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Better ceramics through metal modification 
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The mechanical properties of metal reinforced ceramics, especially AI/ Al203 and 
Cui Al203 composites with interpenetrating networks, are described. Key parameters to 
tailor the characteristics of these materials are ligament diameter and volume fraction of the 
ductile reinforcement as well as fracture energy of the metal/ ceramic interface. Data for 
fracture strength and fracture toughness are given as a function of all three variables and 
qualitative descriptions are provided for trends observed in the experiments. Finally, drastic 
improvements in thermal shock resistance of AI/ Al203 composites with increasing ligament 
diameter highlight the opportunities afforded by tailoring the microstructure of metal 
reinforced ceramics. 

1. Introduction 

Metal modified ceramics have very 
attractive mechanical properties when 
designed as interpenetrating networks. In 
this case, the stiffness is provided by the 
ceramic network, the prospective failure 
site is defined by the ceramic network and 
failure will be governed by laws as 
applicable for ceramics. Specifically, 
plastic yielding as in a metal - dominated 
composite will not result in premature loss 
of tensile strength. Fracture toughness, on 
the other hand, will be mainly governed by 
the properties of the ductile reinforcement. 
The surrounding ceramic will help in 
hindering extensive plastic deformation, 
which will lead to an increase in uniaxial 

stress the metal can sustain before 
yielding. The degree of ductile 
deformation will therefore depend on the 
interfacial properties between metal and 
ceramic, but also on the detailed geometry 
of the reinforcing phase. Finally, an 
increase in toughness, invoked by the 
metal network, will lead to an increase in 
strength of the composite beyond values of 
the monolithic ceramic. 

A substantial body of work, both in 
the field of ceramics [1-5] and in that of 
intermetallics [6-9] contributes to our 
current understanding. The ensuing 
research centered on the realization that 
crack bridging with attendant closure 
forces across the crack faces [10, 11] can 
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be utilized in a more general manner than 
process zone shielding [121 in order to 
toughen ceramics. Furthermore, the 
production of ceramic matrix materials via 
directed metal oxidation [ 13] allows large 
scale manufacture of ductile phase 
reinforced ceramics. Vital precedents of 
ductile phase toughening can be drawn on 
in the work on cemented carbides, 
stemming largely from research performed 
in the late 70s [14, 15), but also late 80s 
(16-18]. A second, seemingly independent 
line came from an interest in ductile phase 
toughening in glasses 119] , where also 
crack bridging arguments were developed 
[20). 

It Is now well appreciated that 
ceramic matrix composites reinforced by 
ductile phases can offer properties such as 
high hardness and wear resistance (based 
predominantly on the ceramic constituent), 
high fracture toughness , Klc (as in 
WC/Co with a value of 15 MPa·ml/2) 
(16], high fracture strength, af (as in 
AI/ Al203 with a value of 760 MPa) 1211 
and high Weibull modulus, m (as in 
Zr/ZrB2/ZrC with m = 68) f22j. 

The intent of this paper is to provide 
a perspective for the range of mechanical 
properties which can be achieved with 
metal reinforced ceramics. Three key 
parameters in tailoring the characteristics 
of these composites are investigated; metal 
ligament diameter, metal volume fraction 
and fracture resistance of the 
metal/ceramic interface. Finally, recent 
results on thermal shock resistance of 
AI/ Al203 composites are presented. 

2. Fracture Mechanics 

Possible reinforcement mechanisms 
are depicted in Fig. 1. Ductile phases as 
well as grains, whiskers, platelets or fibers 
can reinforce a ceramic matrix by 
providing closure forces in the crack wake 
shielding the crack tip from the applied 
stress. 

Figure 1: Schematic shows possible rein
forcement mechanisms for ceramic matrix 
including crack deflection (1), microcrack 
toughening (2), transformation toughening 
(3), crack bridging by grains, whiskers, 
platelets or fibers ( 4) and crack bridging 
by ductile phases (5). 

In a stress intensity factor notation, the 
equilibrium crack configuration with an 
applied stress intensity factor KA, a crack 
length (c) dependent fracture toughness 
KR(c) can be written as (Eq. 1): 

The fracture toughness is seen as being 
composed of a crack tip toughness term, 
To, and a microstructural term TJ.-t(c), 



which sums up the closure stresses p(r) of 
all reinforcements and can be described by 
Eq. (2), where a weight function, g(c,r), 
appropriate for the respective crack 
configuration, has to be included. 

c 
T p.(c) = f g(c,r) p(r) dr 

0 
(2) 

While the underlying description in Eq. 
(2) appears very informative, it is not 
fundamental, since in detail the closure 
stresses p(r) are a function of the crack 
opening displacement (COD), 2u, and will 
therefore change with crack length (which 
will affect the local COD). The notation of 
mechanical energy release rates, G, which 
implicitly includes closure stresses as a 
function of COD, may therefore be more 
insightful. The crack re si stance term, R( c), 
is written then as a sum of a crack tip 
resistance, RQ, and a microstructural term, 
RP., which, again in equilibrium, is 
balanced by G (Eq. 3). 

G = Ro + RP. = R(c) (3) 

RP. can be found, using the J - integral 
formalism [23] (Eq. 4), where lib is the 
opening at the last active bridge: 

RP. = 2 f J p(u) du 
0 

(4) 

description is given here. Three materials 
with different microstructural scale 
(termed small (s), medium (m) and coarse 
(c)) were produced. An alumina with small 
pore channels was manufactured using the 
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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, its area fraction f, and its 
uniaxial flow stress as established 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 represented by a stress displacement 
function, p(u), which uniquely describes 
the reinforcement characteristic [24] and is 
responsible for the increasing fracture 
resistance with crack length R(c). 

In the elastic case or elastic-plastic 
case under small scale yielding conditions, 
we can use the relation between stress 
intensity factor and mechanical energy 
release rate (with E' Young's modulus 
under plane strain conditions), (Eq. 5): 

K 2 
G -~ A- E' (5) 

3. Processing and Characterization 
Techniques 

Most materials discussed in this paper 
(except for Fig. 10 a, b) were prepared by 
gas pressure metal infiltration. This pro
cessing method is described in detail in a 
paper on mechanical properties of 
All Al203 composites with interpenetrating 
phase networks [25]. Only a brief 
description is given here. Three materials 
with different microstructural scale 
(termed small (s), medium (m) and coarse 
(c)) were produced. An alumina with small 
pore channels was manufactured using the 
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Figure 2: Schematic of gas pressure metal infiltration furnace during infiltration (a) and 

after infiltration (b). 

RBAO process 126], starting with 55 vol.% 
AI and 45 vol.-% Al203. After a se
quence of attrition milling, drying, 
breaking and sieving the powder mixture 
was uniaxially pressed into plates at 50 
MPa and then cold isostatically pressed at 
250 MPa. Densification at 1150 oc for 6 
hours yielded a porous alumina with a 
density of 75 % TD. Medium sized metal 
channels resulted form a slip cast fine 
grained alumina powder, which was 
sintered with adjusted sintering schedules 
to yield densities of 60, 65 or 75 % TD, 
respectively. The third composite with 
coarse metal channels was based on a 
porous alumina, again with density of 75 
% TD (for thermal shock testing 65 % 
TD), which was slip cast from an attrition 
milled ( 4 h at 300 rpm) coarse grained 

alumina powder and then sintered. All 
three porous aluminas exhibited a narrow 
distribution of the intrusion channel size as 
measured by mercury porosimetry. The 
corresponding value for a medium 
intrusion channel size was 0.08 JLm, 0.23 
JLm and 0.97 JLm for the small (s), medium 
(m) and coarse (c) scale materials, 
respectively. Porous plates of dimensions 
52 x 38 x 10 mm were infiltrated with 
aluminum in a specially designed gas 
pressure metal infiltration furnace with 
incorporated hydraulic ram (Fig. 2). The 
plates were originally held in a fixture 
which was immersed in a crucible filled 
with metal chips. For aluminum (copper) 
the furnace was heated to 1050 o C ( 1350 
o C) in vacuum, and an argon pressure of 
15 MPa was applied for 30 min. 



Subsequently, the furnace was 
down and at 700 (I 
infiltrated plates were lifted out 
metal bath. Attained composites a 
remaining porosity about 1 % (2 - 8 %) . 

Fracture strength was 4 
pt. bending according to 
DIN 51 110 but with rectangular 
reduced length (25 x 4 x 3 mm) 
loading spans of and 20 mm. 
tensile side was polished to a 3 
finish and the edges were bevelled. 

Fracture toughness was determined 
using the SEPB method (DIN 5 
using five bars of same as described 
above. Precracks were 1 to 2 mm 
Samples were renotched before testing to 
leave metal - ligament bridging 
less than 25 % of the total 
notched) crack size. 

Thermal quenching was 
from temperatures between 
o C into water of 20 o 

were tested for each 
difference. 

Optical microscopy was 
characterize the microstructures 
and scanning electron 1"h 1 "rr•""'"''""'" 
to investigate the fracture 
Observations from in situ 
propagation studies are also provided 

Representative micrographs 
medium grained and 
All Al203 composites are 
3 a and b, respectively. 
sizes used to describe 
aluminas represents only 
Average ligament diameters as 
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increases the fracture strength from values 
between 130 to 150 MPa for the porous 
preform to values between 540 to 680 for 
the composites. Similarly, fracture 
toughness increases from between 1. 5 to 
1.9 MPa·ml/2 for the porous alumina to 
2.9 to 7.4 MPa·ml/2 for the metal 
reinforced ceramics. Again, observations 
on fracture surfaces of different scale 
microstructures point to a scale invariant 
metal deformation and debond lengths. 

~ 800 
~ 
.J::. 600 -C) 

ffi 400 
iii 
0)200 
c: 

=g 0 

~ uninfiltrated 25voi-%AI 

Figure 4: Fracture strength of Al/ AI203 
composites with 25 vol.-% metal and 
varying ligament diameter. 

25vol-% AI 

Figure 5: Fracture toughness of All Al203 
composites with 25 vol.-% metal and 
varying ligament diameter compared to the 
corresponding values for the porous 
preforms. 

Consecutively, p(u) functions can be 
derived which can be computed from one 
assumed function and simply be 
transformed into another microstructural 
scale by stretching the crack opening 
parameter in accordance with the ligament 
diameter (Fig. 6). 

m1fta=l= 
ma ~ •... •.· 

;~ ~~ --- ; 
cilt]' 

a) medium, weak coarse, weak 

p 

b) u c) 

Figure 6: Schematic describing p(u) 
functions (b) and R -curves (c) for metal 
reinforced ceramics with varying ligament 
diameter (a), based on the assumption of 
scale independent metal deformation. 

Large reinforcements will therefore lead to 
smaller crack closure stress at given COD, 
which, however will be maintained up to 
higher crack opening displacements. This 
will result in R - curves for the large 
reinforcement which can be characterized 
by a small, initial slope, but a high peak 
toughness. Therefore, long - crack fracture 
toughness (as measured by SEPB) will 
increase with ligament diameter. In 
describing fracture strength, the actual 
slope of the R-curve, as well as the initial 
flaw size, come critically into play. In our 



case, the large grained composite appears 
to exhibit too shallow an R-curve so that 
crack instability occurs with a small degree 
of stable crack growth and, therefore, at a 
small toughness increment, which leads to 
a comparatively low strength. The fine 
grained micostructure exhibits only a very 
small R-curve altogether, so that the 
increase in strength is not as dramatic. 
Conversely, the medium scale 
microstructure appears to combine initial 
flaw size and slope of the R -curve most 
favorably and therefore has the highest 
fracture strength of 680 MPa. Due 
attention has to be paid to the scale of the 
initial flaw size. In cases where this 
parameter is increased (as in thermal 
shock, see chapter 7), the large scale 
microstructure may prove to be 
advantageous compared to the fine or 
medium scale counterparts. 

Finally, the strength distributions for 
the three composites (Fig. 7b) are 
compared with corresponding results of the 
porous preforms (Fig. 7a). The porous 
aluminas exhibited a Weibull modulus of 6 
-· 12, while for the composites, it varies 
with increasing scale from 10 to 12 and 
then 19. This trend can be understood by 
appreciating again the relative scale of 
initial flaw size and degree of stable crack 
growth. Larger initial flaws can lead to a 
larger degree of stable crack growth, 
which can provide a rather large toughness 
increase. This is only true, if the R-curve 
is of sufficiently large scale. While these 
arguments are only qualitative, they may 
suffice at this juncture to provide some 
fundamental insight into the reinforcement 
mechanism ongmating from ductile 
ligaments. It should also be pointed out 
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that qualitative descriptions of the effects 
of R-curve behavior on reliability are 
available in the literature [28-30]. 
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Figure 7: Strength distribution for 
preforms with 75 % TD for different 
microstructural scale (a) and of AI/ Al203 
composites with 25 vol.-% metal and 
varying ligament diameter. 

5. Role of Metal Content 

The influence of metal content was 
simply studied by partially sintering 
alumina preforms made from the medium 
scale powder to various densities and then 
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infiltrating the pore space with 
aluminum. The results of fracture strength 
versus volume fraction AI (Fig. 8) can be 
compared with tensile strength data for 
Al203 dispersion strengthened aluminum 
[31]. An improvement in fracture strength 
with increasing metal content is observed. 
The highest strength value (855 MPa) was 
found for the composite with 40 vol.-% 
metal. Fracture toughness increases from 
4.3 MPa·m112 to 6.1 MPa·ml/2 if the 
content of aluminum is increased from 25 
to 35 vol. %. Again, the trends in 
toughness are easily rationalized by 
employing Eq. 4, where an increase in 
area fraction of the reinforcing phase will 
lead to an increase in fracture toughness. 
A quantitative measure of this increase 
would have to include a change in average 
pore channel size with density and has not 
been obtained yet. 

'l1ooo 1000 'iU 
AI strengthened ll. 

i=! AI 0 ' ~ 
fi, 800 2/. 800 .c 

600 600 
c, 

1:: 1:: 
~ ~ 
1i) 400 400 -m 
C) ~ 1:: 200 dpore = 0.2 J.lm 200 Ci) '0 1:: 1:: 

0 0 {!!. Q) 
m 

0 20 40 60 80 100 
AI Volume fraction [%] 

Figure 8: Fracture strength of AI/ Al203 
composites with medium ligament 
diameter and varying metal content as 
compared to dispersion strengthened 
aluminum. 

The increase in fracture strength with 
metal content may seem surprising at first, 

since aluminum has a strength much below 
the strength of alumina, so clearly, any 
rules of mixing do not apply. To 
understand the strength of metal/ ceramic 
composites one needs to appreciate that, in 
interconnecting networks, the ceramic 
provides the failure site at the largest flaw 
and the metal provides the fracture tough
ness. An increase in metal content results 
from a preform with high porosity and 
therefore with a large initial flaw (Fig. 9). 

I 

l 
L 

I 
i 

~~-

\C 

J3 
A 

------

Figure 9: Schematic describing R-curves 
of metal reinforced ceramics with varying 
metal content (A: small metal content, B: 
high metal content). The tangency 
condition of the applied stress intensity 
factor (straight, dashed lines) with the R -
curves yields the respective instability 
points. 

Depending on exact interaction of initial 
pore size and slope of R -curve, an increase 
or decrease of strength with metal content 
may result. In the case of aluminum 
reinforcement, the R-curves are steep 
enough to compensate for the increase in 
initial flaw size and therefore yield an 
increase in strength (tangency condition in 
Fig. 9) with increasing metal content. 



Figure 10: Surface view of Al ligament in 
a material prepared by directed metal 
oxidation showing plastic deformation 
through hole nucleation and hole growth 
with region 360 J.Lm (a) and 400 J.Lm (b) 
behind crack tip [27]. 

6. Role of Interfacial Fracture 
Resistance 

The influence of interfacial fracture 
resistance was studied by contrasting the 
mechanical behavior of All Al203 
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composites with Cu/ Al203 composites. 
The a1uminum/alumina interface ts 
generally described as a "strong" interface 
[32], while the copper/alumina interface, 
at low oxygen partial pressure, has been 
described as a "weak" interface [33]. 
Although the stress - strain curves of pure 
copper and pure aluminum are also 
different, the determining factor for 
differences in the mechanical behavior of 
either aluminum or copper reinforced 
alumina is expected to be derived rather 
from the interface than the bulk metal 
properties. 

In situ observations during crack 
propagation in the SEM [271 can give 
insight into the deformation mechanism of 
the metal ligament. In Fig. 10 a and b, an 
aluminum ligament in a material prepared 
by directed metal oxidation (containing 
aluminum, silicon, alumina and silicon 
carbide) [271 is shown at different applied 
loads and crack lengths. A strong interface 
leads to only limited debonding and is 
responsible for a state of hydrostatic stress 
in the metal. Failure occurs finally through 
hole nucleation (Fig. 10 a) and hole 
growth (Fig. 1 Ob). Fig. 11 a and b 
compares fracture surfaces of AI/ Al203 
composites with Cu/ Al203 composites, 
both containing 35 vol.-% metal with 
medium ligament diameter. Again, only 
Httle debonding is visible at 
aluminum/alumina interfaces, some 
cavitation and predominantly transgranular 
fracture of the ceramic. In contrast, 
copper/alumina interfaces exhibit a large 
degree of debonding and intergranular 
fracture of the alumina. A low interfacial 
fracture resistance leads to unconstrained 
metal deformation associated with low 
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a) 

b) 

Figure 11: Fracture surfaces of Al/ Al203 
composites (a) and Cu/ Al203 composites 
(b) with 35 vol.-% metal of medium 
ligament diameter. 

closure stresses at small COD and should 
therefore result in low strength values for 
the Cu/ AI203 composite verified in Table 
1. The fracture toughness of the copper 
reinforced alumina is low as compared 
with the aluminum reinforced ceramic, 
presumably due to the low ductility of 
copper. 

Table 1 : Fracture strength and fracture 
toughness of AI/ Al203 composites (a) and 
Cui AI203 composites (b) with 35 vol.-% 
metal and medium ligament diameter. 

Strength 
[MPa] 

655 +1- 64 

Toughness 
[MPavm] 

10,4 +/- 0,7 

6,3 +!- 0,2 

P(u) functions and R-curves are contrasted 
in Fig. 12 for the cases of "weak" and 
"strong" interfaces. The latter will result in 
high closure stresses at small COD, hence 
in a steep R-curve at small degrees of 
crack extension, which in turn will result 
in high strength values. 

a) thin, weak thin, strong 

w 

b) u C) 

Figure 12: Schematic describing p(u) 
functions (b) and R-curves (c) for "weak" 
vs. "strong" interfaces (a). 
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Figure 13: Retained fracture strength for medium scale (open circles) and coarse scale (full 

circ1e) Al/Al203 composites compared to that for monolithic alumina (open squares ([34]). 

7. Thermal Shock Resistance 

Thermal shock strength data of two 
Al/ Al203 composites with 35 vol.-% 
metal content and either medium or coarse 
ligament diameter are compared in Fig. 13 
with literature data of a monolithic 
alumina tested in the form of rods with a 
diameter of 4.7 mm [34]. The composite 
with the medium grained alumina shows a 
gradual decrease in retained strength over 
an interval of 100 oc < dT < 400 oc 
but remains stronger than the monolithic 
alumina at all quenching temperature 
differences investigated. The decrease in 
retained strength for the medium scale 
composite continues even above dT = 400 
°C. At dT = 600 °C, however, the 
retained strength is still at 150 MPa, which 

is to be compared to the corresponding 
value of the monolithic alumina (70 MPa). 
The coarse grained AI/ Al203 composite 
retains more than 90 % (600 MPa) of its 
initial strength even at ~ T = 500 o C and 
only then shows a significant decrease to 
240 MPa at dT = 600 °C. 

The key to the results given in Fig. 13 
lies in a balance between crack driving 
force due to transient stress fields and R
curve associated with metal reinforcement 
(35J. R-curve behavior will lead to stable 
crack growth during thermal quenching 
and will thereby smear out the otherwise 
sharp critical quenching temperature 
difference, AT c• at which a strong drop in 
retained strength occurs. An increase in 
crack length during thermal shock 
treatment is furthermore buffered by an 
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increase in fracture toughness, which 
ideally leads to only a small decrease in 
retained strength. Most dramatic, 
however, is the increase in thermal shock 
resistance with increasing ligament size. 
This is explained by a large degree of 
stable crack propagation and by the 
avoidance of unstable crack propagation, 
thereby retammg small flaw sizes 
accompanied with relatively high fracture 
toughness values. 

8. Conclusions 

Metal reinforced ceramics, 
particularly when designed as 
interconnecting phase networks, may attain 
high strength, high toughness and high 
reliability. Through the influence of 
ligament size, metal content and interfacial 
fracture toughness on mechanical 
properties of these composites, a large 
degree of freedom is available to produce 
materials with tailored mechanical 
properties. Beyond their applicability as 
technical ceramics, metal/ ceramic 
materials can also be used as model 
microstructures to study and understand 
the influence of R -curve behavior on 
reliability, thermal shock behavior etc. 
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