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Abstract 

Metal-ceramic microstructures were formed in situ by the partial reduction (i.e. the reduction of only one of the metallic 
elements) of the spine1 compound NiAl,O+ Depending on reduction conditions, these microstructures consist of Ni particles 
embedded in an a-Al,O, or a multiphase matrix called ‘defect spinel’. The volume shrinkage that accompanies the reaction 
generates residual stresses which profoundly affect the microstructure evolution. Conversely, formation of metastable, intermedi- 
ate phases, generation of porosity and cracking are all observed and may act to relax the residual stresses. Electron microscopy 
observations as well as both neutron and X-ray diffraction residual stress measurements are used to study the influence of residual 
stresses on the microstructure evolution during the reduction process. 0 1997 Elsevier Science S.A. 
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1. Introduction 

Ceramics by virtue of their chemical inertness and 
typically high compressive strengths are attractive can- 
didates for structural applications at high temperatures 
in high stress and corrosive environments. Unfortu- 
nately, because of their low fracture toughness it is 
mostly not possible to use them in their monolithic 
form. One strategy for circumventing their low tough- 
ness is to incorporate them into a ceramic composite, 
where the second component improves fracture resis- 
tance. In situ processing techniques are currently being 
studied for the fabrication of such composites in a 
cost-effective manner. 

One such approach involves the partial reduction of 
either oxide compounds or solid solutions which con- 
tain at least two cations, one more reducible than the 
other [I]. Metal-ceramic microstructures can be formed 
from the spine1 compound, NiAI,O,, which in the pres- 
ence of a reducing atmosphere undergoes partial reduc- 
tion according to the equation, 
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NiA&O, =E- Ni + cr-Al,O, + 1/202. (1) 

Elrefaie and Smeltzer [2j studied the phase equilibria 
for this reaction. Since oxygen is being removed there is 
an associated volume decrease, which, based on the 
molecular weights and crystallographic densities of the 
phases involved, is calculated to be - 17.6%. As we 
shall report, experimental measurements give actual 
volume decreases of between 3 and 9%. which demon- 
strates that the system finds a mechanism to avoid 
generating such large volume changes and in so doing 
relaxes the stresses associated with the reduction reac- 
tion. Nevertheless, even for these smaller volume 
changes, large stresses can still be generated. 

For the spherical geometry illustrated in Fig. 1, the 
reduction reaction is expected to proceed from the 
outside surface inward. Due to the volume shrinkage 
during reduction, the outer layer, consisting of a two 
phase mixture of Ni + ‘Al,O,‘, should exhibit a tensile 
hoop stress, provided that it does not crack. The alu- 
mina is shown in quotes here because, as will be 
discussed later, the stable room temperature form LX- 
Al,O, is not always obtained and metastable phases, 
such as !3-Al,O,, are found under some reduction con- 
ditions. 
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An elasticity calculation was performed for this 
spherical geometry assuming no relaxation of stresses 
by creep or plastic deformation. Using the small strain 
approximation we assumed a volume change (AL//V,) 
of - 5%. For a specimen in which the transformed 
layer has a thickness half that of the sphere radius, the 
calculation predicted a tensile hoop stress of + 1.7 GPa 
at the interface and + 0.52 GPa tit the surface, while 
the internal hydrostatic pressure in the spine1 phase was 
- 2.4 GPa. Other details of the calculation are pre- 
sented elsewhere 131. 

It is likely that a considerable portion of these 
stresses will be relaxed by plastic/creep deformation and 
diffusional processes at high (i.e. reduction) tempera- 
tures. The collapse (or sintering) of pores in the unre- 
duced spine1 when it is under compression is one 
example for these processes. If that occurs, then an in 
situ hot isostatic pressing is realized, with a decrease in 
the amount of porosity expected after reduction. 

Cracking of the reduced layer is another probable 
stress relaxation mechanism. During the early stages of 
this study cracking was a recurrent problem, but was 
precluded by incorporating 2.5-10 wt.% ZrO, to the 
initial spine1 powder before hot pressing [4]. ZrO, sup- 
pressed cracking during reduction by inhibiting grain 
growth in the initial spine1 [4]. Since cracking was 
primarily observed along the original spine1 grain 
boundaries, a finer grain size leads to an increase in 
grain boundary area and hence, to a higher energy 
requirement for cracking to occur. It was also noted 
that a critical grain size exists for pure spine1 ( b 15 pm 
diameter) beyond which cracking is encountered again 
[5]. This observation of a critical grain size is considered 
strong evidence that elastic energy is being stored 
within the grains as a result of the reduction reaction. 
Based on this observation a simple calculation was 
made of the elastic strain, where at the critical grain 

Ni + “A1203” metal-ceramic composite 

Fig. 1. Schematic diagram of a partially reduced spherical specimen, 
where the inner untransformed spine1 is surrounded by a spherical 
shell of the reduced two phase mixture of Ni + ‘Al,O,‘. 

radius, the stored elastic energy that is released is 
sufficient to produce the new surfaces of the cracked 
grain boundaries [6]. This showed that residual stresses 
of several hundred MPa can be generated and sup- 
ported during reduction before grain boundary crack- 
ing occurs. All of these observations point to the 
existence of residual stresses generated by the volume 
shrinkage during reduction. 

The two natural questions that follow are: (1) What 
iS the effect of these stresses on the microstructure of 
the reduction product? (2) How much relaxation takes 
place during the reaction? The second question is ad- 
dressed in another publication (unpublished) that de- 
scribes our attempts to utilize the residual stresses that 
can be generated by this reduction reaction to place 
outer surfaces of ceramics under compression so that 
their fracture resistance is enhanced (i.e. ‘tempering’). 
The present paper concentrates on the first question 
and presents our observations about the effect of resid- 
ual stresses on microstructure evolution. 

First, microstructures obtained at different stages of 
the reduction will be presented. Then scanning electron 
microscopy observations and density measurements will 
be used to examine the possibility- of the in situ hot 
isostatic pressing of spine1 during reduction. Mechani- 
cal testing results will be utilized to examine the 
Young’s modulus of the reduced composite in relation 
to its microstructure. Finally, X-ray and neutron dif- 
fraction residual stress measurement data will be pre- 
sented that demonstrate the generation of stresses by 
the volume decrease. 

2. Experimental procedure 

2.1. Sample preparation 

Polycrystalline NiAl,O, samples (with or without 
ZrOJ were prepared by hot pressing in alumina dies 
using a uniaxial hot press for 2-4 h at 1600°C in air, 
with 23-30 MPa pressure. All work in this study used 
NiAl,O, powders of less than 4 pm grain diameter. The 
resulting density of all hot-pressed samples was better 
than 90% of the theoretical density. The hot-pressed 
samples were partially reduced at oxygen activities be- 
low the stability limit of the spine1 (as specified in [2]) 
using CO/CO,/N, gas mixtures and at temperatures 
between 1100 and 1400°C. Other details of sample 
preparation are presented elsewhere [ 1,4]. 

2.2. Specimen polishing 

Proper polishing of samples is critical for scanning 
electron microscopy (SEM) studies of microstructure. 
The main technique employed in this work consisted of 
mechanical polishing, however, different versions of 
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this technique were developed and adapted depending 
on the material and the analysis method for which it 
was required. 

2.4. Density, volume change and Ir’eigilr loss 
meawemenis 

Initially the most common polishing technique in- 
volved using Sic papers with grit sizes of 120-1200, 
successively, on a rotating wet-polisher to flatten and 
level the specimens. A finer polishing was accomplished 
by using 6, 3 and 1 pm diamond paste, successively, 
with an oil-based extender on a long-hair CeripolT” 
cloth (South Bay Technology, San Clemente, CA). 
However, due to the extensive grain and particle pull- 
out observed in both unreduced spine1 and reduced 
composite samples. this method was discontinued and a 
systematic study was made to develop the best polish- 
ing technique. For both types of samples, the initial SIC 
paper sequence on a wet-rotary polisher followed by a 
1 pm Sic paper. again on a wet-polisher, yielded the 
least amount of pull-out as well as the minimum round- 
ing of specimen edges. 

Specimens were polished more efficiently and uni- 
formly when mounted on polishing cylinders (38.1 mm 
diameter, 25.4 mm high) which were placed inside 
cylindrical rings with one end well machined to give a 
surface perpendicular to the axis of the ring and which 
also fit tightly around the cylinder. This configuration 
allowed for an equally distributed pressure to be ap- 
plied during polishing and minimized the wobble of the 
sample. 

Density measurements were carried out using the 
boiling water method (ASTM Standard C 373-88) [9] 
which utilizes Archimedes’ principle to determine bulk 
density, open porosity? water absorption and apparent 
specific gravity and indirectly, closed porosity. The 
procedure involves immersing specimens in boiling wa- 
ter for 5 h after which they are allowed to soak for an 
additional 24 h. During the boiling period water vapor 
is assumed to penetrate all the accessible surface-con- 
nected (open) pores and upon its condensation during 
cooling, the pressure difference generated drives liquid 
water into these pores. Internal checks were performed 
on the validity of the procedure and a commercial 
alumina (Coors AD-998E Coors Ceramics Company, 
Golden, CO) with known density was tested to check 
the accuracy of the method. It was determined to be 
quite accurate, yielding experimental errors of less than 
10%. The entire procedure was performed several times 
on the same samples before and after reduction to 
check reproducibility. 

2.3. Electron microscop? 

SEM studies were carried out using backscattered 
and secondary electron imaging in a JEOL 733 electron 
microprobe and a Leica 440 Stereoscan microscope. 
Transmission electron microscopy (TEM) was carreid 
out on a JEOL 1200 EX and a Philips CM 30 by bright 
field imaging and electron diffraction. Scanning trans- 
mission analytical microscopy (on JEOL 200 CX, 
VG501 and VG HB6Ql UX) techniques were used to 
examine the microstructures, and to determine the 
phases present and their compositions. 

Volume changes were determined experimentally by 
measuring initial and final dimensions using either a 
digital or a mechanical Mitutoyo micrometer capable of 
1 pm resolution. Both the density and volume change 
measurements were performed on cylindrical pellets 
(IO- 13 mm in diameter and 2-5 mm thick). Volume 
change measurements were also checked using the ini- 
tial and final values of the external volume of specimens 
obtained during the density measurements by the boil- 
ing water method. Volume change results from the two 
techniques were in reasonable agreement differing by 
less than 25% from one another. 

Energy-filtered imaging in a scanning transmission 
electron microscope, a STEM (VG 5Ql), provided a 
thickness map of the specimen and probed the pores in 
the A&O, for gaseous oxygen content. Energy filtered 
images were recorded at the bulk plasmon energy of 26 
and at 8 eV where the low loss spectrum of 0, exhibits 
a distinctive feature absent in the low loss spectrum on 
A&O, [7]. The ratio of the energy filtered image 
recorded at 26 eV to the bright field image was used to 
obtain a thickness map of the specimen [8]. 

Due to the release of oxygen during reduction, there 
should be a decrease in weight after the reaction, which 
is calculated to be 9.1% using the molecular weights of 
the phases involved [lo]. To determine whether all the 
excess oxygen is released to the environment, samples 
were carefully weighed before and after reduction with 
0.0001 g resolution. They were heated for several hours 
at lOO-125°C to remove entrapped moisture before 
reduction and weighed immediately after reduction 
while they were still hot. 

2.5. Mechunical property chnrcrcterixttion 

Another VG STEM (HB601 UX) operating at 100 kV To investigate the effect of processing parameters on 
was employed to obtain the chemical composition of the mechanical properties of the reduced metal-ceramic 
the phases present around the reduction front using a composite its elastic constants were determined at room 
Oxford Instruments-Link energy-dispersive X-ray spec- temperature using the pulse-echo ultrasonic technique 
trometer (EDXS). (see for example, [ll]). 
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Residual stresses in specimens were determined at the 
Manuel Lujan Jr. Neutron Scattering Center (MLNSC) 
at Los Alamos using X-rays and neutrons. The X-ray 
diffraction (XRD) was carried out with Cu Kr radia- 
tion which has a shallow penetration depth ( I 20 urn) 
in alumina. Therefore, the irradiated region was as- 
sumed to be under plane stress conditions and the 
classical ‘d versus sin2 @’ approach [12] was used em- 
ploying the (416) peak of a-AlzO, (20 zz 136”). Stress 
measurements were made by collimating the X-ray 
beam to obtain a spot size of 1 and 3 mm on the 
specimens. The X-ray elastic constants used were calcu- 
lated from bulk values (E= 340 GPa, v = 0.22) of x- 
Al,O, (Alsint 99.7-Bolt Technical Ceramics, Conroe, 
TX). 

In contrast with X-rays whose penetration is limited 
to surfaces, neutrons can penetrate several tens of mil- 
limeters into most materials. The low attenuation en- 
ables many grains to be exami.ned, giving a 
representative value of the internal strains in grains of 
particular orientations. Elastic strains are determined 
from changes in lattice spacings from a ‘stress-free’ 
value [13]. At spallation neutron sources (such as the 
one at Los Alamos) pulses of neutrons are used. The 
wavelength of a detected neutron is determined from its 
time of flight between creation by the spallation process 
and arrival at the detector. Thus the specimen is 
scanned very rapidly in wavelength and after many 
pulses gives a spectrum containing all the lattice spac- 
ings. Determination of all the lattice spacings gives a 
comprehensive measurement of the microstructural 
stress state [13]. The specific spectrometer used in this 
study was the neutron powder diffractometer (NPD) at 
MLNSC. 

3. Results 

In order to better understand the evolution of mi- 
crostructure during the reduction of NiAl,O, we first 
present some electron microscopy observations. Fig. 2 
shows a TEM bright field image of the microstructure 
at the reduction front in a specimen reduced at 1100°C. 
It is seen that crystallographically oriented Ni particles 
form in a matrix identified as ‘defect spinel’ [l]. It was 
shown earlier that there is a fee twin orientation rela- 
tionship (a (111){ 112} twin) between the Ni and the 
matrix suggesting an attempt by the system to lower 
strain energy [l]. Fig. 2 also reveals some microcrack- 
ing, though on a much smaller scale than observed 
earlier [41. 

Fig. 2. Transmission electron micrograph of the reduction front in a 
specimen reduced at 1100°C for 4 h at an oxygen activity of lo- “. 
The arrows indicate microcracks developing during reduction. 

The major phase in ‘defect spinel’ appears to be 
0-Al,O, (Fig. 3). There are also additional unidentified 
peaks which point to the presence of other phases (see 
[16] for details). Phases such as NiAl,O,, and NiAl,,O,, 
have been observed in previous studies on the Ni-Al-0 
system [lS]. B-A1203, though monoclinic, has a nearly 
cubic oxygen sublattice [14.16]. This metastable form of 
alumina has also been detected in other reactions where 
a cubic oxygen sublattice (in y-AlzO,) is transformed 
into a hexagonal one (in r-A1,03) [15,17]. In this case, 
it was seen that the 8-Al,O, to a-Al,O, transformation 
is kinetics-controlled and given enough time, it reaches 
completion. The theoretical volume change during this 
transformation is - 10.2% (calculated using the theo- 
retical densities of each alumina phase: 3.62 g cm-’ for 
8-A&0,, 3.99 g cme3 for x-A&O,). Wilson and Stacey 
[17] observed a change in the morphology of the poros- 
ity (reduction in the number of pores and enlargement 
of their average size) present in their samples (this 
porosity was remnant from the beginning of the reac- 
tion when boehmite transformed to ;I-A&O,). They also 
mentioned a shrinkage in sample volume but did not 
give a value. 

Our observations are in accordance with Wilson and 
Stacey. We also see that the 0-Al,O, to x-Al,O, trans- 
formation is a kinetically-favored step: since the latter 
alumina phase starts forming in samples held for more 
than 144 h at 1100°C [19]. 

Fig. 4 is a view of the reduction front in a sample 
reduced at 1300°C. It is interesting to note the presence 
of ‘defect spinel’ at such a high temperature. In fact, 
‘defect spinel’ is found at reduction fronts in specimens 
reduced even at 1400°C [15]. The presence of ‘defect 
spinel’ at any reduction temperature clearly proves that 
it forms as an intermediate step during the transforma- 
tion of NiAl,O, to Ni + x-A&O,. 
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Fig. 3. Part of the neutron powder diffraction pattern obtained from a specimen reduced at 1100°C for 24 h in an approximate oxygen activity 
of 10 - 16. The raw data is designated with ‘crosses’. The solid iine that is fitted to this data was obtained by performing Rietveld analysis. The 
four phases present in the pattern are shown in the figure. The sample was doped with 10 wt.‘%ZrOz to avoid cracking during reduction, and 
almost all of this phase was determined to be monoclinic. The V (vanadium) comes from the holder plate used to position the specimen in the 
diffractometer. The lower curve in the Figure designates the difference between the raw data and the Rietveld fit to it. The B&,0, !vas determined 
to be monoclinic with a space group of A 2/m and lattice constants of Q = 5.615, b = 2.909 and c = 11.787 .6 and ,D = 104.078” (values similar to 
the crystallographic data in th; literature [14]). 

A chemical analysis across the reduction front in Fig. 
4 (indicated by a line) has been performed using a 
STEM (Fig. 5). The unreduced spine1 was found to 
have lo-13 at.% Ni. When the reduction front is 
crossed, the Ni concentration drops to about 4 at.%. 
This shows that the ‘defect spine]’ is Ni-poor. Further- 
more, it appears to be multiphase since the region 
between Ni particles 1 and 3 in Fig. 4 shows a different 
Ni concentration (4-8 at.%) than that found in the first 
region. The first Ni particle is nearly pure; with the 
small amounts of Al and 0 found in it probably 
resulting from an underlying layer of oxide. It should 
also be noted that the orientation of this particle with 
respect to the X-ray detector in the STEM was not 
edge-on leading to an interface between the particle and 
the matrix which is inclined to the electron beam. To 
summarize, the STEM data indicate that at the reduc- 
tion front the Ni phase starts precipitating soon after 
the formation of a Ni-poor, multiphase ‘defect spine]’ 
matrix. Further STEM investigations are planned to 
examine how ‘defect spinel’ transforms to the equi- 
librium matrix phase of r-A&O,. 

Fig. 6 shows a typical region in the same sample 
further away from the reduction front where the matrix 
is still ‘defect spinel’. The width of this region is about 
20 pm in this sample. The Ni particles in this region are 
mostly along the original spine1 grain boundaries and 
usually crystallographically oriented. Porosity is also 
observed, mostly at grain boundaries. In specimens 
doped with TiO, and reduced under the same condi- 

tions the width of this region can be as narrow as 
50-100 nm [19]. 

The equilibrium microstructure for this sample is 
shown in Fig. 7 where irregularly-shaped Ni particles 
and pores are observed together with an a-A&O, ma- 
trix. In addition to the large Ni particles (1-4 kern in 
diameter) along the x-Al,O, grain boundaries there are 
much smaller ones (20-250 nm in diameter) inside the 
grains. The Ni particle size therefore shows a bimodal 
distribution. 

The microstructural observations so far can be sum- 
marized as follows: The reduction of NiAl,O, involves 
an intermediate step where a multiphase matrix called 
‘defect spinel’ forms before the equilibrium a-Al,O, 
matrix is obtained at all reduction temperatures stud- 
ied. At 1100°C reduction, the x-A&O, stage is never 
reached for times less than 144 h. During this period 
the major ‘defect spinel’ phase is the metastable, mono- 
clinic B-A1203. The microstructure consists of crystallo- 
graphically oriented Ni particles with some residual Ni 
found in the matrix in the form of other metastable 
phases. At 13OO”C, the reduction for short times (sev- 
eral hours or less) does, however, yield the cl-A&O, 
matrix. The low temperature Ni + ‘defect Spine1 mi- 
crostructure is still found at this temperature as an 
intermediate layer between the unreduced spine1 and 
the equilibrium microstructure. An important mi- 
crostructural parameter for all reduction conditions 
appears to be the presence of porosity in the matrix. 
Several studies were performed to obtain quantitative 
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information on porosity and to investigate the possibil- 
ity of in situ hot isostatic pressing, with the results 
outlined in the next two sections. 

3.2. Scnnrkg electron microscopy obsermtions 

The first method to determine the amount of porosity 
used the digital imaging capability of a scanning elec- 
tron microscope (JEOL 733). It was assumed that the 
area fraction of a structural feature (porosity in this 
case) is equal to its volume fraction. It should also be 
understood that the measurements by this technique are 
highly sensitive to the contrast and brightness in the 
images. To check this, different images of the same 
region were processed under varying imaging condi- 
tions and it was determined that the sensitivity was & 1 
vol.“/o. Furthermore, the porosity values obtained by 
this technique were compared to those obtained by the 
ASTM density measurement method described in the 
following section and the values were similar to within 
a few vol.% for the unreduced specimens. 

Initial efforts to observe the change in porosity dur- 
ing reduction were unsuccessful due to the improper 
polishing method employed. It was shown that exten- 
sive grain pull-out occurred in unreduced spinel. which 
in turn yielded a much higher initial porosity than 

Fig. 4. Transmission electron micrograph of the reduction front in a 
pure spine1 specimen reduced at 1300°C for 2 h at an oxygen activity 
of 10-l’. There are four Ni particles visible (dark) and are num- 
bered. The line drawn is the position of the line trace performed on 
STEM to determine the variation of chemical composition across the 
reduction front as illustrated in Fig. 5. 

actually present before reduction. Fig. 8 (a,b) illustrates 
the extent of grain pull-out that occurs due to incorrect 
polishing (the dark regions are pores, the gray is spine1 
and the bright particles are ZrO,). The sample in Fig. 8 
(a) has 11-12 vol.% porosity, whereas the one in Fig. 8 
(b) has only 1-1.5 v01.~/0. Both micrographs were taken 
on the same sample with the only difference being the 
polishing technique. It is seen that an extensive amount 
of damage can be introduced during the mechanical 
polishing of a brittle ceramic such as spinel. 

After the polishing artifacts were minimized, a more 
reliable comparison was possible between the unre- 
duced and reduced specimens. Fig. 9 (a,b) shows SEM 
micrographs of the same sample before and after reduc- 
tion, respectively. The total porosity measured in the 
unreduced sample was between 9 and 12 vol.%, while 
the reduced sample showed less than 2 vol.% porosity 
(the bright regions in Fig. 9 (b) are mostly Ni particles 
plus some ZrO, while the matrix is r-Al,O,). Similar 
results were seen in samples with different amounts of 
initial porosity. This indicates that flaw healing in the 
form of a decrease in the amount of porosity may be 
occurring during reduction probably due to the in situ 
hot isostatic pressing of the unreduced portion of 
spinel. Another possibility exists, however, where the 
pore size may have decreased to a dimension small 
enough to prevent observation by SEM. This behavior 
may have also been accompanied by smearing (or plas- 
tic deformation) of Ni metal particles that would fill the 
nearby pores and lead to an apparently smaller amount 
of porosity on the SEM. A decrease in the size of the 
pores, if that is happening, would indicate the occur- 
rence of flaw transformation instead of flaw healing. To 
clarify this issue a more accurate method of determin- 
ing the final porosity in reduced samples was needed 
and the ASTM standard density measurements de- 
scribed in the next section provided that capability. 

3.3. Density, volume chnge md n’eight loss 
n~eflsusemen ts 

3.3.1. Densit}> memuremen ts 

3.3.1.1. Specirnens seduced at 1300°C. The results for 
unreduced samples and those reduced at 1300°C for 6 
and 24 h at an oxygen activity of cl0 = lo-l2 (using a 
mixture of 96% CO + 4% CO, dilut;d in 90% N1) are 
presented in Table 1 (samples are sorted with respect to 
initial, i.e. before-reduction, total porosity). All samples 
shown in Table 1 consisted of Ni + a-Al,O, after reduc- 
tion with no remnant ‘defect spinel’ in the matrix. Fig. 
10 plots the sample number versus final, i.e. after-reduc- 
tion, total porosity together with the corresponding 
volume change data (discussed in Section 3.3.2). The 
measurements were repeated several times on selected 
samples to check the reproducibility. In all cases the 
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Line Trace Across Reduction Front 

distance afong trace (pm) 

Fig. 5. Chemical composition of phases across the reduction front and along the line in Fig. 4. 

variability was less than l’/ol in bulk density values, less 
than 10% in total and open porosity and on the order 
of 20-25% in closed porosity. Thus the density mea- 
surements can be considered reproducible (within 
known experimental errors) for the pellet size employed 
in this study, The results can be summarized as follows 
(Table 1 and Fig. 10): 
1. Total porosity after reduction varied between 13-24 

vol.%. Most of this was open porosity (between 
12-23 vol.%, except for # 3 which had about equal 
amounts of open and closed porosity). Closed 
porosity was 0.4-3 vol.% and nearly constant in all 
samples. 

2. Final total porosity generally increased with initial 
total porosity (for a fixed reduction time). However, 
the difference between the two values actually de- 
creased with sample number or initial total porosity 
(Fig. 10). 

3. There was less variability in average final porosity 
compared to that in the initial one (Table I). 

4. Longer reduction times led to a denser specimen. 

’ Distinction will be made from this point on between ‘9” (of a 
number) and ‘vol.‘%’ (e.g. porosity) 

Our SEM observations had presented a question 
about the reason for the apparent decrease in the 
observed porosity after reduction (Section 3.2). The 
data in Table 1 clearly proves that the amount of 
porosity actually increases during reduction leaving 
only the flaw transformation (in the form of a decrease 
in the average pore size) as the most probable explana- 
tion of the apparent decrease. Our SEM (Fig. 9 (a), 
where pores about several pm in size are seen) and 
TEM (Fig. 7) observations support this hypothesis. In 
Fig. 7, many pores (less than 2 pm) are associated with 
the large Ni particles located at grain boundaries. These 
pores are apparently interconnected and have access to 
the sample surface as can be judged by the large 
amount of open porosity in Table 1. However, there are 
also much smaller pores inside the alumina grains (Fig. 
II). The smaII pores are mostly isolated and enclosed 
by the alumina matrix, i.e. they constitute the closed 
porosity in Table 1. 

Fig. 12 (a) is another bright field image of these small 
pores. Fig. 12 (b) shows a thickness map of the same 
region obtained by normalizing the energy-filtered im- 
age recorded at the plasmon energy loss of 26 eV by the 
zero loss image. The pores appear dark in the thickness 
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map consistent with the fact that these are regions of 
lower thickness. The image formed using electrons un- 
dergoing an energy loss of 8 eV shows uniform intensity 
suggesting that the pores do not contain any detectable 
amount of Oz. This observation was supported by 
weight loss data (Section 3.3.3). 

3.3.1.2. Specimens ~c(lr~e~ nt 1100°C. The results for 
samples (all with 2.5 wt.% ZrO, doping) reduced at 
1100°C for 24-36 h in a 10% CO + 90% N, gas mixture 
(which is calculated to give an approximate oxygen 
activity of 10 - “) are presented in Table 2. Note that 
due to lack of information about the exact value of the 
theoretical density of ‘defect spinel’, two different types 
of closed and total porosity values are shown in this 
table: The first set is calculated assuming that all the 
spine1 is reduced to Ni and r-A&O,--similar to the 
case of 1300°C reductions. The second set is calculated 
assuming that all of the matrix is 0-Al,O, with a 
crystallographic density of 3.62 g cm - 3 [14,16,17]. The 
negative closed porosity values obtained by the latter 
calculation indicate that the matrix has a higher theo- 
retical density on average than that of O-A&O, alone. 
Indeed, it was observed (Fig. 3) that though 0-Al,O, 
was the major phase in the matrix, there were also some 
additional unidentified peaks which point to the pres- 
ence of other phases such as NiAl,,O,,. Therefore, the 
average theoretical density of the matrix is considered 
to be between that of O-A&O, and a-Al,O,. 

Fig. 6. A typical region from the Ni + ‘defect spinel’ intermediate 
layer in the same sample shown in Fig. 4. The dark particles are Ni, 
the gray regions belong to the matrix and the white areas are pores. 

Fig. 7. Equilibrium microstructure in the sample shown in Fig. 4. The 
dark particles are Ni. the gray is the r-A&O, matrix and the porosity 
is bright. 

In sum, the total porosity values after reduction are 
slightly smaller than those obtained at 1300°C reduc- 
tions (14-23 vol.O/o). Again, most of this is open poros- 
ity (14-16 vol.%). Examination of Table 2 also shows 
that upon reduction there is a large increase in the 
amount of open porosity (about five times) as well as 
total porosity (about three to four times). Most of the 
new porosity generated is open. 

3.3.2. Voltme change measwenzents 
Table 1 also exhibits the volume shrinkage data 

obtained from the same samples reduced at 1300°C 
used for the density measurements. The volume shrink- 
age was between 3.2 and KS%, with an average value of 
5.8%, a value much smaller than the theoretical 17.6%. 

Since the volume shrinkage is always below the theo- 
retical value, new open volume inside the sample must 
be created. In other words, the amount of total porosity 
should increase after reduction, which is exactly what 
was observed. In order to see how consistent the poros- 
ity and volume change data are and to obtain another 
independent check of all density and volume change 
measurements, a simple calculation is proposed: The 
total amount of porosity in a reduced sample 
@L3l)sxpscted> should be equal to the initial total poros- 
ity (Ptutal)init,al plus that is generated by the introduction 
of new, denser phases (i.e. the theoretical volume shrin- 
kage [A Vthrorsticad minus the amount of volume shrink- 
age experimentally observed that will decrease the 
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porosity [A bbscrved 1. This calculation is shown in the 
equation below: 

(~to*aJexpected = (f’zotdinmal + A ~ttmxrtical- A I/observed 
(2) 

The results of this calculation as well as the data used 
are shown in Table 1. For example, for sample # 10. 
the calculation would be as follows: 

LalLpccted = 8.3 + 91.7 x 0.173 - 3.3 = 20.9 vol.% 

where 0.173 is the theoretical volume shrinkage for a 
sample with 5 wt.“/o ZrO,. 

It is observed that the errors between the calculated 
and measured total porosity amounts are small (10% or 
less) and well within the experimental limits. Therefore, 
this calculation lends validity to the measurements and 
con&rms the fact that the reduced samples are quite 
porous. Another interesting observation from Table 1 
(and Fig. 10) is that the measured volume shrinkage 
increased with the initial porosity in spine1 (for a fixed 
reduction time). 

I 10 pm 

Fig. 8. Scanning electron micrographs which illustrate the effect of 
mechanical polishing artifacts on the apparent amount of porosity in 
a spine1 specimen. (a) Incorrect polishing procedure described in text. 
(b) Improved polishing procedure which minimized grain pull-out. 

Fig. 9. Scanning electron micrographs of the specimen in Fig. 8: (a) 
before and (b) after reduction. 

The average volume shrinkage measured on five sam- 
ples reduced at 1100°C for 24-36 h with no2 = lo- ‘6 
(10% CO + 90% N2), was 2.1% which is smaller than 
the average of 5.8% observed from specimens reduced 
at 1300°C. As mentioned earlier (see Fig. 3), the low 
temperature reduction leads to the formation of a 
metastable alumina phase. O-A&O,. The &A&O, to 
a-A&O, transformation is calculated to involve a theo- 
retical volume shrinkage of 10.2%. However, the reduc- 
tion of spine1 to O-Al,O, does not involve a large 
volume shrinkage (as suggested by other researchers) 
[l&17]. The smaller shrinkage observed at 1100°C and 
the larger shrinkage measured at 1300°C may be due to 
the different volume changes associated with formation 
of O-Al,O, and x-A&O,. 
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Porosity and volume change data for reduction at 1300°C 

Sample number Initial total porosity (vol.‘%) Volume change 
(open. closed) (AL’/L’/, (94,) 

Predicted final 
total porosity 

Measured final total porosity (vol.‘%) 
(open, closed) 

1” 1.7 (0.4, 1.3) -5.0 14.0 14.4 (14.1. 0.4) 
2” 1.9 (0.5, 1.4) -5.2 14.0 14.8 (13.7, 1.2) 
3” 2.3 (0.8, 1.5) -7.1 12.4 12.8 (6.7, 7.1) 
4” 3.4 (0.6, 2.8) -5.6 13.9 15.6 (14.8, 0.9) 
5” 3.5’ -8.3 Lx.2 13.5 (11.5, 1.2) 
6” 4.5’ - 8.8 12.5 13.8 (11.6, 2.6) 

7b 6.1 (4.0, 2.1) -3.2 19.5 20.4 (19.8, 0.5) 
8b 6.2 (2.7. 3.5) -3.8 18.6 19.3 (18.2, 1.1) 
9b 6.4 (4.4, 2.0) -3.5 19.1 19.6 (18.5, 1.1) 

10h 8.3 (7.1, 1.2) -3.3 20.9 19.6 (18.3, 1.3) 
lib 8.8 (7.7, 1.1) -5.1 19.8 21.7 (20.2, 1.6) 
12b 11.2 (11.1, 0.1) -6.8 19.8 21.2 (20.2, 1.0) 
13b 11.4 (11.2, 0.2) -6.8 19.9 219 (21.0, 0.9) 
14b 12.0 (12.0, 0) -6.8 20.4 22.0 (21.1, 0.8) 
15b 13.6 (12.9, 0.7) -7.3 21.3 24.4 (23.3, 1.1) 

Average 6.8 * 3.8 -5.8 17.3 18.3 & 3.7 
(open, closed) - (i 1.8) ( i. 3.3) (16.9, 1.5) 

a Reduced for 24 h; b Reduced for 6 h. 
’ Initial porosity was determined by measuring weight and external volume, not by using the ASTM method. 

The average weight loss obtained in samples reduced 
at 1300°C for 24 h was 8.8% ( 2 0.16) while it was 
8.5% ( f 0.13) for those reduced for 6 h. The low 
temperature reduction yielded an average weight loss of 
8.4% ( 2 0.07). All of those values are quite close to the 
theoretical value of 9.1% IlO]. The small difference 
between the theoretical and experimental weight losses 
may be due to the nonstoichiometry of the initial spine1 
which was almost always slightly Ni-poor. It is also 
possible that with longer reductions at high tempera- 
ture, more oxygen was released to the atmosphere. In 
any case, however, the reduction nearly reached com- 
pletion and almost all the oxygen produced in the 
reaction (Eq. (1)) was released. The STEM observation 
illustrated in Fig. 12 also supports this conclusion since 
no oxygen was found inside the small pores. 

3.4. Mechmicnl properties 

It is well known that the Young’s modulus, E, of an 
elastic material is highly sensitive to porosity. The 
following empirical relation between E at a porosity 
level P and the fully dense material’s modulus, E,,, is 
found to be valid for most ceramics [20]: 

E= &.(I - p)2pl+ 1 (3) 

where, P is the volume fraction of porosity and iz is the 
empirical constant ( = 1 for most ceramics). 

Fig. 13 plots this equation with E,, calculated to be 
340 GPa as the lower Hashin-Shtrikman bound [21] in 
a 20 vol.% Ni-reinforced r-Al,O, composite (the 

Young’s moduli for Ni and r-Al,O, are 200 and 390 
GPa, respectively). The lower Hashin-Shtrikman bound 
was chosen because it is usually a good estimate for the 
Young’s modulus of a metal-reinforced ceramic matrix 
composite. A reasonably good fit between data and Eq. 
(3) is obtained in Fig. 13 at low porosity values; how- 
ever, there is a deviation in the high porosity region. 
The dotted line shown in Fig. 13 is a fit to the data and 
is given by: 

E (GPa) = 376. (1 - P)3.85 (4) 

The small discrepancy between Eqs. (3) and (4) should 
be expected. since the validity of the constant n being 1 
for metal-ceramic composites is not well established. 
Nevertheless, however, the Young’s moduli of the re- 
duced composites are greatly degraded by the porosity. 

3.5. Generation of stresses due to the colme change 

The preceding sections presented observations of the 
microstructure evolution during reduction which was 
presumed to be strongly influenced by the residual 
stresses generated due to the volume shrinkage. From 
these results, it can be seen that the system undertakes 
drastic steps (generation of porosity, formation of 
metastable phases, etc.) to relax these stresses. A natu- 
ral question to ask at this point is whether all of these 
stresses are fully relaxed. Fig. 14 illustrates a model 
specimen geometry which is currently being investigated 
to determine the residual stress states of its compo- 
nents. This sample geometry was chosen to explore the 
possibility of manipulating the unrelaxed residual 
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Fig, 11. Bright field scanning transmission electron micrograph of a 
specimen with 2.5 wt.% 770, and reduced at 1300°C for 4 h at an 
oxygen activity of IO- ‘* showing pores (bright) within an Z-A&O, 
grain. 

stresses to place a ceramic component in a compressive 
stress state, i.e. to ‘temper’ it. Details are given in a 
future paper; here, only a brief discussion will be pre- 
sented. 

Table 3 summarizes the preliminary stress measure- 
ment results and finite element (FE) calculation predic- 
tions. The FE calculations assumed elastic 
deformations and no stress relaxation; therefore, they 
represent an upper bound for stresses/strains (unpub- 
lished). All the stress and strain values shown are in the 
plane of the middle alumina disk’s surface (i.er along 
radial or hoop directions) in Fig. 14. 

The coefficient of themlal expansion (CTE) mis- 
match between the two components in this sample (the 
ring and the alumina disk) will also result in residual 
stress buildup in the disk. Therefore, a separate FE 
prediction for such residual stresses is included in Table 
3. For specimen A, the Ni + a-A&O, reduced com- 
posite is estimated to have an average CTE of 9.6 x 
10P6 K- ’ (unpublished), whereas for the middle 
a-Al,O, disk this value is 8.3 x 10VG K-‘. In this case, 
cooling from the reduction temperature will lead to a 
larger contraction in the composite ring compared to 
that in the alumina disk resulting in a compressive 
in-plane residual stress in the latter. On the other hand, 
for reduction conditions when only the ‘defect spinel’ is 
present in the matrix (as in specimen B), the average 
CTE of the composite is predicted to be smaller than 
that of ol-Al,O, (k 5.0 x 10m6 K- ‘) (unpublished). 
The CTE mismatch in this case results in a tensile 

in-plane stress in the alumina disk. Specimen C in Table 
3 underwent a different heat treatment procedure: It 
was first reduced at 1100°C to obtain the Ni + B-Al,O, 
microstructure. It was then held at 1250°C to transform 
some of the @-A&O3 in the matrix to x-A1,03. XRD 
measurements showed that 35% of the matrix is still 
B-A&O3 [7]. The CTE of the reduced composite in this 
specimen was calculated to be the volume-weighed av- 
erage of those in the other two specimens (h 8.0 x 10e6 
K) 171. A further complication in all these predictions 

Fig. 12. (a) Bright field and (b) normalized plasmon loss energy- 
filtered images of a region from the same sample shown in Fig. 11 
recorded in the STEM. The voids appear dark in the plasmon loss 
image, which is a thickness map with the thicker regions appearing 
bright. 

(W 
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Table 2 
Porosity data for reduction at 1100°C 

Sample number 

91 

92 

93 

94 

95 

Average 

Open porosity (vol.‘%,) Closed porosity (vol.‘XI) Total porosity (vol.‘!h) 

Unreduced Reduced Unreduced Reduced Unreduced Reduced 

1.6 13.8 2.5 6.1” 4.1 19.9” 
-0.3” - 13.5b 

3.0 16.8 3.8 6.1” 6.7 22.8” 
-O.lb 16.Tb 

2.5 15.2 2.5 5.0  ̂ 5.0 20.1” 
-I.@ 13.Sb 

4.7 15.8 1.8 5.0” 6.5 20.8” 
- 1.3b 14.5b 

4.2 16.2 1.0 4.4” 5.2 20.7” 
- 1.P 14.4b 

3.2& 1.1 15.6 & 1.0 2.3 i 0.9 5.3 & 0.7” 5.5 * 1.0 30.9” ( + 1.0) 
-0.98b ( 2 0.66) 14.6” (i 1.1) 

__-----. . 
* Calculated assuming matrix is 80 vol.% x-Al,O,. 
b Calculated assuming matrix is 80 vol.‘% O-Al,O,. 

is the effect of porosity on the CTE of the reduced 
composite. Work is in progress to investigate this issue 
as well as to experimentally determine all CTE values 
using dilatometry. 

The preliminary X-ray and neutron diffraction data 
in Table 3 suggest that the majority of the residual 
stresses due to the volume change is relaxed. None of 
the specimens exhibited a large compressive in-plane 
stress in the alumina disk. The observation of a small 
tensile stress in specimen C clearly indicates that the 
volume change was not as effective and that most of the 
stresses due to that effect are relaxed. However, speci- 
men 3 shows a small compressive stress in the alumina 
disk which, when compared to FE predictions, suggests 
that the volume change due to reduction is counteract- 
ing the CTE-mismatch effect. Work is in progress to 
confirm the above data and correlate it with FE predic- 
tions [7], At this stage, our principal conclusion is that, 
for the reduction conditions applied to samples men- 
tioned here, most of the volume-change-induced resid- 
ual stresses appear to be relaxed at the reduction 
temperature. 

4. Discussion 

The XRD and neutron results clearly showed that 
the stresses predicted by FE alone were not present in 
the test specimens. However since the FE calculations 
only describe the elastic deformations and assume cer- 
tain values for CTE and shrinkage, they do not incor- 
porate any microstructrural relaxation effects. 

The premise for using a partial reduction to ‘temper’ 
a ceramic relies on the volume shrinkage associated 
with the reaction. Assuming a compacted spine1 cylin- 
der in which the reaction proceeds from the surface, the 

volume shrinkage (for NiAl,O, it is theoretically 17.6%) 
will compress the interior. In the absence of any relax- 
ation mechanisms, if the reduction is stopped prior to 
completion when the reduced composite surrounds an 
unreduced spine1 core, the reduced region will experi- 
ence a hoop tensile strain, whereas the interior will 
experience an approximately hydrostatic compressive 
strain. The associated residual stresses can rapidly ap- 
proach GPa in simple geometries. However the poten- 
tial for developing these residual stresses depends on 
the ability of the material to avoid stress buildup by 
creep, plastic deformation or cracking. Accordingly the 
coupling between residual stress and microstructure 
development is subtle and complicated. 

One complicating feature in predicting the shrinkage 
and stress development is that the reduction can un- 
dergo an intermediate state prior to completion. For 
reductions performed at low temperatures (1100°C) the 
reduction products include metastdble phases that 
evolve prior to the formation of the equilibrium c1- 
A&O, matrix. These are called ‘defect spinel’ and con- 
sist of Ni-poor phases with complex crystal structures. 
Some (e.g. NiAl,,O,,) have a large number of twin 
variants that can reduce the strain energy [lS]. The 
major phase in ‘defect spinel’ appears to be the 
metastable monoclinic (nearly cubic) B-Al,O,. This 
phase is often obtained when a cubic oxygen sublattice 
(for example, in Y-Al,O, which has a spine1 structure) is 
transformed into a hexagonal one (in x-Al,O,) 
[14,16,17]. The significance of this intermediate reduc- 
tion stage is that there is little volume change associated 
with the formation of B-A1203; whereas the 0 to x- 
transformation involves the desired shrinkage Cl 6,171. 
Accordingly, the reduction reaction can be more accu- 
rately represented by: 
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Fig. 13. Comparison of experimentally determined Young’s moduli of Ni-alumina composites obtained by reduction at 1300°C to Ey. (3) with 
u = 1 (solid line). 

NiAl,O, * Ni + ‘defect spinel’ (O-AlzO,) 

a Ni + a-Al,O, (5) 

At the intermediate step Ni is precipitated to form 
almost pure metallic Ni particles while TEM suggests 
that the matrix undergoes complex twinning, pre- 
sumably to relieve stress buildup. 

Another microstructural variable implicit in the re- 
duction that should be considered in the context of 
stress development is porosity. During the reduction of 
the outer region the interior unreduced portion effec- 
tively experiences an in situ hot isostatic pressing. The 
pressure may collapse the porosity present in spine1 and 
lead to densification as supported by a comparison of 
Figs. 7 and 9. Pores of diameter 5-10 urn prior to 
reduction (Fig. 9) are replaced by smaller ones with 
diameters less than 2 urn (Fig. 7) at alumina grain 
boundaries and even smaller ones with diameters of 
20-250 nm inside alumina grains (Fig. 11). Since the 
volume shrinkage is larger for specimens with a larger 
starting porosity (Fig. 10 and Table 1) this suggests that 
it is easier to compress (and densify) a porous sample. 
A supporting evidence is the fact that the difference 
between final and initial porosity decreases with the 
initial porosity increase (Fig. 10). However, we have 
insufficient data at this time to infer the impact on 
stress development. 

Another feature linked to the porosity is that a 
porous sample can be reduced faster. Since sintering is 
expected to follow the reduction (provided that the 
sample is held long enough at the reduction tempera- 
ture), a porous specimen will have more time to sinter 

than its dense counterpart, assuming that both are fully 
reduced. It is likely that sintering is occurring in our 
specimens Samples with similar initial porosity values 
(e.g. # 6 and 7 in Table 1) show markedly different 
final porosities due to the difference in reduction times. 
Moreover, doping with TiO, (which acts as a sintering 
agent for alumina) drastically increased the shrinkage 
and reduced the final porosity for a given time [5]. One 
experiment that can determine whether in situ hot 
isostatic pressing occurs is in situ neutron diffraction 
that can monitor phase and strain evolution during 
reduction. We are currently engaged in a study to 
perform such an experiment using a controlled atmo- 
sphere furnace [22]. 

It must also be noted that the density measurements 
clearly show that the total amount of porosity actually 
increases during reduction. So the simple concept that 
the volume change due to reduction generates large 
stresses which can heal flaws is not correct. Instead, a 
more complex behavior is seen, where large-diameter 
pores are removed and replaced by a much larger 
volume fraction of small-diameter pores. This can be 
thought of as flaw transformation, not flaw healing. 
More work is needed to obtain quantitative data about 
the change in the average size of pores during reduc- 
tion. 

Unfortunately a calculation that predicts the dens& 
cation of the unreduced spine1 together with porosity 
growth in the reduced layer- driven by the reaction 
self-stress due to the volume change is not currently 
possible due to lack of data concerning either the high 
temperature mechanical properties (creep and plastic 
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Fig. 14. Model specimen which illustrates how a volume decrease in the outer spine1 ring can generate compressive stresses in the inner x-AlzO, 
disk. Actual specimens have an overall diameter of 10 mm and thickness z 2-5 mm. The middle alumina cylinder has 4 mm diameter. The 
predicted in-plane stress state after reduction in each component is also shown. 

deformation) or the diffusivities of the various spe- 5. Conclusions 
ties that determine the reaction rate. 

The overall result of all the possible stress relax- 
ation mechanisms mentioned above appears to be 
that the majority of the volume-change-induced 
residual stresses are relieved during reduction for cer- 
tain reduction conditions. However, it may be pos- 
sible to develop processing routes to reduce stress 
relaxation as was shown for specimen B in Table 3. 
Our goal is then to manipulate these residual stres- 
ses to ‘temper’ ceramics for improved fracture resis- 
tance. 

(1) The reduction of NiAl,O, to Ni + ‘Al,O,’ in- 
volves a volume shrinkage that can generate residual 
stresses. 

(2) An intermediate step is observed during partial 
reduction where metastable phases form, presumably 
to relax the residual stresses. 

(3) There is an increase in the amount of porosity 
present in specimens after reduction, leading to a 
smaller observed volume change, likely to minimize 
the build-up of residual stresses. 

Table 3 
Summary of residual stress measurements 

Method Specimen A Specimen B 
Reduced at 1300°C Reduced at 1100°C 

Specimen C 
Reduced at 1100°C; 
heat treated at 1250°C 

Finite Element Prediction (on the surface a x -100 !vfpd (CTE)’ g z +280 MPa (CTE) d z + 125 MPa (CTE) 
of the center of alumina disk) d z - 1200 h&‘d (AV+CTE)b G z -270 MPa (A.+ CTE)b u z -660 MPa (Ar’t CTE)b 

X-ray Diffraction (on the surface of the 6~ -130 MPa (&-SO) c KZ -72 MPa ( + 50) g-+25 MPa (i50) 
center of alumina disk) 

Neutron Diffraction (volume average of g z - 103 MPa“’ (i 40) 0% +37 MPa (i40)d - 
alumina disk) 

’ Due to the CTE mismatch between the reduced composite ring and the alumina disk (Fig. 14) 
b Due to the combined effects of volume shrinkage during reduction and the CTE mismatch between the two regions in Fig. 14. 
c This value should be viewed with caution since there were two z-A&O, phases under different stress states: One in the disk; the other in the 
reduced ring. The whole sample contributed lo the same diffraction pattern: therefore, no discrimination between the two phases was possible. A 
new measurement will be performed with a collimated neutron beam to distinguish between these phases. 
d Stresses were calculated from the Hooke’s iaw for isotropic elasticity using the experimentally determined strains. 
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(4) Flaw healing in the form of a decrease in porosity 
by the in situ hot isostatic pressing of the unreduced 
portion of spine1 does not occur, since there is an 
increase in total porosity after reduction. The average 
pore size appears to decrease during reduction pointing 
to the possibility of flaw transformation. In situ neu- 
tron diffraction experiments to monitor phase and 
residual stress evolution during reduction should clarify 
whether or not in situ hot isostatic pressing occurs. 

(5) The majority of the residual stresses due to the 
volume shrinkage during partial reduction are relaxed. 
There are other processing routes which yield less relax- 
ation and allow the generation of residual stresses that 
can be used to ‘temper’ ceramics. 
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