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ABSTRACT

Physical properties of the NiP/SiC deposits are discussed according to the electroplating parameters
and heat treatments. The insertion of silicon carbide in the coatings does not modify their rigidity
(E=230GPa), increases their hardness slightly (50 Vickers) and decreases the residual stresses in

coatings.

The phosphorus content has a major effect on the structure and the physical properties. Indeed,
insertion of phosphorus into the deposits generates a grain size reduction or even an amorphisation
which results in morphological modifications observed by AFM. In parallel a very important hardening
is associated with incorporation of phosphorus: hardness is multiplied by 3 to reach 600 HVO.1.

The deposits tend to become crystalline following the heat treatments. With 420°C, the precipitation
of a Ni3P phase which distorts the crystal lattice is observed, increasing the hardness of the deposits.
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1. Introduction

To meet aims of eco-design and use clean technologies, exclud-
ing rejections from effluents containing chromium VI, a study on
composite coatings NiP/SiC were carried out in order to replace the
hard chromium deposits. Indeed, even if no law prohibits the use of
baths containing hexavalent chromium, a French ministerial decree
(no.2005-378: 20 April 2005) limits very strongly atmosphere and
water pollution by fixing the concentration limits in the effluents
at 0.1 mgl-! and the content limits in gases and vapors rejected
to 0.1 mgmm~3. The insertion of SiC particles should make it pos-
sible to increase the mechanical properties of the nickel coatings
in order to obtain a hardness comparable with the hard chromium
deposits (1000 HV) [1-3]. The purpose of the undertaken study is
to evaluate the mechanical properties of electrodeposited NiP/SiC
coatings. It is based on microhardness and nanohardness tests and
analyses by X-ray diffraction in order to determine the nature of the
crystalline phases present as well as the rate of internal stresses. To
carry out the deposits, we varied the phosphorus and SiC content
of the electrolyte and we carried out two post heat treatments:
190°C under air (amorphous state without residual stress) and
420°C(crystalline state) under nitrogen. The temperatures of treat-
ment were selected according to the studies undertaken by others
authors [4-6]. The mechanical properties of the various coatings

obtained are discussed according to their morphological and struc-
tural characteristics.

2. Experimental details

NiP/SiC deposits were electrodeposited in a cell whose elec-
trodes are static and vertical, containing 140 cm? of electrolyte. The
cathode is a copper disk substrate of surface 1.7 cm?2. The anode was
a high-purity nickel ingot with an effective area of 4 cm?. The sub-
strates are pickled in a nitric bath of diluted acid and are rinsed with
distilled water before deposition. SiC particles (99.9% SiC) come
from NEYCO. It has an average diameter of 600 nm. The various
deposits are indicated PxS, thereafter with x and y respectively
the phosphorous acid H3PO3 contents and the SiC content of the
electrolyte.

The temperature of the bath as well as the current density
is respectively fixed at 80°C and 10 Adm~2. The pH is adjusted
to 2 after introduction of SiC particles in suspension in the elec-
trolyte. The bath was stirred by a rotative stirring rod to increase
the SiC particles incorporation. Time was fixed to obtain 60 pm
thick deposits. Four series of samples were carried out by varying
the content of SiC particles, the phosphorous acid of the electrolyte
and the heat treatments at 190°C and 420°C (Table 1). The evolu-
tion of the phosphorus content as well as the SiC particles content
in the deposits respectively to the phosphorus acid content and the
SiC particles content of the electrolyte are presented in Fig. 1.

The topographic observations were carried out using the induc-
tive feeler profilometer SURFASCAN 3D. Scanned surfaces have



Table 1
Elaboration parameters of the coatings.

Series Composition of the bath Post-treatment
NiSO4-6H,0 NiCl,-6H,0 H3PO4 H3PO3 Na;S04 SiC
1 210gl! 60gl! 50gl-! 0 50gl-! 0to80gl! Untreated
2 210gl1! 60gl-! 50gl-! 0to20gl! 50gl-! 20gl-! Untreated
3 210gl-! 60gl-! 50gl-! 0to20gl! 50gl-! 20gl-! 190°C treated 3 h—air
4 210gl! 60gl! 50gl-! 0to20gl! 50gl-! 20gl! 420°C treated 1 h—nitrogen
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Fig.1. EffectofSiCcontent particles of the electrolyte on the evolution of the average
roughness R, and of the developed surface ratio Sdr.

a 0.5mm x 0.5mm dimension with an acquisition step of 2 um
according to the two axes. The scanning electron microscope Philips
SEM 515 coupled to analyses by spectrometry with energy X-
dispersion well as the atomic force microscope NanoScope Il made
it possible to characterize the morphology of the deposits.

The whole of the analyses by X-ray diffraction was carried out
on the diffractometer Philips MRD by using a copper anticathode
(A=0.15415nm) in order to determine crystalline structure of the
deposits in configuration #-26 and in addition their residual stress
state according to the sin? i method.

The microhardness of the various deposits was determined by
using the microdurometer Shimadzu HMV-2 under several loads
from 25 g to 200 g. The values given are the averages of the hard-
ness’s obtained thanks to a minimum of 5 tests for each load and
each deposit. The maximum load was given according to the depth
ratio of indentation depth/thickness of the deposits which is equal
to a maximum of 0.09 in our case in order to remove the influence
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Fig. 2. Effect of SiC particles on the coatings morphologies (a) P0S20 and (b) POS80.

of the copper substrate on the measurements. The nanohardness
tests were carried with the nanoindentor XP from MTS. A matrix of
20 measurements in dynamic mode was carried out on the section
of each deposit by imposing a maximum displacement of 500 nm
in-depth. Spacing between each indent is of 9 uwm to avoid the
phenomena of work hardening between each test. The Young’s
modulus of the deposits is calculated starting from the contact
stiffness measured at the time of unloading [7]

dP 2
Se = a0 = ﬁEr\/A(hc) (1)

where Se the stiffness of contact determined in the higher part of
the curve of discharge, Pthe load applied, H the indentation depth, A
(h¢) the contact area function to indentation depth, Er the effective
module of the system holding account of the Young’s moduli and
the Poisson’s ratios of indentor (E;, v;) and of the sample (E, Ve).
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Fig. 3. Effect of SiC content on the coatings’ structure.
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Fig. 4. Effect of SiC particles content of the bath on the deposits texture.
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corresponds to a microstructural refinement observed under the
scanning electron microscope and the atomic force microscope.
The pyramidal grains are denser and well cuts with a content of
SiCincreasing. The morphology is typical among that of crystalline
deposits (Fig. 3). Moreover, with the increase in SiC content of the
bath, phenomena of abrasion on the surface occurs during the elab-
oration, thus decreasing the roughness of the deposits.

The structure of the various coatings according to the SiC con-
tent of the electrolyte is presented Fig. 4. Taking into account the
important thickness of the deposits (60 wm), no peak of diffrac-
tion related to the copper substrate appears. Moreover, SiC is not
detected whatever the deposit. Only the Ni phase corresponding to
JCPDS card no. 04-0850 is highlighted.

All the diffraction diagrams present well defined and distinct
peaks that confirm the crystallinity of the deposits. However, the
intensity ratio for each measured peak is different from the inten-
sity ratio of the JCPDS card. It could be due to a preferred crystalline

Typical « Brass texture »
Copper (111)

POSO (220)

SiC particles content of the bath (g/)

Fig. 6. Loading-unloading curves function to SiC particles content of the bath.

orientation. The peak intensity corresponding to the family of plan
(200) of Ni is more important than that of the peak of the family of
plan (11 1) which should be most intense according to the JCPDS
card. A comparative study of texture has been carried out on cop-
per substrate and on deposits containing different percentage of SiC
particles. Other electroplating conditions (pH, temperature, poten-
tial difference, etc.) are constant. As Fig. 5 shows, the pole figures
of the plans (111) and (220) of the POSO deposit exhibit a typi-
cal (110) texture fibre completely different from the brass texture
of Cu substrate. Moreover, this fibre texture seems to be inde-
pendent of SiC content particles contrary to what is observed by
CHOU [8].

P0S20 (220) POS80 (220)

Fig. 5. Effect of SiC content of the bath on the microhardness function to the applied load.
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Fig.7. EffectofSiCparticles content of the bath on the nanohardness and the Young’s
modulus.

The microhardness tests carried out with 100 g and 200 g loads
show in all cases a slight increase in the hardness of the deposits
with the increase in SiC content of the bath (Fig. 6). The values found
for pure Ni deposit are in conformity with those given by Dede-
loudis etal. [2]. However, the increase rate in hardness measured by
this author with the insertion of SiC particles is not confirmed by our
measurements. This difference can be explained by the size of the
inserted particles. Indeed, Dedeloudis uses particles of size 150 nm
whereas those used for this study have a size around 660 nm. The
slight hardness increase in our case seems to be only induced by the
intrinsic mechanical properties of the particles which have a high
hardness and a high modulus of elasticity. Particles of very low size
used by Dedeloudis et al. can take into account, as they showed, the
dislocation movement; reinforcing more the nickel matrix.

Fig. 7 presents the evolution of the mechanical behaviour of the
deposits according to the SiC content of the bath. All the deposits
have a virtually identical behaviour; which seems to confirm the
preceding observations: the particles of important size would not
intercede on the mechanical behaviour of the matrix by blocking
any dislocations in particular. They are characterized by a weak
elastic return (=50 nm). Moreover, the SiC content does not influ-
ence the Young modulus value of the deposits which is about
230 GPa (Fig. 8). Nanohardness also remains relatively stable even
if a very slight increase for the deposits elaborated with an elec-
trolyte containing 40gl1-1 of SiC particles is observed. Moreover,
the nanohardness tests do not highlight any hardness gradient in
the thickness of the deposits. This result is to be attributed to the
good SiC particles distribution observed in optical microscopy.

Lastly, the internal stresses were determined according to the
sin { method starting from the variations of the inter-reticular
distances of the nickel plans (42 0) (26 =144.66°). X-ray crystallo-
graphic constants of this plan family, used in the calculation of the
stresses, are those given by Casteix et al.[9]: S1=—-1.43 x 106 MPa
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Fig. 8. Effect of the acid phosphorus content of the electrolyte on the roughness
parameters.

Table 2
Effect of SiC particles content of the electrolyte on the residual stresses.

Coatings Internal stresses (MPa)
Average Standard deviation
POSO 136.6 13.8
P0S40 100 10
P0S80 55.3 7.4

and 1/252=6.15 x 10~ MPa. In spite of the crystalline anisotropy
highlighted previously, the good linearity of the curves D = function
(sin? v) allowed us to study the residual stresses comparatively.
The results show that the coatings are in tension and the tensile
stress decreases with the increase in SiC content in the electrolyte
(Table 2). This confirms the results previously shown by Chou [8]
and Berkh [1].

3.2. Influence of the H3PO3 content

The phosphorus content in the electrolyte very clearly influ-
ences the topography of the deposits. Indeed, as the joint reductions
in average roughness R, and the ratio Sdr show, the coatings
deposited in the presence of acid phosphorous are by far the least
disturbed (Fig. 9) and this, just with the incorporation of 2gl-! of
H3POs in the bath.

This levelling according to the H3PO3 content of the bath is
explained by a radical change of the morphology of the deposits.
The coatings deposited without phosphorus are made up, as we
have seen by pyramidal grains, characteristic of a crystalline struc-
ture whereas the deposits elaborated in the presence of H3PO3 have
a globular morphology which would return rather to an amorphous
structure (Fig. 10).

The X-ray diffraction analysis (Fig. 11) confirms the topographic
and morphological changes between the coating deposited with or
without phosphorus. The transition of the crystalline state towards
a less ordered state is characterized by broader and less intense
peaks which can continue until disappearing according to increas-
ing phosphorus content. Thus, only deposits of P2S20 containing
7.67 at.% of phosphorus are crystalline, even microcrystalline tak-
ing into account the extinction and the widening of the whole of the
peaks compared to the P0S20. On the sample without phosphorus,
the smoothness of the peaks is the result of strong crystallinity of
the deposit for this composition, as has been shown previously. On
the other hand, the inversion of the intensities of the peaks (111)
and (2 00) for sample P2S20 (7.67 at.% of P) could be explained by
a change of crystalline texture with the phosphorus incorporation:
the deposit without phosphorus presents a preferential orienta-
tion of the (200) plan parallel to the surface whereas the P2S20
favours the plan (11 1). This result was already observed by Lewis
and Marshall [10]. They assign this privileged orientation of the
plans (11 1) with increasing phosphorus content in the deposits
due to the fact that the deformations of the crystallites are more

0,8 3
Z 06 e pa(um) —esdr — ]2
=i +2 —
= &
3 £
g o Y —.__ .73
5 11
e 02
t0,5
O T T T T 0

p0s20 p2s20 p6s20 p12s20 p20s20

Fig. 9. Effect of the acid phosphorus content of the bath (a) P0S20, (b) P6520, and
(c) P20S20 on the morphologies of the untreated samples obtained by atomic force
microscopy.
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Fig. 11. Effect of acid phosphorus content of the bath on the microhardness function to the applied load.

important according to the crystalline plans (2 00) than that of the
plans (111).

Beyond this content of 7.67 at.% of phosphorus, that means for
all the other samples, the coating becomes amorphous: the diffrac-
tion peaks decrease, widen then disappear. Phosphorus dissolves in
solid solution in the nickel mesh and does not appear on the X-ray
diffractograms.

The microhardness of the deposits evolves considerably accord-
ing to the phosphorus content (Fig. 12). It is multiplied by a factor
of 3 between coatings deposited without phosphorus and another
elaborate with 2 g1~ in the bath to reach approximately 600 HVO.1.
This increase is in conformity with that measured by Yucheng [11]
and Cheng [12] and lower than that measured by Apachitei [13].
A slight reduction in hardness is then observed for the high phos-
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Fig. 12. Loading-unloading curves function to the acid phosphorus content.
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Fig. 13. Effect of the acid phosphorus content on the nanohardness and Young’s
modulus.
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Fig. 14. Effect of heat treatments on the microhardness: (a) heat treatment at 190°C
under air and (b) heat treatment at 420 °C under nitrogen.

phorus contents of the bath. It is interesting to note that only these
deposits tend to fissure with the Vickers tests carried out with a
load of 100 g. This can be due to a change of mechanical behaviour;
and more particularly to the increased brittleness of the deposits
rich in phosphorus. The modifications of the mechanical behaviour
with the insertion of phosphorus in the Ni matrix are confirmed
by the shape of the loading and unloading curves obtained during
nanoindentation tests (Fig. 13). The deposits containing phospho-
rus are characterized by an elastic return three times larger than
the deposit without phosphorus. Moreover, as Weaire [14] under-
lines it, a reduction of 30% of the value of the Young’s modulus is
observed for the amorphous deposits (Fig. 14). This fall is explained
by local rearrangements within the disordered structure of amor-
phous alloy under a given pressure [15,16].
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Fig. 15. Effect of heat treatments on the deposits nanohardness: heat treatment at
190°C under air and heat treatment at 420 °C under nitrogen.
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3.3. Influence of the heat treatments

The study of the NiP-SiC deposits, after a 190 °C heat treatment
for 3h in air, highlights no change of topography or morphol-
ogy compared to the untreated coatings. According to the X-ray
phase’s analyses, P2S20 and P6S20 deposits are microcrystalline;
their hardness increases by 150-200 Hv (Fig. 15). This increase is
due to stress relaxation. The stress rate of the as plated coating with-
out phosphorus is estimated at 694 11.3 MPa and 45.44+7.7 MPa
after a 190 °C heat treatment. Moreover, for this temperature for-
mer studies made it possible to highlight hydrogen desorption of
the Ni-P deposits according to their structural state [4,17]. On the
other hand, amorphous deposits, P12520 and P20S20, preserve
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Fig. 17. Effect of heat treatments on the structure.



Table 3
Effect of heat treatments on the residual stresses.

Coatings Internal stresses (MPa)
Average Standard deviation
P0S20 54.6 8.2
P2S20 -82.9 13.1
P6S20 —-66.5 11.7

the same hardness than as-plated deposits. However, after this
heat treatment, all the deposits are more fragile. Cracks appear
after microhardness tests. These observations are confirmed by
nanohardness tests (Fig. 16). No gradient of hardness was observed
in the thickness of the deposit whatever its composition.

For a 420°C heat treatment of 1 h in nitrogen, no surface modi-
fication was highlighted compared to as-plated samples. However,
structural changes appear in the deposits (Fig. 17). These give a
more stable structure from a thermodynamic point of view. Indeed,
as we can see it on the diffraction X-ray diagrams, all the deposits
become crystalline again or microcrystalline. Moreover, precip-
itation of the Ni3P phase is observed [18-20]. However, this is
associated with a very important hardening, in particular for the
deposits which were amorphous until then. Thus, an increase in
the microhardness (Fig. 15) and nanohardness (Fig. 16) of deposits
P12S20 and P20S20 are recorded compared to their untreated state
of development. This increase of 500 Hv comes primarily from the
presence of the precipitates which distort the network and cause
it to become crystalline. We find then that the values of hard-
ness generally agree with the literature [18]. The beginning of the
decrease in hardness of the treated P20S20 420°C comes from
the all important phosphorus content: the NisP phase tends to
form larger aggregates which lose their hardening effect. Accord-
ing to Apachitei et al. [18], a spheroidisation of the precipitates can
appear, decreasing by the same their hardening effect.

The calculation of the stress state highlights that the deposits are
in a state of compression (Table 3). This compression of the matrix
is related to the presence of precipitates. The value of the Young’s
modulus (Fig. 16) increases which once more confirms the return
to the crystalline state of these deposits.

4. Conclusion

This study made it possible to show the small influence of the
insertion of SiC particles on the morphology and the structure of
the deposits with a nickel-phosphorus matrix. The coatings have a
(110) fibre texture independent of that of the substrate and of SiC
particles content. We notice a slight increase in the microhardness
of the deposits with the insertion of SiC which can be due to the
slight reduction in the grain size and to the increased hardness of
the SiC particles.

On the other hand, the insertion of phosphorus severely modi-
fies the morphology of the deposits. The grains of pyramidal form
become globular with the insertion of phosphorus. These modi-
fications are closely related to the structural variations. Indeed,
measurements of X-ray diffraction highlighted an amorphisation
of the deposits for the baths whose phosphorus acid content is

higher or equal to 6gl-'. Consequently, the microhardness also
evolves with the insertion of phosphorus. It is maximum for the
microcrystalline deposits and decreases slightly for the amorphous
deposits. The nanoindentation tests confirm not only the evolution
of hardness but make also possible to obtain the evolution of the
Young modulus according to the inserted phosphorus content. The
amorphisation of the coatings results in a fall of the Young modulus.

The post heat treatment at 190 °C involves a slight increase in
hardness which can be correlated to a reduction in the residual
tensile stresses. Preceding studies showed a hydrogen desorption
for these same deposits at this temperature. The 420 °C treatment
allows a return to a much more stable structure. A nickel phos-
phide precipitation appears, involving a setting in compression of
the nickel matrix and by the same process, a significant increase in
hardness.

Future research for this study is to look further into our knowl-
edge on the interface particles stamp and to lead, if possible,
the same work by using nanometric particles to try to have a
“precipitate-matrix” type hardening effect by blocking the prop-
agation of dislocations.
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