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Grain size and porosity dependence of ceramic
fracture energy and toughness at 22 °C

R. W. RICE
5411 Hopark Drive, Alexandria, VA 22310, USA

A review of the fracture energy and toughness data for dense ceramics at 22 °C shows
maxima commonly occurring as a function of grain size. Such maxima are most pronounced
for non-cubic materials, where they are often associated with microcracking and R-curve
effects, especially in oxides, but often also occur at too fine a grain size for association with
microcracking. The maxima are usually much more limited, but frequently definitive, for
cubic materials. In a few cases only a decrease with increasing grain size at larger grain size,
or no dependence on grain size is found, but the extent to which these reflect lack of
sufficient data is uncertain. In porous ceramics fracture toughness and especially fracture
energy commonly show less porosity dependence than strength and Young’s modulus. In
some cases little, or no, decrease, or possibly a temporary increase in fracture energy or
toughness are seen with increasing porosity at low or intermediate levels of porosity in
contrast to continuous decreases for strength and Young’s modulus. It is suggested that
such (widely neglected) variations reflect bridging in porous bodies. The above maxima as
a function of grain size and reduced decreases with increased porosity are less pronounced
for fracture toughness as opposed to fracture energy, since the former reflects effects of the
latter and Young’s modulus, which usually has no dependence on grain size, but substantial
dependence on porosity. In general, tests with cracks closer to the natural flaw size give

results more consistent with strength behaviour. Implications of these findings are

discussed.

1. Introduction

Fracture energy (y) and especially fracture toughness
(K) have received much attention because of their
basic role in fracture mechanics. This attention has
been heightened by more recently emphasized con-
cepts that focus on increasing toughness as a key route
to greater reliability. This in turn has focused much
attention on wake and related R-curve effects, which
essentially show toughness being dependent on the
extent of crack propagation. Of the two wake effects,
transformation toughening and bridging, bridging has
more recently received particular attention because of
its potential broad applicability to both many poly-
crystalline and composite ceramics. Such wake, and
related R-curve, effects have helped explain some of
the differences between the different fracture en-
ergy/toughness tests. However, such effects still leave
important differences between different tests unex-
plained, and raise other important questions, in par-
ticular the role of R-curve effects on strength, espe-
cially those due to bridging. The importance of these
issues is compounded by recent, growing evidence that
increased toughness does not necessarily result in in-
creased reliability [1-4]. There are also considerable
grounds for a closely related question, namely whether
tests reflecting crack wake and resultant R-curve
effects are directly related to strength behaviour [4].
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Since there are many terms used repetitively, the
abbreviations in Table I are used.

An important, but generally neglected, factor in
resolving the above issues is the microstructural de-
pendance of y and K, and the correspondence of this
with such dependence of flexure (tensile) strength (S)
and Young’s modulus (E). This paper reviews the
grain size {G) and porosity (P) dependence of y and K,
primarily at 22 °C, providing a useful compilation of
data and some insight into differences between differ-
ent tests. However the primary purpose is to provide
a counterpart to evaluations of the G [5-9] and
P [9-11] dependence of S and E. While another paper
addresses the differences between, and correspond-
ences with, the G and P dependence of S and E [4],
some observations on this are made in this paper. This
paper significantly extends earlier reviews of the G de-
pendence of vy [12, 13], reinforcing some of the trends
observed there, but also showing possibly conflicting
behaviour, and hence the need for further research.
This paper also greatly extends an earlier, preliminary
survey of the P dependence of y [9, 14], and strongly
indicates crack bridging or related phenomena occur-
ring in some porous bodies. This has received almost
no attention, but is probably important in the high
resistance of some porous bodies to severe thermal
shock, and thus should be a fruitful area for research.
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TABLE I Terms and Abbreviations

Term Abbreviation
(a) microstructure
1. Grain Size G
2. Porosity (Vol. fraction, or %) P
(b) mechanical properties
3. Strength (tensile or flexure) S
4. Young’s modulus E
5. Fracture energy v?
6. Fracture toughness K*
(c) Fracture energy/toughness tests
1. Compact tension CT
2. Double cantilever beam DCB
3. Double torsion DT
4. Fractography® F
5. Indentation I
6. Indentation fracture IF
7. Notch beam*® NB
8. Work of fracture? WOF

# The generic symbols (i.e. without the subscript IC) are used since it
is not always clear whether the values are the critical ones control-
ling failure.

*Values derived from the failure strength and the flaw size, shape,
and location detected on the fracture surface.

¢Tests with a sharp crack introduced are noted.

4This includes all tests with a chevron notch.

2. Data review and discussion
2.1. Grain size dependence of fracture
toughness of monolithic ceramics

2.1.1. Oxide ceramics
A previous study and review, primarily of oxides,
showed that there was little or no G dependence of
vy for cubic materials, but a substantial dependence for
non-cubic materials [9-12]. Thus, v of alumina, as
measured by DCB methods, was shown to pass
through a significant maximum at G ~ 50—100 pm
(Figs 1 and 2). (Note that, unless there is some phe-
nomena such as microcracking or phase transforma-
tion that depends on G, E does not depend on G.
Therefore, the G dependence of K is similar to that of
v, moderated by K ~ (Ev)'/?, so all further discussion
of the G dependence will be in terms of K.) Results
from various, more limited DT, WOF (i.e. chevron
notch), IF, and NB tests are generally consistent with
this G trend over the G range they covered, though
there were often variations in the absolute values (Fig.
2). However there are variations in this and other data,
some substantial, e.g. Hayashi et al. [15] showing
WOF data reaching a slightly higher, substantially
narrower, peak, but at G ~20um. K values of
~ 4 MPam'/? in Figs 1 and 2 are also quite consis-
tent with earlier [16] and more recent F [17, 18] Kj¢
values where flaw dimensions could be determined
(typically for G ~ 1/2—10 um), so long as the flaws are
sufficiently large in comparison to G. A model based
on the G dependence of microcracking from the ther-
mal expansion anisotropy (TEA) of alumina and other
non-cubic materials was developed to explain the
G dependence of y [19] of Rice and co-workers [12,
19] (Fig. 1).

.Shortly following the above work, Claussen et al.
[207] showed some literature and their own NB data
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Figure 1 Fracture energy versus grain size (G) of non-cubic oxide
ceramics at 22°C. Curves and data points (for tests and sources
shown) are average values from previous surveys [12, 13]. Note all
data are shown for the average G, but some are also shown for the
maximum G reported (via the horizontal bars).

starting at higher K levels at fine G and decreasing
with increasing G. They attributed the significant rise
to high values in DCB tests at larger G (Fig. 1) to
microcracking, i.e. greater sensitivity to R-curve effects
in DCB tests. Mussler et al. [21] extended this NB
data (Fig. 2) and attributed the increasing K to an
increasing notch sensitivity, ie. that the true NB
K values should be independent of G (at
~ 4 MPam?*?). They also showed K values from
indentation fracture (IF) tests showing an almost ident-
ical increase to that for DCB tests over the G range
tested ( ~ 1-35 um), and assumed that both IF and
NB results follow the decreasing trend of DCB results
with G at larger G (i.e. beyond the DCB K maximum).
Subsequent data [22-29], representative results of
which are shown in Fig. 2, e.g. Hiibner and Jillec [28]
(see also Yokobori et al. [22]) show a very similar
K decrease with increasing G for NB tests as Mussler
et al., but K increasing with G when tests were made
on beams with a sharp crack instead of a fine notch.
Also note that Veldkamp and Hattu’s [29] data show-
ing no G dependence used an indentation to introduce
a sharp crack at each end of the notch in their NB test.

The increase in K with increasing G is now com-
monly attributed to crack bridging and associated
R-curve effects, which have been widely demonstrated
to occur in alumina [19, 30—34]. While actual bridging
observations are typically made in DCB or compact
tension (CT) tests, effects of bridging, i.e. R-curve ef-
fects, have now been demonstrated in essentially all of
the fracture mechanics tests (other than fractography).
Thus, while the initial K, i.e. without R-curve effects,
shows little or no G dependence, bridging and result-
ant (large crack) toughness increase with G (at least
over the modest G range of such tests, eg to
G ~ 30 pm) [31]. The extent of bridging and its inter-
action with the decrease in K as G increases at large

.G has not been examined.

Turning now to other non-cubic oxides, previously
summarized BeO WOF and DCB data [12, 13] show
the start of a similar G dependence of alumina over the
G range tested (Fig. 1). WOF data of Cleveland [35]
for MgTi, 05, Fe,TiOs, and Al,TiOs also show
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Figure 3 Fracture toughness (K) of TiO; versus G at 22°C. The
DCB data of this author and colleagues from Fig. I along with data
of Minnear and Bradt {37] and of Yasuda et al. {38] are shown.
Note that, while the absolute values of the latter investigators are
substantially higher, all data shows a substantial decrease in Ky
occurring by or before G ~ 20 pm.

v maxima {Fig. 1), and Pohanka et al. [36] have
further shown a K maximum { ~ 1.8 MPam™ %2 at
G ~40pm) in DCB tests of PZT. Minnear and
Bradt’s [37] DT data showed as hot-pressed TiO,

with much higher K values than Rice et al. [12], but
both were consistent with a sharp K decreases by
G ~ 20 um {Fig. 3). It is also consistent with, but does
not confirm, a K maximum at G <20 um or less.
Their reoxidized TiO, shows a somewhat higher
K and slower decrease with increasing G, but is consis-
tent with the above observations. Yasuda et al’s WOF
data for sintered TiO, [38] is very consistent with the
decrease of K as G increases above 15-20 ym, but
leaves the existence of 2 K maximum at G ~ 15 um
uncertain, They also showed essentially the same de-
crease in E, thus strongly supporting the attribution of
the K decrease to microcracking from TEA stresses,
and comnsistent with other estimates for the G onset of
microcracking [397.

Consider next data for cubic oxides as summarized
in Figs 4 and 5. Previous WOF data of Kessler et al.
[40] for transparent, hot-pressed MgO, which was
consistent with limited DCB, as well as NB tests for
similar MgO, showed no dependence on G. This is
quite consistent with WOF data of Yasuda and col-
leagues [41-44] for dense, hot-pressed MgO, with or
without oxide additives. These additives, typically at
the 10% level, modestly increased the K level, but left
it independent of G over the range studied (Fig. 4).
Two results of Kessler et al.’s study should be noted.
First, v of MgO, as hot-pressed with LiF additions
was ~ 1/2 that of specimens anncaled to remove
most, or all, of the LiF remaining after hot pressing, or
made without LiF. Thus, the presence of residual LiF
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Figure 4 Fracture toughness (K) of MgO, Y, 03, and (CVD) ZnS versus G at 22 °C. MgO data (upper plot) from a previous [39] and more
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Figure 5 Fracture toughness (K) of MgAl,O,4 and a NiZn ferrite
versus G at 22°C. Note the good agreement (V, IF) (O, DCB)
between data of Stuart et al. [52] and Rice et al. [12] for material
without additives, the much lower value for MgAl, O, made with
LiF, and the value for fracture on either {100} or {110} single
crystal planes. The ferrite data are from Veldkamp and Hattu [29].

(which was associated with 100% intergranular frac-
ture versus substantial transgranular fracture other-
wise for 'the same grain sizes) reduced K by about
30%. Second, the presence of limited porosity resulted
in K increasing with G (discussed further later on).
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Also note K for {100} MgO single crystal cleavage is
~ 1/2 that of the polycrystalline K [45].

Monroe and Smyth’s [46] NB results for sintered
Y,O0; (P < 4%) showed a probable limited K max-
imum at G = 10-30 um, or at least a K decrease at
larger G (Fig. 4). Their results are in good agreement
with limited I, IF, and DCB data reported by Rhodes
et al. [47] for their Y,O; sintered to transparency.
Tani et al’s [48] indentation K values for fully dense
(hot-pressed) Y, O3, though substantially higher than
those of Monroe and Smyth, are also consistent with
a possible K maximum, but at a much finer
G ( ~ 1 pm). Their data clearly support K decreasing
with increasing G above ~ 15 pm.

Earlier DCB [12] and more recent IF [49-52] data
for dense MgAl, O, (made without densification aids)
show excellent agreement and no dependence on
G (Fig. 5). K values from F agree very well with the
results of Fig. 5 for G ~ 3 um [17] and for G ~ 100 pm
(provided that the flaw size was > G) [17]. Stuart et al’s
[52] report of ~ 40% lower K for MgAl, O, (hot
pressed with LiF, Fig. 5), with essentially all intergranu-
lar fracture, should be noted in contrast to very pre-
dominant transgranular fracture in MgAl, O, made
without additives [52, 53]. This effect of residual
boundary additives is very similar to MgO results
noted earlier, and is of particular note, as discussed
further later on, since MgAl, O, made with LiF shows
substantial bridging [49, 50]. Also shown in Fig. 5 is the
data of Veldkamp and Hattu [29] for a dense Ni Zn
ferrite using their NB test with indent cracks at each
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Figure 6 Fracture toughness (K) and strength of TiB, versus G at 22 °C. Data of Baumgartner and Steiger [54] and of Becher and colleagues
[55, 56], the latter without Ni additions (open symbols) or Ni additions (solid symbols, % Ni shown next to each datum point).

end of the notch. They noted that changes in resi-
dual impurities and stoichiometry as G changes might
be factors in the ~ 15% decrease from G =30 to
40 pm.

2.1.2. Non-oxide ceramics

DT and WOF data of Baumgartner and Steiger [54]
for sintered TiB, (P ~ 0.5-1.5%, G ~ 1.4 and 24 pm)
show K decreasing ~ 5% as G increases (Fig. 6).
Indent, and IF K data of Becher and colleagues [55,
56] for TiB, hot pressed with, or without, Ni
(P =1-2%, G = 4-40 um) agree reasonably well with
the DT-WOF data, except showing a substantially
greater ( ~ 25%) decrease as G increases. The addition
of Ni tended to increase K, at least at finer G, but still
showed K decreasing with increasing G, quite possibly
faster than without Ni. Results of Kang et al. [57] for
TiB, with 5-2% B4C + 0.5% Fe (G ~ 4 um, P ~ 4%,
Kic ~5.5MPam?!2, S ~ 400 MPa) and Matsushita
et al. [58] for TiB, with 7.5% (14 Ni: 1.5C) (G ~ 5 pm,
P~ 1%, K ~48MPam'?, S~ 470 MPa) are in
good agreement. .

DCB data of this author and colleagues on a variety
of hot-pressed B,C materials from several sources
(P = 0.4-2.8%) indicates K rising to a maximum or
plateau at G ~ 7—10 um (Fig. 7) [59]. Korneev et al.
[60] show a very distinct K maximum at G = 10 pm
in their NB tests of hot-pressed B, C. Niithara [61] and

Niihara et al. [62] also report pronounced maxima of
both Vickers hardness and indent K for their B,C
made by chemical vapour deposition (CVD) at
stoichiometry, i.e. a B/C ratio of ~ 4. The decrease in
K values at lower B/C ratios was attributed to excess
C at the grain boundaries, and at higher B/C ratios
(where the decrease was corroborated by two DCB
tests) to reduced bond strength as the B content in-
creased, and not to the variation in G (2—20 pm) or the
limited P. However note that their data are in good
agreement with the other data based on the fact
that their K peak at B/C =4 was apparently at
G ~ 5-10 um, and the assumption that G became
smaller as the B/C ratio increased or decreased, and
became larger for the opposite change in B/C ratio.
There is a clear precedent for this. Kalish et al. [63]
reported Knoop hardness of dense B,C hot pressed to
B/C ratios of 3.7-5.1, tending to decrease as the B/C
ratio decreased, but with substantial scatter. However,
Rice et al. [64] subsequently showed that the primary
factor accounting for the substantial hardness change
was the change in G due to the variations in the B/C
ratio, and not the ratio itself, ie. at constant G
variations of B/C had only limited effects on hard-
ness. Calculations from flexural strengths and
flaw geometry from fractography of B,C with average
G of 2, 5, and 10 pm gave K = 3.4 + 0.5 MPam'/?
[65], i.. in good agreement with the average value in
Fig. 8.
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Niihara [61] also reported indent K for CVD (beta)
SiC showing a distinct maximum at G ~ 1-3 um (Fig.
8). The maximum K value was also corroborated by
limited DCB tests. Kodama and Miyoshi [66] reported
a more pronounced indent K maximum at G = 0.7 um
for their polycarbosilane derived, hot-pressed SiC (Fig.
8). Whether the lower K values at the finer or larger G,
and the maximum, are due just to their G, or to their
specimens being either mainly beta- or alpha-SiC, is not
certain. However, values for both types of SiC agreed at
G ~ 1 + 02 um. Seshadri et al’s [67] NB tests for sin-
tered alpha SiC showed a marked ( ~ 33%) increase in
K over the limited G range (2—7 um) tested. On the other
hand, fracture energies from an earlier survey [12],
reflecting WOF, DCB, and NB tests, for G mainly
10—-100 pm by themselves showed no obvious G de-
pendence, but are not inconsistent with the data of
Fig. 8, i.e. being in the range of K = 3.5-5 MPam'/.
However, Seshadri and Srinivasan’s [68] fracture
analysis of sintered alpha-SiC (failing mostly from
isolated pores) indicates K of only 2-3 MPam'/?,
which is in good agreement with similar analysis by
Ohji et al. [69] and their NB K of 2.3 MPam®/2.

Extensive measurements by many investigators us-
ing a variety of techniques on various dense SizN,
materjals typically give K = 4—-6 MPam'/? for G of
a few microns [45, 70—74]. Values toward the lower
end of this range are typically obtained from fracto-
graphy, ie. from observed flaw geometry and failure
stresses. Higher values, e.g to ~ 11 MPam'/?, are
associated with larger, but elongated, grains, and signif-
icant R-curve effects [73—747. However, starting tough-
ness of such materials showing R-curve effects, ie. be-
fore significant crack propagation, are commonly still
in the 4-5 MPam'/? range. These trends are corrobor-
ated and systemized by the work of Kawashima et al.
[75] showing K continuously increasing from 5.4 to
~ 11 MPam'/? as G increased over the range of G in-
vestigated (24-10 pm), suggesting that K passes
through a maximum as a function of G. Data of
Hirosaki et al. [76] on in situ toughened Siz; N, showing
K passing through a maximum of ~ 10.3 MPam®/?
as G of their mixed microstructures increased from
~ 0.2-2 pm diameter and 1-5 pm long to 2-20 pm
diameter and 10-100 um long corroborates this.
These studies, and others outlined above, indicate that
the K maximum occurs in the G range of 10-20 um,
e.g. based on a K maximum of 10-20 MPam?2. Such
a G range for a K maximum is not necessarily incon-
sistent with microcracking from thermal expansion
mismatches [38] within the alpha ( ~ 0.1 x 107¢/C)
and beta ( ~ 0.5 x 10~ ¢/C) phases [77a], and between
these and the grain boundary phase(s).

Townsend and Field [78] reported a distinct max-
imum in their indent K values for CVD (cubic) ZnS
(Fig. 7, which was coincident with a distinct hardness
minimum).

2.2. The Porosity dependence of fracture
energy and toughness

The P dependence of the mechanical properties of

ceramics, though not receiving much attention, are

very important in an overall understanding of mech-
anjcal behaviour of ceramics and other brittle mater-
ials. They are particularly pertinent to this paper since,
while strength and toughness show some common
trends, there are also important differences in their
P dependence. The P dependence of S and E, for which
there is much more data than for y or K, which has
recently been reviewed [10, 117, provides useful back-
ground. Both S and E show a continuous decrease
with increasing P that is initially approximately linear
on a semilog plot of S versus P, but then progressively
decreases more rapidly to then fall precipitously to
zero as the porosity for the percolation limit for the
solid phase (Pc) for the particular type of porosity is
reached. Of these characteristics, the slope of the ap-
proximately linear semilog property dependence from
P = 0 up to 1/3-1/2 of P is the most unique to a given
porosity, and is most pertinent to most of the cases of
interest, and is hence of central interest here. This
slope is often expressed as the b value in exp ( — bP).
Such P dependence is consistent with predictions of
minimum solid area models, which predict b values of
3-5 for most pore structures (but values down to 1 +

and up to 9 are seen), and are consistent with an
extensive survey of the P dependence of strength and
E (as well as of thermal and electrical conductivity)
[10, 11].

In evaluating these trends, it is important to con-
sider the P dependence of both y and K since E has
substantial dependence on P. Thus, K, for which there
is more data, reflects effects of P on both E and vy. This
isin contrast to effects of grain (or particle) size, which
generally have little or no effect on E, so their effects
on 7y are reflected in their effects on K as discussed
earlier. Most individual studies of the y or K depend-
ence on P do not also entail measurements of S or E,
let alone both, thus requiring comparison with aver-
age trends from other studies. However, there are
a few studies in which most, or all, of these properties
have been made on the same set of samples, thus
giving direct comparison between tests in addition to
comparison of overall trends. There are clear cases of
the P dependence of v or K {(or both) being quite
similar to that of E or S (or both), including common
tests from the same study [79, 80] (Table II). Close
similarity of y or K and E, S, or both, are also shown
by the normalization of K (or y) values calculated
from fractography of bodies of varying P to the corres-
ponding values at P = 0 using the same b value found
for the P dependence of S of Al,O; and B [18]. The
similarity of some P dependence of y and K with
E and S is also shown in some of the examples shown
below.

There are, however, significant departures from the
overall correspondence of § and E with K and espe-
cially v dependence, of P. Some of these differences are
fairly extreme, as discussed below. Two cases [82, 83]
of higher apparent P dependence of K (i.e. similar to,
or somewhat higher, than that of) S or E are due in
part to variable G with P; i.e. finer G at higher P and
the increase in S with decreasing G. There is thus
a very common trend for a lower P dependence of K,
and especially vy, similar to the more extreme cases,
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TABLE II Comparison of the porosity dependence of fracture energy (y) and toughness (K) with that of Young’s modulus (£) and tensile

strength (S)

Material Fab? G® Pe Slope? (b value) for Investigator

(pmy) {%) Y K E N
AlLO; PC 0.5 ~4-42 33 (NB) 34 34 34 Lam et al. [79]
Al O, HP ~1 ~ 2-40 1.5 (DCB) 22 2.6 - Wu and Rice [80]
AL O, HP ~1 ~0-9 0 (WOF) 2 ~ - Cappola and Bradt [81]
Al O3 S <5-50- ~0-44 ~3 (NB) ~34° 2 - Pabst [82]
Al,O; HP/S ~ 2-20 ~2-46 - (NB} <4.2¢ 2.1 - Claussen et al. [83]
AlL,O4 S 3 ~ 5-50 - (SEPB) 25 - 2.9 Evans and Tappin [84]
PZT S - ~2-15 - (DT) 2.4 2.6 34 Biswas and Fulrath [85]
B.C HP ‘5 ~0-15 - (DCB) 2.3 2.7 39 Wu and Rice [80]
B,C HP 5 ~0-15 0 (DT) 34 - - Hollenberg and Walther [86]
SizNy HP/S ~2-4 ~0-10 - M 5.2 54 - Mukhoyadhyay et al. [70]
SizNy HP/S ~2-4 ~ 0-50 - 24 3.7 4 Rice et al. [72]

# Fabrication: PC = pressure cast (and sintered = S), HP = hot pressed.

® Grain size.
° Porosity.

4Slope of approximately linear region of property on a semilog plot versus P at low to intermediate P level.
°Finer G at higher P is a major reason for higher b values for K than E.

indicating broad deviations of the P dependence of K,
and especially vy, from that of E and S. This lower
P dependence of y and K versus those of E and S is
also shown in Table IL It is also shown by the P de-
pendence of K for bodies of sintered ZrO, bubbles
being less than other mechanical properties [87],
which was found by comparing data for highly porous
materials [10], and is seen in comparing broader
P trends from tests on different materials. This trend
for lower P dependence of K is consistent with the
frequent lack of normal P dependence of y discussed
below. It should also be noted that the PZT data of
Table II is for bodies where much of the porosity was
left from burnt out latex spheres [85]. The resultant
spherical pores acted as fracture origins but were too
far apart to have led to bridging effects on S [88].
While some of the limited y—P data generally follow
the overall P trends for other mechanical properties
[14] discussed above, there are important deviations.
Thus, Cappola and Bradt [81] reported that vy (from
WOF tests) of hot-pressed Al,O; was constant at
~ 12 Tm~? over the range studied (P = 0-0.1). Sim-
ilarly Hollenberg and Walther [86] reported y from
DT tests of hot-pressed B,C was constant at
~33Jm™? over their P range (0-0.15). However,
they showed a normal P dependence of E (b ~ 3) for
this material, as well as a normal strength dependence
(b ~ 4), both confirmed in separate tests [80] of the
same material. The latter tests also showed a P de-
pendence of K (in DCB tests) having b ~ 2, i.e. lower
than for E and strength. The lower P dependence of
K is consistent with a low P dependence of y and
a normal P dependence of E. Little, or no, P depend-
ence, or possibly a temporary increase, of y at lower
P was also shown by Case and Smyth [89] in their NB
tests of sintered Gd,O5 to P = 0.15, but then showed
a normal decrease as P increased to 0.5, ie. b~ 4
(Fig. 9). This author and colleagues [59] have ob-
served the lack of a decrease, and possibly a temporary
increase in DCB K tests of porous hot-pressed MgO
and Al,O; (Fig. 9), i.e. more extreme than the lack of
v decrease noted above in some materials at P < 0.15.
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There can also be opposite trends with coupled
P and G changes at low P, e.g. as shown for MgO with
low P. The increase in toughness from approximately
the typical values for dense bodies with P decreasing
and shifting from intergranular fracture toward more
intragranular character as G increases {Fig. 4) is in
good agreement with data of Clarke er al. [90]. There,
K values, similar to those for fully dense bodies at finer
G, were for the higher levels of P ( ~ 2.7%, mostly
intergranular), and higher K values were for the lower
P ( ~ 0.5%, much of which was intragranular).

Significant deviations can also occur at higher P.
Thus, in v studies of Si;N,, some porous bodies were
found which had y values well above the normal
decrease with P, with some 9 values for
P =045-0.65 = to those for P =0 [13, 72]. Micro-
radiographic examination of the porous high y sam-
ples showed crack branching and bridging due to
interaction with the (artificially introduced, approxim-
ately spherical, ~ 100 pm diameter) pores. Such crack
phenomena were not observed in specimens not show-
ing significant y—P deviations. The overall K-P trend
was a continuous decrease with increasing P, but with
a lower b (slope) than for E or strength (Table II), but
there was no effect of the high vy values on strength.
The microradiography showed that the crack bridging
and branching phenomena were on a scale far larger
(e.g. hundreds to thousands of microns) than the scale
of flaws causing failure. Thus, the branching and
bridging occurred with large cracks used for y/K
measurement either did not occur with strength con-
trolling flaws, or occurred with them only after failure
had essentially occurred; i.e. after catastrophic failure
was already assured. Osipov et al. [91] also reported
the NB K of B,C to decrease from 4.6 to 2.8 MPam'/?
as P increased from 0 to ~ 0.12, then remained con-
stant to P ~ 0.28 before again decreasing as P in-
creased further. Less P dependence of K at medium
and high P are also shown in model specimens of
sintered glass beads and in foam materials [11].

Bridging can be séen as a natural consequence of
two aspects of porous materials. The first is to provide
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Figure 9 Fracture toughness (K) of Al,O; [58, 82-84], Gd, O [89], MgO [58] and B, C [91] versus P at 22 °C. Note broad variations in the
P dependence of K, e.g. some due to initially no, or a reverse, dependence of y on P < 0.1-0.15, respectively, for Al, O3 and Gd,O3. However,
even broader variations are seen in Al, O5 and MgO data of this author and colleagues [597. Some Al, O, data show higher b values closer to
or greater than the P dependence of S and E, but is due in part to G variations. Note the contrast in the P dependence of B, C from Osipov et
al. [91] to that of Wu and Rice [80] and Hollenberg and Walther [86] (the latter two are essentially identical and were measured on the same
set of samples, Table IT). Note similar contrast in Siz; N, data of Rice et al. [72]. Key: Al, O5: V Claussen et al., NB (G as shown); A Evans and
Tappin, NB (G ~ 3 um); O Pabst, NB (G ~ 10-50 pm); [0 NRL, DCB (G < 1 um): MgO: X DCB, NRL (G ~ 1 pm).

intrinsic alternative fracture paths in ideal porous
structures due to cracks seeking two aspects of their
paths, namely to fracture the minimum amount of
solid (i.e. to propagate through more porous areas),
but to also propagate approximately normal to the
applied stress. This readily results in alternative crack
paths for ideally stacked particles or pores (Fig. 10).
Such alternative crack paths are likely to result in
bridging when one path is, at least temporarily, in-
complete, e.g. due to modest differences in local crack
propagation. The second factor is heterogeneity of
porosity, which may operate on much larger scales
than the intrinsic effects of pore stacking. Clearly both
can interact, which would extend both the scale and
frequency of occurrence.

Bridging and branching effects with large, but not
small, cracks would explain the common deviations of
v and K from tests with large cracks to have less
P dependence than strength, which has similar P
dependencies to that of E. It would also explain

the higher resistance of porous refractories to severe
thermal shock [13]. Thermal shock resistance is
typically proportional to strength divided by the
product of E and the thermal expansion coefficient.
Thus, the similar, or identical, P dependence of E
and S leave totally unexplained the large improve-
ments in resistance to failure from severe thermal
shock commonly resulting from porosity. This dispar-
ity is increased in the many cases in which thermal
shock resistance is also proportional to thermal con-
ductivity, which decreases with increasing P. How-
ever, since thermal shock of quite porous bodies is
likely to involve propagation and arrest of larger
cracks, the resultant bridging and branching noted
above with large cracks and resultant lower depend-
ence of y and K versus that of E in many porous
bodies could well explain their highly improved ther-
mal shock resistance. Thus studies of crack bridging
and branching of porous bodies should be a fruitful
area for study.
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Alternate fracture path— — — — —
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Figure 10 Schematic of crack branching-bridging in ideal porous
materials: (a) shows fracture of a body of stacked balloons stressed
along (100) axes where there is no opportunity for branching; (b)
shows the same body stressed in another direction where the crack
seeking to compromise between fracturing the least material while
staying as close as possible to being approximately normal to the
applied stress, leads to alternate branching paths.

3. General discussion

3.1. Measurement issues

Two factors need to be considered in comparing vari-
ous tests. The first, and most obvious is each y or
K test, and how its results may be affected by test
parameters. This is a large topic that has received
considerable attention in developing these tests,
though still leaving many differences incompletely
understood. Several issues pertain mainly, or exclus-
ively, to NB tests. Such tests have been shown to need
a sufficiently fine notch root radius (e.g. < 10 um) to
give valid results. Whether such radii give valid results
for all microstructures, not just the typical low to zero
porosity, moderate to fine grain, (mostly alumina)
specimens commonly investigated, needs further
study. The reversal of the K-G trend depending on
whether or not there was a notch or a sharp crack was
used (Fig. 2) reflects this need. A basic factor in the NB
test that is seldom checked is whether there is a sharp
crack of sufficient length along the notch to be consis-
tent with the assumption of a slit crack. This assump-
tion can be violated, giving higher K values by up to
~ 2, consistent with fracture initiating from an ap-
proximate halfpenny rather than a slit crack, as shown
by fractography of glass [92] and ZrO, crystals [93].
In the glass samples failure from cracks closer to
halfpenny instead of slit cracks was more common in
larger samples, giving an apparent specimen size effect
[92].

Issues for other, especially indent and DT, tests are
outlined as further examples. For indent methods,
residual stresses from the indent, which depend on
indent type and load, as well as material and micro-
structure, and whether these are removed by anneal-
ing or machining off the indent, is an issue, as is crack
irregularity, which also depends on material para-
meters and G [94]. For DT tests the location of the
groove relative to the loading direction, i.e. whether it
is on the specimen top or bottom may be an issue [86].

A broader issue regarding v and K measurements is
the extent to which R-curve and bridging affects the
tests and the extent to which these pertain to strength
behaviour. While all of the widely used fracture mech-
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anics tests can exhibit such effects, the extent of this
depends on various factors such as grain size and the
extent of crack propagation and crack shape. Effects
of crack shape occur if wake effects such as bridging
occur since the rate of change of crack wake area is
greater for test specimens with curved (e.g. F, IF, I, and
DT) versus straight crack fronts (e.g. CNB, NB, and
DCB) [95].

There is clearly a dependence of K on the extent of
crack propagation where there is significant wake
effect, i.e. with phase transformation or bridging.
Though apparently not examined, the effect of the
extent of crack propagation implies a dependence on
starting crack size, since crack propagation is usually
involved in developing the “starting crack™. Specific
crack sizes are identified in the fractographic (F), in-
dentation fracture (IF), and indent tests (I), with the
crack size generally increasing in the order listed,
especially from the F to the IF test. While specific
crack sizes (both depth into the specimen and length
or crack front periphery) are normally not identified in
CNB, NB, DCB, and DT tests, these generally have
increasing crack sizes in the order listed with sizes
starting from, or above those of IF, and I tests. Exam-
ination of literature data (Table III) [96—104] where
investigators measured K by two or more methods
show a trend for K to increase with the indicated order
of expected crack size. Thus, K values from fractogra-
phy, which clearly involves the smallest cracks, are
similar to, or somewhat less than, those from IF, I, etc.
tests, while higher values are seen with DCB, and
especially DT tests, which typically have the largest
cracks. Intermediate K values are typically obtained
with the tests having intermediate crack sizes. Other
data also shows K values from fractography being
similar to, or being less than, other values [17]. Other
data in this review show higher K values for tests in
the order listed, e.g. Figs 2 and 4, especially in mater-
ials that are known, or expected, to be particularly
susceptable to bridging and resultant R-curve effects,
e.g. Al,O; and TiB,, as is the specific demonstration
of crack size dependence of K from IF tests
[106—108]. This is also implied by the results of Kovar
and Readey [3], where strengths of unindented Al, O,
samples were less than those of indented samples
when G was large enough to expect bridging. Similar
trends for higher K with larger starting crack size are
also indicated by the more limited data for ceramic
composites, i.e. similar or lower K values from fracto-
graphy [105]. These specific results imply that less, or
no, bridging occurred in the unindented strength tests,
but some occurred in the indented tests of larger
G samples. More generally data indicates little, or no,
effect of bridging on normal strength, but increasing
effects on v, K, or § as crack size increases in materials
with grain sizes to allow bridging.

The second, and equally important, but much less
recognized, issue is that of measuring G. This is
typically a very casual and poorly specified pro-
cedure. The widely used linear intercept method re-
quires a factor to convert the average intercept to
a “true grain” size. Though values of 1.5 or 1.65 are
commonly used, there is significant, but uncertain,



TABLE III Ceramic fracture toughness at 22 °C for different tests

D? G° P Toughness, K (MPam?/?) from? Investigator(s)
(pm) (%) F IF 1 CNB NB DT
(a) ALO,
S 5 =5 34 2.3 4.2-55 Lemaitre and Piller [96]
S < 10 <5 32-4 41 Tracy and Quinn [97]
(b) TiB,
H 10 2 51+05 6.7+02 Tracy and Quinn [97]
S 8 1 55406 8.0+ 0.3 Tracy and Quinn [97]
(¢} SiC
H <1 ~1-2 38403 52403 Tracy and Quinn [97]
o-S 4 ~3-4 3.0+0.1 30+ 03 Tracy and Quinn [97]
o-S - ~1-2 2.8 3.0 3.1 42 Orange et al. [98]
B-S - ~1-2 2.6 30 34 4.0 Orange et al. [98]
o-S - ~2-3 33 3.6 48 Srinivasan and Seshadri [99]
o-S 5 ~1-2 38 4.6 Seshadri et al. [67]
a-S 5 2-3 35 4.5-5 Seshadri and Srinivasan [68]
H - ~4 2.6-3.8 3.9 Petrovic and Jacobson [100]
o-S - - 32 Quinn et al. [101]
RS - - 35404 41406 3.8 +£ 04 Larsen and Walther [102]
(d) SizNy
RS 21401 22403 21402 Larsen and Walther [102]
H 5.6 Quinn et al. [101]
S 33 Quinn et al. [101]
H 2 ~0 61+06 40404 56 +0.9 Larsen and Walther [102]
H 3.5 4.1 Govila [103]
S 6.0+ 1.6 654+ 12 Chakraborty and Mukho-
padhyay [104]
s® 3.8+08 39408 Chakraborty and Mukho-

padhyay [104]

aMat. = material, Proc. = process; S = sintered, H = hot pressed, RS = reaction sintered.

> G = grain size.
° P = volume fraction porosity (in % here).

4F = fractography, IF = indentation flaw-fracture, I = indentation, CNB = chevron notch beam, NB = notch beam, DT = double torrsion.

¢ SiAION.

dependence of such factors on grain shape and grain
size distribution. Further, the average intercept is of-
ten simply given as G, i.e. using a factor of 1, but
commonly unstated. Such uncertainties readily vary
G by 50-100%. More fundamentally, there are two
basic problems with the linear intercept method. First,
it is difficult to compare such an average G to the size
of an individual grain, as is important in the case of
failure initiating from one or a few larger than average
grains, which is a frequent occurrence [ 106—109]. Sec-
ond, and more fundamental, fracture is an area
generating process. Thus, a measure of G reflecting the
cross-sectional area of grains, rather than their dia-
meters is more appropriate, and can vary G by a factor
of 2 or more [6, 21]. The common variation of
G values by ~ 50%, and possibly a few-fold, means
the locations and slopes of the various curves shown
can vary, and thus may be important in some data
differences.

3.2. Toughness—grain size relations

With these above variations in mind, consider the
basic K—G trends (Figs 1-8). The trend for distinct
K maxima to occur in non-cubic materials is corrob-
orated. This is particularly pronounced for Al,O,,
where this is now generally attributed to bridging

effects. However, the WOF results of Hayashi et al.
[15] showing sharper maxima at finer G are uncertain
in their cause, since the G seems too fine for micro-
cracking. Without bridging the K of Al, O3 appears to
be approximately constant at ~ 4 MPam?'/? over the
G range studied, i.e. ~ 1-30 pm. Identification of the
specific values at larger G in the absence of bridging is
not clear. However, a transition to single crystal or
grain boundary K values must begin to occur at larger
G [106, 108—110] (Table IV). The three sources of
TiO, data agree reasonably with one another in that
significant K decrease occurs at G beyond 15-20 pm,
but the DT values are much higher than the DCB, or
WOF values. Some of the differences probably reflect
G measurement differences (noted earlier) and
stoichiometry differences. The significant K decrease
is attributed to substantial microcracking in view of
microcracking indicated at G ~ 20 um based on the-
ory and direct observation [39], as well as the drop in
E [38]. The K maximum seen in carlier tests is not
specifically shown in the more recent tests, but is

. consistent with them.

Turning now to non-cubic non-oxides, the TiB,
data clearly shows K decreasing as G increases above
~ 4 um. This is consistent with this being due to
microcracking in view of its greater TEA (three-fold
greater than Al, O, as well as greater than EA [111]).
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TABLE IV Typical polycrystalline and single crystal fracture
toughness at 22°C

Fracture toughness (MPam?/?)

Material Single crystal® Polycrystal
Al, O34 1.5-2 3.5-4
MgO {100} 1 2

TiO, 0.8 25

ThO, (111} 065 1.1

Y,0, <09 13

710, 13 26
MgAIzO4, 1v 2

Sic 2 34

TiC {100} 12 3-4

*The lowest values, which will dominate fracture. Where cleavage
planes are the preferred mode of fracture and are known, they are
designated.

®Nearly identical for both {100} and {1 10} cleavage [112].

This is supported by E having decreased to half its
value at an average G of 24 um from the value for
uncracked material at G ~ 4 pm [53]. The G for the
indicated K maximum for B,C and its indicated
level (i.e. an increase of 50% or more at the maximum
relative to values at finer or larger G) would be
consistent with the expectations for non-cubic
materials from the current and past non-cubic oxide
results since B,C has very similar TEA, E, and
K to Al,O; [65, 11]. However, two factors are
puzzling. First, B,C fracture is typically essentially
all transgranular, whereas intergranular fracture,
which is commonly an important component of
Al, O, fracture over the G range of interest [53],
is seen as an important factor in bridging. No bridging
observations are known in B,C. Second and more
fundamental is that the above B,C—Al, O; similarities
mean that the location and relative height of the
B,C and Al,O; K peaks should be very similar. The
height of the B,C K maxima are consistent with this,
but their G location is low by about an order of
magnitude from that expected from a microcracking
mechanism. The marked K increase for sintered
alpha-SiC is also not certain, but has substantial
similarity to results for cubic (beta) SiC and MgO
discussed below.

Turning to cubic materials, there are some results
consistent with previous data and expectations, and
some that are different. Thus, oxide and ZnS data
again show little or no dependence on G relative to
non-cubic materials such as Al,O; (but the limited
scatter of the ZnS data makes its maximum statist-
ically significant). The occurrence of a K maximum is
more clearly indicated for Y,0O; by added data
(though the reasons for the higher level of Tani et al.’s
data [48] is not clear). Again, the decrease in K at
large G may reflect the transition to single crystal
(Table III) or grain boundary (i.e. bicrystal) K values,
which may be half or less than the single crystal values.
However, the cause(s) of the definitive K maxima
shown in two studies of mainly, or exclusively, cubic
SiC is uncertain, as is the rise in K of sintered alpha-
SiC noted above, which would also be consistent with
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a K maximum, but at larger G. None of these SiC data
are obviously inconsistent with other SiC data, e.g. of
the earlier survey due to data scatter and more limited
number and extent of grain sizes measured. Possible
effects of the presence of some non-cubic (alpha) SiC
do not appear to be a viable explanation for these
variations since the TEA and EA of alpha-SiC are
modest [11]. Since maxima were indicated for two
very different processing methods, it is unlikely to be
an artifact of processing.

Whether the cubic materials K maxima are in-
trinsic, e.g. reflecting effects of EA, or extrinsic, e.g.
reflecting more residual grain boundary impurities
or porosity, is not clear. However, four factors may
singly, or collectively, contribute to, or be the cause
of, at least some of, the K maxima. One of the most
general is limited porosity, as shown by the MgO data
(Fig. 4). This is likely to be an important factor
in the sintered alpha-SiC, since it has at least a few
per cent P, which also most likely decreases in content
and shifts to more intragranular porosity as G in-
creases, as in MgO. This may also be a factor in the
B4C increase at fine G (and possibly the high K at
larger G, as noted earlier) since these bodies had up to
a few per cent P. Second, are changes of stoichiometry,
and grain orientation that often accompany grain size
changes, especially in CVD materials. Third, for in-
dent derived values, these may reflect indent cracking
deviations. A recent study of hardness shows that
substantial cracking, often of a spalling character
along grain boundaries, increasingly occurs around
indents as the indent size approaches the grain
size [94]. Such cracking, which leads to hardness
minima, is in addition to, and some may be instead of,
the cracks used in determining toughness, but could
alter, most likely increase, resultant K values.
This could thus be a source of some, most likely,
more modest K maxima, but would be dependent on
the indent load and type. It also is not necessarily
universal, i.e. this added indent cracking was not
observed with Y,O3 hardness indents, and thus may
not be applicable to the Y,0O; data (Fig. 4). However
it is also significantly enhanced by grain boundary
phases, and so can be variable for a given material,
as well as indent load and geometry. Such indent-
cracking is most likely a factor in the K maxima
of ZnS, and may be a factor in that of CVD SiC; other
maxima appear at too small a G value to be due to
this mechanism. However, the B,C K maxima are
associated with hardness maxima, not minima.
Fourth, crack bridging, e.g. due in part to EA, may be
a factor. The lower maxima levels could reflect less
bridging associated with the common occurrence of
significant transgranular fracture, and variations
could reflect variations in fracture mode with grain
boundary phases. Thus, the source of some of
the maxima are known or suspected, but many are
unknown and can only be resolved by more study of
the specific materials, processes, and test techniques.
However, it is also important to compare the K results
with those for strength. While this is the focus of
another paper [4], some key points are outlined
below.



3.3. Strength-toughness, toughness—
porosity, and crack bridging

The K maxima as a function of G, especially the
more pronounced ones mainly for non-cubic mater-
1als, are quite inconsistent with the G dependence
of strength [4-9] for almost all bodies. Strength
almost invariably shows a continuous decrease, i.c.
no maximum, with increasing G. The only clear
exception is the strength of the polycarbosilane
derived SiC, which shows a similar, but somewhat
less pronounced strength maxima similar to that
for K (Fig. 8). The increase in strength of sintered
alpha-SiC (Fig. 8) is much less than that of its K, and
is most likely an artifact of the changing porosity
expected in this material as discussed above for its K.
Thus, correction of the alpha-SiC strength for P is
expected to give strength decreasing with increasing G,
as broadly found for bodies of constant P, especially
P=0[59]

The greater S—G versus K—G decrease of TiB, (Fig.
7) probably reflects the substantial G distribution in
the bodies studied, and the greater sensitivity of S to
this. While this shows the need for detailed evaluation
of S—G and K-G effects, there are other S-K differ-
ences, often much more pronounced than the TiB,
differences shown in Fig. 7. Thus, S variations do not
necessarily reflect the significant K differences for
TiO, (Fig. 3) and Y,05 (Fig. 4) [7]. Also, while the
trends for K maxima of composites observed as
a function of the amount of dispersed particulates and
whiskers often agree with strength trends, there are
also serious S—K discrepancies for composites similar
to those observed here, and discussed in more detail
elsewhere [4].

The P dependence of ¥ and K shows as much or
more deviation from normal S and E dependence
as does G dependence. However, the deviations
from the normal S—-P or E-P behaviour, and the
suggested bridging, provide an explanation for porous
materials having such improved resistance to severe
thermal shock. These y—P, K—P deviations, and the
suggested bridging appears to be a fruitful area for
research.

For both the G and P dependence of S the least, or
no, discrepancy with y and K tests occurs when
the crack size in the latter is similar to that control-
ling strength. While it might be argued that S
and K values calculated from them based on fracto-
graphy are not truly independent results since the
latter involves the former, two factors should be noted.
First, for all bodies this involves another key set
of observations and measurements, namely of the
flaw size, geometry, and location. Second, for porous
bodies the P dependence of the resulting K generally
agrees with that of both § and E. Thus, K values
from fractography are generally consistent and those
from indentation fracture, often the next closest.
Values of K from tests involving substantial R-
curve effects are the least consistent with strength
behaviour.

Finally, the issue of the pertinence of bridging ef-
fects on K to normal strengths has not been adequate-
ly addressed [110]. Fractography is an important tool

that should be applicable to many occurrences of
bridging. However there are many other sources of
questions of the pertinence of bridging and wake
phenomena to strength that are also tools to resolve
these issues. An important one of these is comparison
of the microstructural dependence of S, K, y and E.
This paper is a component of such comparison.
Strengths are normally controlled by flaws that accel-
erate to failure and are commonly orders of magni-
tude smaller than the large, arresting cracks used in
bridging studies. (It should be noted that the recent
trend to refer to the “long” and “short” regions of
crack growth is misleading since the critical issue is
not just the length of the crack into the material but
also in the perpendicular dimension, i.e. the crack area
relative to that of the strength controlling microstruc-
ture, which also depends on the lateral dimension of
the crack, not just how deeply it is propagated along
the sample.)

4. Summary and conclusions

The grain size dependencies of v and K often show
substantial maxima. Many of these maxima appear to
correlate with bridging and associated R-curve behavi-
our in most testing of non-cubic oxides such as Al,Oj5,
where most maxima correlate with microcracking
from stresses resulting from thermal expansion aniso-
tropy (TEA) of the crystalline grains. However, some
maxima, e.g. that observed for B,C, are very inconsist-
ent in association with TEA since the G of the maxima
are far too small, e.g. by a factor of 10 or more.

Lesser, but often definitive maxima of y and K as
a function of G are also shown for some cubic mater-
ials. Results for other cubic materials are not incon-
sistent with such maxima, but may simply entail data
at too few grain sizes. The vy and K maxima are
generally inconsistent with S for both cubic and non-
cubic materials.

The porosity dependence of y and K show continu-
ous decreases with increasing P in some cases similar
to that for strength and E. However, a substantially
lower rate of decrease is often found, including no
decrease, or a temporary halt to the normal decrease
of v and K with increasing P are observed. The latter
may entail a temporary increase of v or K with in-
creasing P over a limited P range. These deviations
from the normal decrease with increasing P appear to
be associated with bridging, but are variable in the
extent and P range in which they occur. This appears
to depend on the character of the porosity, and pos-
sibly on interaction of this with the amount of poros-
ity and the test. These effects of P on vy and K are cited
as a probable reason for the frequent improvement in
the resistance to failure from substantial thermal
shock in porous bodies. Thus, further study of the
P effects on y and K should be a fruitful area for
research.

The G and P dependence of y and K show signi-
ficant discrepancies with strength behaviour, which
are considered in more detail in a companion paper

(4]
1981
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