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Abstract In this review, a summary of our published
results, completed with new unpublished data are consid-
ered together with some of other authors’ publications,
making an attempt to reveal the mechanism of the third
element co-deposition in electroless Ni–P plating and to
define its influence on the ternary coatings’ properties. A
model explaining the triple role of Cu added to the solution
for electroless (EL) Ni–P plating is described: as a stabilizer
[Cu(I)]; as an accelerator; and as a stability-affecting agent,
forming a dispersed solid phase in the solution. The
disproportionation reaction of Cu(I) has been taken into
account. A planned experiment was performed using full-
effect factorial design with two levels of three process
variables, and the response surfaces were constructed. The
interaction between the factors was revealed. The results are
in harmony with the aforementioned model. In low-tin Ni–
Sn–P coatings, the alloy components are uniformly distrib-
uted both on the surface and through the thickness. In
contrast, high-tin coatings exhibit three-dimensional areas
enriched in Sn and impoverished in Ni and P. As the reason
for their formation, the disproportionation reaction of Sn(II)
is suggested, supposed to be locally predominant over the
hypophosphite oxidation. EL deposition of pure Sn onto
Ni–Sn–P substrates is shown. The inclusion of Cu or Sn in
EL Ni–P increases the thermal stability of amorphous state,
ensures the preservation of a paramagnetic behavior and
improves the corrosion resistance.
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Introduction

Reviewing the growing achievements in theory and practice
of electroless (autocatalytic) plating, the contribution of the
Institute of Chemistry (Institute of Chemistry and Chemical
Technology 1945–1992) of the Lithuanian Academy of
Sciences cannot be omitted [1–3].

During the last 10–15 years, the attention to the electroless
plating of nickel-based ternary alloys has been increased
because of their excellent corrosion, wear, and thermal
stability and electrical resistance. Their industrial application
is expanding too. In more detail, since 1990, about 70 papers
and patents on electroless plating of ternary Ni–Cu–P coatings
appeared. The reason for such an interest is that inclusion of
Cu in electroless Ni–P alloys improves their smoothness [4,
5], brightness [5, 6], and corrosion resistance [7, 8]. The
application of Ni–Cu–P in VLSI [9–11] and thin-film
memory disks [12, 13] has been considered.

Low-tin coatings possess a high corrosion resistance
[14–17]. Alkaline solutions have been used for the
deposition of Ni–Sn–P coatings of higher tin content, and
the application of stannous [Sn(II)] ions as a tin source
seems more prospective than stannic [Sn(IV)] ions. When
the tin content is up to 10.4 at.%, an amorphous structure
was noticed at a lower content of phosphorus than what
happens in Ni–P alloys [18, 19]. At higher tin contents
(14 at.%), the crystalline structure appears, and the
crystallinity of Ni–Sn–P alloys increases with a further
increase in tin content [20]. The best anticorrosion behavior
is displayed by a Ni–Sn–P coating with either low
crystallinity or amorphous structure and high tin content
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[20, 21]. The solderability of Ni–Sn–P exceeds that of Ni–P,
and it is improved with increasing tin content [20, 22].

The addition of limited quantities of Cu [23–25] and Sn
[17, 24, 26] in Ni–P alloys improves their thermal stability,
which means preservation of their amorphous state and
paramagnetic behavior.

In the same time, the mechanism of co-deposition of a
third element, and particularly, tin and copper during the
electroless plating of Ni–P is still not clear enough. Initially
the use of monovalent cuprous [Cu(I)] ions in the
electroless Ni–P baths averted the problem of sulfur co-
deposition observed with sulfur containing stabilizers [27].
With Cu(I) ions, the solution stability was improved
without significantly retarding the plating rate. Later, it
was revealed that even the cupric [Cu(II)] ions had a similar
stabilizing effect [5, 28–30]. An increase in the deposition
rate and a decrease in phosphorus content of the electroless
nickel was noticed when Cu(II) ions were added to the
plating solution [5, 29–32]. A rise in hypophosphite
utilization efficiency was also mentioned [5, 29, 30]. A
critical survey of the literature suggests that there is much
ambiguity with regard to the proposed mechanisms for the
role of copper in the process of electroless Ni–P plating.
For example, copper is known to stabilize the solution, but
simultaneously, it increases the deposition rate. In summary,
the nature of favorable effects of copper on the solution
stability and on the efficiency of hypophosphite utilization
in Ni–P electroless plating is under investigation [6, 33].

The co-deposition of tin is a challenging problem also. It
should be reminded that Sn(II) ions were initially used as a
stabilizer of electroless Ni–P plating [34–37]. In this way, their
presence in the bath in high amount suppresses the electroless
plating and can even stop it. The uniformity of Ni–Sn–P
coatings was not a subject of special interest, and the data
about the tin distribution through the coating thickness is very
scarce [38]. On the other hand, it was proved that the
electroless tin plating in strong alkaline solutions might be
accomplished by the disproportionation reaction [39, 40]. This
process was further developed [41, 42] and the role of tin
catalytic surface was indicated [43]. However, the role of
disproportionation reaction in the electroless deposition of tin-
rich Ni–Sn–P coatings is very interesting also [44]. The
disproportionation reaction may have a role during the
electroless plating of Ni–Cu–P, too [33].

The aim of this review is to summarize our experience in
investigating the process of co-deposition of copper and tin
during electroless plating of Ni–Cu–P [33, 45] and Ni–Sn–P
[44] coatings taking into account the role of disproportion-
ation reactions of Cu(I) and Sn(II), respectively. Our
unpublished data on the properties of Ni–Cu–P and Ni–Sn–
P, including the corrosion behavior of electroless Ni–Cu–P
and Ni–Sn–P alloys, deposited on Al from acidic solutions,
will be presented. A discussion of some of the other authors’

publications will be given, trying to reveal the mechanism of
the third element co-deposition in electroless Ni–P plating
and to outline its influence on the ternary coatings’
properties. The homogeneity and elemental distribution in
the tin-enriched Ni–Sn–P coatings plated electrolessly in
alkaline solutions will be considered.

Materials and methods

The solutions for Ni–Cu–P electroless deposition were
based on a citric–acetic acidic bath containing sodium
hypophosphite as a reducing agent [46, 47]. The concen-
tration of sodium acetate and sodium citrate was increased
from the recommended concentration for electroless Ni–P
plating [47] to the final levels of 0.20 and 0.16 M,
respectively. Glycine was also included in the plating
solution: 0.28 M. Additional modifications of the bath
composition were necessary to prevent a decrease in
phosphorus content in the alloy due to copper co-
deposition. The concentrations of nickel and hypophosphite
in the working bath were 0.10 and 0.36 M, respectively.
The deposition was carried out at a temperature of 88±1 °C
and pH of 4.7. Due to the presence of copper in the
solution, no other stabilizers were used. Continuous
replenishment was applied to keep constant the solution
concentration and especially copper at the level of 15±
2 ppm determined by atomic absorption spectroscopy
(AAS) analysis. While investigating the role of bath
components in a planned experiment, additional modifica-
tions of the composition were made as it is shown further in
the text. Supplementary details about the deposition of Ni–
Cu–P and experiments of conducted investigations can be
found in Armyanov et al. and Georgieva and Armyanov
[33, 45].

The deposition of Ni–Sn–P was performed in a bath
based on an alkaline citrate ammonia-free solution for
electroless plating of Co–Ni–P alloy [46, 48]. The solution
buffering was carefully made along with a proper choice of
complexing agents (citrate, boric acid, and aminoalcohols)
to ensure pH stability in the alkaline region and to prevent
precipitation of metal hydroxides [46]. The typical solution
for Ni–Sn–P coatings contained NiSO4·6H2O 0.05 M,
hypophosphite 0.20 M, citrate 0.20 M, and H3BO3

0.02 M. The electroless plating was conducted at 90 °C
and pH 9–10. Sn(II) concentration in this solution was
varied from 0.4 to 1.5 mM and no other stabilizers were
used. More information about the experimental conditions
can be found in Georgieva et al. [44].

Electrochemical corrosion tests were conducted in 5%
sodium chloride and 0.5 M sulfuric acid solutions to
compare the corrosion behavior of electroless Ni–Cu–P
and Ni–Sn–P alloys with Ni–P. The ternary coatings and
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the Ni–P were deposited from acidic electrolytes of similar
compositions with the addition of Cu(II) and Sn(IV) ions,
respectively. To improve the adhesion of the Ni–Sn–P
coatings, a thin Ni–Cu–P under layer (strike) was electro-
lessly deposited on Al substrate. Samples were selected
targeting comparable phosphorus content (about 11 wt%)
with the coating thickness 15–20 μm. The experiments
were performed using Autolab 30 (EcoChemie) in a three-
electrode cell. A saturated calomel electrode (SCE) was
applied as the reference electrode and a Pt foil as the
counter electrode. The samples were first immersed into the
electrolyte for about 20 min to stabilize the open-circuit
potential (OCP). Potentiodynamic polarization studies
(Tafel plots) were carried out by polarizing the working
electrode from the OCP to 250 mV in cathodic direction
and 400 mV in anodic direction at a scan rate 1 mV/s. The
corrosion current densities (icorr) were determined by
extrapolating the straight-line section of the anodic and
cathodic branches of the Tafel curves in the vicinity of the
corrosion potential (±25 mV) using the software installed in
the instrument.

Results and discussion

A simple model has been proposed, which explains the role
of copper added to the acidic solution for electroless nickel
plating (Fig. 1) [33]. This model assumes that the adsorbed
Cu(II) ions are reduced equally into the Cu (co-deposited in

the alloy) and Cu(I) ions (adsorbed on the surface) by
reactions with hypophosphite as follows:

Ni
Cu IIð Þ þ 2H2PO

�
2 þ 2H2O ! Cuþ 2H2PO

�
3 þ H2þ2Hþ

ð1Þ

Ni
2Cu IIð Þ þ 2H2PO

�
2 þ 2H2O ! 2Cu Ið Þ þ 2H2PO

�
3 þ H2 þ 2Hþ

ð2Þ

These two autocatalytic reactions with hypophosphite
occur only in the presence of Ni because Cu does not
catalyze hypophosphite oxidation [49–52]. The partially
reduced (according to Eq. 2) to Cu(I) ions are equally
distributed: half of them possibly act as a stabilizer, while
the others take part in the disproportionation reaction
(Eq. 3), generating fine Cu powder dispersed randomly
throughout the solution):

2Cu Ið Þ ! Cuþ Cu IIð Þ ð3Þ
In accordance with the model (Fig. 1 and Eqs. 1–3), the

precipitated copper powder accounts for a quarter of the
initial concentration of copper. This cycle (reactions 1–3)
repeats many times, and a geometric progression formula
can be used to calculate the total amount of precipitated
copper [33]. Thus, the described model predicts that
approximately two-thirds of the consumed copper will be
co-deposited in the alloy. The remaining one-third is lost as
copper powder formed due to the disproportionation
reaction (Eq. 3). Measures should be taken to ensure the
removal of precipitated copper from the bath, especially
when its usage is long-term and continuous filtration is not
applied. In a similar manner, this disproportionation
reaction is recognized as a cause for the instability of the
electroless copper plating solutions. This reaction explains
the observation of solid copper precipitates, when the
copper concentration in the Ni–Cu–P plating bath is
increased.

From the other side, being nobler than Ni, copper could
be preferentially deposited forming Cu-rich zone near the
substrate [6, 53–55]. Its formation is due to the predomi-
nant deposition of Cu, unless it is not bound in a strong
enough complex, which shifts negatively its potential
bringing it near that of the Ni(II) ion, which is also
complexed. Only after fulfillment of this condition can the
parallel deposition of Ni and Cu occur. This necessitates a
delicate balance of the concentrations of Cu and a specific
type of complexing agent or a combination of complexing
agents. Thus, an additional complication arises in the
composition and maintaining of the solution for electroless
Ni–Cu–P plating.

Fig. 1 Schematic presentation of the copper co-deposition during
electroless Ni–Cu–P plating
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The observed enhancement of the deposition rate should
be attributed to the improved catalytic activity of the
electroless Ni–Cu alloy [56]. The increased catalytic
activity was suggested to be primarily due to the weaker
chemisorption of hydrogen on the Ni–Cu surface, in
comparison with pure nickel.

The experimental verification of the described above
model (Fig. 1 and Eqs. 1–3) during the prolonged operation
of the solution (more than two Ni turnover) shows very
good correspondence between the expected by the model
and the determined amount of copper in the coating [33].
The latter was assessed precisely by AAS analyses of
samples of the ternary alloys. In this way, the model

explains the relationship between three different roles of Cu
added to the solution for electroless nickel plating, which
have been observed by other authors also: as a stabilizer
[Cu(I)]; as an accelerator (due to the catalytic properties of
Ni–Cu alloys); and as a stability-affecting agent (due to the
formation of randomly dispersed copper particles in the
solution) [33].

Further contribution to investigations of electroless Ni,
Cu, and P co-deposition was made by performing a planned
experiment. The full-effect factorial design (FD) was
applied with three factors at two levels of the process
variables: bath pH (x1) and concentrations of two complex-
ing agents: citrate (x2) and glycine (x3) on the rate of
deposition (V ) and content of Cu and P in the deposit [45].
This FD experiment allows observation of the effects of each
factor at different levels of the other variables and the
interactions between these factors. The aim was to use the
statistical techniques to build reliable models for the electro-
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Fig. 2 Response surfaces for the deposition rates (V ) 4 and 10 μm/h as
a function of citrate and glycine concentration and pH of the bath [45]

Fig. 4 SEM (back-scattered electron) image of electroless high-tin
Sn–Ni–P coating [44]

Fig. 5 SEM (back-scattered electron) image of electroless deposited
Sn–Ni–Cu–P coating [44]
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Fig. 3 The response surface for the copper content of 2.5 wt% in the
coating as a function of citrate and glycine concentration and pH of
the bath [45]
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less deposition of Ni–Cu–P and to construct the response
surfaces. The obtained regression models were:

V ¼ 6:61þ 2:84x1 � 2:91x2 � 1:66x3 � 1:39x1x2

þ 0:76x2x3 � 0:54x1x3 ð4Þ

Cu ¼ 2:60� 0:48x1 þ 0:52x2 þ 0:32x3 þ 0:15x1x2

� 0:10x2x3 � 0:10x1x3 þ 0:18x1x2x3 ð5Þ

P ¼ 12:19� 0:19x1 þ 0:41x2 þ 0:26x3 þ 0:59x1x2 ð6Þ
All obtained regression models include interactions be-

tween the variables. The deposition rate (V) and copper
content in the alloy are affected the most powerfully by pH
and citrate concentration (Figs. 2, 3). Phosphorus content
depends mainly on the citrate concentration and interaction
between solution acidity and citrate concentration in the bath.
Within the range of factors variations, in the current FD
experiment pH does not affect strongly P content in the alloy,
which is useful for some applications. All three controlled
parameters (deposition rate, Cu, and P content in the alloy)
have been affected by both glycine and citrate concentration,

although the effect of glycine is weaker. The model and the
response surfaces (Figs. 2, 3) have been used to design Ni–
Cu–P coatings with various copper concentrations.

The electroless deposition of Ni–Sn–P coatings shows
more particularities depending on bath and deposit compo-
sitions. In low-tin Ni–Sn–P coatings, there is a uniform
distribution of the alloy components, both on the surface
and through the thickness [44]. The main mechanism of
electroless alloy deposition, in this case, is based on the
well-known hypophosphite oxidation as a source of
electrons for the metals (Sn and Ni) and P reduction.

In high-tin Sn–Ni–P coatings, there is a nonuniform
distribution of the components. Using Auger electron
spectroscopy (AES), scanning AES, and scanning electron
microscopy with energy-dispersive X-ray spectroscopy,
three-dimensional areas enriched in tin and impoverished
in Ni and P have been observed and investigated [44]. Their
view from the surface is shown in Fig. 4. Bright areas are

Fig. 6 SEM image of electro-
less deposited pure Sn onto low-
tin Ni–Sn–P alloy. Two
magnifications are shown

Fig. 7 Differential scanning calorimetry curves of devitrification
of: 1 Ni-11.9P; 2 Ni-1.7Cu-12.2P; 3 Ni-1.1Sn-11.0P (The content
of P, CU and Sn is in wt%)

Fig. 8 Saturation induction, Bs vs annealing temperature of heat
treated during 1 h Ni–P, Ni–Sn–P, and Ni–Cu–P deposits (The content
of P, Cu and Sn is in wt%)
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enriched in tin. The disproportionation reaction of Sn(II)
(see Eq. 7 below) is suggested as being predominant over
the hypophosphite oxidation in these three-dimensional
areas and is responsible for their formation. Thus, the
creation of high-tin Sn–Ni–P coatings is probably the result
of two electroless processes which are not taking place
uniformly at the different areas of the deposit [44]:

1) A reduction of Ni, Sn, and P due to the hypophosphite
oxidation, similar to the process illustrated by Eq. 1.

2) The tin disproportionation (in alkaline conditions):

Sn
2HSnO�

2 þ 2H2O ! Snþ Sn OHð Þ2�6
ð7Þ

The distribution of Sn in high-tin Sn–Ni–Cu–P coatings is
not uniform also, similar to high-tin Sn–Ni–P (Fig. 5).
However, the introduction of copper in the solution gives an
additional opportunity to reveal the role of the oxidation of Sn
(II) into Sn(IV) as a source of electrons. It is observed that the

areas enriched in Sn contain increased Cu content [44]. Thus,
to the aforementioned two processes, a new one is added:
3) The copper reduction due to the Sn(II) oxidation:

Cu IIð Þ þ HSnO�
2 þ H2Oþ 3OH�

! Cuþ Sn OHð Þ2�6 ð8Þ

Electroless deposition of pure Sn was made onto two
kinds of substrates: low-tin and high-tin Ni–Sn–P alloys.
This is possible through the disproportionation reaction,
Eq. 7, due to the catalytic effect of these substrates for tin
reduction, as it was mentioned in the introduction. The
electroless tin coating is not continuous on any of these
substrates, and it consists of separate grains. However, the
obtained Sn crystals are almost identical in size and
uniformly distributed when low-tin Ni–Sn–P serves as a
substrate (Fig. 6). On the other part, the feasibility of
electroless deposition of tin based on the disproportionation
reaction on these substrates proves that this phenomenon is
taking place also during the formation of tin-rich zone in
the electroless plating of Sn–Ni–P coatings, as it is
described above.
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Fig. 11 Potentiodynamic polarization curves of electroless Ni–Cu–P,
Ni–Sn–P, and Ni–P alloys in 0.5 M sulfuric acid solution (The content
of P, Cu, and Sn is in wt%)

Table 1 Corrosion characteristics of electroless Ni–Cu–P, Ni–Sn–P,
and Ni–P alloys in 5% sodium chloride and 0.5 M sulfuric acid
solutions

Alloy 5% NaCl 0.5 M H2SO4

Ecorr

(mV vs SCE)
icorr
(μA/cm2)

Ecorr

(mV vs SCE)
icorr
(μA/cm2)

Ni-2.6Cu-11.3P −223 0.7 −43 1.5
Ni-0.5Sn-11.4P −679 6.4 −164 5.3
Ni-11P −740 24.3 −429 13.5

The content of P, Cu, and Sn is in wt%.
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It was established that the addition of Sn (1–2 wt%) or
Cu (3–4 wt%) to high phosphorus (>10 wt% P) coatings
increases the crystallization temperature of the amorphous
Ni–P, as shown in Fig. 7 [24]. On the other side, according
to the basic principles of ferromagnetism, the inclusion of
elements, such as Cu and Sn in the Ni–P alloys, can
decrease the magnetization of the precipitated ferromagnet-
ic nickel phase during crystallization. Ni–Sn–P deposits
remain nonmagnetic even after annealing at 573 K, while
Ni–P and Ni–Cu–P become ferromagnetic after annealing
at 543 or 553 K, respectively (Fig. 8). Therefore,
complementary to the raised crystallization temperature,
the third element affects the magnetic properties of the
precipitating Ni-based phase due to alloying. The addition
of Sn or Cu to the Ni–P leads to the incorporation of the
third element into the precipitated Ni nanoparticles [57]. As
both Sn and Cu decrease the spontaneous magnetization of
Ni, they diminish the overall magnetization of the Ni–Sn–P
and Ni–Cu–P alloy.

The effect of Cu and Sn on the microhardness of the
deposits after annealing is shown in Fig. 9. The obtained
results are in harmony with the data concerning the thermal
stability of Ni–Cu–P and Ni–Sn–P alloys: the increase of
microhardness with the temperature is retarded due to the
delay of the devitrification processes caused by the third
element.

The obtained potentiodynamic polarization curves of
Ni–Cu–P, Ni–Sn–P, and Ni–P alloys in 5% NaCl and 0.5 M
H2SO4 are presented in Figs. 10 and 11. The corrosion
characteristics (Ecorr and icorr) of electroless Ni–Cu–P, Ni–
Sn–P, and Ni–P alloys obtained from the Tafel polarization
curves are listed in Table 1. The results show that the co-
deposition of the third element causes a positive sift (with
respect to Ni–P) of the corrosion potential of Ni–Cu–P and
Ni–Sn–P in both NaCl and H2SO4. The corrosion current
density values of Ni–Cu–P and Ni–Sn–P alloys are lower
than those of Ni–P. The data in the literature about the
corrosion behavior of amorphous Ni–Sn–P ternary alloys
are scarce and occasionally conflicting. However, our
results indicate that the Sn addition to alloys with high
phosphorus content results in an improvement of their
corrosion resistance, which is in agreement with data
reported by other authors [58].

Conclusions

The role of disproportionation of Cu(I) and Sn(II) during
the electroless plating of, respectively, Ni–Cu–P and high
tin Sn–Ni–P coating is explained. The conditions for
deposition of homogeneous Ni–Cu–P and Ni–Sn–P alloys
are outlined. It is illustrated that complementary to the
raised crystallization temperature, the addition of Sn or Cu

to Ni–P decreases the magnetization of the precipitating Ni-
based phase due to alloying. In this way, the thermal
stability of the amorphous and paramagnetic state of the
ternary Ni–Cu–P and Ni–Sn–P alloys is increased. The
introduction of Cu or Sn as a third component improves
considerably the corrosion resistance of Ni–P alloys.
Electroless deposition of tin onto Ni–Sn–P coatings is
demonstrated.
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