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Abstract 

Crack propagation in three materials (two commer- 
cial one laboratory) produced by directed metal 
oxidation in a SiC filler was investigated Crack 
growth was studied in situ with CT specimen in the 
scanning electron microscope. Crack tip shielding 
by the formation of  elastic, frictional and ductile 
crack bridging elements could be observed R-curve 
behaviour was found with increases in fracture 
toughness from about 4 MPa.m 1/2 to 7"5 MPa.m v2 
over a crack length of  about 1.5 mm. Near crack 
tip opening displacements provided an estimate 
of  the crack tip toughness value, T O -- 2.0 + 0.6 
MPa.m 1/2. COD measurements at the loadline 
allowed a distinction between large-scale and small- 
scale bridging regimes. 

laboratoire) produits par oxydation dirigOe d'un 
mOtal au sein d'une matrice de SiC. On a observO la 
propagation in situ au microscope ~ balayage dans 
des Ochantillons pour tests CT. On a pu examiner 
l~crantage en pointe de fissure par la formation de 
ponts au niveau de cette fissure, de nature Olastique, 
de friction, ou de nature ductile. On a dOtermin~ la 
rOsistanee dl la propagation de fissures; la tOnacitO 
augmente, passant de 4 MPa.m ~/2 gt 7.5 MPa.m v2 
sur une longueur de fissure de 1.5 mm environ. On a 
obtenu une estimation de la tknacitO en pointe de 
fissure: To = 2.0 + 0.6 MPA.m v2, en mesurant 
l~cartement pros de la pointe. Enfin, la mesure de 
l~cartement le long de la ligne de chargement a 
permis de distinguer deux rkgimes de formation des 
ponts d~erantage, l'un dl petite Ochelle, l'autre dt 
grande kchelle. 

Der Rij3fortschritt in drei Werkstoffen, die dureh 
gerichtete Schmelzoxidathgn in ein SiC Fiillermate- 
rial hergestellt wurden (davon zwei kommerzielle 
und ein Werkstoff aus dem eigenen Labor), wurde 
untersucht. Die Studien zur Riflausbreitung wurden 
in situ in einem Rasterelektronenmikroskop an Kom- 
paktproben durchgefiihrt. Dabei wurde Riflabschir- 
mung durch Bildung yon elastischen und duktilen 
Bracken, wie auch yon Reibungsbriicken beobachtet. 
Die ermittelten R-Kurven zeigten einen Anstieg der 
Bruchzdihigkeit yon 4 MPa.m 1/2 auf 7.5 MPa.m m 
iiber eine Riflausdehnung yon 1.5 mm. Die Messung 
der RiflOffnung nahe der Riflspitze erlaubt eine 
Abschditzung der Riflspitzenbruchzdihigkeit, T o = 2.0 +_ 
0"6 MPa.m vz. Eine Unterscheidung zwischen groflen 
und kleinen Brfickenzonen wird durch die Messung 
der RiflOffnung an der Lastlinie ermOglicht. 

On a Otudik la propagation des fissures clans trois 
matkriaux (deux de qualitk commerciale, l'un de 

* Present address: FG Nichtmet. Anorg. Werkstoffe, 
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1 Introduction 
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Ductile phase toughening of  brittle materials has 
received new interest over the last few years, both 
in the field of ceramics ~-5 as in the field of  inter- 
metallics 6-9. The ensuing research centred on the 
realisation that crack bridging with attendant 
closure forces across the crack faces ~°,ll can be 
utilised in a more general manner than process 
zone shielding ~2 in order to toughen ceramics. 
Furthermore,  the production of  ceramic matrix 
materials via directed metal oxidation 13 allowed 
large-scale manufacture of  ductile phase rein- 
forced ceramics. Vital precedents of  ductile phase 
toughening could be drawn on in the work on ce- 
mented carbides, stemming largely from research 
performed in the late 1970s, ~4,~5 but also late 
1980s ~6-~8. A second, seemingly independent, line 
came from an interest in ductile phase toughening 
in glasses, 19 where also crack bridging arguments 
were developed. 2° 
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It is now well appreciated that ceramic matrix 
composites reinforced by ductile phases can offer 
properties such as high hardness and wear resis- 
tance (based predominantly on the ceramic con- 
stituent), high fracture toughness, Kic (as in 
WC/Co with a value of 15 MPa.ml/2), 16 high frac- 
ture, trf (as in AI/AI203 with a value of 760 MPa) 2~ 
and high Weibull modulus, m (as in Zr/ZrBdZrC 
with rn = 68). 22 

There is general agreement that the toughening 
contribution by plastic deformation of the ductile 
phases is governed by the yield strength of the 
metal constituent and its uniaxial flow stress as es- 
tablished under the constraint of the more or less 
well bonded interface between metal and brittle 
matrix. The change of uniaxial stress, p, in the 
bridging ligament with crack opening, 2u, is repre- 
sented by a stress displacement function, p(u), 
which uniquely describes the reinforcement char- 
acteristic 23 and in a different description leads to 
the increasing fracture resistance with crack exten- 
sion R(Ac). 

Experimental efforts at this stage are mainly 
centered around either studies to determine the 
p(u) function in model systems 3'6,7 or are restricted 
to post-fracture investigations of the final ductile 
phase elongation. 2 Very recently, however, actual 
R-curve measurements were reported. These were 
performed in three point bending on materials 
produced by directed metal oxidation, 24 in a 
model lead/glass composite 25 and via indentation 
fracture in a BaC/A1 composite. 26 

A final issue concerns the existence of plastic 
deformation in a process zone which might super- 
impose on the toughening effect due to crack 
bridging. A high-resolution strain mapping tech- 
nique used to measure the plastic dissipation in 
the ductile phase in three cemented carbides pro- 
vided strong evidence, that process zone as well as 
crack face mechanisms have to be considered to 
understand ductile phase toughening at least in 
this material category. 27 

While we are now in a position to semi-quanti- 
tatively reproduce the total energy dissipation of 
the ductile ligament up to rupture, we require 
more reliable data (p(u), R(Ac)) to describe the 
complete evolution of constrained ductile phase 
stretching. These measurements should preferably 
be taken in standard fracture mechanics specimens 
which are well away from dangers of measuring 
large scale bridging artefacts, as might occur in 
three-point or four-point bending. 28,29 If a rising 
R-curve cannot be measured at small crack 
lengths, a measure of the crack tip toughness 
could provide at least the starting point of the 
crack resistance curve. We further require detailed 
observations of ductile phase deformation during 

loading and crack propagation to gain further in- 
sight into the crack/reinforcement interactions in 
these types of composites. Three different metal- 
ceramic composites produced by directed metal 
infiltration into a SiC filler material were therefore 
chosen in order to measure the R-curve in CT 
specimen, as well as the crack tip toughness, To, in 
these materials and to correlate the measurements 
with in situ crack propagation observations in the 
SEM. 

2 Experimental 

Two commercial A1/SiC/AI203 materials (Alanx 
FGS (Material FGS) and Alanx CG273 (Material 
CGS), Alanx Products L. P., Newark, DE, USA) 
and one composite prepared at TUHH 3° were 
chosen for mechanical property characterisation. 
The commercial grade is described as (i) FGS (fine 
grain size) composite with a SiC content of 68-7%, 
a maximum SiC grain size of 65 p~m and an elastic 
modulus E of 366 GPa and (ii) CGS (coarse grain 
size) composite with a SiC content of 86-6%, a 
maximum SiC grain size of 220/zm and an elastic 
modulus of 313 GPa. The high SiC-loading in the 
CGS material is explained by a bimodal SiC parti- 
cle size distribution with small particles filling the 
gaps between the large particles. The material pre- 
pared in the own laboratory (FGSL) had a SiC 
content of 51%, a maximum SiC grain size of 100 
~m and an elastic modulus of 350 GPa. 

Figure 1 provides an optical micrograph of the 
microstructure of the CGS composite with SiC 
shown as large particles distributed through a ma- 
trix consisting of the alumina grains (dark) and 
metal phase (white). The metal phase contains 
about 15% silicon. The silicon has to be added to 
ensure thermodynamic stability for the SiC grains 
at the processing temperature of 1050-1100°C. 3° 

Fig. 1. Optical micrograph providing overview of microstruc- 
ture of CGS composite. Residual contact zone of Vickers 

indentation leaves ill-defined crack pattern. 
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Fig. 2. Schematic illustrates procedure to generate through- 
thickness precrack in CT specimen. 
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a) unloaded b) loaded 
Fig. 3. Schematic outlines measurement of  differential dis- 
placement across notch between (a) unloaded, and (b) loaded 

state using a SiC fibre as measurement flag. 

Radial cracks from Vickers indentations do not 
provide a well described crack pattern in these 
types of composites (optical micrograph: Fig. 1). 
For this reason, CT specimens were chosen for 
crack propagation studies, R-curve measurements 
and determination of the crack opening displace- 
ment (COD). Notch lengths between 4 and 6 mm 
were used. CT specimens were machined accord- 
ing to instructions in ASTM E-399, 31 but with a 
thickness, t, of 1.5 mm. The distance from load- 
line to edge of the specimen, w, was either 18 or 
20 mm. S-DCB specimen 32 were also produced 
from the FGSL composite and investigated sepa- 
rately. 

Qualitative and quantitative crack propagation 
studies of the commercial materials were per- 
formed in situ in the scanning electron microscope 
with a self-designed device for loading CT speci- 
men. 23'33 The device allows direct observation of 
bridge (any microstructural element providing a 
closure force) evolution, measurement of applied 
load and crack tip position, which, in combination 
allows computation of the R-curve, but also mea- 
surement of the crack opening displacement 
profile. The FGSL composite was tested in a com- 
mercial load frame with the crack tip being moni- 
tored with a travelling microscope using oblique 
illumination. 

Controlled and reproducible crack initiation re- 
mains a constant source of trouble for fracture 
propagation studies in ceramics. Our procedure 
for precracking CT specimen, based on a mecha- 
nism described in an earlier report, 23 is therefore 
described here in detail in Fig. 2. (1) A half- 
chevron notch was sawn to extend the original 
notch. The upper polished side was then indented 
with an indentation load of 49 N at a distance of 
about 200/zm to the notch tip. (2) The specimen 
was then loaded in the in situ fracture device, 
which was situated on the stage of an optical 
microscope. (3) After crack extension of about 
300 /.,m the (straight) notch is extended. This 
eliminates part of the active crack bridges and 

reduces the necessary load for further crack exten- 
sion, putting crack extension back into the steep 
part of the R-curve and thereby into the stable 
crack propagation regime. (4) Loading and subse- 
quent renotching is continued until the crack has 
propagated into the constant thickness regime of 
the specimen. 

The crack opening displacement at the notch 
was measured as described in Fig. 3. A SiC fibre 
was glued down on one side of the notch and the 
position of superficial marks of the fibre with re- 
spect to characteristic microstructural features or 
the notch edge determined in the unloaded state. 
This distance was measured in the loaded state, 
and the differential taken as the crack opening dis- 
placement in the notched area. This procedure 
typically was followed at the load line and at an 
additional position about half-way between load 
line and notch tip. 

3 Results 

3.1 Qualitative observations 
Crack propagation in the AI/SiC/A120 3 was found 
to be discontinuous with crack jumps between 10 
and 80/zm and in one instance of up to 1 mm just 
before final instability in the FGS material. Crack 
propagation could be studied over lengths of 
0.5-1.5 mm in the coarse grained SiC composite 
and over 1-7 mm in the fine grained SiC compo- 
site. Secondary cracks were rarely, microcracks 
not observed. 

A general overview of the FGS material includ- 
ing a crack tip regime is provided in a SEM mi- 
crograph in Fig. 4. The gray areas represent the 
SiC grains, the dark areas the ductile phase while 
the bright areas show the alumina grains. Crack 
propagation frequently occurs along A1/SiC (A) 
and SiC/AI20 3 (B) interfaces. This occasionally 
leads to the formation of frictional bridges as 
depicted in Fig. 5, where a large SiC grain is 
seen being pulled out of its socket. Intact, elastic 
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Fig. 4. SEM micrograph shows representative crack path 
through FGS composite including crack tip as marked by 
arrow. 'A' and 'B' mark sites of crack propagation along 
AI/SiC and SiC/A1203 interfaces, respectively. Cracks are 

always shown propagating from top to bottom. 

bridges as shown in Fig. 6, appear to occur some- 
what more frequently than the aforementioned 
frictional bridges. Elastic bridges can occur in var- 
ious size regimes. An evolution of a set of elastic 
microbridges is provided in Fig. 7. These types of  
reinforcing elements are related to transgranular 
fracture. The example given in Fig. 7 shows a 
'right-stepping crack' as it advances through a SiC 
grain of  about 20 ~m diameter. Step-by-step evo- 
lution of  these bridge formations could not be re- 
solved. The local bridge formation, once formed, 
remained unchanged during further crack propa- 
gation, except for ligament fracture as shown 
in Fig. 7(b). Local crack tip positions of elastic 
bridges therefore remained constant and the local 
compliance of  these reinforcing elements remained 
unchanged. Bridging elements remained effective 
up to large CODs of up to 0.5/xm (as can be seen 
in Fig. 7(a)). 

The evolution of ductile reinforcements is given 

Fig. 6. Large elastic bridge in FGS composite is viewed in 
SiC grain in region 350/xm from the crack tip. 

in Figs 8 and 9. Occasionally, the crack branches 
before the metal ligament. Crack blunting can be 
observed at the first crack-ligament contact point. 
From surface observations no interface debonding 
could be found. Ligament failure was governed by 
hole nucleation and hole growth in the ductile 
phase. Again, the detailed evolution of  the plastic 
deformation of  the reinforcement could not  be fol- 
lowed. These bridging elements were effective up 
to CODs of more than 0.5 p,m. 

Correlation can be sought between bridge evo- 

Fig. 5. Crack deflection at SiC grain/matrix interface gives 
rise to the formation of frictional bridge at SiC grain in FGS 

composite. 

Fig. 7. Evolution of elastic bridges in CGS composite formed 
by intergranular fracture of large SiC grain at position (a) 

410/zm, and (b) 530/xm from crack tip. 
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Fig. 9. Similar sequence to Fig. 8 shows response of metal 
ligament to increasing local crack opening with distance to 
the crack tip (a) 300/zm, and (b) 340/xm (FGS composite). 

Fig. 8. SEM micrographs provide sequence for metal 
ligament deformation, which is situated (a) 360 p.m, and 

(b) 400/zm behind the crack tip (FGS composite). 

lution from in situ crack propagation studies of 
the specimen surface to post-fracture investiga- 
tions at the crack faces. A representative example 
for a very tortuous fracture in the SiC grains, 
which might represent stepwise cleavage fracture, 
is provided in Fig. 10. Fracture surfaces as shown 
here are a necessary but not a sufficient require- 
ment to provide elastic bridging elements as de- 
tailed in Fig. 7. Figure 11 gives an illustration for 
ductile fracture occurring at A1/SiC interfaces. 
Strong bonding between aluminium and silicon 
carbide leads to plastic dissipation for crack prop- 
agation along this particular interface. Examples 
for only limited debonding at AI/SiC interfaces 
are also provided in Figs 12(a) and (b). Ligament 
failure through hole nucleation and hole growth is 
also demonstrated in this figure where several 
dimples are seen to have formed at the metal frac- 
ture surface. 

3.2 R-curve measurements 
Starter cracks in the CT specimen were already 
longer than 200/zm. The fracture toughness in the 
FGS material increased (Fig. 13) from 3.9 

MPa.m t/2 at a bridged crack length Ac of 260 /xm 
to 6 MPa.m~/2at Ac of 560 /xm and further to 7.5 
MPa.m 1/2 at Ac = 1730 /xm. Materials with high 
volume fraction of coarse grained SiC (CGS) 
showed only moderate R-curve behaviour. Speci- 
men CGS(A) showed an increase in fracture 
toughness from 4.3 MPa.m 1/2 to 5.1 MPa.m ~/2 dur- 
ing crack growth from Ac = 360 /xm to Ac -- 460 
/zm. A similar increase in fracture toughness (from 
3-8 MPa.m 1/2 to 4.9 MPa.m 1/2) was found in speci- 
men CGS(B) during crack growth from Ac = 540 
~m to Ac -- 1540/zm. 

R-curves from the FGSL material are not avail- 

Fig. 10. Example for stepwise cleavage fracture provides hint 
for possible existence of elastic bridges (FGS composite). 
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Fig. 11. Fracture surface shows ductile deformation for the 
case where the crack propagated along SiC/metal interface 

(FGS composite). 

able since the specimen broke in transition from 
the half-chevron regime into the constant thick- 
ness region. At this instability point a single frac- 
ture toughness value of 6.7 MPa.m I/2 with a 
bridged crack length of 4.88 mm can be provided. 
The bridged crack length appears sufficient to pro- 
vide a plateau value on the R-curve. One might 
note, though, that the bridging zone was not in 
the constant thickness area, therefore only a fric- 
tion of possible bridging sites is activated. The ac- 
tual steady state toughness of this material is 

(a) 

(b) 
Fig. 12. Examples of  fracture surfaces, (a) and (b), show lim- 
ited degree of debonding between metal and SiC grain 
with failure of  metal ligament through cavitation (FGS 

composite). 
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172 Dashed lines are inner parabola for To = 2.0 MPa.m and 
1/2 outer parabola for K A = 7.0 MPa.m for FGS composite. 

(b) Crack opening displacement as measured as distance 
between crack surfaces and as determined by differential 
displacement of  measurement flag at notch. Also included 
(filled symbols) are predictions for loadline displacements 

according to eqn (2). 
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therefore expected to lie somewhat higher than the 
value given above. 

3.3 COD measurements 
Crack opening displacements for one specimen 
each of material FGS (at K A = 7.0 MPa.m l/2) and 
CGS (at KA = 4.5 MPa.m 1/2) are provided in Fig. 
14. In the limit of long cracks in large specimen 
COD data near the crack tip generally lie in a 
coordinate space confined by an inner and outer 
parabola which are both described by the Baren- 
blatt 34 relation for stress-free crack surfaces (eqn 1): 

u ( x ) =  -~ E '  (1) 

with u being half the crack opening, x the distance 
from the crack tip, KA the applied stress intensity 
factor and E' the plane strain Young's modulus. 
The inner and outer parabolas for Fig. 14(a) were 
plotted for the material FGS with KA = 2.0 
MPa.m ~/2, and 7.0 MPa.m v2, respectively. The first 
fracture toughness value corresponds to the crack 
tip toughness of this material (see discussion), the 
latter value to the applied stress intensity factor at 
the moment the measurement was taken (the cor- 
responding value for the CGS material was 4.5 
MPa.ml/2). 

Figure 14(b) reproduces the COD data on the 
scale of the total crack length c, including the 
notch back to the loadline. Crack opening dis- 
placement values gained by applying the technique 
described in Fig. 3 are now also folded into the 
graph. In addition, theoretically predicted CODs 
at the loadline (2ut), based on the crack-specimen 
geometry (c,w,t) and the applied load P are also 
provided in form of full symbols. These are deter- 
mined based on a handbook solution 35 (eqn 2): 

P 
2u t = - -  v2(c/w) (2) 

tE '  

with eqn (3): 
¢ 

v2(c /w)  = w 2138 2 554c+330( 12 ) w (3) 

4 Discussion 

In situ crack propagation studies allow observa- 
tion of frictional bridges and particularly of elastic 
bridges aside from the expected ductile bridging 
elements. Fracture surfaces repeatedly exhibit 
stepwise cleavage fracture and point to possible 
elastic bridging sites. Metal ligaments fail through 
multiple cavity nucleation and cavity growth, with 

good correlation between crack propagation stud- 
ies on the surface and fracture surface observa- 
tions. The occurrence of plastic dissipation during 
crack propagation along SiC/A1 interfaces and a 
limited degree of debonding during plastic stretch- 
ing of the metal ligaments points to the existence 
of a 'strong' interface between SiC and A1. Lim- 
ited debonding then leads to the formation of high 
hydrostatic stresses in the metal ligament, which 
mediates hole nucleation as only possible defor- 
mation mechanism. It is, however, unclear to what 
degree the existence of silicon precipitates in the 
metal contributed to hole formation. Contrary to 
the study by Flinn et al.,2 where precipitates could 
be found in the bottom of some of the holes, no 
correlation between precipitate distribution and 
nucleation site could be obtained. Also, multiple 
hole nucleation, rather than single hole formation 
in the centre of the ligament 2 appeared to define 
final ligament failure. 

The complexity of this real system disallows 
definite modelling beyond a computation of 'ball- 
park numbers' to separate and to attach a definite 
percentage of toughness increment to each brittle 
reinforcement type as compared to the ductile re- 
inforcements. Both types of bridging elements 
provide definite bridging stresses which, with in- 
creasing crack length, can be integrated with the 
appropriate weighing factor to account for the ob- 
served R-curve behaviour. 

A rising crack resistance curve can be measured 
which, if knowledge about the crack tip toughness 
value of 2 MPa.m v2 is included, spans a region 
from 2 to 6 MPa.m 1/2 in the FGS material and 
from 2 to 5 MPa.m 1/2 in the CGS material, both in 
the first 500 /zm of crack extension. The FGS 
composite had a higher metal content which 
appeared responsible for a steeper R-curve and 
accompanying smaller crack jumps and higher 
fracture toughness than the CGS composite. The 
latter had a bimodal size distribution of the SiC 
filler with grain sizes up to 220/zm which is sug- 
gested to be responsible for large inhomogeneities 
on the microstructural scale and therefore for the 
differing R-curves for the two samples measured. 

The use of CT specimens for measuring R-curve 
behaviour in metal reinforced ceramics is preferred 
to using three-point bend specimens 24,28'29 where 
artefacts due to large-scale bridging frequently 
occur. 28,29 The total increase in fracture toughness 
in our study (3-5.5 MPa.m m) can, however, be 
compared to data obtained on comparable DMO 
composites z4 which typically were found to be in 
the order of 2 MPa.m 1/z. The relatively large in- 
crease in fracture toughness in our investigations 
is partly due to the inclusion of the crack tip frac- 
ture toughness value. 
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The procedure to obtain the value for the crack 
tip toughness, T 0, relies on a measurement of the 
near crack tip opening displacement. The uncer- 
tainty in the determination of the crack opening 
displacement carries an uncertainty of about 0.5 
MPa.m ~/2. A further, though small uncertainty, 
derives from the necessity to take the measure- 
ment at a finite distance from the crack tip. In the 
regime close to the crack tip the COD can be ap- 
proximated by the general Barenblatt profile, 34 
which, in this case, includes closure stresses at the 
crack faces: 

u ( x ) = ~  T o +  4 I b 
6--' p (x ' )  

x 1 
× dx' (4) 

Here, E '  is the plane strain Young's modulus, x a 
field point where u(x) is computed and x' a source 
point where closure stresses are active. Solving for 
the crack tip toughness To yields: 

q fo - p (x ' )  
7rx  

X ~ - ~ In klq-x--; ~ ~ x ] !  dx' (5) 

The integral term vanishes at the crack tip, but 
still gives a minor contribution to T O at small x 
(typically 10-30/zm from the crack tip), where the 
COD measurements for determining To are taken. 
An upper bound for the integral term can be 
found by substituting p(x') through an upper esti- 
mate of the maximum closure stress close to the 
crack tip. Analytical integration 36 then gives the 
correction term due to the finite distance to the 
crack tip. This measurement inaccuracy was found 
to be smaller than 0.1 MPa.m 1/2 for the case of an 
arbitrarily chosen, but high maximum closure 
stress Pm= 300 MPa. 

A crack tip toughness value, To of 2.0 + 0.6 
MPa.m 1/2 for our composites was found and can 
be compared with values of To = 2-0 MPa.m 1/2 for 
alumina 23 and to values of To = 2.5 MPa.m 1/2 for a 
SiC whisker reinforced alumina. 37 Though specific 
details and differences of grain boundary chem- 
istry between these three materials will have some 
effect on the crack tip toughness, these values 
nevertheless provide some indication that the alu- 
minium metal inclusions do not affect the crack 
tip toughness to a large degree, but lead to crack 
wake effects only. One might also point out that a 
possible toughening effect due to a plastic stretch 
process zone is not expected to occur in compo- 
sites containing metals with low yield strength 3s 
(as in aluminium with about 50 MPa). This is 

to be seen in contrast to for example, WC/Co 
composites where metal yield strengths in excess 
of 2 GPa (Ref. 18) may be responsible for an 
appreciable contribution of a process zone 27 to a 
fracture toughness increment besides crack bridging. 

A direct measure of the COD at the loadline al- 
lows comparison with calculated values which are 
based on the size of specimen and unbridged 
cracks. This measure can therefore give an indica- 
tion whether small scale bridging or large scale 
bridging is in effect. In the first case the closure 
stresses close to the crack tip will not affect the 
COD at the loadline and computed and measured 
data will coincide (our case). In the latter case the 
measured COD should lie well below the calcu- 
lated value, since closure stresses have not been 
relaxed over the relatively small distance between 
bridging site and loadline. 

6 Conclusions 

The following conclusions are made. 

(1) In situ crack propagation studies on various 
materials produced by directed metal oxida- 
tion provide evidence for elastic SiC grain 
bridging, frictional SiC grain bridging and 
ductile ligament bridging, with the latter 
failing by multiple cavity nucleation and 
cavity growth. 

(3) R-curves using a crack instability criteria 
from 3.9 to 7.5 MPa.m 1/2 and from 3.8 to 
5.1 MPa.m 1/2 could be obtained in the DMO 
composites. 

(3) The crack tip toughness in these materials 
was found to be 2-0 MPa.m I/2. 
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