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Abstract

Composite Ni-P-Al2O3 coatings were prepared on pre-treated Al and Al-Si casting alloy by
electroless deposition in suspensions of 5–20 g l−1 Al2O3 in a solution containing nickel lactate,
nickel hypophosphite and lactic acid. In the as-deposited coatings, ceramic particles were
homogeneously distributed in extremely fine-grained nanocrystalline Ni-P matrix. Adhesion
of coatings to substrate was better in case of Al-Si alloy due to silicon present in its structure.
Hardness, P content and grain size of the Ni-P matrix were 549–574 HV, 10.0 wt.% and 1.9 nm,
respectively. These attributes did not depend either on Al2O3 volume fraction or on substrate
chemical composition. The relatively low hardness value was discussed with respect to the
inverse Hall-Petch effect. Due to composite coatings, abrasion resistance of Al-based alloys was
significantly increased. The strongest effect was observed after deposition in a bath containing
5 g l−1Al2O3. Further additions of ceramic particles to the bath did not have so strong effect on
abrasion resistance. Heat treatment of composite coatings at 400◦C/1 h induced decomposition
of Ni-P phase to Ni and Ni3P that led to significant hardening (almost 1000 HV) of the Ni-P
matrix. The coatings were also heat treated at 500◦C/24 h that simulated solution annealing.
This heat treatment led to an excessive softening of Ni-P matrix. In addition, solid state
reaction between Al and Ni produced layers of hard Al3Ni2 and Al3Ni intermetallics.

K e y w o r d s: Al-Si alloy, aluminium, Ni-P-Al2O3 coating, heat treatment, abrasion, hard-
ness

1. Introduction

Importance of aluminium-based alloys in automot-
ive industry shows growing tendency due to their low
weight and high specific strength. Casting alloys based
on the Al-Si system have excellent casting properties
and are thus suitable for production of large-series
of complex-shape components, such as engine blocks,
pistons, cylinder liners etc. In some applications (cyl-
inder liners, pistons), however, they suffer from in-
sufficient wear resistance. To prolong the life time of
components, several approaches have been adopted
in industrial scale. They involve reinforcement with
particles or fibres producing Al-Si matrix composites
[1], increase of Si content in alloys [2], hard coat-
ings. The hard PVD or electrodeposited chromium
coatings offer sufficient improvement of hardness and
wear resistance of Al-Si alloys but problems often arise
when components of complex shapes are coated. These
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problems are in part avoided when using electroless
Ni-P coatings.
The electroless Ni-P coatings are produced by re-

latively simple and low cost process and provide sig-
nificant improvement of wear and corrosion resistance
of various materials. The process is based on a redox
reaction in which Ni2+ ions are reduced by sodium
hypophosphite (NaH2PO2) on a substrate surface [3].
It has been shown by many studies that the phys-
ical properties of Ni-P deposits can vary depending
on internal structure and P content. Hardness of as-
-deposited coatings between 500 and 700 HV is gener-
ally obtained [4]. An appropriate heat treatment (e.g.
400◦C/1 h) is able to increase hardness significantly,
due to crystallization of amorphous Ni-P phase and
formation of hard nickel phosphides [5]. Further im-
provement of hardness and wear resistance can be
achieved by a co-deposition of hard particles, such as
boron carbide, silicon carbide, diamond, aluminium
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Ta b l e 1. Chemical composition of coated materials (in
wt.%)

Substrate Si Fe Mg Mn Cu Ti Al

Al 0.04 0.06 0.05 0.10 – – rem.
Al-Si 11.83 0.12 0.06 0.18 0.04 0.1 rem.

oxide, etc., producing composite coatings [6, 7]. There
are a lot of papers on the electroless composite coat-
ings, but majority of them are devoted to coatings on
steel substrates [8]. The important difference between
steel and aluminium substrates is that aluminium eas-
ily forms the stable passive oxide layer on its surface
which reduces adhesion of the coating. Hence, a chem-
ical pre-treatment of aluminium substrate removing
the oxide is necessary and, sometimes, additional Zn
or Pd activation is used [9].
The presented paper is devoted to the electroless

Ni-P-Al2O3 composite coating. Aluminium oxide is
used as reinforcement because of its low cost and avail-
ability with various granulometric parameters. The
main objective of this work is to demonstrate pos-
sibility to deposit this coating on the Al-Si casting
alloy and to describe parameters of the coated mater-
ial. The coating was deposited also on pure aluminium
in order to illustrate positive influence of silicon in the
substrate.

2. Experimental

Commercial pure aluminium (99.7 wt.% Al) and
Al-12wt.%Si alloy, see Table 1, were used as substrates
for electroless deposition. The materials were melted
in an electric resistance furnace and cast into cast-
-iron metal mould to prepare cylindrical castings with
diameter of 20 mm. Cylindrical samples with length
of 10 mm were cut directly from these castings. Sur-
face of samples was mechanically grinded by P60–
P1200 SiC papers to obtain defined surface roughness
of 3 µm.
Pre-treatment of the substrate surface included fol-

lowing steps, according to the standard procedure re-
commended by industrial supplier of coating baths:
– ultrasonic degreasing in acetone,
– rinsing,
– deoxidizing in 10 % HCl,
– rinsing,
– deoxidizing in 10 % H2SO4,
– rinsing in demineralized water.
Zincating treatment was not used in our experi-

ment.
In order to find the most appropriate deposition

conditions, a series of coating experiments was per-

Ta b l e 2. Conditions used for electroless deposition of the
Ni-P-Al2O3 composite coatings

Parameters of deposition

Chemical compos-

ition of the bath

nickel lactate
Ni(C3H5O3)2 – 30 g l−1

nickel hypophosphite
Ni(H2PO2)2 – 20 g l−1

lactic acid C3H6O3 – 10 ml l−1

Al2O3 particles – 0–20 g l−1

Temperature 90◦C

pH 4.5–5.0

Bath volume 500 ml

Deposition time 120 min

formed using Al2O3 particles in various Ni-P depos-
ition baths. The applied deposition conditions were
found either in literature or in industrial procedures.
Various parameters were evaluated, such as deposition
rate, uniformity of coating, adherence of coating to
substrate and ability of bath to co-deposit aluminium
oxide particles. Finally, deposition conditions specified
in Table 2 were selected which provided the best prop-
erties of coatings.
Aluminium oxide (irregular particles, average par-

ticle size of 5 µm) provided by an industrial sup-
plier was used as reinforcement in the composite coat-
ings. Prior to deposition, a weighed amount of Al2O3
particles (0–20 g l−1) was added to the bath and ho-
mogeneous distribution of particles was ensured by a
magnetic stirrer (rod of 2 cm in length placed at the
bottom of the deposition bath) rotating at a rate of
4000 rpm. The substrates for deposition were placed
at the bottom of the bath. After deposition, a part of
coated samples was heat treated by a regime recom-
mended to obtain maximum hardness of the Ni-P de-
posits (400◦C/1 h) [5]. In addition, composite coated
Al-Si alloy was also annealed at 500◦C/24 h. This re-
gime in part simulates real thermal loading of Al-Si
castings during their solution annealing.
Structure of both as-deposited and as-heat treated

Ni-P-Al2O3 composite coatings was examined by
light microscopy (LM), scanning electron microscopy
(SEM-HITACHI S 4700) with energy dispersive X-ray
spectrometer (EDS-Noran) and by X-ray diffraction
analysis (XRD-X’PERT PRO). Hardness HV 0.005 of
the Ni-P phase in coatings was measured on the cross-
-sections (10 measurements for each sample). Wear
resistance of the coated samples at room temperature
was determined by using the modified “pin-on-disc”
method. In this method, the cylindrical samples were
moved on the grinding SiC paper P4000, the total slid-
ing distance was 333 m and the normal force was 5.8 N
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Fig. 1. Cross-sectioned Ni-P coatings (a, b) and Ni-P-Al2O3 composite coatings (c, d) on both Al (a, c) and Al-Si alloy
(b, d). The composite coatings were deposited from a bath containing 15 g l−1 Al2O3 (light microscope).

[10]. Abrasion was expressed in term of thickness loss
during the wear tests.

3. Results and discussion

3.1. S t r u c t u r e o f a s - d e p o s i t e d
c o a t i n g s

Optical micrographs of the cross-sectioned Ni-P
and Ni-P-Al2O3 composite coatings on both Al and
Al-Si alloy are illustrated in Fig. 1a–d. It can be seen
that the Al2O3 particles (dark) are uniformly distrib-
uted in the coatings. The thickness of composite coat-
ings varies between 15 and 22µm that gives an average
deposition rate of about 8–11µmh−1 which is similar
or slightly lower than those reported elsewhere [7]. It
is also observed that the thickness is not modified sig-
nificantly by substrate composition. Detailed obser-
vation of large surface areas of coated samples indic-
ates that aluminium and Al-Si alloy differ in terms of
coating adherence and homogeneity. This is illustrated
in Fig. 2a,b that shows overall views on the cross-

-sectioned coatings. The composite coating on the
Al-Si alloy seems to exhibit a good adherence to the
substrate, since no voids are observed between coat-
ing and substrate. In addition, this coating has uni-
form thickness and particle distribution. In contrast,
the adherence of coating on the pure aluminium seems
to be worse, see also Figs. 1a,b. A number of places
where the coating is avoided, probably due to metal-
lographic sample preparation, can be observed. The
coating thickness is not uniform, either. If we consider
that both materials were treated in exactly the same
way, the Al-Si casting alloy appears better substrate
for the electroless Ni-P-Al2O3 composite coating than
aluminium. A reason may lie in the existence of the
oxide passive layer. This layer forms rapidly both in
air and in water solutions and uniformly covers the
surface. During the electroless deposition, the passive
layer reduces the coating adherence to the substrate.
In the case of pure Al, the passive layer may be present
on the whole surface in spite that the appropriate pre-
treatment was used in our experiment. The Al-Si alloy,
on the other hand, contains a relatively large fraction
of silicon particles in the structure that are less prone



126 D. Vojtěch et al. / Kovove Mater. 46 2008 123–131

Fig. 2. Overall views on the cross-sectioned Ni-P-Al2O3 composite coatings on Al (a) and Al-Si (b). The coatings were
deposited from a bath containing 20 g l−1 Al2O3 (light microscope).

Fig. 3. Volume fraction of aluminium oxide in the coatings
versus its amount in the bath.

Fig. 4. Surface roughness as a function of aluminium oxide
content in the bath.

to form passive layers. The problems arising from the
passive layer on aluminium would be removed by, e.g.,
zincating pre-treatment.
Figure 3 shows plots of volume fraction of alu-

minium oxide in the coating versus its amount in the

bath. It is evident that the content of hard particles
in the coating increases, as their amount in the bath
grows. Maximum volume fraction of hard particles is
about 30 %. In contrast, the co-deposition of finer
(1 µm, 0.3 µm, 50 nm) alumina particles in electro-
less Ni-P was reported to be slower [7]. After depos-
ition from a bath containing 6 g l−1 of particles the
coatings contained 8, 4 and 2 wt.% of 1 µm, 0.3 µm,
50 nm alumina particles, respectively. Perhaps, smal-
ler particles are more easily swept away by moving
liquid from a substrate. It can be also seen in Fig. 3
that the volume content of hard particles grows rap-
idly only up to 10 g l−1 of particles in the bath. This
value corresponds to about 29 vol.% of particles in the
coating. Addition of further 10 g l−1 of oxide particles
to the bath leads only to a slight increase of their
amount in the coating. Therefore, too high amount
of oxide in the bath does not seem to be very use-
ful. The reason is that in highly concentrated suspen-
sions, the rate of particle co-deposition is not driven
by particle content in the bath but rather by Ni-P
deposition rate that does not seem to be affected by
particles significantly. Additionally, large volume con-
tents of hard particles in the coating would not be
favourable, since such particles would be susceptible
to detachment from the Ni-P matrix.
Figure 4 expresses the average surface roughness

as a function of aluminium oxide content in the bath.
This parameter behaves similarly like that in Fig. 3.
The smoothest surface is characteristic for pure Ni-P
layer, while co-depositing particles increase roughness
but only up to a maximum at 10 g l−1 of particles.
Then the roughness remains nearly constant. The fact,
that the surface roughness reflects the amount of rel-
atively coarse co-depositing particles in the bath and
hence in the coatings, is consistent with other authors
[7].
Concentration of phosphorus in common electro-

less Ni-P coatings moves around 3–14 wt.% [4]. There-
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Fig. 5. XRD pattern of the as-deposited Ni-P-Al2O3 composite coating (a bath containing 5 g l−1 Al2O3 was used).

fore, the P-content measured by EDS in both pure
Ni-P and Ni-P-Al2O3 composite coatings – 10.0 ± 0.8
wt.% – appears relatively high. In spite of some scat-
ter of obtained values, the P-concentration does not
seem to depend significantly on particle volume frac-
tion in the coating and on substrate material. High
concentration of phosphorus has a basic influence on
the coating hardness, as will be shown later. XRD
pattern of the as-deposited composite coating is illus-
trated in Fig. 5. It contains a single broad amorphous
peak of Ni-P and sharp well separated peaks of Al2O3,
Al and Si. Due to a limited ability of XRD to distin-
guish between purely amorphous and extremely finely
nanocrystalline phase, the broad peak is commonly
regarded as corresponding to a nanocrystalline phase
composed of extremely fine nanometer scaled crystal-
line regions surrounded by amorphous grain bound-
aries. The crystalline grain size D can be estimated
from the Ni line broadening β (the peak width in the
half of its height) and X-ray wavelength λ by using
the Scherrer formula:

D = 0.9λ/β cos θ, (1)

where θ is the diffraction angle. In our case, the av-
erage grain size is estimated as 1.9 nm that is in a
good accordance with other values reported for Ni-P
electroless deposits [3]. It should be noted that this
parameter is not influenced either by particle volume
fraction in the coating or by substrate material.

3.2. H a r d n e s s a n d w e a r r e s i s t a n c e o f
a s - d e p o s i t e d c o a t i n g s

Hardness of Ni-P phase versus alumina particle
content in the coating is listed in Table 3. The values
lie between approx. 540 and 580 HV 0.005. In spite
of some random variations, no dependence of hard-
ness either on alumina content or on substrate is seen.
Since hardness is determined mainly by P-content [4],
it means that co-deposition of alumina does not in-

Ta b l e 3. Hardness HV 0.005 of the Ni-P matrix versus
Al2O3 content in the Ni-P-Al2O3 composite coatings

Volume content of alumina particles
in the coating (vol.%)

Substrate 0 19 21 29 32 33
Al 555 – 552 574 – 563
Al-Si 574 562 – 549 563 –

fluence the amount of phosphorus in the Ni-P phase,
as was proved also by EDS, see above. Similar results
have been reported e.g. in [6, 7], where Ni-P-Al2O3
and Ni-P-SiC composites were studied.
When we compare the measured hardness in

Table 3 with published data [4], it appears to be
relatively low. In commercial as-deposited coatings
the Ni-P matrix commonly achieves hardness up to
700 HV. As was indicated before, hardness of the
Ni-P phase is directly related to P-concentration. The
tendency of increasing hardness with reducing amount
of phosphorus has been proved by a number of au-
thors. It was for example shown that hardness of about
650 HV corresponds to approx. 4 wt.% of P, while Ni-
-10 wt.% P phase achieves only about 550 HV [3] that
is consistent with our results.
Reasons for the strong influence of phosphorus on

hardness of Ni-P deposits still remain under discus-
sion, but some indications have already been repor-
ted. It is believed that phosphorus modifies atomic
structure of the nanocrystalline Ni-P phase. Due to a
difference in atomic radii of Ni and P that are 1.25
and 1.09 Å, respectively [11], phosphorus induces in-
ternal stress in Ni lattice. As a consequence, structure
transforms in such a way that nanocrystalline grains
become refined, as phosphorus concentration grows.
In others words, since phosphorus can be dissolved
in nanocrystalline solid solution only to some extent,
high P-concentration produces a large volume frac-
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tion of fully amorphous grain boundaries, i.e. fraction
of amorphous phase grows. This was illustrated in [3],
where Ni-P deposits with 3.9 and 10.2 wt.% P were
composed of nanocrystals with size of 3.0 and 1.5 nm,
respectively. The effect of phosphorus on microstruc-
ture of Ni-rich phase in electroless coatings is similar
to that in rapidly solidified alloys containing Ni, Fe or
Co as a basic metal and C, Si, P or B as additives.
These systems with unique magnetic properties have
been known to readily form nanocrystalline and even
amorphous phases.
It remains to answer a question – why a phase com-

posed of finer grains is softer than that composed of
coarser grains. This finding is not in accordance with
the Hall-Petch relation, which well applies to indus-
trial alloys:

HV = K1 +K2/d1/2. (2)

It has been shown in a number of papers that nano-
crystalline systems with grain size d in order of tens
nm and less behave according to so called inverse Hall-
-Petch (H-P) behaviour, i.e. the smaller the grains are
present, the lower the hardness and yield strength is
obtained [12–22]. It is generally agreed that the inverse
H-P effect results from a high volume fraction of grain
boundaries and triple junctions in nanocrystalline ma-
terials [12, 15, 16-22]. It is for example demonstrated
that a material with an average grain size of 5 nm con-
tains about 50 vol.% of grain boundaries and triple
junctions [19]. The plastic deformation of such finely
grained metal can not be controlled by the dislocation
slip since the activation of dislocation sources in grains
surrounding a dislocation pile-up would demand ex-
tremely high stress, much higher than that observed
experimentally. Therefore, interfaces between grains
begin to play an active role in deformation process
instead of dislocations inside grains. Various theoret-
ical models have been proposed to explain the inverse
H-P effect, i.e. to explain a relatively low stress needed
for grain boundary activity to start. These models in-
clude e.g. grain boundary diffusion (Coble creep) [12,
20], grain boundary sliding [14, 18] or grain boundary
viscoelastic deformation [12]. However, each of these
models is consistent only with limited sets of experi-
mental data. Therefore, the exact explanation of the
inverse H-P effect still seems to remain unanswered.
Results of abrasion tests are summarized in Fig. 6a,

b where abrasion behaviour is expressed as thickness
loss versus abrasion distance. Uncoated samples are
also included in this figure for comparison. It is ob-
served that the Ni-P coating alone reduces abrasion
rate by about 50 percent for both Al and Al-Si sub-
strate, compare curves A and B in Fig. 6a,b. Incorpor-
ation of hard ceramic particles into Ni-P coating leads
to further significant improvement of abrasion resist-
ance. By comparing of curve B and C it is seen that the

Fig. 6. Abrasion behaviour expressed as thickness loss
versus abrasion distance: a) Al substrate, b) Al-Si sub-
strate. Curves: A – uncoated substrate, B – Ni-P coating,
C – Ni-P-Al2O3 coating (bath with 5 g l−1 Al2O3), D –
Ni-P-Al2O3 coating (bath with 10 g l−1 Al2O3), E – Ni-P-
Al2O3 coating (bath with 15 g l−1 Al2O3), F – Ni-P-Al2O3

coating (bath with 20 g l−1 Al2O3).

bath containing 5 g l−1 Al2O3 is the most effective in
this sense. It is also important to note that further ad-
ditions of ceramic particles to the bath do not have so
strong effect on abrasion resistance. These results are
consistent with volume fractions of particles in coat-
ings shown in Fig. 3. The bath containing 5 g l−1Al2O3
produces coatings containing about 20 vol.% of hard
particles. However, higher contents of aluminium ox-
ide in the bath do not lead to proportional increase of
its volume fraction in coatings. Abrasion resistance is
a complex parameter which depends primarily on the
coating hardness, i.e. on the ceramic particles content.
However, other coating parameters, such as roughness
of coating surface, should be taken into account. It can
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Fig. 7. Cross-section of heat treated (400◦C/1 h) compos-
ite coatings obtained by deposition in the bath containing
5 g l−1Al2O3: a) Al substrate, b) Al-Si substrate (light mi-

croscope).

be assumed that an increase of roughness negatively
affects abrasion resistance, since surface parts of such
coatings are more prone to mechanical detachment. It
is illustrated in Fig. 4 how surface roughness grows
as content of aluminium oxide in the bath increases.
Therefore, surface roughness may be another reason
for small differences in abrasion rate between coatings
produced in bath with 5 g l−1 Al2O3 and more (curves
C – F in Fig. 6a,b).

3.3. I n f l u e n c e o f h e a t t r e a t m e n t

The Al and Al-Si substrates with composite coat-
ings were heat treated by a commonly recommended
regime, i.e. annealing at 400◦C/1 h [4, 5]. Cross-
-section of composite coatings obtained by depos-
ition in the bath containing 5 g l−1 Al2O3 is shown
in Fig. 7a,b. It is evident that the annealing does not
influence appearance of coatings markedly. The hard
particles (dark) still remain homogeneously distrib-

Ta b l e 4. Hardness HV and abrasion resistance (ex-
pressed as thickness loss ∆L after 333 m abrasion) of as-
prepared and as-heat treated (400◦C/1 h) coatings (com-
posite coating was prepared in the bath containing 5 g l−1

Al2O3; properties of uncoated substrates are also included
for comparison; hardness of the composite coatings corres-

ponds to Ni-P phase)

Coating Substrate HV∗ ∆L (µm)

Uncoated
Al 25 89
Al-Si 70 82

Ni-P Al 555 35
as-prepared Al-Si 574 39

Ni-P-Al2O3 Al 552 27
as-prepared Al-Si 562 25

Ni-P-Al2O3 Al 976 18
as-heat treated Al-Si 944 19

*HV 5 for uncoated substrates and HV 0.005 for Ni-P
phase in the coatings

uted across the coatings. Moreover, no layer of reac-
tion products between Ni-P coating and substrate is
observed what means that the temperature is too low
to induce interdiffusion of Al and Ni.
In Table 4, hardness and abrasion resistance of the

heat treated coating is compared to uncoated sub-
strate, as well as to as-deposited coating. It is observed
that the applied heat treatment markedly improves
hardness and abrasion resistance. After heat treat-
ment, the Ni-P layer has hardness of almost double
that of the as-prepared coating. Due to high hardness
of the Ni-P matrix, abrasion rate of composite coating
reduces by nearly 30 %.
Figure 8 shows XRD pattern of the composite coat-

ing prepared in the bath with 5 g l−1 Al2O3 and heat
treated at 400◦C/1 h. Sharp and well separated peaks
of several crystalline phases are found after heat treat-
ment, instead of the single broad peak corresponding
to extremely fine nanocrystalline nature of Ni-P phase
in the as-prepared coating (Fig. 5). Beside Al, Si and
Al2O3 that are identified also in the as-prepared coat-
ing, presence of crystalline Ni and Ni3P phases are
proved. It is known that extremely fine nanocrystal-
line structure with almost homogeneous distribution
of phosphorus is not very thermally stable. Anneal-
ing at 400◦C is sufficient to accelerate diffusion rate
of phosphorus and to induce precipitation of very fine
phosphide particles [4]. Hard phosphides in plastic Ni
matrix act as effective obstacles for slip of disloca-
tions. As a result, hardness that is directly related to
the yield strength increases.
In contrast to the preceding heat treatment, an-

nealing at 500◦C/24 h significantly modifies appear-
ance of the composite coating, as is illustrated in
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Fig. 8. XRD pattern of the heat treated (400◦C/1 h) composite coating prepared on Al-Si alloy in the bath with 5 g l−1

Al2O3.

Ta b l e 5. Chemical composition (at.%) (measured by EDS), phase composition (estimated from chemical composition)
and hardness HV 0.005 of the three sublayers in Fig. 9 formed from the composite coating due to annealing at 500◦C/24 h

Sublayer Al Si Ni P HV 0.005 Present phases

1* 1.1 0.4 86.4 12.1 335 Ni, Ni3P
2 51.2 3.1 44.1 1.6 984 Al3Ni2
3 66.1 3.5 28.6 1.8 765 Al3Ni

* all parameters refer to the Ni-P matrix

Fig. 9 for the coating prepared in the bath with
5 g l−1 Al2O3. At least three sub-layers denoted as 1–
3 can now be distinguished. Their hardness, chemical
and phase composition are summarized in Table 5.
Sublayer 1 is a remaining part of the original com-
posite coating, since it contains both Ni-P matrix and
ceramic particles. Due to annealing, nanocrystalline
homogeneous Ni-P phase decomposes to form pure
Ni and phosphide particles, similarly to the preceding
heat treatment. At 500◦C, however, growth of phos-
phide particles and Ni grains brings about a consid-
erable softening of the Ni-P alloy. Sublayers 2 and
3 result from an intensive inward and outward diffu-
sion flows of Ni and Al, respectively. They are dom-
inated by products of solid state reaction between Al
and Ni, i.e. by intermetallic phases Al3Ni2 (sublayer 2)
and Al3Ni (sublayer 3) with minor additions of Si and
P. These intermetallics show increased hardness, es-
pecially Al3Ni2 phase, due to ordered structure which
is unfavourable for the dislocation slip.
High hardness of intermetallics in part balances

the softening of Ni-P alloy, hence the effect of ap-
plied thermal loading on hardness does not seem to
be fully negative. However, adhesion of coating seems
to be slightly reduced due to annealing at 500◦C,
since cracks create at intermetallic/substrate interface
(marked by arrows in Fig. 9). These defects may form
upon cooling from annealing temperature due to dif-
ferences in thermal expansion between Al and Al-Ni

Fig. 9. Cross-section of heat treated (500◦C/24 h) com-
posite coating on Al-Si alloy with sublayers 1–3 and with
cracks at intermetallic/substrate interface (marked by ar-
rows) (deposition was carried out in the bath containing

5 g l−1 Al2O3) (light microscope).

intermetallics. Influence of heat treatment on adhesion
of composite coatings thus needs further research.

4. Conclusions

It is shown in the presented paper that hard
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Ni-P-Al2O3 composite coatings can be successfully
prepared on pre-treated Al-Si casting alloy by co-
-deposition of hard particles from stirred bath con-
taining nickel lactate, nickel hypophosphite and lactic
acid. Aluminium oxide content in the bath of about
10 g l−1 ensures a sufficient volume fraction of particles
in the deposit. Due to silicon particles in the struc-
ture of Al-Si substrate, adhesion of composite coat-
ings is better than that on pure Al. Composite coat-
ings can be used to significantly improve abrasion res-
istance of Al-Si castings, especially if they are sub-
sequently heat treated at 400◦C/1 h. When castings
are heat treated at higher temperatures, e.g. solution
annealed at 500◦C and more, hard intermetallic reac-
tion products form and coating adhesion may reduce
due to cooling or heating.
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