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bstract

his paper reports on the possibility of obtaining 3D interpenetrating ceramic–metal composites by using an electroless chemical plating method.
lumina powder was coated with a homogenous Ni–P alloy layer to obtain Al2O3/Ni–P composites. The coated powders were consolidated via
ot pressing (HP) under high pressure at different temperatures below the melting point of the metal phase. High-resolution scanning electron
icroscope (HRSEM) and X-ray diffractometry (XRD) techniques were used to study the influence of the consolidation conditions (temperature

nd pressure) on the microstructure of the composites. The percolation of the interpenetrating phases was evaluated by computer-aided image
nalysis and electrical conductivity measurements. The results indicate that the use of electroless nickel plating allows for the fabrication of

niform 3D interpenetrating, continuous metal–ceramic composites. The metal phase fills the open pores and also interpenetrates the spaces
etween the ceramic grains. Depending on the consolidation conditions it is possible to obtain dense or porous materials with a promising metal
hase nanostructure.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Ceramic particles have been added to metals since the 1930s
n order to improve their mechanical properties. Additions
f ceramics to light metals, like aluminium and magnesium,
s designed to produce metal–matrix composites with higher
trength, stiffness, hardness, wear resistance and reduce the coef-
cient of thermal expansion. At the same time, ceramic–matrix
omposites with metal particles have been developed to improve
he mechanical and functional properties of ceramic materi-
ls, properties like brittleness, toughness, ferromagnetism and
ielectric constant. In both cases the one of the phases appears
n the form of particles and the other forms the matrix. The

roperties of these composites depend to a large degree on
he properties of the matrix, and the influence of the dispersed
hase is limited partly by proportionality to its volume frac-
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terpenetrating structure

ion. For this reason, during the past 10 years there has been
apid progress in developing a new kind of composites inter-
onnected phases. This new class of composites is called the
nterpenetrating phase composite. The microstructure of these

aterials is characterized by continuity of two or more phases,
nd the materials exhibit multifunctional macroscopic proper-
ies directly as a result of the specific properties of each phase.

The processing and properties of ceramic–metal composites
ith an interpenetrating microstructure have been reported in
number of papers.1–4 The frequently used processing tech-

ologies for such composites include: pressureless or pressure-
ssisted molten-metal infiltration of a porous ceramic pre-
orms,5 reactive metal infiltration6 and the displacement reac-
ion. Powder metallurgy has proved to be less efficient in this
ontext as frequently results in discontinuous or partially dis-
ontinuous distribution of phases.
In the present study an alternative method of fabricating
eramic–metal composites with an interpenetrating network
ased on electroless nickel plating and a powder-metallurgy
echnique is proposed. The Al2O3/Ni–P composites were pro-

mailto:jmichalski@inmat.pw.edu.pl
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uced by high-pressure (7 GPa) hot pressing of alumina powders
hat were homogenously coated with a thin nanometric layer of
i–P alloy in an autocatalytic chemical process. The microstruc-

ures of composites obtained in such a way were analysed in
erms of the continuity of the metal and alumina. For this pur-
ose, electrical conductivity measurements, computer image
nalyses and XRD were used. Simultaneously, the influence
f the high pressure at different sintering temperatures on the
orphology, phase structure and electrical conductivity were

nvestigated.

. Experimental

In this investigation �-alumina powder CT800SG (Alcoa
ndustrial Chemicals) with an average grain size of 2.5 �m and a
urity of 99.5% was used. The powder was initially ball milled in
planetary mill for 1 h in isopropanol to break up the agglom-

rates, then dried and sieved. The surface of the powder was
ensitized in a SnCl2·2H2O bath, centrifuged, washed in water
nd again centrifuged. In the next step the sensitized powder
as activated in a PdCl2·2H2O bath, centrifuged and washed in
ater. The zeta-potential was measured (with a ZeataPALS zeta-
otential analyser from Brookhaven Instruments Co.) after each
tep of the process and also after the initial milling. The particle
ize distribution was measured with a Cials 850 granulometer
fter the same processes.

The powder was plated with a Ni–P alloy in an electroless
ickel plating bath. The composition of the nickel plating bath
s listed in Table 1. The temperature of the nickel plating bath
as maintained at 60–70 ◦C and the pH at 9.
After drying, the plated powder was sintered at four tem-

eratures (room temperature, 600, 800 and 1000 ◦C), via a
ot-pressing method under a pressure of 7 GPa, in a special
oroidal die made from lithographic stone (calcium carbonate).7

he samples were fabricated in the form of cylinders 5 mm in
iameter and 5 mm high. The morphology of the coating and the
omposite microstructure after the consolidation were examined
ith a high-resolution scanning electron microscope (HRSEM)
ith a thermally assisted Schottky field emitter. Samples for
he microstructure observations were prepared via a mechanical
rinding and ion-milling technique. The amount of deposited
i–P alloy and the content of phosphorus were measured by
chemical method based on the spectral-photometric method

able 1
he composition of the sensitizing, activating and electroless nickel plating baths

eagent Concentration

ensitization
SnCl2·2H2O 10 g/L

ctivation
PdCl2·2H2O 1 g/L

lectroless nickel plating
NiSO4 0.1 mol/L
NaH2PO4 0.2 mol/L
NH2CH2COOH 0.2 mol/L
Buffer agents
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ith the use of molibdate blue. The theoretical density was
alculated by using the mixture law and the bulk densities of
he consolidated samples were measured using the Archimedes

ethod with de-ionized water as the liquid medium. The phase
tructure of the composite and the grain size of the metal phase
ere investigated using X-ray diffractometry (XRD) with Cu
� radiation.
The microstructure of the obtained materials were quanti-

atively analysed using image analysis methods. A computer
rogram was developed for analyses of the continuity of Al2O3
nd Ni–P. At least 106 randomly oriented and positioned lines
ere used in order to achieve sufficiently good statistics. Images

or analyses have been randomly selected from the surface of
tudied specimens. Two quantitative parameters, proposed by
urland,8 were used to characterize the studied material struc-

ure. One is the continuity, C, and the second the percolation
actor, Pr. Continuity was defined as the fraction of the internal
urface of the � phase shared with the other � phase particles in
he �/� two-phase mixture. The continuity varies between 0 and
as the continuity path of one phase in the other changes from
completely dispersed to a fully agglomerated structure. The

ercolation factor quantifies features opposite to continuity, and
eterminates whether the � phase is fully surrounded by the �
hase (then Pr = 1) or the � phase is spread among the � phase
then Pr is close to 0).

The continuity and percolation factors can be expressed by
he following equations:

r = 1 − C�, (1)

� = 2N��
L

2N��
L + N

��
L

. (2)

here Pr is the percolation of the � phase by the � phase, C�

he continuity of the � phase, N��
L and N

��
L are the numbers of

/� and �/� intercepts per unit length. The percolation and the
ontinuity factors for the Al2O3 phase were calculated using
qs. (1) and (2).

In order to fully characterize the interpenetrating character
f the composite microstructures, in particular the continuity of
he metal phase, the conductivity of samples was measured using
n ac current (frequency 100 Hz) with an LCR meter (Agilent
284A). The resistivity was calculated using Eq. (3):

e = RA

l
(3)

here R is the measured resistance, A the area of the samples
nd l is the length of the samples between the electrodes.

. Results

.1. Powder preparation

Measurements of the zeta-potential of the powder after each

tage of powder preparation before nickel plating made it possi-
le to optimize the pH of the sensitization and activation baths,
hich then helped to prevent re-agglomeration. Fig. 1 shows

hat the powder is in a stable state when the bath pH is lower
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ig. 1. The zeta-potential vs. pH measured for the powder in the initial state and
he powder: in initial state (b), after sensitization (c) and after activation (d).

han 6, as confirmed by the particle size distributions measured
or the powder in the initial state and after the sensitization
nd activation processes. (The same position of the iso-electric
oint measured for the powder in the initial state and after the
ensitization and activation processes is most likely a coinci-
ence.)

After nickel plating the colour of the alumina powder changed
rom white to black. SEM investigations in back-scattered elec-
rons (BSE), which make possible to observe the contrast from
ssociated with the average Z number, showed that the surfaces
f the alumina grains were uniformly coated with a thin layer of
i–P alloy (Fig. 2a). The layer was made up of nano-aggregates

f particles having a size close to 10 nm, as observed using
RSEM in the secondary-electrons (SE) mode. The results of

he chemical analyses revealed that the coated powder consisted
f ∼28 wt.% of Ni–P, which contained ∼2 wt.% of P.

3

t

Fig. 2. SEM pictures of the powder electroless plated with
the sensitization and activation processes (a) and particles size distributions of

.2. Composite density

The theoretical density of the composites was calculated
sing the rule of mixture and the following density values: the
atio of metal to alumina, 28:72 (w/w); the density of alumina,
.98 g/cm3; the density of Ni–P alloy, 8.3 g/cm3. This value is
qual to 4.66 g/cm3. The bulk density of the composites mea-
ured by the Archimedes method revealed that the density of the
amples after pressing at room temperature reached 82% of the
heoretical density. Density of the samples pressed at 600, 800
nd 1000 ◦C is listed in Table 2.
.3. Microstructure and phase analyses

The XRD patterns of the Ni–P-coated alumina powder and
he composites after pressing under a pressure of 7 GPa at room

the Ni–P alloy: (a) in BSE mode and (b) in SE mode.
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Table 2
Results of the microstructure analyses, the resistivity measurements and the grain size of the Ni–P calculated from the XRD patterns

Consolidation temperature Percolation
factor, Pr (%)

Continuity of
alumina, C�

Resistivity, ρe

(10−2 � cm)
Ni–P grain
size (nm)

Bulk density
(g/cm3)

Room temperature 84 0.16 42 10 3.81
600 ◦C 73 0.27
800 ◦C 69 0.31
1000 ◦C 47 0.53
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ig. 3. Diffraction patterns for as-coated powder, and composites after pressing
t room temperature and at 600, 800 and 1000 ◦C.
emperature, 600, 800 and 1000 ◦C are shown in Fig. 3. In the
ase of the composite powder and the sample after pressing at
oom temperature only one peak from Ni is visible. The broad-
ned shape of this peak indicates the nanometric character of the

t
i
y
h

ig. 4. HRSEM pictures of the ion-etched surfaces of the composites: (a) after pressi
000 ◦C.
8.7 26 4.63
2 74 4.22
8.7 76 4.36

etal phase after the deposition and after the pressing process.
his nano-size of the metal grains was confirmed by a calcula-

ion with the Williamson–Hall method using9 the results given
n Table 2. In addition, the nanometric character is also visible
n the HRSEM pictures of the coated powder (Fig. 2b) and the
on-etched cross-section of the composite after pressing at room
emperature (Fig. 4a). The increase of the pressing temperature
esults in a sharpening of the Ni peaks. However, the width of
he peaks from all of the samples points to a nanometric grain
ize for the metal phase. The results of the calculation show that
he grain size increases from room temperature up to 800 ◦C
nd then stabilizes for temperatures between 800 and 1000 ◦C,
emaining lower than 100 nm, Table 2. No nickel oxide peaks
ere detected in the XRD patterns of the samples. Small peaks
f the Ni3P phase were only observed in the XRD pattern from
he samples pressed at 1000 ◦C.

HRSEM observations of the microstructures (Fig. 4) confirm

he isotropic and percolated character of the obtained compos-
tes. This has been corroborated by the computer image anal-
ses. The percolation factor of this structure changes with the
ot-pressing temperature. The parameter Pr decreases as the sin-

ng at room temperature, and after hot pressing at (b) 600 ◦C, (c) 800 ◦C and (d)
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ering temperature increases. Simultaneously, the continuity of
he alumina phase increases (see Table 2). All of the investigated
amples were conductive, which means that the continuity of Ni
rains was also maintained across the whole range of tempera-
ures.

. Discussion

The possibility of obtaining homogenous, low-phosphorus,
lectroless-deposited Ni–P layers on the surface of alumina
owder was studied with respect to the effects of the process-
ng parameters. The results of the zeta-potential measurements
Fig. 1a) revealed the need to apply the sensitizing and activation
aths, the pH of which should be lower than 6. In this range of pH
he powder stays in the stable area of high zeta-potentials. The

easured values of the zeta-potential lay above 40 mV, which
ndicates that the charge on the surface of each particle have
he same positive sign preventing agglomeration during the pro-
esses. This makes it possible to obtain a more homogeneous
ispersion of the Pd(0) active centres before the nickel plating
rocess. On the graph a slight decrease of the measured zeta-
otential for a pH below 5 for the powder after sensitization can
e found. However, it seems not to have any influence on the
owder agglomeration, as indicated by the results of the parti-
le size measurements (Fig. 1b–d). Furthermore, during the first
tep of the electroless nickel plating process, when the Ni–P
s deposited on the palladium active centres, the homogenous
istributions of Pd(0) allowed a uniform plating of the powder
ith a Ni–P layer, as indicated by the images shown in Fig. 2b
btained using the BSE detector.

The structure of the electroless-deposited Ni–P layers is
etermined by the phosphorus content. Generally, the layers
ith low phosphorus content have a nanocrystalline structure,
hich changes to an amorphous structure with an increasing P

oncentration.10 Earlier investigations showed that the amount
f P in the Ni–P layers strongly depends on the pH of the elec-
roless plating bath and decreases together with an increase in
he pH.11 For example, changing the pH of the baths from 4 to

resulted in a decrease in the amount of phosphorus from 11
o 3 wt.% in the deposited layers. Simultaneously with a change
n the pH to alkaline a considerable increase in the deposition
ate was observed. In the present investigation the pH of the
lectroless nickel plating bath was ∼9, which resulted in a small
mount of P in the deposited material (∼2 wt.%), its nanocrys-
alline character (grain size ∼ 10 nm), and the high speed of the
eaction, which then makes it possible to have a uniform coating
n a short process time (5 min).

At atmospheric pressure the melting point of a nickel–2%
hosphorus alloy is 870 ◦C. As the results show, during the
ressureless sintering of the composite, the melting tempera-
ure is higher and the metal layers melt and are de-wetted from
he alumina surface forming spherical particles dispersed in the
lumina matrix.12 Literature data13 show that high pressures

ncrease the melting temperature of the Ni. This has been con-
rmed with regard to the Ni–P alloy by sintering at 7 GPa,
hich shifted the melting point from 870 to ∼1100 ◦C.14 In

his way, high pressure sintering has led to the formation of a
Ceramic Society 27 (2007) 831–836 835

ontinuous Ni–P phase in the composite microstructure. Such
tructure has been observed in samples obtained by pressing
t room temperature (Fig. 4a) and at 600, 800 and 1000 ◦C
Fig. 4b–d). The continuity of the metal phases was confirmed
y the results of the conductivity measurements. However, the
evel of continuity of the structure was variable. The increase
f the temperature during the HP process resulted in the per-
olation factor, Pr, decreasing, Table 2, which means that the
etal phase was becoming less continuous. This lowest conti-

uity of the metal phase is a result of the plastic deformation
f the Ni–P alloy and its extrusion from between the alumina
rains. The “squeezed” metal fills out the open pores (indepen-
ent of their size and shape). Simultaneously, with the increase
f the temperature the Ni–P particles start to sinter together,
hich results in their growth (see Table 2). These two phenom-

na result in the density increase from 82% of the theoretical
ensity for the samples after pressing at room temperature to
early 100% of the theoretical density for the samples after the
P process.
The observed variations in the conductivity can be explained

y the connection between the Ni–P nanoparticles in the sam-
les after pressing at room temperature and after hot pressing.
he observed changes are associated with the variation in the
ercolation of the phases and the differences in the magnitude
f the cross-sections of the conductive paths. The sample after
ressing at room temperature, which has the highest percolation
actor but the poorest connection between the Ni–P particles
nd the small cross-sections of the conductive paths, exhibits
he lowest conductivity. The highest conductivity was measured
or the sample pressed at 800 ◦C, where the percolation factor
as still relatively high, the metal phase was sintered and the

ross-sections of the conductive paths were close to the 74 nm
f the measured grain size.

Nickel–phosphorus binary phase diagram 15 shows that Ni3P
s the stable phase of the low-phosphorus nickel alloy at room
emperature, and this phase is found in the XRD pattern after
nnealing at temperatures higher than 300 ◦C. In the present
nvestigation the phosphide phases were detected during hot
ressing at temperatures lower than 1000 ◦C. We suppose that
his is the effect of applying the high pressure and is connected
ith the influence of the pressure on the melting temperature of

he Ni–P alloy.

. Conclusions

. Electroless nickel plating can be used for fabrication
Al2O3/Ni–P composite powder. The surface of each grain
of powder is coated with a homogenous layer built with
spherical nano-aggregates of Ni–P alloy. The morphology
and chemical composition of the deposited materials can be
controlled with the parameters of the plating process.

. High pressure consolidation of the composite powders makes
it possible to fabricate dense ceramic metal nanocomposites

with a uniform, 3D interpenetrating structure. The continu-
ity of this structure and the morphology of the metal phase
strongly depend on the pressure and the sintering tempera-
ture.
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. The applied pressure increases the melting point of the Ni–P
alloy and has an influence on its phase composition.
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46(11A), 233–237.

2. Michalski, J., Konopka, K. and Trzaska, M., Description of Al2O3 powders
coated by Ni–P particles obtained through an electroless chemical reaction
and possibilities to obtain an Al2O3/Ni–P composite. Mater. Chem. Phys.,
2003, 81, 407–410.

3. Cannon, J. F., Behavior of the elements at high pressures. Phys. Chem. Ref.
data, 1974, 3(3), 781–824.

4. Michalski, J., Konopka, K., Gierlotka, S. and Kurzydlowski, K. J., Influence
of temperature and pressure on the possibility of obtaining Al2O3/Ni–P

nanocomposites through hot pressing process. Solid State Phenom., 2005,
101–102, 147–150.

5. Massalski, T. B., Okamoto, H., Subramanian, P. R. and Kacprzyk, L., (2nd
ed.). Binary Alloy Phase Diagrams, Vol. 3SAM International, Materials
Park, OH, 1992.


	The preparation and structural characterization of Al2O3/Ni-P composites with an interpenetrating network
	Introduction
	Experimental
	Results
	Powder preparation
	Composite density
	Microstructure and phase analyses

	Discussion
	Conclusions
	Acknowledgment
	References


