ny), (5)
uncertainties in (the local) E, H, and especially K values
to use, and (6) effects of residual machining stresses.
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Table 1

Material properties and calculated flaw sizes®

Material® E°(GPa) HY(GPa) K°(MPam'? ¢ (um)
AlO5 pxl 400 21 3.5 115
Al,O3 sxl 400 21 2 168
TiO, sxl 280 13 1.5 211
Y,0; pxl 165 8 1.2 244
TZP pxl 230 16 6 73
Zr0O, pxl 230 16 3 140
Zr0O; sxl 230 16 1.5 185
B-Al,O3 pxl 200 14 23 150
MgAlLO, pxl 295 18 2.5 140
Mullite pxl 220 15 1.8 166
Soda lime glass 70 6 0.8 152
B,4C pxl 450 30 3 118
SiC pxl 400 25 3 121
TiC sxl 460 28 1.5 211
MgF,; pxl 130 6 0.9 298

4 Per Eq. (2) assuming the proportionality constant is 1 and that
F=1N.

b Pxl= polycrystalline body, sxl=single crystal.

¢ Young’s modulus.

4 H=hardness.

¢ K=fracture toughness.

f ¢= flaw size (depth of half penny flaw).
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Fig. 8. Actual flaw depths from fractography of various polycrystal-
line ceramics versus those calculated per Eq. (2) using values shown in
Table 1, a proportionality factor in Eq. (2) of 1, and a force (F) of 1 N.
Note the individual body compositions shown for flaws from machin-
ing parallel (||) or perpendicular (L) to the flexure bar axes and for
other unspecified machining (other) and the number of measured
values averaged (sub- and super- scripts) and the standard deviations
(vertical bars). Additionally, two sets of optically polished MgF, discs
tested in ring on ring biaxial flexure are shown, designated by PD.

Similar evaluation of the much more limited data for
single crystals (mainly of Al,O3, TiO,, and MgAl,Oy)
showed similar trends, but with even more emphasis on
factors 4 and 5 above.

Beyond the above data showing some consistency
with the model based on observed versus calculated flaw
sizes, note that the calculations indicate reasonable
levels of loads and stresses on abrasive particles. Thus,
calculated flaw sizes are of the order of 3 times observed
values. Setting the 2 flaw sizes equal, and still assuming
a modest proportionality constant of 1, implies the
force, F, on abrasive particles is of the order of 0.2 N,
which would translate to stresses averaged over indivi-
dual abrasive particles of 500 MPa to ~ 2 GPa.

2.5. Residual machining stresses

Finally consider effects of residual surface stresses
from machining. Though detailed studies have been
limited, and quantification can be complex due, for
example, to multiaxial stresses and stress gradients, they
clearly show that machining typically results in a surface
compressive stress.*>~*® Thus, earlier data of Hanney
and Morrell*? showed that 320 grit diamond grinding of
95% alumina bars resulted in surface compressive
stresses of ~ 30 MPa. More recent and comprehensive
tests of Johnson-Walls*> showed that residual surface
stresses from 240 grit diamond grinding with shallow (2
pum) depths of cut of 8 ceramics (e.g. As,S;, ZnS, Mgk,
a ferrite, Mg-PSZ, and Si;N,4 along with some Al,O5)
generally increased nonlinearly as the hardness of the
machined ceramic increased. While there were varia-
tions with soda-lime glass and Si crystals falling some-
what below the trend and SizN4 and especially PSZ,
being higher, results were essentially the same whether
specimens were ground parallel or perpendicular to the
test bar axes. Increasing depths of cut to 10-20 um did
not give significant changes in surface stresses, and a
strength decrease of only ~ 5%. The depth of the
compressive layer was estimated as ~ 10 pm in SizNy at
a stress level of ~ 350 MPa. Single point diamond
machining of Si;Ny by Kirchner and Isaacson,*® which
gave flaw depths of 10-50 um, showed surface com-
pressive stresses of the order of 100-200 MPa.

Samuel et al.#® also studied a Ni—Zn ferrite, a TZP,
and 2 dense Si;N4 bodies showing that compressive
surface stresses from 400 grit diamond grinding (with a
200 pm depth of cut) extended to 10-20 pm below the
surface (flaw depths based on calculations from
strengths and toughnesses were similar at §-20 pum).
These stresses were up to ~ 25, 450, and 300-400 MPa
in respectively the ferrite, TZP and Si;N, with stresses
from grinding parallel versus perpendicular to the bar
axes generally being the same, except in the ferrite where
stresses for grinding perpendicular were ~ 2 those for
parallel grinding. They noted that the apparent (calcu-
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lated) flaw depths in the ferrite were substantially effec-
ted by the residual stresses. Chou et al.’° reported sur-
face compressive stresses varying from ~ 60 to ~ 500
MPa in a fine (2-3 pm) grain Al,Oj3 that extended ~ 10
um deep in the samples. Surface stresses have also been
noted from machining ZrO, toughened alumina due to
transformation of the zirconia.>!

In summary there is substantial evidence of surface
compressive stresses in machined monolithic ceramics,
with more limited data showing such stresses being a
fraction, e.g. 1/10 to 1/2, of strength, with the higher
fractions being for TZP and Si;N4 which typically have
higher machined strengths. Depths of such stresses are
indicated as a fraction of the normal flaw depth, but
may approach 100% of flaw depths in some cases. Thus,
combined effects of the magnitude and depth of surface
machining stresses appears to most commonly cause
variations in strength-machining flaw relations, but in
some cases such stresses may substantially alter them.

3. Machining effects on flaws, surface stresses, and
strengths of ceramic particulate composites

Much less study of machining of ceramic composites
has been conducted, but there are sufficient data to
show close and expected parallels with machining
behavior of monolithic ceramics. A major factor sup-
porting the direct parallel of machining flaw effects on
strengths of monolithic ceramics is the recently demon-
strated dependence on particulate composite strengths
on the dispersed particle size (D), i.e. a D~/? depen-
dence for such composites directly paralleling the G—1/2
dependence for monolithic ceramics!® (Fig. 9). Thus,
there is one or more finer particle branches (depending
on machining variations) where strengths decrease
slowly as D increases due to effects of changing particle
(and matrix grain) size on H and K values in Eq. (2).
This is followed by the single larger D branch where
machining flaw sizes along or within dispersed particles
are < D, so over a range D becomes the flaw size, with
the resultant greater dependence of strength on D.
Again the two branches meet when the flaw and particle
dimensions are about equal (recognizing that they are
respectively characterized by a radius and a diameter,
and the statistical variations involved), and the slopes of
the larger D branch are typically < the composite
toughness due to transitions between the latter and dis-
persed single crystal particle or interfacial values.

Though limited, other data for machining effects on
composites (mostly for the finer particle size branches
corresponding to the finer grain size branches for
monolithic ceramics, which for both are where most of
the practical interest, and greatest effects are) shows
similar effects as seen for monolithic ceramics. Thus,
strengths increase as grit size decreases, e.g. Wahi and
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Fig. 9. Examples of the tensile (flexure) strength —D~!/? dependence
for ceramic particulate composites where D =the diameter of the dis-
persed particles. Data after references 55,56, see also Ref. 19.

Iishner>? demonstration of increased strengths in
AlO3;-TiC particulate composites with polished versus
ground surfaces. Similarly, Rice’s fairly extensive and
most recent study of machining direction effects on
monolithic and composite ceramics shows that a variety
of particulate composites, including Al,O;—ZrO, and
ALO5;-TiC, as well as Al,O;-SiC whisker composites
have the same or similar strength anisotropy versus
machining direction as for monolithic ceramics.!> The
primary, and probably only difference is that the com-
posites often show less anisotropy of strength as a
function of machining direction, but primarily or only
in proportion to the extent of failure initiation from
larger processing defects instead of machining flaws.
There has been no known specific identification and
characterization of machining flaws introduced in cera-
mic composites, in part due to lack of attention and
probable frequent greater difficulty in detecting them
because of lack of fractographic clarity. However, 5
observations beyond the above similarities of machining
effects on composite strengths show that machining flaw
character in ceramic particulate composites is controlled
in the same fashion as for monolithic ceramics. The first
observations is the generally lower strengths (despite
high toughnesses) of platelet composites'® and their fre-
quent failure from larger interfaces between platelets
and the matrix, which are likely locations for machining
flaws controlling strengths. Second is the dependence of
flaw depths on the factors in Eq. (2) via compositional,
and especially microstructural, effects on E, H, and K.
Thus, while increasing matrix grain size and increasing
dispersed particle size increase large crack toughness
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values, inconsistent with strengths decreases, Eq. (2)
predicts increased flaw sizes consistent with observed
strength decreases. Note that this is also true for nano
composites, which often show no increase in K, but
increases in H consistent with increased strengths from
expected reduced flaw sizes via Eq. (2). The third
through fifth observations are similar calculated sizes of
machining flaws introduced in, and controlling
strengths, of ceramic composites, the similar compres-
sive stresses from machining composite’®*—? and mono-
lithic ceramics, and especially the compositional effects
on composite flaw size and composite strength depen-
dence on dispersed particle sizes, as discussed below.

A previous study by Rice!'>* showed a broad trend
for the ratio of strength and toughness for a given
composite to pass through a maximum as a function of
the volume fraction of second phase. This strongly sup-
ports the thesis of this paper that body composition and
microstructure effect the sizes of machining flaws intro-
duced, e.g. per Eq. (2). Thus, such a strength/toughness
ratio is ~ ¢~!/2, within the uncertainties of flaw shape
(typically a factor of ~ 2), so a minimum of flaw size is
shown at intermediate volume fractions of dispersed
phase (¢). Such flaw size minima are expected from Eq.
(2) since both small and large crack values of K for
composites show maxima at intermediated ¢, but 2 fac-
tors should be noted. First, high toughness values from
large crack tests generally yield unrealistically large flaw
sizes, e.g. mm instead of pm in scale. Second, maxima of
flaw sizes as a function of ¢ may often be shifted some
from that of K due to changes in £ and H with ¢ per Eq.
(2), though calculations of ¢ from these values as a
function of microstructure are often generally driven by
microstructural dependence of K (Fig. 10).19:34

Note that the above results combined with other fac-
tors provide a possible explanation for the occurrence of
higher strengths in some nanocomposites than expected
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Fig. 10. Example of ceramic particulate composites showing a mini-
mum of flaw size, ¢, as a function of composite composition using
measured E, H, and K values of Endo et al.’” showing some effects of
E and H, but a dominance of K per Eq. (2) since E and H values for
both the matrix and dispersed phase are both high, so there are limited
changes with composite volume fraction composition. Such minima of
¢ generally correlate with values indicated by strength and toughness
per Eq. (1).

from their frequent modest toughness values.>® Thus per
Eq. (2) limited increases in K values reduce machining
flaw sizes somewhat, but the typically substantially
higher hardness values for such very fine grain compo-
sites further reduces these flaw sizes. Also note that
ceramic composites can have significant surface com-
pressive stresses from machining, e.g. 30-450 MPa
extending to depths of ~ 12 pm in alumina based
nanocomposites similar to all alumina bodies similarly
machined.>® Thus net reduction of machining flaw sizes
combined with effects of increased toughness on
strength via Eq. (1) and the probable effects of con-
siderable surface compressive stresses that can occur in
such composites appear to provide a much better basis
for understanding strengths of such composites than a
singular focus on Eq. (1).

4. General discussion, summary, and conclusions

The overall thrust of this paper has been to expand
the perspective on machining flaws that control
strengths of well made ceramics, showing the traditional
approach of using Eq. (1) as the only source of flaw size
information is often inadequate. Both fractographically
derived flaw information and modeling of machining
flaw generation are important. A model for the depen-
dence of flaw sizes on material and microstructurally
dependent properties, i.e. local values E, H, and K
impacting flaw formation, as well as key machining
parameters such as grit size is valuable as shown in ear-
lier work!=* and more extensively in this paper.

For monolithic ceramics this model corroborates
observed strength decreases being about the same or
somewhat faster with increasing amounts of fine porosity
than for Young’s modulus, by showing limited depen-
dence of flaw sizes on porosity via its effects on E, H, and
K. Similarly, overall the model shows limited differences
of flaw sizes in different ceramics due to generally limited
differences in the E/H ratio, but there is some trend with
H due to materials with lower E/H ratios, e.g. H increa-
ses substantially from Al,O5 through SiC and B4C, all
with ~ the same E value. Also, there is limited change
in flaw sizes in a given material as grain size varies as
observed experimentally and shown by effects of no
changes in £ and modest changes in H as well as no or
modest changes in (small crack) K values as grain size
varies with resultant limited impacts via the model.
However, the persistent increase of H with decreasing G
indicates a modest decrease in flaw sizes and thus a
modest increase in strength as grain sizes decrease at
finer G values. There may also be some modifications of
flaws introduced when the machining grit sizes are
about the grain size of the body being machined due to
effects on indentation cracking when indent and grain
sizes are about equal.!®->8
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Grain size of ceramic bodies also has other impacts on
machining effects. One of these is significant changes in
the strength anisotropy as a function of machining
direction (Fig. 5). Another is via impacts on R-curve
effects which occur to varying extents, i.e. increases with
grain size (and intergranular fracture), but have not
been correlated with machining effects. However, simi-
lar machining effects in TZP and silicon nitride, which
often have substantial R-curve effects, and other cera-
mics imply limited or no of R-curve effect on machining
effects on strength. Third is greater surface plastic
deformation in machining at finer grain and grit sizes.!®
All of these factors, especially the first and third are
probable sources of varying slopes in Figs. 6 and 7.

Turning to ceramic particulate composites, their same
dependence of strength on dispersed particle size as
found for monolithic ceramics with grain size, the same
or similar dependence of composite strengths on
machining direction and with machining grit size as for
monolithic ceramics shows similar machining flaw for-
mation in both types of ceramics. This correspondence is
also shown by the persistence of a minimum in machin-
ing flaw sizes at intermediate composite compositions,
due mainly to a maximum in K values, but shifted some
by differing, usually more modest, dependences on
changes in E and H with changing composite composi-
tion (Fig. 10). Such K effects on machining flaws in cera-
mic composites is a particularly important example of
strength benefits of K increases via both its effects on
flaw formation, i.e. reducing the size of flaws from
machining, as well as in increasing the resistance to their
later propagation to failure. Strength correlations with
the small scale of machining flaws in ceramic particulate
composites also implies that there is limited, if any, R-
curve effects, as observed with larger scale crack propa-
gation, as noted above for monolithic ceramics. How-
ever, more testing is needed, especially bodies with high
R-curve effects, with both machining grit size and
machining direction effects providing key opportunities
to scale flaw sizes for such tests of R-curve effects on
strengths of machined composites, rather than implying
effects from toughness testing with large scale cracks.

Evaluation shows that other sources of stresses, espe-
cially residual surface compressive stresses from
machining can be sufficiently high in value and their
depth to be a factor. Fractography can also be an
important tool in indicating the level and depth of sur-
face stresses via their impact on fracture mirror pat-
terns.'? Other sources of local stresses such as from miss
matches in properties such as thermal expansion of
grains in monolithic ceramics or grains and dispersed
particles in ceramic composites may impact strengths of
both machined monolithic and composite ceramics, but
may be greater in ceramic composites. Both direct
measurement of such stresses as well as assessing them
via the more comprehensive approach addressed in this

paper are important for a more comprehensive under-
standing of strength behavior.

Thus in summary, a model of flaw introduction in
machining of monolithic and particulate composite
ceramics as a function of their properties and micro-
structures provides a more comprehensive view of the
resultant strength behavior. However, more testing is
needed, focusing especially on interaction of machining
flaws and residual stresses and R-curve effects using
respectively more fractography and effects of machining
grit size and direction.. Finally, more experimental
study, especially via fractography, should allow
improvement of such models, e.g. allowing improved
correlation of measured and calculated flaw sizes
beyond initial observations in Fig. 8.
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