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Abstract

Nanocrystalline partially stabilised zirconia (PSZ) and yttria-fully stabilised zirconia (YSZ) powders were prepared

by solution combustion process. Nanocrystalline nature of the powders was confirmed by XRD and TEM. Nano-

composite Ni/PSZ and Ni/YSZ films were electrodeposited from a suspension of nanoparticles in nickel sulfamate

solution. The strengthening of the nanocomposite due to nanoparticle incorporation was characterised by nanohard-

ness measurements.

� 2002 Acta Materialia Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

In recent years, increasing efforts are directed

towards the synthesis of nanomaterials because
of their improved properties when compared to

conventional coarse grained polycrystalline mate-

rials [1]. Nanomaterials exhibit increased strength/

hardness, enhanced diffusivity, improved ductility/

toughness, reduced density, reduced elastic mod-

ulus, higher electrical resistivity, increased specific

heat, superior soft magnetic properties etc. For

example, the Vickers hardness for Ni increases
from 140 to 650 on decreasing the grain size from

10 lm to 10 nm [2].

Similarly, metal matrix nanocomposites can be

formed by the addition of nanometer-sized parti-

cles to a host matrix like Ni. The fabrication of

nanocomposites provides a method for synthesis-
ing materials with properties tailored for specific

applications like wear resistant coatings, self-

lubricating films, and thermally graded coatings.

In the literature certain nanosize materials like

ZrO2, Al2O3, TiO2 have been incorporated in

nickel matrix to form nanocomposites [3–6].

The unique mechanical and electronic properties

of zirconia (ZrO2) ceramics have led to their
widespread use as structural materials, solid-state

electrolytes, and thermal barrier coatings [7]. It

exists in three different polymorphs: the low-tem-

perature (room temperature) P21/c monoclinic (m)

structure, the intermediate-temperature (above

1173 �C) P42/nmc tetragonal (t) structure and the

high-temperature (above 2370 �C) Fm3m (c) cubic

structure and the phase transformation of t-phase
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to m-phase is accompanied by significant volume

expansion (3–5 vol.%). The addition of several

oxides (Y2O3, CeO2, MgO, etc.) can stabilise the

high-temperature cubic phase in ZrO2, so the oc-
currence of monoclinic ZrO2 can be repressed [8].

Partially stabilized zirconia (PSZ) has many su-

perior properties such as high melting tempera-

ture, low thermal conductivity and high chemical

stability and it is well known for its transformation

toughening behaviour [9]. On the other hand,

yttria-fully stabilised zirconia (YSZ) has a unique

combination of mechanical properties such as ex-
cellent thermal stability, high fracture toughness,

Young�s modulus and thermal expansion coeffi-

cient close to steel [10]. Since YSZ has revers-

ible expansion–contraction behaviour on thermal

cycling without any disruptive phase transitions,

YSZ can be a better candidate than PSZ for var-

ious applications.

In the literature, as far as our knowledge goes
there are no reports on comparative studies of Ni/

PSZ and Ni/YSZ nanocomposites. Electro-depo-

sition provides a cost-effective means of producing

fully dense nanocrystalline metals, alloys and

metal-matrix composites [11]. The present work

has the purpose of synthesising nanostructured

Ni–zirconia composite layers by electrodeposition

of nanosize PSZ and YSZ particles and investi-
gating their mechanical properties.

There are various methods reported in the lit-

erature for the preparation of nanosize PSZ and

YSZ powders like mechano-chemical milling [12],

spray drying of an aqueous slurry of the respective

oxides or salts [13], inert-gas condensation [14],

plasma technique [15], sol–gel process [16], copre-

cipitation [17], hydrothermal process [18] and mi-
crowave-hydrothermal process [19]. However,

most of these techniques are quite involved and

require high temperatures (>1000 �C) and long

processing time. Solution combustion (SC) process

is emerging as a promising technique for the

preparation of advanced ceramics, catalysts and

nanomaterials [20]. This process is simple, fast,

economic, does not require high temperature fur-
naces and complicated set-ups. It can be used for

the preparation of all kinds of oxides. One can also

prepare nanosize oxides in a single step by this

technique by changing the oxidisers and fuels [21].

In the present work nanosize PSZ and YSZ have

been prepared by SC process.

2. Experimental

2.1. Synthesis of nanosize PSZ and YSZ by SC

process

Nanosize PSZ was synthesised by SC technique

by rapidly heating an aqueous saturated solution

containing stoichiometric amounts of zirconium
nitrate and glycine mixture. Stoichiometric com-

position of the redox mixture was calculated based

on the total oxidising (O) and reducing (F) va-

lencies of the oxidiser and the fuel keeping the O/F

ratio unity [22]. According to the O/F concept, the

molar ratio of zirconium nitrate and glycine is

1:1.6. The aqueous solution containing stoichio-

metric amounts of zirconium nitrate and glycine
was rapidly heated on a preheated hot plate (�400

�C). The solution underwent rapid dehydration

and foaming, followed by decomposition, gener-

ating combustible gases leaving behind a tree like

structured white mass which is the desired product.

In the literature nanosize ZrO2 has been prepared

by SC process by the use of an extra oxidiser like

NH4NO3 along with glycine [23]. We assume that
NO2 (brown fumes observed during combustion)

was formed along with N2, H2O and CO2 during

the combustion reaction of zirconium nitrate and

glycine. Theoretically, the complete combustion

can be represented as follows:

5ZrðNO3Þ4ðaqÞ þ 8CH2–NH2–COOHðaqÞ
ðglycineÞ

! 5ZrO2ðsÞ þ 8CO2ðgÞ þ 20H2OðgÞ þ 15NO2ðgÞ

þ 13=2N2ðgÞ

Similarly, 6 mol% YSZ was prepared by heating

an aqueous redox mixture containing zirconium

nitrate, yttrium nitrate and glycine in the molar

ratio of 1:0.03:2.25. It is noteworthy to mention

that the SC process has been scaled up to prepare

50 g of the powder for our experiments in a single

batch.

The nanosize PSZ and YSZ powders prepared
by SC technique were dispersed in the nickel
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sulfamate bath and stirred overnight. The bath

loadings of 25, 50 and 80 g/l of PSZ (powder

density ¼ 5 g/cm3) and YSZ particles (powder

density ¼ 4 g/cm3) were used. A nickel sulfamate
bath having the following composition was used

for plating Ni matrix: 300 g/l nickel sulfamate,

10 g/l nickel chloride, 30 g/l boric acid and 15 ml

of 10% sodium lauryl sulfate. The plating bath

temperature was held at 45 �C and the pH of

the bath was maintained at 4 by the addition

of sulfamic acid and basic nickel carbonate. A

nickel anode and a brass cathode were used. The
polished brass substrate area of 2:5� 3:75 cm2

was degreased with acetone, followed by ca-

thodic cleaning, acid dipping and finally washed

with distilled water. The electrodeposition was

carried out with Aplab 7253 regulated DC power

supply for 3 h using a current density of 1.6 A/

dm2.

The crystallinity and phase identification was
performed with Philips X-ray diffractometer using

CuKa radiation. The average particle size was es-

timated by using the Debye–Scherrer formula,

D ¼ 0:9k=b sin h, where D is the crystallite size, k is

the wavelength of CuKa radiation, b is the cor-

rected line width at half peak intensity and h is the

diffraction peak angle [24]. Silicon powder with a

mean particle diameter of 25 lm was used to mea-
sure the instrumental peak broadening in order

to correct the value of b. The XRD patterns of

the deposited Ni films were recorded in glancing

angle geometry using a Rigaku D/max 2200 pow-

der diffractometer with a glancing angle of 3�. The
deposits were given a copper backing layer and cut

into smaller pieces. Samples were embedded in

bakelite and polished to a mirror like finish using
standard metallographic techniques to obtain

cross sectional samples for hardness and image

analysis. Hardness was measured with a Nano-

hardness Tester, Model-4-114 NHT, CSEM In-

struments using a Berkovich diamond indenter

with 50 mN load. Young�s modulus was deter-

mined from the initial unloading portions of the

indentation curves. The microstructure and the
components of the coating were studied using

SEM (Leo 440I) with energy dispersive X-ray

analysis attachment. A JEOL-JEM 100SX trans-

mission electron microscope, operating at 120 kV

was used to determine the shape and size of the

particles.

3. Results and discussion

The XRD patterns of PSZ and YSZ are shown

in Fig. 1. From the XRD patterns it is clear that

combustion synthesised PSZ and YSZ powders

are crystalline. PSZ shows a mixture of t-phase,

m-phase and c-phase (Fig. 1(b)) and YSZ shows
purely cubic phase (Fig. 1(c)). The X-ray line

broadening clearly indicates the nanocrystalline

nature of the powders. The average particle size

calculated using Debye–Scherrer formula for YSZ

and PSZ are 10 and 30 nm respectively. The rela-

tive amounts of the t-phase and m-phase in PSZ

phase were estimated from the expression

Vm ¼
ðImð1 1 1Þ þ Imð1 1 1ÞÞ � 100

Imð1 1 1Þ þ Imð1 1 1Þ þ Itð1 1 1Þ
;

where I is the intensity of the diffraction peak [25].

The commercial PSZ sample shows 78% mono-

clinic phase and the rest tetragonal phase (Fig.

1(a)). From the XRD pattern (Fig. 1(b)) it was

calculated that the combustion synthesized PSZ
powder had 16% m-phase and the remaining

t-phase and c-phase. It is interesting to note that

by combustion synthesis we could get PSZ with a

higher percentage of tetragonal phase (Fig. 1(b))

without the use of a stabilizer. However in the

Fig. 1. Powder XRD patterns of (a) commercial PSZ (b)

combustion synthesized PSZ and (c) combustion synthesized

YSZ.
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literature, 3 mol% Y2O3 has been used to get PSZ

with lower percentage of tetragonal phase and P 7

mol% Y2O3 has been used to get YSZ [10]. Thus it

is evident that SC is a versatile technique capable
of yielding PSZ phase without the use of a stabi-

lizer. From the X-ray line broadening the particle

size was calculated for the Ni on Ni/YSZ and Ni/

PSZ films with three different particle contents (25,

50 and 80 g/l). The average grain sizes for Ni ob-

tained from the analysis of two different reflection

groups (1 1 1) and (2 0 0) are in the nanocrystalline

range (25–32 nm) and are not very much affected
by the incorporation of nanosize ceramic particles

in the Ni matrix. This observation agrees well with

that reported in the literature [3]. Peak broadening

in plated nanoparticle strengthened nickel films

may also be due to the stresses in the specimens.

Since the peak broadening did not change much

after the particle incorporation we assume that the

stresses are negligible. XRD analysis of the Ni/PSZ
and Ni/YSZ films indicated a preferred (1 1 1)

crystallographic orientation.

The TEM image of PSZ is shown in Fig. 2.

From the TEM image we can observe that the

particles are rod-like to spherical in shape with few

agglomerates. Some larger particles present in the

TEM (70–150 nm) may correspond to monoclinic

phase. The average particle size calculated from
TEM (28.5 nm) coincides well with the particle size

calculated from X-ray line broadening (30 nm).

The SEM surface morphology of Ni/PSZ (50 g/

l) nanostructured composite coating is shown

in Fig. 3. It shows a nodular disturbed surface

structure and PSZ particles are not clearly visible

on the surface because of their smaller dimensions

(white particles). The EDX results show a good
uniformity of dispersed phase. From the EDX, it is

found that wt.% of ZrO2 codeposited in the nickel

matrix varies between 0.30 and 8.4. The wt.% of

ZrO2 codeposited is higher for higher concentra-

tions of PSZ and YSZ in the nickel sulphamate

bath. There was good codeposition of YSZ even

when the concentration of YSZ was 25 g/l. The

optical micrograph of the cross-section of Ni/PSZ
reveals uniform particle distribution throughout

the nickel matrix with agglomerates (Fig. 4). SEM

with EDX was carried out on the cross-section of

the samples. The EDX of the rod-shaped appear-

ances corresponds to ZrO2 ceramic phase. Thus

the ceramic particles agglomerate and result in
larger particles which may be due to the agglom-

eration of nanoparticles in the aqueous electrolyte

Fig. 2. TEM image of combustion synthesized PSZ powder.

Fig. 3. SEM surface morphology of Ni/PSZ (50 g/l) nano-

structured composite coating.
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[3]. The volume fraction of the particles codepos-

ited was calculated by a microscopic technique.

The vol.% of dispersed phase was in the range of

30–35 and 10–15 respectively for 80 g/l YSZ/PSZ

and 50 g/l YSZ/PSZ powder dispersion.

The Vickers hardness and Young�s modulus

values of Ni/YSZ and Ni/PSZ coatings were av-

eraged for five readings and are tabulated in Table
1. From Table 1, the following conclusion can be

made: higher the concentration of the particles in

the bath, higher will be the incorporation of par-

ticles resulting in higher hardness values compared

to nickel (�300 VHN at 50 mN). Thus PSZ and

YSZ particles have a major hardening effect on the

nickel matrix. The increased hardness may be due

to the presence of ceramic particles in the metal
matrix which may act as obstacles to disloca-

tion movement and grain boundary sliding [3].

Since the matrix grain size of nickel did not change

after the incorporation of the ceramic particles and

only the hardness values increased, we assume that

the increased hardness is due to the nanoparticle

incorporation only.

However, YSZ with a particle size of 10 nm in
the nickel matrix exhibits higher hardness than

PSZ with a particle size of 30 nm in the same nickel

matrix. This may be explained as follows: higher

the particle number density of the 10 nm particles,

more effective will be the pinning of dislocation

motion, higher will be the hardness compared to

films with 30 nm PSZ [26]. The Vickers hardness of

618 observed for Ni/YSZ (80 g/l) is almost twice

the Vickers hardness of Ni matrix. The values of
Vickers hardness obtained in the present study

were comparable and relatively higher (for YSZ)

than those reported in the literature [3]. When the

concentration of the surfactant, sodium lauryl

sulfate was increased from 1.5 to 1.65 g/l, the rate

of codeposition decreased and consequently the

hardness values decreased (Table 1). The decrease

in the rate of codeposition may be due to the
presence of excess of surfactants on the cathode or

due to a strong repulsive force between the surf-

actant layer on the cathode and the approaching

particles [27]. It will be interesting to investigate

the role of various cationic surfactants during PSZ

and YSZ codeposition and future studies are

aimed in that direction.

The Young�s modulus decreased with increased
nanoparticle incorporation (from �250 to �200

GPa) into the Ni matrix. The reduction in the

Young�s modulus after the particle incorporation

may be attributed to the nanocrystalline PSZ and

YSZ particles [1].

Future studies are also aimed at (i) the prepa-

ration of 10 nm PSZ particles and (ii) to investi-

gate the effect of 10 nm PSZ and YSZ particles on
the mechanical properties after their incorporation

into the Ni matrix.

4. Conclusions

Nanocrystalline PSZ (30 nm) and YSZ (10 nm)

were synthesised by a single step SC route using

glycine as fuel and without the use of an extra
oxidiser. The process has been scaled up to prepare

Table 1

Sample Vickers hardness

(50 mN load)

Young�s modu-

lus (GPa)

Ni/PSZ (25 g/l) 410 219

Ni/PSZ (50 g/l) 524 243

Ni/PSZ (80 g/l) 559 202

Ni/PSZ (50 g/l)a 430 232

Ni/YSZ (25 g/l) 563 228

Ni/YSZ (50 g/l) 584 204

Ni/YSZ (80 g/l) 618 198

Ni/YSZ (50 g/l)a 455 214

Ni/YSZ (80 g/l)a 458 236

a 1.65 g/l sodium lauryl sulfate.

Fig. 4. Optical micrograph of the cross-section of Ni/PSZ (80 g/

l) nanocomposite.
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50 gm powder in a single batch. The particle size

calculated from XRD line broadening (30 nm)

coincides well with that obtained from TEM (28.5

nm) for PSZ. The PSZ and YSZ nanoparticles
were codeposited in the nickel matrix and the

amount of codeposited particles varied between

0.3 and 8.4 wt.% as calculated from EDX. The size

of the nickel grains was not affected by the code-

position of nanosize ceramic particles into the

nickel matrix. Nanocrystalline Ni/PSZ (80 g/l) and

Ni/YSZ (80 g/l) composite coatings produced by

codeposition exhibit Vickers hardness of 559 and
618 respectively. The nanocomposites displayed

significant hardness enhancements relative to sin-

gle-phase nickel films. It is concluded that YSZ in-

corporation into Ni matrix induces higher hardness

than PSZ and this may be due to the smaller size

of the YSZ particles compared to PSZ particles.
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