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Abstract 

Ni/Al,O, and Ni-Ti/Al,O, composites sintered in 
dtflerent atmospheres ar{e investigated. Argon as a 
sintering atmosphere is found to be more beneficial 
to the fracture toughness of the composites than 
CO. Ni inclusions at 12 vol.% enhance the fracture 
toughness up to 36%, corresponding to a fracture 
energy twice that of the alumina matrix, whereas ti- 
tanium alloying to Ni makes a negative contribution 
to the mechanical behaviour. The interfacial struc- 
tures of NiIAI,O, and N-Ti/Al,O, are studied by 
using electron microscop)‘. The titanium distribution 
at the interfaces is studied and correlated to the me- 
chanical properties. 

1 Introduction 

Brittle ceramic materials can be toughened by the 
incorporation of ductile reinforcements. The 
toughening mechanism has already been investi- 
gated both theoretically and experimentally.i4 
The plastic stretching of ductile reinforcements ac- 
counts for the predominant toughening. For effec- 
tive toughening the appropriate interface bonding 
strength is the first requirement. If the bonding 
strength is too weak, cracks will propagate along 
the interface and plastic stretching of the ductile 
reinforcements will not occur. This is the usual 
case for many metal/ceramic composites. If the 
bonding strength is too strong, a rare case, the 
plastic stretching will be only localized to a limited 
zone between surfaces of propagating cracks and 
the toughness of the reinforcements will not be 
utilized adequately. 5 Therefore, in a metal rein- 
forced ceramic composite, the fracture toughness 
can be enhanced by optimizing the metal/ceramic 
interface behaviour, whi.ch depends on both the 

physical properties (such as morphology, elastic 
modulus, thermal expansion coefficient) and the 
chemical characters of each material. 

As a model system, Ni particle toughened Al,O, 
has been studied. 6*7 A large increase in fracture 
toughness has been reported for Ni/A1,03 com- 
posites compared to that of the monolithic alu- 
mina matrix. However, it seems that the potential 
for toughening is not fully reached because the 
plastic stretching of the Ni particles is limited. 
Cracks propagate often around the Ni particles, 
i.e. along the Ni/Al,O, interfaces, owing to the 
low interface bonding strength as compared to the 
high yielding strength of Ni. Therefore, in order 
to get a well-toughened composite, the interface 
bonding between Ni and Al,O, should be 
strengthened. 

The common practice for interface strength ad- 
justment is to introduce a degree of interfacial 
chemical reaction. In preparing composite materi- 
als, this can be achieved either by controlling the 
sintering atmosphere or by introducing additives. 
As far as the atmosphere is concerned, Ni can be 
oxidized to form a NiO or a NiAl,O, spine1 inter- 
layer. As to additives, titanium is widely used as a 
wetting agent in brazing ceramics with alloys to 
achieve strong joints. 8 It has been reported that 
the interface energy between Ni and sapphire (or 
sintered A1203) decreases sharply on the addition 
of a small amount (about 2%) of Ti in Ni because 
of the segregation of Ti and the formation of 
Ti203 at the interface.9 According to the concept 
of the work of adhesion, Wad, defined as: 

%d = %I + yA120, - %Ji/Al~O, 

the interface bonding between Ni/Al,O, can be 
improved by the presence of Ti. In the present 
work, pure Ni and Ni-Ti alloy toughened Al,O, 
composites are prepared by sintering in either Ar 
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Table 1. Properties of the Ni(Ti)/Al,O, composites 

Sample -41203 

(air) 

1 
12 vol%Ni 

(CO) 

2 
12 vol%Ni 

(Ar) 

3 4 
12 vol%Ni-Ti 12 vol%Ni-Ti 

(CO) (Ar) 

Density (%TD) 99.9 99.5 99.9 99.3 99.7 
Strength (MPa) 326 f 24 196 + 14 306 + 13 180 f 15 188 + 10 
K,, (MPa m1’2)n 3.6 4.1 4.9 3.2 3.5 

’ Results of six measurements. 

or CO atmospheres. The purpose is to investigate 
the influence of the atmospheres and of the tita- 
nium addition on the interface reactions and on 
the mechanical properties of the composites. 

2 Experimental Procedures 

The composites were prepared by a typical pow- 
der metallurgical route. Pure nickel powders 
(99.99 + %. I 63 pm, Goodfellow) or Ni-Ti 
alloy powders (5 wt% or 6.06 at% Ti in Ni, pre- 
pared by an atomizer, sieved to under 63 pm) in 
the amount of 12 vol.% were mixed with fine 
A&O3 powder (99.99% up, TM-DR, ultra pure 
sinterable alumina) in an attritor for 4 h with alu- 
mina balls and isopropanol as the milling media. 
The slurries were, dried and sieved. Powder com- 
pacts with dimensions of about 13 X 21 X 57 mm 
were formed by cold isostatic pressing under a 
pressure of 625 MPa. .The green compacts were 
sintered at 1400°C for 2 h in CO (generated by 
burning of carbon powder in a closed alumina 
crucible) and in Ar (static argon in an alumina 
tube furnace) respectively. 

After sintering, the surfaces of the samples were 
carefully observed. The density was measured by 
the Archimedes method. Bending bars, 3 X 4 X 
45 mm in size, were machined from the large sin- 
tered blocks. The mechanical testing was per- 
formed in the four-point-bending mode at a cross 
head speed of 0.1 mm/min. The strength was de- 
termined on the bending bars with inner/outer 
spans of 20/40 mm. The toughness was character- 
ized on the subsequent half bars with inner/outer 
spans of 7/20 mm by the single-edge-notched- 
beam (SENB) method. The notch width was con- 
trolled to within 100 pm and the depth was about 
one fourth of the sample height, i.e. 1 mm. 

The phases in the composites were examined by 
X-ray diffraction (XRD). The general morphology 
of the samples was studied with optical mi- 
croscopy. The detailed structure of the interfaces 
was investigated by scanning electron microscopy 
(SEM) and transmission electron microscopy 
(TEM). The composition of the interfacial layers 
was determined by electron probe microanalysis 

(EPMA). Because of the uncertainties associated 
with analyzing oxygen content, quantitative analy- 
sis was only done on Ti, Ni and Al, using pure 
metals as the standards. To estimate the oxygen 
content, semi-quantitative (standardless) analysis 
was performed using energy dispersive spec- 
troscopy (EDS) mode in SEM or TEM. Since the 
interfacial layers are generally very thin, analysis 
was always performed at places where the layers 
are relatively thick. 

3 Results 

3.1 Properties of the composites 
The relative density, the fracture strength and 
toughness of the monolithic A&O3 and of the 
composites are given in Table 1. All the samples 
were sintered nearly to their theoretical densities 
in the different atmospheres by normal sintering. 
The composites have lower fracture strength than 
monolithic A&O,. The Ni/Al,O, composites have 
improved fracture toughness with an increase of 
14 and 36% over Al,O, in the case of CO and Ar 
as the sintering atmospheres, respectively. Calcula- 
tion from the toughness shows that the fracture 
energy (y = Ky,/2E) of Al,O, and of sample 2 are 
16.8 J/m2 and 32.9 J/m2, namely a doubling of the 
fracture energy in the composite as compared with 
the pure matrix material. For the Ni-Ti/Al,O, 
composites, a decrease in fracture toughness is 
found with either CO or Ar as the sintering atmo- 
sphere. These results suggest that the atmospheres 
have a large influence on the fracture properties of 
the composites, and that an Ar atmosphere is 
more beneficial than a CO atmosphere. The addi- 
tion of Ti to Ni produces no improvement in 
toughening. 

3.2 Microstructures and interfaces 
The appearance of all the sintered composites is 
more or less yellow-green, but with one surface 
blue, which was in contact with the alumina cru- 
cible during sintering. XRD analyses reveal that 
the yellow-green surfaces contain NiO and the blue 
ones NiAl,O, spinel. After removing the surface 
scales, which are thinner than 0.5 pm, the samples 
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Fig. 1. Optical micrographs of the samples: (a) 1, (b) 2, (c) 3 and (d) 4. 

appear dark grey for the Ni/Alz03 composites and 
grey for the Ni-Ti/Al,O, composites. No other 
phases except Ni (Ni-Ti) and Al,O, can be de- 
tected by XRD. Since we are interested in the bulk 
properties of the composites, further analyses are 
based on the interiors of the materials. 

Figure 1 shows the optical microstructures of 
the composite samples. The morphology of the Ni 
particles in samples 1 and 2 is very different from 
that of Ni-Ti particles in samples 3 and 4. The Ni 
particles appear to be small rods of about 20 pm 
long and 2-3 pm across; some particles agglomer- 
ate together. On the other hand, the Ni-Ti parti- 
cles are spheres with a diiameter of about 50 pm, 
and the particles are d.istributed discretely and 
randomly. The difference in morphology of the 
metal particles originates from the starting pow- 
ders and from the processing. Although both 
powders are sieved under 63 pm, the Ni powders 

are originally finer and more agglomerated than 
the Ni-Ti powders. During attrition milling Ni 
particles become rod-shaped because of the plastic 
deformation caused by inter-particle friction, 
while Ni-Ti particles are very rigid and much less 
influenced by milling. 

The regions near the interfaces between the 
metal particles and ceramics have been studied by 
SEM. In samples 1 and 2, the interface between 
the Ni and Al,O, is sharp. In samples 3 and 4, an 
interfacial reaction layer between Ni-Ti and A&O, 
is observed. EDS analysis indicates that the inter- 
face layer is rich in Ti, as shown in Fig. 2 which is 
the Ti mapping in samples 3 and 4. In sample 3, 
Ti is mostly concentrated at the rim of each Ni-Ti 
particle, while in sample 4, Ti is distributed through- 
out the Ni-Ti particle, although it is also enriched 
at the particle surfaces. 

To investigate the details of the structure in the 

Fig. 2. Ti mapping by SEM/EDS, (a) sample 3 and (b) sample 4. 
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Fig. 3. TEM low magnification images which show general structures of the Ni(Ti)/Al*O, interface. In (a) for sample 1 and (b) for 
sample 2 no interfacial layer is observed. In (c) for sample 3 and (d) for sample 4 a reaction layer can be seen. 

interfacial region, TEM experiments have been 
carried out. Figure 3 shows the general structures 
around the metal particles under TEM with low 
magnification. In Fig. 3 (a) and (b), the bright-field 
images of the interfaces in samples 1 and 2, the Ni 
particle is surrounded by A&O, grains with an 
average size of about O-6 pm, and the interface 
remains sharp and clear. In Fig. 3(c) and (d), an 
interfacial layer exists between the Ni-Ti and 
Al,O, as also observed by SEM. On average, the 
layer is about 2-3 pm thick in sample 3 and about 
1 pm thick in sample 4. Cracks are often observed 
along the interfacial regions in sample 3, within the 
layer as shown in Fig. 3 (c) or at the boundary 
between the layer and the ceramic matrix. The inter- 
facial layer and the Ni-Ti particle are bonded very 
well. This indicates a relatively strong bonding 
between inter-facial layer/metal and a relatively weak 
bonding between interfacial layer/ceramic. Similar 
inter-facial behaviour is also observed by examining 
the details of the indentation crack path in both 
samples 3 and 4 under SEM. 

In addition to the interfacial layer, another fea- 
ture in the microstructure of the Ni-Ti/Al,O, 
composites is the inhomogeneity of the A&O, 
grain size. The grains close to the interface, about 
2.5 pm in sample 3 and 1.4 pm in sample 4, are 
much larger than the grains further away from the 
interface, which are, as in samples 1 and 2 (Fig. 
3(a) and (b)), under 1 pm. In this study, the grain 
size of the monolithic A&O, is about 2.5 pm. 
Therefore, it can be concluded that while Ni and 
Ni-Ti inclusions suppress grain growth in the 
Al,O, matrix, Ti diffusion from the Ni-Ti bulk 
promotes grain growth in the surrounding A&O, 
matrix near the interface. 

To determine whether there is an inter-facial re- 
action layer between the Ni and A&O, at a local 
scale, the interfaces have been analyzed by TEM 
under high magnification, as demonstrated in Fig. 
4 (a) and (b) for a typical interface region in sam- 
ples 1 and 2 respectively. Some shadowed regions 
along the interfaces are observed due to the pro- 
jection of the interface plane which is not parallel 
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Fig. 4. High magnification TEM images of the Ni/A1,03 
interface, (a) sample 1, (b) sample 2; and (c) sample 1, same 

as (a) but at higher magnification. 

to the electron beam. The interface becomes sharp 
and narrow when the specimen is tilted to an ap- 
propriate orientation so that the interface becomes 
vertical. Figure 4 (c) is a. portion of the interface 
in sample 1 at an even h.igher magnification. The 
fringes parallel to the in&face are due to the shal- 
low interface. Apart from that there is no sign of 
interfacial layers or of precipitates larger than 
about 10 nm. 

The interfacial layers in samples 3 and 4 are 
seen in more detail in high magnification in Fig. 5. 
The contrast of the interfacial layer is clearly diff- 
erent from that of the Ni-Ti particle and of the 
matrix. in Fig. 5 (a) for sample 3, some egg- 
shaped grains appear in the layer, and again there 

Fig. 5. High magnification TEM images of the Ni-Ti/A1,03 
interface, (a) sample 3, and (b) sample 4. 

is a crack mainly along the boundary between the 
layer and the ceramic matrix. In Fig. 5 (b) for 
sample 4, the interfacial layer is thinner and less 
rich in structure than that in 3. 

Figure 6 shows the concentration profiles of Ti, 
Al and Ni across an interfacial layer after a quan- 
titative analysis by line scan from a Ni-Ti particle 
(left) to the A&O, matrix (right) in sample 3. In the 
Ni-Ti particle, Ti is almost completely depleted. 
In the layer, the content of Ni is very limited, and 
Ti is concentrated. The diffusion depth of Ti is as 
much as 4-5 pm into the A&O,. 

Semi-quantitative analysis from TEM/EDS re- 
veals that a large amount of oxygen is present in 
the layers. Figure 7 (a) shows the concentration 
profiles after a series of analyses, and Fig. 7(b) is 
the corresponding TEM image with the points 
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Fig. 6. Composition profile around the interface in sample 3 
after a quantitative analysis by SEM/EDS with standard. 
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Fig. 7. (a) Composition profile in sample 3 after a semi-quantitative analysis by TEM/EDS. (b) The contamination spots indicate 
where the EDS analyses were taken. 

where the spectra were taken indicated by the con- 
tamination spots. The high oxygen level should be 
treated with caution because of the nature of the 
semi-quantitative analysis. Some oxygen has 
diffused into the Ni-Ti particle to a distance of 
about 500 nm, associated with the diffusion of 
small amounts of Al. Similar to Fig. 6, Ti 
approaches zero in the Ni-Ti particle, but diffuses 
into A&O, to a distance of 4.5 pm. 

The interfacial layers in sample 4 have been 
similarly examined. Due to the very thin thickness 
(only about 1 pm), the exact composition of the 
layer cannot be determined quantitatively. Semi- 
quantitative analyses by TEM/EDS indicate the 
presence of Ti, Al and 0 in the layers. 

4 Analysis 

4.1 Chemistry of the interface 
As stated earlier, interfacial reactions play an im- 
portant role in the final mechanical properties of 
composite materials. The probable reactions can 
be predicted from thermodynamic data.‘O In the 
Ni/A1,03 system, the possible reactions are the for- 
mation of NiO or NiA1,04 spinel. For the reaction 

2Ni + 0, + 2NiO (1) 

AG = -198.2 kJ and the equilibrium oxygen par- 
tial pressure is 5 X 10e7 bar at 1400°C. As soon as 
NiO is formed, reaction with A&O, will proceed 
to develop NiAl,O, spinel, because the reaction 

NiO + A&O, + NiA1204 (2) 

with AG = - 18.5 kJ has a negative Gibbs energy 
at 1400°C. 

However, direct formation of NiA1204 spine1 
between Ni and A1203 is also possible as illus- 
trated in Ni/Al,O, diffusion couples and diffusion 
bonding experiments. ‘l-l3 The formation of NiAl,O, 
spine1 at Ni/Al,O, interfaces need not proceed 
through a NiO intermediate, but requires a thresh- 
old activity of oxygen dissolved in Ni, which is 
less than the solubihty limit of oxygen in Ni in 
equilibrium with NiO. The threshold oxygen level 
is 0.025 ato/ (250 ppm) at 1400°C from thermo- 
dynamic calculation. l3 

In the present work, the oxygen level in the CO 
atmosphere is estimated to be 3 X 10-17 bar in 
equilibrium conditions (calculated from the oxida- 
tion of C to CO at 1400°C). Comparing this value 
with the equilibrium oxygen partial pressure for 
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Fig. 8. Oxygen level estimated in the CO sintering atmo- 
sphere during heating. 

Ni oxidation, 5 X 10M7 bar, it appears that NiO for- 
mation in the CO atmosphere is not predicted. 
Therefore spine1 formation should not arise 
through a NiO precursor. On the other hand, direct 
spine1 formation is also :not predicted because the 
oxygen content in the Ni is very limited in the raw 
material (99.99 + O/o>. In the case of Ar atmosphere, 
the oxygen partial pressure is expected to be 3 X 

lo4 bar. Ni should then be oxidized and NiAl,O, 
should be also formed subsequently. These estima- 
tions do not completely agree with the experimental 
observations, which show that both NiO and 
NiA1,04 spine1 are present on the surfaces, but not 
in the interiors of all the samples sintered in both 
atmospheres. The difference can be attributed to 
the real oxygen level during heating. The CO atmo- 
sphere is generated by burning C powder in a 
closed crucible, so that the oxygen level decreases 
from 0.21 bar in the initial air to as low as 3 X 

lo-l7 bar at 1400°C under equilibrium conditions. 
This process is shown schematically in Fig. 8. Dur- 
ing the initial period of beating, the oxygen level is 
high enough for Ni oxidation and NiA1,04 forma- 
tion. The oxide and spine1 formed can be reduced 
again at higher temperatures when the oxygen level 
approaches the equilibrium one. This has been sup- 
ported in our experiments by extending the holding 
time at 1400°C. The surface NiO and NiAl,O, 
spine1 layer is observed to diminish. In both atmo- 
spheres, oxygen is consumed gradually. Penetration 
of the oxygen into the i:nterior of the samples is 
probably too limited to make Ni oxidized there. 
The initial oxygen enclosed in the powder compacts 
(green bodies) alone cannot cause prominent Ni 
oxidation. Provided that all the oxygen in the inte- 
rior is consumed to produce NiO, a layer as thin as 
about 3 A is estimated on surfaces of the Ni parti- 
cles, which cannot be detected by TEM analysis. In 
fact, some of the oxygen may be dissolved in Ni, 
making. the NiO layer even thinner. 

In the Ni-Ti/Al,O, composites, the interfacial 
layer contains only Ti, Al and 0, and Ni is much 

less involved. Apparently, Ti diffuses from the 
interior of the Ni-Ti particles to the particle 
surfaces, and then the Ti at the particle surfaces 
reacts further with oxygen and the A1,03 matrix. 

From the phase diagram of the Ti-0 system,14 
Ti can dissolve a large amount of oxygen and can 
be very easily oxidized to form a family of oxides 
such as TiO, T&O,, TiO, and so on. Considering 
the following reactions 

Ti + 1/20,(g) + TiO AG = -382 kJ (3) 

Ti + 3/40,(g) + 1/2Ti,O, AG = -534 kJ (4) 

Ti + O,(g) + TiO, AG = -642 kJ (5) 

and the activity of 6 ato/ Ti in Ni, estimated to be 
2.6 X lOA at 1400”C,‘5 the equilibrium oxygen 
partial pressures for the above reactions are 2.1 X 

10-17, 3.5 X lo-‘* and 3.5 X lo-l7 bar, respectively. 
Because of the high oxygen level in both sintering 
atmospheres (especially high during heating in the 
CO atmosphere as indicated from the Ni/Al,O, 
surface reactions), Ti can be easily oxidized. The 
oxide is probably in the form of Ti02 (rutile), since 
experiments on the Ni-Ti powders treated in CO 
atmospheres similar to those of the sintering con- 
ditions show that a layer of TiO, (rutile) is present 
on the surface of each Ni-Ti particle. The titanium 
oxide at the Ni-Ti/Al,O, interface can dissolve into 
the Al,O, and promote A1,03 grain growth.16 The 
thicker reaction layer in the CO atmosphere than 
in the Ar atmosphere is attributed to the higher 
oxygen level in the former case during the heating 
stage. The formation of TiC is not possible from 
thermodynamic considerations. 

4.2 Relationship between structure and properties 
From the fracture surface analyses and from the 
indentation crack path examinations, it is found 
that the Ni or Mi-Ti metallic particles do not un- 
dergo substantial plastic stretching as a crack tip 
passes by. Cracks propagate mainly along the in- 
terface between the metal inclusions and the A&O, 
ceramic. The toughening mainly comes from the 
crack deflection instead of from the desired plastic 
stretching of the metal. Because crack deflection is 
relatively ineffective in toughening,i7 this explains 
the small improvement in the toughness of the 
composites. As to the low fracture strength of the 
composite compared to monolithic A&O,, this is 
due to defects introduced by the metal inclusions 
(which themselves can be taken as flaws) and to 
the influence of the sintering atmospheres. Con- 
tamination from C due to the CO atmosphere 
may be responsible for the specially low strength 
of the composites sintered in CO. As is known, C 
is detrimental to the mechanical properties of 
alumina.” 
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For samples 1 and 2, the difference in mi- 
crostructure and interface is hardly detectable. 
The difference in fracture toughness can be at- 
tributed to the ductility of Ni. In sample 1, the ab- 
sorption of C from the atmosphere make the Ni 
particles more resistant to yield,” hence providing 
a lesser contribution to the toughening. For sam- 
ples 3 and 4, the negative influence of the Ni-Ti 
inclusions on the fracture toughness is related to 
the weak interfacial layer and boundary between 
the layer and the Al,O, matrix. Cracks occur at 
the interface resulting from the stress of thermal 
expansion mismatch between the large metal par- 
ticles and the matrix. So the metal particles may 
act to some extent as pores. The weak interface 
debonding releases only very little energy to resist 
the crack propagation. Furthermore, titanium 
does not only modify the interface structure but 
also changes the yield strength of the Ni particles, 
which makes the plastic stretching of the metal 
particles even more difficult. 

5 Conclusions 

Ni/Al,O, and Ni-Ti/Al,O, composites have been 
fabricated by sintering in CO and Ar atmospheres. 
All the samples are well densified after sintering at 
1400°C. The fracture toughness is not much im- 
proved compared with the matrix because of the 
very limited plastic stretching of the metal particles. 
Argon atmosphere is found to be beneficial to the 
mechanical properties relative to CO atmosphere 
for all the composites. In both sintering atmo- 
spheres no interfacial reaction layers are formed in 
the Ni/Al,O, composites; in contrast there are re- 
action layers up to l-3 pm in thickness in the 
Ni-Ti/Al,O, composites. The reaction is due to the 
oxidation of Ti, and is more accelerated in CO 
atmosphere than in Ar. As expected, Ti diffuses 
from the interior of Ni-Ti alloy particles to the 
particle interfaces, but the weak interfacial layer 
and the poor bonding between the layer and the 
matrix result in materials which are not toughened. 
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