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MORPHOLOGY OF NICKEL ALUMINATE SPINEL (NiAl204) FORMED
IN THE Al203-Ni COMPOSITE SYSTEM SINTERED IN AIR

The aim of this paper was to characterize the microstructure, especially the morphology of NiAl,O4 spinel phase in
AL O3-Ni composite system. The composites were prepared from the powder mixture contains: 90 vol. % of AlL,O; and
10 vol. % of nickel powder. Two series of samples were prepared: Series I with addition of nickel powder of average particle
size 8.5 pm and Series II with addition of nickel powder of average particle size 1.5 pm. The presence of the spinel phase in
composites was confirmed by both X-ray phase analysis and SEM observations. All tested samples were characterized by
homogeneous distribution of NiALOs phase in the whole volume of the material. The spinel has on oval shape with
characteristic void inside. Two areas of spinel phase were identificated. The inner part is compact and consisted of large
grains of spinel. In contrast, the outer part is porous and consisted of smaller grains of spinel. In aim to describe the spinel
morphology the stereological analysis was done. Results showed that there is no evident influence of Ni initial grain powder
size on the spinel formation and morphology. Formation of the spinel retarded the densification of the composites of Al,O;-Ni
system.
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MORFOLOGIA SPINELU (NiAl,04) W KOMPOZYTACH Z UKLADU Al203-Ni SPIEKANYCH W POWIETRZU

Celem niniejszej pracy byla charakterystyka mikrostruktury, w szczegélnosci morfologii fazy spinelowej NiALO4
w kompozytach z ukladu ALOs-Ni. Wykonano dwie serie prébek réznigcych si¢ miedzy soba Srednia wielkoScia wyjsciowo
zastosowanych czastek proszku niklu. Do przygotowania Serii I wykorzystano nikiel o $redniej wielkoSci czastek 8,5 pm,
natomiast w II Serii uzyto czastek o Sredniej wielkos$ci 1,5 pm. Na podstawie obserwacji SEM stwierdzono obecno$¢ fazy
spinelowej w kazdej z badanych serii, potwierdzily to rowniez wyniki rentgenowskiej analizy fazowej badanych kompozytéw.
Wszystkie badane spieki cechowaly si¢ jednorodnym rozmieszczeniem fazy NiAl,Os w calej objetosci kompozytu. Faza
spinelowa posiada owalny ksztalt z pustka w Srodku. Wyrézni¢ mozna dwa obszary. Wewnetrzny obszar spinelu jest zwarty
i sklada si¢ z duzych ziaren spinelu. Przeciwnie, zewnetrzny obszar jest porowaty i zlozony z drobniejszych ziaren spinelu. Do
opisu morfologii spinelu zostala uzyta analiza stereologiczna. Na podstawie tej analizy stwierdzono, Zze rozmiar uzytego
proszku Ni nie wplywa na formowanie i morfologi¢ wytworzonego spinelu. Ponadto stwierdzono, ze obecnos$¢ fazy spinelowej
utrudnia zageszczenie kompozytu.

Stowa kluczowe: faza spinelowa NiAL Oy, SEM, analiza stereologiczna, rentgenowska analiza

INTRODUCTION

The intensive development of techniques and tech-
nologies in recent years, lead to the increasing require-
ments for the ceramic composites. These materials
should be characterized by respective mechanical
properties such as high hardness, high fracture tough-
ness and various functional features.

In order to improve mechanical properties of
ceramic composites evenly dispersed second phase such
as metal or ceramic are introduced to a ceramic matrix.
The incorporation of the ductile metal particles could
enhance the facture toughness with respect to a ceramic
matrix.

In some ceramic-metal composites systems, during
the processing the new phase can appeared, including

spinels. In the case of Al,O3;-Ni system the NiAl,O4
spinel can occurred. These composites are characterized
by high fracture toughness [1]. Furthermore, the micro-
structural stability at high temperature for ceramics is
essential for high temperature applications [2]. As
reported by references alumina matrix composite with
NiAlOy spinel phase has been used as a dehydrogena-
tion of n-hexanol, CO reduction by propane, a catalyst
for the decomposition of methane and preparation of
polymethylbenzenes [3]. This type of composites with
the spinel phase have been intensively investigated at
the Department of Materials Science and Engineering,
Warsaw University of Technology [1, 4-8]. These com-
posites are testing due to the analyze of spinel phase
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formation as well as its influence on hardness and crack
propagation. Especially, the correlation of process
parameters on the spinel formation, its morphology and
properties of composites has not been understood yet.
Because of that, the microstructure of the of alumina
matrix composite with NiAl,O4 spinel phase was
characterized in the presented work. Moreover, two
initial Ni-powders with different size of powder were
used. The special attention was concentrated on
description of the NiAl,O4 spinel phase morphology.
To obtain in composites the spinel phase the sintering
of green bodies was carried out in air. Scanning
electron microscopy observation (SEM) as well as the
quantitative analysis of spinel by using stereological
methods were performed.

MATERIALS AND METHODS

In the experiment, the following powders were used:
0-Al,O; TM-DAR Company (Japan) (with an average
particle size of 133 +30 nm and a density of 3.96 g/cm’
[9]), and two types of nickel powders produced by
Sigma Aldrich differ in average particle size. The pow-
ders were characterized by an average particle size
8.5 um (mark further as A) and 1.5 pm (mark further as
B) respectively. In Figure 1 SEM images of the starting
powders are presented.

a)

b)

Fig. 1. SEM images of morphology of starting powders: a) a-ALO;
powder, b) the nickel powder A, c) the nickel powder B

Rys. 1. Wyjéciowe proszki: a) proszek o-ALOs, b) proszek niklu A,
c) proszek niklu B

The composites were prepared from the powder
mixture contains: 89.6 vol. % of Al,O3 and 10.4 vol.%
of nickel powder. Two series of samples were prepared:
Series 1 with addition of nickel powder A and Series 11
with addition of nickel powder B. Schematic of fabrica-
tion of Al,03-NiAl,O4 composites is shown in Figure 2.
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Fig. 2. Schema of the fabrication of Al,O;-NiAl,O, composites
Rys. 2. Schemat wytwarzania kompozytéw AL, Os z faza NiALO,

X-ray phase analysis was performed by a Rigaku
MiniFlex X-ray diffractometer II. Two analyses were
done at the surface and at the cross section of samples
(Fig. 3).

The density and open porosity of the composites
were determined by Archimedes method according to
the PN-76/E-06307. Microstructure observation of the
longitudinal sections of samples (Fig. 3) were made
using a high resolution scanning electron microscope
Hitachi S-3500N. The longitudinal section were
prepared by cutting the samples along the axial direc-
tion with diamond saw. The polished longitudinal sec-
tion were prepared by grinding and polishing with
diamond paste 1 pm and 0.05 pm.

Quantitative description of the microstructure of the
composites was made on the basis of SEM images of
randomly selected areas on the longitudinal section
using computer image analysis equipped into the
program Micrometer [10]. Average values of shape

Composites Theory and Practice 14: 2 (2014) All rights reserved



108 J. Zygmuntowicz, A. Miazga, K. Konopka

parameters are used for quantitative description of pores
elongation (& = dma/d>), curvature of grain boundary
(R = p/(md,)) and convexity (W = p/pc) [11].

Fig. 3. Schema of sample for XRD and SEM tests with analyzed
longitudinal section

Rys. 3. Schemat probki do badan XRD i SEM z zaznaczonym badanym
przekrojem

RESULTS AND DISCUSSION

According to the literature, spinel phases as NiAl,O,4
formation depends on the atmosphere of sintering [12].
The possible phase composition in Al,O3-Ni system can
be as follows: A1203-Ni, A1203-Ni, NiAl204, A1203-
NiO, Al,O3; + NiAl,O4 + NiO + Ni and Al,O3-NiALOy.
Spinel NiAl,O, is formed in composites during sinter-
ing in an air atmosphere with a high oxygen partial
pressure. There was the reaction of Ni or Al from the
AlO; or oxygen from the gas phase according to the
equation [13, 14]:

ALO; + Ni + ~ 0, — NiALO,
2

The obtained composites (Series I and Series II) had
the intensive blue color after sintering, suggesting the
presence of the spinel phase. The results of X-ray phase
from the surfaces and the longitudinal sections of com-
posites confirmed the presence of two phases NiAl,O4
and Al,Os. Figure 4 presents an exemplary diffraction
pattern.
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Fig. 4. X-ray phase analysis from the central part of composite sample
(longitudinal section), phase ALO; and NiALL,O4

Rys. 4. Przyktadowy wynik rentgenowskiej analizy fazowej z centralnej
czgSci kompozytu
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It was found that the resulting diffraction patterns
for both Series I and Series 1l differ from each other
slightly in peaks offset. These shifts may be related to
the texture of produced spinels, where the crystallo-
graphic cell parameters are slightly different from those
of the literature data.

The SEM observation of microstructure showed
homogeneous structure in the volume of each sample.
Figure 5 presents an example of the microstructure of
composite samples. In both series, it was observed that
the spinel phase is characterized by an oval shape.

10.0kV 14.9mm x5.

Fig. 5. SEM images of microstructure ALO;-NiAlL,O4 composite:
a) Series I, b) Series II, ¢) Scanning Electron Micrograph of the
NiALO, spinel phase, d) Schema of the NiALO, spinel phase
morphology

Rys. 5. Obraz SEM mikrostruktury kompozytu ALO;-NiALOy: a) seria I,
b) seria II oraz c) obraz SEM mikrostruktury fazy spinelowej
NiALOs, d) schemat powstawania morfologii spinelowej NiALO4
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Moreover, the NiAl,O, present in these Series (I and
II) has characteristic voids. The shape of spinel area is
similar to a “doughnut” [4]. This form of the spinel
phase may result from the difference in the values of
the thermal expansion coefficient [4, 13]. According to
work [13] assuming that each Ni particle reacts to form
one NiAl,O, spinel particle, the size of the spinel phase
is about 6-fold increase in volume. As a consequence of
a volume expansion accompanied by the spinel forma-
tion, the particles are pushed out as the reaction is taken
place and the large voids existed (Fig. Sc, d) [2]. More-
over, the high values of spinel volume in composites
were noticed.

The volume fraction of the spinel phase at compos-
ites was determined by stereological method. Series I
had the higher value of the volume fraction (61.6%) of
the NiAl, O, spinel phase than Series II (54.8%). Stereo-
logical analysis of the voids existing inside the spinel
area are presented in Table 1. It was found that the
voids in both series of composites had the same shape
parameters whose values are close to unity. This means
that the voids in the both series have similar shape-
sphere. For the Series I the diameter (d>) of void is
a slightly larger than for Series 1. However, there is no
evident correlation between the initial size of Ni pow-
ders, and volume contribution of spinel and size of
voids inside them.

TABLE 1. Parameters describing shape coefficients of voids
present in the spinel areas
TABELA 1. Parametry okreslajace wspolczynniki
pustek wystepujacych w obszarach spinelu

ksztaltu

Initial size
Type of | of powder 2 voia a= R= W=
series da i [um] dma/dy | pl(vdy) | pipc
[wm]
SeriesT | 8.5+0.51 | 5.65+0.57 1.33 1.15 1.08
Series IT | 1.5+0.44 |4.29+0.24 1.33 1.16 1.07

Additionally, the study of spinel morphology
showed that spinel is consisted of two areas (Fig. 5).
The inner part of spinel area around the voids is com-
pact. Its width is equal to 1.45 +£0.16 um. In contrast,
the edges of the spinel phase structure were more
porous and less compact. This region of spinel has
a width equal to 2.98 +£0.12 pm. The grains of spinel in
inner part are bigger than in outer part. This means
according to the literature [15] that, during the process
of formation one equivalent of NiAl,O,4 on the Ni-side
or NiO-side of the original interface, two equivalents of
NiAl,O, are formed on the Al,Os-side. On the basis of
the Arrhenius relationship and on the data from work
[16, 17], the diffusion coefficients were calculated. In
the case of nickel particles the diffusion coefficient was
equal to 3.55:10"'cm’/s and for the alumina
8.31-10"" cm?/s. The estimated values of diffusion
coefficients were confirmed the idea that the intense
diffusion of Ni in the direction of Al,O3, was resulted in
a compact structure.

All samples were characterized by similar values of
apparent density (3.35+3.43 g/em’). Nonetheless, these
values are close to each other, and the difference be-
tween them is within the limits of type I error. Both
composites are highly porous. Open porosity for Series
I samples is equal to 12.62 +0.58, for Series II
16.42 +0.03. This results confirmed the fact that the
spinel formation in composites retard the process of
densification [18, 19].

SUMMARY AND CONCLUSIONS

Sintering in the air compacted mixture of Ni and
AlLO; powders leads to homogeneous distribution of
the NiALO4 spinel phase in ceramic matrix. In both
obtained composites with different initial size of Ni
powders the morphology of spinel and its size is
similar.

The quantitative description of spinel phase was an
useful tool to describe the morphology. The spinel has
on oval shape with characteristic voids. Two areas of
spinel phase are selected. The inner part is compact and
has a smaller width. In contrast, the outer part is porous,
consisted of smaller grains of spinel and makes larger
area.

Formation of the spinel retarded the densification of
the composites of Al,05-Ni system. There is no evident
influence of Ni initial grain powder size on the spinel
formation and morphology. The slightly higher value of
volume fraction of NiAl,O, was noticed.
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