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INVESTIGATION OF THE REDUCTION OF NiA1204 - I: NEUTRON 
DIFFRACTION STUDIES 

Ersan Ujstundag., Jay C. Hanan, Department of Materials Science, Keck Laboratory, 
California Institute of Technology, Pasadena, CA 91 125 

B. Clausen, M. A. M. Bourke, Manuel Lujan Jr. Neutron Scattering Center, Los Ala- 
mos National Laboratory, Los Alamos, NM 87545 

S. L. Sass and T. J. Barbieri, Department of Materials Science and Engineering, 
Cornell University, Ithaca, NY 14853 

ABSTRACT 

Zn-situ metal-ceramic composites consisting of Ni particles embedded in alumina ma- 
trices were obtained by the partial reduction of NiA1204. The volume shrinkage that 
accompanies the reduction reaction generates residual stresses. Neutron diffraction 
studies were performed for the first time at various temperatures to study the evolu- 
tion of phases in situ during reduction and to determine their stress state. It was de- 
termined that compressive stresses of several hundred MPa in magnitude can be gen- 
erated inside the unreduced part of spinel. It was also found that the stress generation 
is strongly influenced by material and processing variables such as reduction tem- 
perature and the initial density of spinel. The diffraction results were then compared 
to finite element calculations and a reasonable agreement was obtained. 

INTRODUCTION 

The partial reduction of the spinel oxide NiA1204 to a metal ceramic compos- 
ite of nickel and aluminum oxide has been extensively studied recently [l-51. The 
advantage of using this method to produce a composite derives from its inherent abil- 
ity to control microstructure by manipulating processing variables such as reduction 
temperature, time, initial oxide density, dopants and oxygen activity in the atmosphere 
which acts as the driving force. A critical issue that profoundly affects the micro- 
structure evolution during this reaction is the volume shrinkage that accompanies it. 
This volume change has been predicted to be about -18% theoretically (using the 
crystallographic densities of the phases involved) [3], but the measured values are 
between -2% and -14% [5]. The difference is compensated by porosity that forms 
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inside the aluminum oxide matrix [5]. The value of porosity is a strong function of 
initial spinel density, reduction temperature and time [5 ] .  

Another consequence of the volume change during reduction is that it gener- 
ates residual stresses due to the constraint imposed by the unreduced part of spinel. If 
not relaxed or controlled, these stresses can crack specimens and that was a recurring 
problem during the early stages of this study [1,2]. The solution to the cracking 
problem was the realization that it usually started at the original spinel grain bounda- 
ries; hence a finer initial spinel grain size required a higher strain energy to crack, 
therefore suppressing it [2]. One way to reduce spinel grain size was the incorpora- 
tion of zirconia as a dopant [2]. The cracking does prove, however, that strain energy 
is generated due to the volume change during reduction. 

The aim of this study was to follow the reduction in situ using neutron dif- 
fraction in a controlled atmosphere furnace built at Los Alamos in order to see how 
phases and strains evolve during reduction. This would help understand the stress 
generation and relaxation mechanisms and hence provide opportunity to better ma- 
nipulate the residual stresses. Neutron diffraction offers a unique advantage in this 
case since neutrons can penetrate much deeper into most materials than X-rays and 
hence allow in situ studies. 

EXPERIMENTAL, PROCEDURE 
The neutron powder diffractometer (NPD) in the Lujan Center at Los Alamos 

National Laboratory was utilized in this study. A special furnace was built for this 
project that had a retort tube made of amorphous silica (to reduce neutron absorption 
and avoid contribution to the diffraction pattern). The samples were placed inside the 
tube and were in contact with an alumina. The three specimens examined so far are 
listed in Table I and their geometry is shown in Fig. 1 together with the expected 
stress state during reduction. The spinel oxide was hot isostatically pressed (HIF’ed) 
into long cylinders in nickel cans. 

The experiment started by heating a spinel sample in nitrogen up to the re- 
duction temperature. In addition to several data acquisitions during heating a final 
data collection was performed at the reduction temperature. This allowed the deter- 
mination of the lattice constant of spinel before the reaction started and was later used 
as the “~train-free’~ reference to calculate strain evolution. 

The reduction reaction was initiated by introducing a CO/CO, mixture (diluted 
with N,) into the furnace. This mixture established a reducing atmosphere with oxy- 
gen partial pressures on the order of l oL2  to [3]. Subsequent data acquisition 
runs of 0.5 to 1 hr each were performed to monitor phase and strain evolution. 

The experimental details for the three specimens run so far are presented in 
Table I. In addition to the reduction temperature and time other data included are: 
the reduction atmosphere, the initial density of spinel (pinltia,) as determined by the 
measurement of dimensions (Archimedes’ principle measurements were also per- 



formed and the results were similar), the volume change during reduction (by com- 
paring initial and final volumes measured by a micrometer) and the volume fraction 
of spinel left in the specimen before the cooldown (fspinc,) determined by Rietveld 
analysis using the GSAS package from Los Alamos [6].  

20-45 mm 

- .1 
Figure 1. Geometry of NPD specimens. The dimensions indicate the volume sam- 
pled by neutrons. The stress state is due to the volume change during reduction. 

Table I: Zn-Situ-Reduced NPD Specimens and Experimental Details 

Specimens T Time Atm. Pinitial A V N  fspinel 
(%TD) (%) left(%) ("C) (hr) 

#1 -1140 32 10%COinN2 96.9 -0.4 78.6 

#3 -1220 17 1O%COinN2 87.6 -5.1 -0 

#5 -1220 42 10%COinN2 97.5 -2.9 27.3 

RESULTS 
Reaction Kinetics 

The phase evolution data revealed only Ni and a-Al,O, in addition to spinel 
while no 8-A1,0, was detected. This is surprising considering the fact that the latter 
phase would usually form during low temperature reductions [3]. However, it must 
be noted that the resolution of Rietveld refinement is about 2-3 wt.%, therefore, if 8- 
AI,O, is present, it is likely to be a thin layer at the reduction front [2,4]. In fact, a 
recent study indicates that pure spinel (similar to the one used in this case) is more 
likely to retain less 8-A1,0, than a zirconia-doped one [7]. Another important obser- 
vation on NPD data is that the alumina to nickel volume fraction is about 4 as it 
should as predicted by the phase diagram [8]. 



Volume fraction information can be used to determine the thickness of the 
reaction layer as shown in Fig. 2. It is seen there that the reduction temperature and 
the initial density of spinel are very potent parameters that influence the reaction ki- 
netics. The information presented in Fig. 2 is also useful in determining the rate 
controlling step of the reaction. A diffusion-controlled reaction will show a parabolic 
variation of reaction layer thickness vs. time, whereas interface-reaction-controlled 
kinetics are expected to be a linear function of time. The high time resolution of ki- 
netics data obtained by NPD allows such a calculation to be accurate. In fact, we have 
initiated a study to determine the rate controlling step in this reduction and prelimi- 
nary results suggest that both types of reaction kinetics are operative [9]. 

0 5 10 15 20 25 30 35 40 45 
Reduction Time (hours) 

Figure 2. Comparison of reaction kinetics for different processing conditions. 

Strain Evolution During Reduction 
Figs. 3-5 illustrate the evolution of strain in spinel and the reduced composite 

after preliminary Rietveld analyses. The strain in spinel was calculated using its lattice 
constant at the reduction temperature before the reduction was started. Disregarding 
any chemical effects in the course of the reaction (which are not observed in this sys- 
tem so far), this should be an appropriate reference. 



1 ’ 1500 
I ~ 

I i 1000 I 4 A { k U % A A  I 

1 
I I 

I 
m a a m  y. - 

j = .  1 0 .  5 * I 0.  ‘ 5  

I 
I 

O T 5  

0 9  

~ 

i 

I 5 0 0  I 12 

i z  

j o 041 - 

i .E 

I i -1000 

! 

A 

I 
1 

.Strain in spinel-#l 

u v e .  strain in composite ~ 

I I 

E -500 

’ 
I 

I i I ~ I ! 

I 

I -1500 

I A  
-2000 

Spinel volume fraction 

Figure 3. Strain evolution during the reduction of sample #1 (initial spinel density: 
97%; reduction temperature: 1 140OC). 
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Figure 4. Strain evolution during the reduction of sample #3 (initial spinel density: 
88%; reduction temperature: 122OOC). 

There was no such reference for Ni and a-Al,O,. The initial references for 
these phases were their lattice constants calculated from JCPDS and coefficient of 
thermal expansion (CTE) data in the literature. After an almost complete reduction 
was obtained in sample #3, however, a more refined method was adapted. The lattice 
constants of the two phases obtained from the last data collection run before cooling 
down the sample were taken as the “strain-free” references. This was justified by the 
fact that no detectable spinel was left in the sample at that point leading to the full re- 
laxation of all macrostrains due to the volume change during reduction. The differ- 
ence between the strains calculated by this method and that by the CTE data was 
found for both phases and was later used in sample #5 to “correct” its strain values. 



In these figures, the strain in the reduced composite was found from the rule of mix- 
tures assuming 20 vol.% Ni in an a-Al,O, matrix. 
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Figure 5. Strain evolution during the reduction of sample #5 (initial spinel density: 
97%; reduction temperature: 1220°C). 

Referring to Fig. 1, it is easy to visualize a pseudo-hydrostatic compressive 
strain state in spinel during reduction. The value of this strain is expected to increase 
as the reaction proceeds (assuming no relaxation). The strain (and stress) state in the 
reduced composite is not so straightforward to interpret. Looking along a plane per- 
pendicular to the axis of a sample, radial compression and hoop tension is predicted 
in this region (Fig. 1). However, since the whole specimen is sampled by the neutron 
beam, an appropriate averaging scheme is needed to see which one of these is more 
dominant. Finite element modeling was used for this purpose and the details are pre- 
sented in the next section. 

Finite Element Modeling 
An axisymmetric model with elastic deformations only was assumed (Fig. 6a). 

Calculations were made using ABAQUS (version 5.6) in the standard non-linear im- 
plicit mode. The reduced composite was modeled as a single phase with experimen- 
tally-determined elastic constants at room temperature. The strain evolution for 10% 
shrinkage is shown in Fig. 6b. Here the initial porosity in spinel was varied to study 
its effect. The porosity values were chosen to approach experimental data in Table I. 
It is seen that the porosity in spinel tremendously affects the evolution and maximum 
value of compressive strain in it. Since the Young’s modulus of spinel is a very 
strong function of porosity a highly porous spinel will have a low modulus. This in 
turn will reduce the constraint exerted by unreduced spinel on the reduction layer, 
hence affecting strain evolution during reduction. Comparing the finite element pre- 
dictions with Figs. 3-5 the following observations can be obtained for each sample: 
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Figure 6. Finite element model: (a) geometry; (b) strain predictions for the reduced 
composite (solid symbols) and unreduced spinel as a function of initial porosity in 
spinel. 

Sample # I :  No detectable compressive strain was built in spinel (Fig. 3). The 
measured strain values are within the detection limit of the NPD suggesting that al- 
most zero strain was generated due to the volume change during reduction. The 
variation of strain in the reduced composite is “flat” as well corroborating the be- 
havior in spinel. (The high variability, esp. in alumina at the beginning, can be attrib- 
uted to the difficulty of accurately fitting a diffraction profile to a phase of small 
amount.) The zero strain generation in spinel is also supported by the fact that the 
sample had cracked and broken into pieces during the reaction. The fracture surfaces 
of these pieces were also reduced and the reduction layer thickness there was similar 
to that around an uncracked region indicating that the cracking occurred early in the 
process. There were additional surface cracks on the sample that had not yet propa- 
gated fully. However, the specimen broke into several pieces during cutting and pol- 
ishing. 

Sample #3: There was a large compressive strain generated in this sample (Fig. 4). 
The maximum compressive strain value corresponds to a residual stress of about -300 
MPa. However, the behavior of the composite does not support that of spinel. The 
trend in the composite is opposite to what is expected (Fig. 6b). 

Sample #5: Almost negligible compressive strain was built in spinel, though there 
is a definite trend in strain evolution (Fig. 5). Again, the behavior of the composite is 
not what is expected. No conclusions can be reached at this moment before further 
microscopy and data analyses. 



Based on these preliminary results it can be concluded that compressive 
stresses of several hundred MPa can be generated during the reduction of Ni spinel. 
However, the stress evolution is highly sensitive to the initial porosity in spinel with 
more porous samples yielding higher compressive stresses. This observation is also 
supported by finite element calculations. Current work is aimed at completing the 
Rietveld analyses of the data as well as microstructural and chemical investigations of 
the cross sections of all specimens. The averaging scheme for the reduced composite 
(due to the opposite hoop and radial stress directions) is also being checked. Finally, 
the finite element model is being updated to include high temperature elastic con- 
stants of all phases and plastic deformation, e.g. creep. 

SUMMARY 

Neutron diffraction is a powerful method to investigate, in situ, the partial re- 
duction of nickel spinel. Depending on processing conditions such as initial spinel 
density and reduction temperature compressive stresses on the order of -300 MPa can 
be generated in spinel demonstrating the effect of the volume shrinkage during re- 
duction. 
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