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ABSTRACT

Duplex electroless nickel coatings constituted of one layer of nickel-phosphorous and one of
nickel-boron are a promising solution to provide combined wear and corrosion resistance to
parts. Duplex systems were compared to systems of similar thickness constituted of only one
material, in one or two layers. Duplex coatings present intermediate surface texture, but each
layer keeps its typical cross-section morphology and structural features, even after heat
treatment. The interfaces between the separate layers are sharp in the as-deposited state but
not as much after heat treatment. When nickel-boron is deposited first, it influences slightly
the grain growth of the subsequent nickel-phosphorous layer, but no influence can be

observed when nickel-phosphorous is deposited first.

Introduction

The need for increasingly performant materials in
industrial applications is a drive for the development
of coating technologies that allow increasing the sur-
face properties of materials, like wear and corrosion
resistance. Discovered in the late 1940s [1], electro-
less nickel coatings have been used to this effect for
decades [2-5] notably because this method provides
coatings with good adherence and near-perfect thick-
ness homogeneity [6-9], due to the catalytic nature
of the process that allows plating only the desired
surface, without any current repartition effects
[2,10,11].

There are two main types of electroless nickel coat-
ings: nickel-phosphorous alloys that are obtained when
hypophosphite is used as the reducing agent, with
phosphorous content from 2 to 13 wt-% [4,12-16]
and nickel-boron alloys that are obtained with
either borohydride or amine-borane compounds,
whose boron content varies from 0.5 to 9 wt-% [2-4,
7,12,17-21]. Both types of coatings provide relative
protection against wear and corrosion, but studies
have shown that the corrosion resistance of
nickel-phosphorous coatings was better than that of
nickel-boron (and that the resistance increased with
the phosphorous content), while nickel-boron pre-
sented better wear resistance, adhesion and hardness
[2,3,12,14]. Moreover, hardness of nickel-phosphorous
coatings decreases with P content [2,7,22,23].

There are distinct reports on the use of both types of
nickel to improve the properties of similar parts, like
for example firearms [4,24-27], one being used for cor-
rosion resistance and the other for wear resistance. The
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idea of combining both kinds of coatings to hopefully
obtain corrosion and wear resistance at the same
time has, thus, been investigated by a few authors
[28-32]. However, most of these studies are strictly
limited to investigation of the mechanical (and some-
times corrosion) properties of the obtained duplex sys-
tems and there is very little information on the
morphological and structural effects of using duplex
electroless coatings, and even less in the case of heat-
treated duplex coatings.

In this paper, the morphology, chemistry and struc-
ture of electroless systems, constituted of either one of
two layers of nickel-phosphorous and/or nickel-boron
will be investigated.

Experimental details
Sample preparation and electroless plating

The substrate chosen for this study was mild steel
(ST37-DIN 17100) with a carbon content of
0.17 wt-% and no other major alloying element. Mild
steel was chosen because those alloys can be used in
numerous applications and because their low alloying
element content and rather simple microstructure
make them easy to plate by the electroless process.

One mm thickness in coupons of 100 mm x 100
mm was cut from St 37 steel sheets. Holes with a diam-
eter of 2 mm were drilled to allow handling of the
samples.

Before electroless plating, the samples were ground
with SiC abrasive paper up to a grit of 2000. They
were then degreased with acetone and etched in
30 vol.-% HCI just before plating.
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Table 1. Operating conditions for electroless nickel-boron
plating.

NiB NiP
NiCl,-6H,0 24gL" Niklad ELV 808A and Niklad ELV
NaOH 39gL7" 808B, according to user
Ethylenediamine 60mLL™" manual
PbWO, 0021gL™"
NaBH, 06029 L™
Bath temperature 96.5 + 0.5°C Bath temperature 88+ 1°C
Bath pH 13.5 Bath pH 5.75
Plating time Plating time
for 10 um 32 min for 10 um 35 min
for 20 um 70 min for 20 ym 70 min

Two types of electroless nickel coatings were used in
this study: a mid-phosphorous commercial solution
(Niklad ELV 808A and Niklad ELV 808B from Mc
Dermid with a typical content of 7-9 wt-% P) was
used for the nickel-phosphorous coating. A nickel-
boron plating bath developed at UMONS [33], which
contains nickel chloride, sodium borohydride, ethylene
diamine and lead tungstate, was used for the nickel-
boron plating. Plating conditions for the nickel-boron
bath were slightly modified to increase the boron con-
tent of the coating [32]. The composition and plating
conditions for both plating baths can be found in
Table 1.

Several types of samples were produced in this
study: monolayer electroless nickel samples (both NiP
and NiB) with a thickness of 20 um, bilayer samples
composed of two layers of the same electroless nickel
composition and a total thickness of 20 um and duplex
samples combining 10 pm of nickel-boron and 10 pm
of nickel-phosphorous. The bilayer samples were not
made with applications in mind but to observe if the
presence of a homogeneous interface (where the
same material is present on both sides of the interface)
modified the properties of the coating.

To ensure repeatability of the plating process, an 8 L
bath was used for the thinner coatings (10 um) and a
10 L bath for the 20 pm layers. Plating rate was repeat-
edly measured to determine the exact plating time
needed to plate 10 and 20 pm of each coating.

For bilayer and duplex systems, a new bath was used
for each layer and the samples were rinsed, dried and
stored in a desiccator after the deposition of the first
layer. The time lapse between successive plating pro-
cesses was kept as short as possible (always lesser

NiB/NiP

NiB

NiP/NiP
I Nip .
110pm NiB

Figure 1. Summary of the various coating systems.
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than 6 h), to avoid degradation of the surface activity
of the previously deposited layer. A summary of the
types of coatings synthesised for this study can be
found in Figure 1.

To assess the effect of heat treatment on the coat-
ings, some samples were submitted to a treatment car-
ried out at 400°C for 1h under a slightly reducing
atmosphere (95% Ar and 5% H,) to avoid alterations
of the surface properties. The heating rate was 50°
C min™" and the samples were cooled in the turned
off furnace, still under reducing atmosphere. This
heat treatment was selected because it is popular for
both NiP [16,34-35,23] and NiB [8,21,36,37] coatings
and has moreover proved to be effective for the nickel
boron coating used in this study [38].

Characterisation methods

The depth-profile chemistry of the samples was
investigated by GDOES analysis using a calibrated
Horiba-Jobin-Yvon GD-Profiler 2. Average compo-
sition of the different layers was derived from the
GDOES analysis. The surface aspect of samples was
observed with a Hirox 8700 3D optical microscope.
Cross-sections were mounted and prepared for
metallographic analysis by polishing up to a mirror
finish and etching for 180s with 10 vol.-% nital.
They were observed by SEM using a JEOL JSM
5900 LV electron microscope.

Structural analysis of the samples was carried out by
X-ray diffraction with the use of a Siemens D50 spec-
trometer in 0-20 configuration and using Cobalt Ka radi-
ation (1.79 A). Diffraction peaks were indexed using the
‘Match’ software (Crystal Impact, Match! - Phase Identi-
fication from Powder Diffraction - version 1.11).

TEM observations of selected samples were carried
out using a Philips CM 20 electron microscope, operat-
ing at 200 kV. The thin sections of selected samples
were prepared by focused ion-beam machining in a
FEI Quanta 200 3D dual beam apparatus. Sections
were cut parallel to the growth direction of the coating
by the selected area lift out method on polished cross-
sections of the samples. The aim was to complete the
morphological and structural characterisation of the
monolayers and to observe the interface between the
two electroless nickel layers in duplex coatings.

NiB/NiB
+10um NiB $10um

$10um

NiP monolayer

IZOp.m IZOpm




Results and discussion
Chemical analysis of the coatings

GDOES depth-profile analysis results for all samples
are shown in Figures 2 and 3 as well as in Table 2.
The boron content of all coatings seems to not have
been affected by the plating conditions, as average
values are always close to 6.8%, with lead contents
close to 1.4 wt-%. The results indicate that the modifi-
cation of plating conditions allowed increasing the
boron content from 4.5 to 5.5 wt-% [39] to nearly
7 wt-% without modifying the lead content in an unac-
ceptable manner.

However, it appears that using a lower bath load (a
bigger bath for a sample of the same dimensions) to
obtain a thicker coating leads to a decrease in the
phosphorous content, as can be seen in Table 2 and
Figure 1(a). However, the P content obtained in all
cases stays in the limits of the industrial bath infor-
mation: 7-9 wt-% P.

Careful examination of the depth profiles shows that
the boron content of the nickel-boron coatings tends to
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be similar at the beginning and the end of the plating
process with a decrease in the boron content in the
top 1-2 pm (Figure 2(b,c,f)). The lead content follows
similar trends to those of the boron content in all
samples. It appears that using a lower bath load also
modifies the chemistry of the boron coatings but in a
more local manner: samples used with higher loads
present higher variations of boron (Figure 2(d,e.f))
content in the coating, similarly samples obtained at
lower temperature using the same bath load [40]
while those obtained at lower loads present a more
homogeneous chemistry.

The variations of phosphorous content are very
different from those of boron, with an overall continu-
ous increase of phosphorous during the plating process
(Figure 2(a,c,e)).

The interface between successive phosphorous
layers is clearly observable due to the sharp modifi-
cation of phosphorous content linked with the use of
a new bath (Figure 2(c)). However, in the case of
nickel-boron coatings, there is no such variation to
be observed or they are masked by the roughness of
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Figure 2. GDOES depth-profile analysis of as-plated electroless nickel coatings: (a) NiP monolayer; (b) NiB monolayer; (c) NiP bilayer;

(d) NiB bilayer; (e) steel/NiB/NiP duplex; (f) steel/NiP/NiB duplex.
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Figure 3. GDOES depth-profile analysis of heat-treated electroless nickel coatings: (a) NiP monolayer; (b) NiB monolayer; (c) NiP
bilayer; (d) NiB bilayer; (e) steel/NiB/NiP duplex; (f) steel/NiP/NiB duplex.

the interface between the two nickel-boron layers
(Figure 2(d)).

Heat treatment has no effect on average compo-
sition of the coatings but can lead to significant
local variations of concentration, as can be seen in
Figure 3. In the case of nickel-phosphorous, heat
treatment leads to an increase in P content close to
the sample surface (Figure 3(a,c,e)) which suggests
that some of the phosphorous may diffuse to form
compounds on the surface of the coating during the
heat treatment. Diffusion is also observed at the sub-
strate/coating interface in all samples, but in a rather
limited manner, as attested by the rather sharp

Table 2. Average composition of electroless nickel coatings.

(wt-%) Ni P B Pb
Duplex Ni-B/Ni-P 91.39 9.14 6.72 1.21
Duplex Ni-P/Ni-B 90.01 7.79 7.18 1.47
Bilayer NiB 92.13 6.66 1.07
Monolayer Ni-B 91.99 6.66 1.11
Bilayer Ni-P 90.65 9.20

Monolayer Ni-P 92.06 7.78

decrease in iron and increase in nickel at the inter-
face. Boron, once again, has a different behaviour: it
diffuses rather towards the inside of the sample,
which leads to higher boron content at the interface
with the substrate or the underlaying layer (Figure 3
(b,d,e,f)) and to low boron contents at the free surface
of the sample. It is thus expected that the crystalline
structure of the nickel-boron layer may vary from the
interface to the free surface. Lead once again follows
the evolution of the boron content in all the nickel-
boron coatings.

Coating morphology

The surface morphology of mono- and bilayer coat-
ings corresponds to the usual surface aspect of the
type of coating deposited on the substrate: nickel-
boron presents the typical cauliflower-like surface
texture [2,19,41] (see Figure 4(a,b)), while nickel-
phosphorous presents a planar morphology also
usual for this type of coating (Figure 4(d,e))
[2,42,43]. Duplex coatings present intermediate
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Figure 4. Surface morphology of electroless Ni-P/Ni-B duplex, monolayer and bilayer coatings — as-plated conditions.

features but are more influenced by the top layer:
when boron is the upper layer, and slightly attenu-
ated cauliflower-like texture can be observed (Figure
4(c)), while the duplex coating with nickel-phosphor-
ous on top (Figure 4(f)) does present very attenuated
features, showing the very good dimensional conser-
vation of the nickel-phosphorous coating.

As can be seen in Figure 5, heat treatment does not
modify the surface texture of the samples.

Cross-section of the samples was observed by SEM
after etching and is presented in Figure 6. Nickel-phos-
phorous appears featureless on those images (it is not
etched by nital), as can be seen in Figure 6(c,d,e,f). It is
not even possible to observe the separation of the two
NiP layers in the bilayer coating (Figure 6(e)). Nickel-
boron presents a columnar morphology typical for
those coatings (Figure 6(a,b,c.f)) [2,24,40,44] and the
delimitation between the two successive layers (Figure
6(b)) can be very easily observed and looks similar to
the effect of batch bath replenishment [45]. In the case
of duplex coatings (Figure 6(c,f)), the two layers are
clearly delimited and keep their typical features. How-
ever, the interface obtained when nickel-phosphorous
constitutes the first layer (Figure 6(c)) is totally planar,
while that obtained when nickel-boron is deposited
first is slightly wavy due to the columnar growth in that
coating.

28K, - X1,608 18w

Heat treatment does not modify the morphology of
the coatings, as can be deduced from the comparison
of the left (as plated) and right (heat treated) parts of
Figure 6.

Coatings structure observed by XRD

X-ray diffraction results are shown in Figure 7 for as-pla-
ted coatings and Figure 8 for heat-treated samples. In the
as-plated state (Figure 7), all the coatings present a broad
peak centred around 53° that indicates the presence of
amorphous or nanocrystalline supersaturated nickel.
Coatings where nickel-phosphorous constitutes the top
layer (i.e. NiP mono- and bilayer and Steel/NiB/NiP
duplex coating) present slightly sharper peaks, which
suggests that nickel-phosphorous is more crystallised
or presents bigger grain sizes than nickel-boron.

After heat treatment (Figure 8), two nickel peaks (at
52° and 61°) are observed for all samples. Only the top
10 um of the sample can be analysed by this method,
so the bottom layer of duplex coatings is not observed.
When nickel-boron constitutes the top layer, nickel
and two boride phases are observed: Ni;B and Ni,B.
Their presence is consistent with the chemistry of the
coating: NizB corresponds to a boron content of
5.8 wt-%. It is thus expected that a smaller but non-neg-
ligible amount of Ni,B (that corresponds to 8.5 wt-%B)

Zoky  x11808 _ 1ENm

Figure 5. Surface morphology of electroless Ni-P/Ni-B duplex, monolayer and bilayer coatings — heat treated.
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X2,888  18xm

Ni-P monolayer

Ni-P bilayer

X2, 886 16mm

Steel/NiB/NiP

Figure 6. Cross-section morphologies of electroless Ni—P/Ni-B duplex, monolayer and bilayer coatings (a) NiB monolayer; (b) NiB
bilayer; (c) steel/NiP/NiB; (d) NiP monolayer; (e) NiP bilayer; (f) steel/ NiB/NiP. Left side (1) as plated; right side (2) heat treated.

is formed during the heat treatment. This is amplified by
the diffusion phenomena observed during the heat
treatment, leading to the formation of a nickel-enriched
zone which is the origin of the appearance of a metallic
nickel peak. When nickel-phosphorous is the top layer,
only NizP (15 wt-% P) and nickel can be observed,
which is consistent with the chemistry of the coatings.

TEM observation of the coatings and interfaces

Figure 9 presents the lifted-out sample obtained from a
steel/NiP/NiB duplex coating. All interfaces are clearly
identifiable, which will allow us to target the obser-
vation zones.

The microstructure and electron diffraction pattern
of the NiP monolayer coating are presented in Figure 10.
In the as-deposited state, NiP presents a nanocrystalline
structure, in accordance with the chemistry of the

coating and the XRD results. The selected area electron
diffraction (SAED) pattern (Figure 10(c)) is constituted
of several distinct and slightly fuzzy rings, which indi-
cates that the grain size is very small. This is confirmed
by the TEM brightfield image (Figure 10(a)), where
grains with a size close to 10 nm can be observed.
After heat treatment, the diffraction pattern (Figure 10
(d)) indicates complete crystallisation with several
grains in the selected area. The crystalline phase is
Ni;P as expected from chemistry and XRD (the image
was voluntarily non-indexed to keep maximal legibil-
ity). This is confirmed by the TEM image, where grains
with a size close to 30-50 nm are observed.

In the as-deposited state, monolayer NiB presents a
nearly amorphous state, as attested by the presence of
only one well-defined ring in the SAED pattern (Figure 11
(c)). However, the presence of a hazy second ring suggests
that short distance order is conserved, similarly to what

7000
6000
5000

3 4000

iB + Ni e
NiB + NiP .

3000 | nip+NiB

Intensity (a.u.)

NiB 10+10
2000

NiP10+10pum
iP 20um

1000

0

30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70

2 theta (degrees)

Figure 7. X-ray diffraction results for as-plated electroless nickel coatings.
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Figure 8. X-ray diffraction results for heat-treated electroless
nickel coatings.
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1

5um
B 7

Figure 9. TEM image of a thin section of a duplex electroless
nickel-coating.
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was observed for coatings with a lower boron content
[39]. The grain size cannot be measured on the TEM
image, but a wavy pattern, similar in shape to the top
of the columnar texture of the coating, can be observed
in the sample (Figure 11(a)). Those were already observed
in other nickel-boron deposits [39] and suggest a layer-
by-layer growth of the coating. After heat treatment, the
structure and morphology of the coating differs according
to the position: near the substrate and in the bulk, big ani-
sotropic Nj3B grains (100 nm or more, Figure 11(b)) can
be observed. However, much smaller Ni grains (10 nm)
are observed in the superficial zone (Figure 11(d)), in
accordance with the decrease of boron content near to
the surface of the sample.

The TEM observation of monolayer samples con-
firms thus the findings of XRD and SEM analysis and
are fully in accordance with chemical analysis.

The interfaces between electroless nickel-phosphor-
ous and nickel-boron layers are shown in Figure 12.
When nickel-phosphorous is deposited first (Figure 12
(a,c)), the interface between both layer is clearly delim-
ited and planar and there is no apparent influence of the
first layer on the formation of the second one. The fea-
tures of NiB cannot be observed at the magnification of
Figure 12(a). The interface is very clear in the as-depos-
ited state (Figure 12(a)), but it is difficult to judge for
heat-treated samples (Figure 12(c)). When nickel-
boron constitutes the first layer, the interface is wavy
but sharp in the as-deposited state (Figure 12(b)), as
expected from SEM observations; however, this does
not influence the growth of the nickel-phosphorous
layer. After heat treatment (Figure 12(d)), the interface
stays wavy but loses some of its sharpness, probably due

Figure 10. TEM characterisation of NiP monolayer coating. (a) Morphology, as deposited; (b) morphology, heat treated; (c) electron
diffraction pattern, as deposited; (d) electron diffraction pattern, heat treated.
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Figure 11. TEM characterisation of NiB monolayer coating. (a) Morphology, as deposited; (b) morphology, heat treated: bulk; (c)
electron diffraction pattern, as deposited; (d) morphology, heat treated: superficial zone.

Figure 12. TEM characterisation the interface of duplex electroless coatings. (a) NiP/NiB, as deposited; (b) NiB/NiP, as deposited; (c)
NiP/NiB, heat treated; (d) NiB/NiP, heat treated.

to interdiffusion. The nickel-phosphorous grains closest Individual layers present features typical for the type
to the interface appear elongated rather than isotropic,  of coating:
which may be due to the presence of columnar features

in the undelaying nickel-boron. e As -deposited nickel-phosphorous is constituted of

nanocrystalline supersaturated nickel with isotropic
grains whose size is close to 10 nm. They do not pre-
sent any observable growth feature (neither layered
Electroless nickel mono, bilayers and duplex coatings nor columnar).

have been chemically, morphologically and structurally =~ e After heat treatment, electroless NiP crystallises in
characterised. the Ni;P form, with isotropic grains in the

Conclusions



30-50 nm range and no observable microscale
features.

» NiB coatings present a nearly amorphous structure
in the as-deposited state and their growth pattern
can be observed by SEM (columnar/feather-like
morphology) and by TEM, wavy-layered features.

e After heat treatment, due to local modifications of
the chemistry of the coating, nickel-boron presents
big (>100 nm) Ni;B grains close to the interface
and much smaller Ni grains close to the surface.
The big Ni;B grains are slightly anisotropic, thus
conserving the columnar features observed by SEM.

e The interfaces between NiP and NiB are very sharp
in the as-deposited state and less clearly defined
after heat treatment. When NiP has been deposited
first, the interface is completely planar, in accord-
ance with the superficial features of the coating.
When NiB is the first deposited layer, wavy inter-
faces are observed.

¢ No influence of the first layer on the growth of the
second one has been identified, but the nickel-phos-
phorous grains closest to the interface, when nickel-
boron is the first layer, present slight anisotropy.
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