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.4 bstract 

Brittle solids can be toughened by introducing ductile 
mclusions. In the present study, nickel inclusions are 
incorporated into an alumina matrix. Three process- 
ing routes are investigated, namely (1) a powder 
metallurgy route, (2) a gas reduction route, and (3) a 
reaction sintering route. Optimal processing con- 
ditions for each route are explored. The properties of  
the resulting composites are measured and compared 
in the light of  the respective routes and micro- 
structures. 

Eine Zdhigkeitssteigerung bei spr6den Werkstoffen 
kann durch das Einbringen duktiler Einschliisse 
erreicht werden. In der vorliegenden Arbeit wurden 
Nickel-Einschliisse in eine Aluminiumoxid-Matrix 
eingelagert. Es wurden drei verschiedene Her- 
stellungsmethoden untersucht, und zwar erstens ein 
pulvermetallurgischer Prozess, zweitens ein Prozess 
tiber Gasreduktion und drittens die Herstellung iiber 
Reaktionssintern. Die optimalen Herstellungs- 
bedingungen fiir jede der genannten Herstellungs- 
methoden wurden erarbeitet. Die Eigenschaften der 
sich ergebenden Verbundwerkstoffe wurden be- 
stimmt und unter dem Aspekt des Herstellungs- 
prozesses und der Gefiige miteinander verglichen. 

Des solides fragiles peuvent ~tre renforc~s en 
introduisant des inclusions ductiles. Dans cette 
prksente btude, des inclusions de nickel sont in- 
corporbes dans une matrice d'alumine. Trois prockdks 
diff~rents sont ~tudiks: (1) un proc~d~ par m~lange de 
poudres mbtalliques, (2) un prockdb de rkduction en 
phase gazeuse, et (3) un prockdk de rOaction par 
frittage. Pour chaque procbdk les conditions ex- 
pkrimentales optimales sont recherchbes. Les pro- 
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priktks des composites obtenus sont mesurbes et 
comparkes h la lumikre des proc~dks respectifs et des 
microstructures. 

1 Introduction 

The application of ceramics as engineering parts is 
handicapped by their brittleness. By the incorpor- 
ation of metallic reinforcements, the fracture 
toughness of ceramics is improved significantly 
(Table 1). 1-t4 The toughness enhancement is 
attributed to the plastic work expended upon 
deforming the ductile inclusions. In order for the 
plastic deformation to be fully exploited, two 
conditions have to be fulfilled: firstly, to ensure that 
the crack is attracted by the metallic particle, the 
elastic modulus of the metal should be lower than 
that of the ceramic matrix; secondly, the metallic 
particles need to be bonded to the brittle matrix, 
which means that they should be kept below the 
critical size at which stresses arising from any thermal 
expansion mismatch become sufficient to induce 
cracks. 

Theoretical work ls'16 suggests that the toughness 
enhancement is increased with increase in inclusion 
volume fraction, yield strength and diameter. Recent 
experimental work ~6,17 shows that a degree of 
debonding at the ceramic/metal interface will 
increase the extent of plastic work. The degree of 
debonding strongly depends on the characteristics 
of the interface, which are in turn determined by the 
processing route used. 

From Table 1, it can be seen that most metal- 
reinforced ceramic composites have been formed by 
powders are thoroughly mixed before consolidation. 
powder methods, namely ceramic and metallic 
The consolidation processes include the liquid- 
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Table 1. The reported values of toughness for various ceramic/metal composites. Kic.c/K~c,o is the ratio of the fracture toughness of 
composite to that of matrix 

Systems Fabrication method Klc,c/Kxc.o Comments References 

AI203/Mo P/M + hot-pressing 1.2 5 v/o 1 
Al203/Mo fibre P/M + hot-pressing 16 12 v/o, strong bonding 2 
NaCI/Au Electrodiffusion l0 Non-bonded 3 
MgO/Fe, Ni Reduction in H 2 1.2 2 v/o, fveak bonding 4 
MgO/Fe, Ni, Co P/M + hot-pressing 3 40 v/o, weak bonding 4 
MgO/Ni fibre P/M + hot-pressing 10 33 v/o, weak bonding 4 
A12Oa/Feo.sCro. 2 Selective reduction 1.8 20 w/o 5 

+ hot-pressing 
WC/Co P/M 2 Strong bonding 6 
Glass/Ni P/M + hot-pressing 1.2 20 v/o, non-bonded 7 
Glass/Ni P/M + hot-pressing 1"2 10 v/o, non-bonded 8 
Glass/Al P/M + hot-pressing 8 20 v/o, strong bonding 9 
TiB2/Ni P/M + hot-pressing 1' 1 1-4 w/o 10 
Glass/Fe-AI-Co P/M + hot-pressing 1'7 10 v/o I 1 
AIEO3/A1 Lanxide process 2.8 Room temperature 12 
OH-Ap/Ni-alloy P/M + hot-pressing 6 Hastelloy fibre, 30 v/o 13 
OH-Ap/Fe-alloy P/M + hot-pressing 7 FeCralloy fibre, 30 v/o 13 
AI/O3/Ni Selective reduction 2 13 v/o 14 

P/M = Powder metallurgy route, 

phase sintering of a ceramic powder with a molten 
metal, 6 the hot-pressing of ceramic/metal powder 
mixtures, l.2.5.7-11,13 and the reduction of a metallic 
oxide to form the metallic phase at grain junc- 
tions.4.14 Two difficulties arise from the liquid-phase 
sintering process: firstly, the wetting of the ceramic 
by the metallic melt is usually poor, ~8 which results 
in low density; hot-pressing is therefore needed; 
secondly, the metallic particles need to be firmly 
bonded to the brittle matrix (below a critical size) to 
ensure that they are deformed as the matrix crack 
extends; however, the plasticity of the metal makes it 
difficult to achieve fine particles by milling. These 
difficulties can be overcome by a selective reduction 
process, 14 in which two oxide powders are mixed 
and subsequently reduced into an oxide and a 
metallic phase. Composites containing metallic 
inclusions with a size around one micrometer have 
been prepared by this method. The toughness of 
such a composite containing 13 v/o metallic 
inclusions can be twice that of the matrix alone. ~4 

A less conventional method, the dimox (directed 
metal oxidation) process is available for forming 
metal-reinforced ceramic composites. 19'2° This 
method involves the reaction of a molten metal with 
the surrounding atmosphere. For example, alumina/ 
aluminium composites are prepared by directed 
oxidation of an aluminium melt. The reaction 
product, e.g. alumina, is formed as a continuous 
phase; the unreacted reactant, e.g. aluminium, is 
found in channels within the reaction layer. The 
reported value for the toughness of the composite 
containing 20v/o aluminium is 2.8 times that of 
alumina alone. ~ 2 

In the present study, nickel inclusions are 
introduced into an alumina matrix by three different 
processing routes: (1) a powder metallurgy route, in 
which the metal and ceramic powders are mixed and 
subsequently sintered; (2) a gas reduction route, in 
which a nickel aluminate spinel is reduced in a 
reducing atmosphere to form an alumina/nickel 
composite; (3) a reaction sintering route, in which 
alumina/nickel composites result from the reaction 
between aluminium and nickel oxide. The optimal 
processing conditions for each route are explored 
and the three routes are compared in terms of their 
suitability for composite formation. 

2 Experimental 

2.1 Powder metallurgy route 
The flow diagram of the process is shown in Fig. l(a). 
Alumina powders (1, XA1000SG, mean size: 
0.59#m, The Aluminum Co. of America, USA; 2, 
F500, abrasive alumina, 16 #m, H. C. Starck, Berli n, 
FRG) and 25-2 w/o nickel powder (14.2#m, E. 
Merck AG, Darmstadt, FRG) were attrition milled 
for 4h with isopropanol and alumina balls as 
grinding media. The addition of nickel particles 
represented 13 v/o inclusion phase for the fully dense 
composite. The particle size distribution was deter- 
mined before and after milling (Granulometer HR 
850, Cilas-Alcatel Co., France). The powder pellets 
of 2 cm in diameter and 0.5 cm in height were formed 
by cold isostatic pressing (CIP) at 200MPa. The 
sintering was performed in a box furnace at 
temperatures between 1400°C and 1700°C for 1 h. 
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Polished surfaces were prepared by cutting the 
samples along the axial direction of the discs and by 
polishing with diamond paste to 1 #m. The inclusion 
size of the nickel was determined by the linear 
intercept technique. Indentation was performed on a 
Zwick microhardness tester with a Vickers diamond 
indenter and a 50 N load. The relationship proposed 
by Lawn et  al. 2° was used to calculate the values of 
K~c. Toughness measurements were performed on 
specimens with a relative density higher than 94% 
theoretical density. 

3 Results 

AI NiO AI /O  3 

mixing 4- milling . attrition 
I 

C.I.P. .200 MPa 
l 

react ion sintering . in CO 

(c) 

Fig. 1. The flow diagrams for the processing routes investigated 
in the present study: (a) powder  metal lurgy route, (b) gas 

reduction route, and (c) reaction sintering route. 

The heating and cooling rates were 5°C/min. A 
graphite powder bed surrounded the powder 
compacts to generate a reducing atmosphere at the 
sintering temperature used. 

2.2 Gas reduction route 
The flow diagram of the process is shown in Fig. l(b). 
Alumina (XA1000SG) and 30 w/o nickel oxide (Alfa 
product, 16-5Fm, Johnson Matthey Co., Denver, 
USA) were attrition milled. The preparation pro- 
cedures for the powder compacts were the same as 
those for the powder metallurgy route. The powder 
compacts were heat treated in air at 1600°C for 1 h, 
or at 1600°C for 10h, or at 1300°C for 10h. The 
compacts were then sintered in a reducing atmo- 
sphere for 1 h at 1600°C or 1700°C. Some un-heat- 
treated powder compacts were also sintered at the 
same time. 

2.3 Reaction sintering route 
The process (Fig. l(c)) started from powder mixtures 
of 56-6w/o alumina (F500), 14.4w/o aluminium 
droplets (ECKA AS081, around 50 #m in length and 
around 20pm in diameter, Eckart-Werke, Fuerth, 
FRG) and 29-0 w/o nickel oxide. The reaction, 

2A1 + 3NiO = A120 3 + 3Ni (1) 

took place during firing. 

3.1 Powder metallurgy route 
When the nickel particles are milled together with 
fine alumina powder (XA1000SG), the particle size 
of the nickel is unaffected by the milling process. The 
relative densities of the compacts containing 0 and 
25 w/o nickel are shown in Fig. 2 as a function of 
sintering temperature. The microstructures of the 
composites sintered at 1500°C, 1600°C and 1700°C 
for 1 h are shown in Fig. 3(a), (b) and (c) respectively. 
The nickel inclusions exhibit a bimodal size distri- 
bution. The coarse nickel inclusions result from the 
ineffective milling. The nickel inclusions become 
more spherical as the sintering temperature is 
increased, demonstrating the poor wetting between 
alumina and a nickel melt. 

Abrasive alumina alone is milled down to 0-78 #m 
after attrition. Nickel particles are milled down to 
about 1/xm when milled in the presence of coarse 
alumina particles, zl The microstructure of the 
composite is shown in Fig. 4. The bimodal size 
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Fig. Z. The density of the composites as a function of sintering 
temperature. The composites are prepared by the powder 
metallurgy route and sintered at the indicated temperature for 
l h. x,  XA1000SG; I I ,  XA1000SG+Ni; O, F500; A,  

F500 + Ni. 



98 W. H. Tuan, R. J. Brook 

(a) 

(b) 

Fig. 4. Polished section for the composite prepared from the 
coarse alumina and nickel mixtures. 

3.2 Gas reduction route 
The mean particle size of the powder mixtures of 
alumina and nickel oxide after attrition milling is 
below 0.5/~m. The X-ray results show that nickel 
aluminate spinel results from the heat treatment; 
only alumina and nickel are present for the 
specimens sintered in a reducing atmosphere above 
1500°C. The relative density, inclusion size of the 
nickel and toughness of the composites prepared by 
this process are shown in Table 2. With the exception 
of the density of the specimen heat treated at 1600°C 
in air for 10h and sintered at 1600°C (90% 
theoretical density), the densities of other specimens 
are all above 95%. Typical microstructures are 
shown in Fig. 5. The composite containing 13 v/o 
nickel has been heat treated at 1600°C in air for i h, 
being sintered subsequently at 1600°C for 1 h. 

3.3 Reaction sintering route 
Aluminium particles are milled down to about 1/~m 
by being comminuted together with coarse alumina 
particles. 21 The relative density, inclusion size and 
fracture toughness of the composites are shown in 
Table 3. The density of the composite sintered at 

(c) 
Fig. 3. Polished sections for the composites prepared by the 
powder metallurgy route. Sintering temperature: (a) 1500°C; (b) 

1600°C; (c) 1700°C. 

distribution of the nickel inclusions can no longer be 
observed; the mean inclusion size after sintering is 
2.3/~m. The densities of the composites and of the 
standard alumina compacts are also shown in Fig. 2. 
Although the standard alumina compact can be 
sintered to above 97% theoretical density, the 
density of the composites is significantly decreased 
due to the presence of the nickel inclusions. 

Fig. 5. Polished section for the composite prepared by the gas 
reduction route. 
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Table  2. The relative density, inclusion size, fracture toughness and toughness ratio for the composites prepared by the gas 
reduction route. The density after heat treatment in air is denoted as starting density. The volume fraction of nickel for all the 

composites is 0.13.2.7 MPam '/2 is used as the fracture toughness for alumina 

Heat treatment 

None 1600c:C/I h 1600 ° C/10 h 1300': C~ 1 h 

Starting density (%td) 

Sintering condition (1600°C/1 h) 
Final density (%td) 
Inclusion size (/~m) 
Toughness (MPax~m) 
Toughness ratio 

Sintering condition (1700°C/1 h) 
Final density (%td) 
Inclusion size (/~m) 
Toughness (MPax~m) 
Toughness ratio 

53 70 80 50 

97 96 90 98 
1'3 1"6 2"4 1"5 
4"0 49 - -  4-8 
1"5 1-8 - -  1'8 

97 96 96 95 
3"9 2"4 3-2 3-4 
4"4 4"9 5"0 4"4 
1"6 1'8 1"9 1'6 

1600°C and 1700°C is higher than 95% theoretical 
density. 

A fracture surface is shown in Fig. 6(a), tilted 
during observation to reveal the strained nickel 
particles. The particles can also be observed on a 
polished surface (Fig. 6(b)) where the crack on the 
polished surface has been introduced by indentation. 

Table 3. The relative density, inclusion size, fracture toughness 
and toughness ratio for the composites prepared by the reaction 

sintering. The volume fraction of nickel is 0' 11 

Sintering condition 

1600<~C/1 h 1700C/1 h 

Final density (% td) 96 98 
Inclusion size (tim), 1-3 1.6 
Toughness (MPax/m) 3.6 3.6 
Toughness ratio 1'3 1.3 

(a) 

(b) 
Fig. 6. Microstructures for the composite prepared by the 

reaction sintering route. 

4 Discussion 

Powder mixtures of alumina and nickel are difficult 
to sinter without pressure to above 90% theoretical 
density, despite the fact that the particle size of the 
nickel can be decreased to the submicron range. One 
factor is the poor wetting between alumina and a 
nickel melt (Fig. 2). For the composites prepared by 
gas reduction or reaction sintering, densities above 
90% theoretical density can be achieved by pressure- 
less sintering above 1600°C. The poor wetting 
between the ceramic and the metal melt can be 
improved by a suitable reaction at the interface. 22 
For the present system, both the reduction and the 
chemical reactions are found to be beneficial. 

For the particulate composite-containing phases 
with different thermal expansion coefficients, inter- 
nal stresses are set up within and around particles as 
the composite cools from the firing temperature. The 
particle/matrix interface is subjected to a radial 
tensile stress when the thermal expansion coefficient 
of the particle is bigger than that of the matrix as is the 
case for the Ni/AI20 3 system. The linear elastic 
solution for the tensile stress, ath, can be calculated 
by the relationship proposed by Selsing 23 as 

a,h[AaAT]/{[(1 +/)m]/ZEm] h- [(1 -- 2vp)/Ep]} (2) 
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Fig. 7. The fracture toughness increase as a function of 
inclusion size. The composites are prepared by the gas reduction 

route. 

where Aa is the difference in the two expans ion  
coefficients, A T  the cool ing  range over  which the 
internal  stress is no  longer  relaxed by  the system 
(1400 K is assumed for  the sintering condi t ion  used 
in the present  study) and  v and  E the Poisson 's  ra t io  
and the elastic modulus ,  respectively; subscripts  m 
and  p s tand for  mat r ix  and  part iculate ,  respectively. 

By using E m --- 380 GPa ,  Ep = 200 GPa ,  a m = 9 × 
10-  6, a~ = .15 × 10-  6, and v m = vp = vp = 0.25, a value 

o f  2.0 G P a  is obtained.  
By apply ing  an energy ba lance  concept ,  the 

critical part icle size, d c, can be calculated f rom the 
relationshipZ4.25 

dc = [-8K2c]/{(trth)2[(1 -t- Um)-[-2(Em/Ep)(1 - 2 V p ) }  (3) 

where K~c is the f rac ture  toughness  o f  a lumina;  
2.7 M P a  m 1/2 is used in the calculat ion.  14 A critical 

diameter ,  4"5/~m, for  the a lumina /n icke l  compos i tes  
is then obtained.  

The  f rac ture  toughness  o f  the compos i tes  pre- 
pared  by  the gas reduc t ion  rou te  is shown in Fig. 7 as 

a func t ion  o f  inclusion size. W h e n  the size o f  the 
nickel is bigger than  2-5/~m, the toughness  o f  the 
composi tes  is reduced,  suggesting a critical inclusion 
size o f  some 2"5/tm. The  fact  tha t  the compos i tes  are 
not  fully dense m a y  cause the difference between the 
theoret ical  predic t ion  and exper imenta l  results. 

In mic ros t ruc tu ra l  observat ion ,  br idging nickel 
par t ic les  are obse rved  beh ind  the c rack  f ron t  
consis tent  with a toughen ing  mechan i sm involving 
plastic d e f o r m a t i o n  o f  the meta l  particles. 
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