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The deposition mechanism by autocatalytic reduction method is a chemical one, which does not lead to
structures as shown in the Ni-P balance diagram. In the experiments of the present work, Ni-P layers were
made deposited on thin steel strip with low carbon content. By optical microscopy and scanning electron
microscopy by (SEM) it was analyzed the appearance and surface morphology of the deposited layers
depending on the content of phosphorus and working parameters (temperature, pH, stirring speed). The
layer structure was analyzed in the cross section and on the break surface. The analysis results show that
thin coatings of Ni-P have a surface topography that follows faithfully the steel support. Depending on the
content of phosphorus, on the layer surface of low phosphorus content, spherical particles of different sizes
can be seen while high and average phosphorus content coatings feature a smooth surface with nanometer-
sized grains. Analysis of the cut-off /break section of the Ni-P layer structure, show a more or less porous
structure depending on the stirring speed and pH level.
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Depending on the content of phosphorous, the
electroless deposition of Ni-P may have crystalline,
amorphous or mixed structure. [1, 2]. Deposits with low
phosphorus content (1-5% P) are crystalline; those with
average phosphorus content (from 6 to 9%) have mixed
structures made up of areas of crystalline and amorphous
structures and coatings with high phosphorus content (10-
13% P) are amorphous [3, 4].

According to the Ni-P balance diagram [5], below the
solidus temperature, in the Ni-P alloy there is a phase α,
which is a solid solution of Ni with 0.17 wt.% P, and the
intermetallic compound Ni3P, which contains 15 wt.% P.
The region between these single-phase areas consists of
a two-phase mixture, α and Ni3P.

Structural analyzes carried out and presented in the
literature show that Ni-P layers deposited by autocatalytic
reduction method have out of balance structures. The out
of balance phase diagram of the Ni-P alloy has two
additional steps which are not in the balance diagram: β
phase, a crystalline solution of phosphorus in nickel (4.5
wt. % P); and γ phase, a totally amorphous phase with a
content of 11 to 15 wt. % phosphorus. Between the areas
of the existence of these two phases there is a two-phase
region corresponding to the concentration range from 4.4
to 11.0 wt. %P, in which both phases β and γ coexist [3].

The balance structures cannot form because the
intermetallic compounds such as Ni3P do not arise from
the chemical reactions that occur during the electroless
deposition. For the Ni3P balance phase to form it would be

necessary that a large number of atoms move by diffusion
to the deposition surface (three nickel atoms for a
phosphorus one), a process which is not possible under
the concrete conditions of electroless deposition.
Phosphorus atoms are included among the nickel atoms
resulting from the electrochemical process, super-
saturating the crystal lattice of nickel [6].

Nickel crystallizes in face-centered cubic system (cfc),
each atom having other 12 close neighbors. Capturing
phosphorous into the nickel structure prevents the
arrangement of atoms in the cfc network over long
distances, thus resulting very small dimensions of the
crystalline grains. With increased phosphorus content cfc
ordering cannot be maintained and the structures becomes
semi-crystalline or even amorphous [7, 8].

The literature shows the structural characterization of
consistent Ni-P layers, 20-25µm, obtained at higher
immersion times of 1-3 h [9-11]. As practical applications
of electroless process are productive at much less times,
this paper aims to characterize thin films of Ni-P, less
studied, obtained at immersion durations of 5-15 min able
to ensure protection of the steel support, for applications
such as decorative or work in less aggressive environments
[12,14].

Experimental part
Materials and methods

Deposition of Ni-P layers was performed on thin steel
strips (0.18 mm) of a chemical composition as shown in
table 1.

Table 1
CHEMICAL COMPOSITION OF THE SUPPORT STRIPS STEEL
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reaction of Ni2+ ions decreasing the rate of Ni deposition
and favoring the deposition of phosphorus. During the
process of nickel coating, the pH decreases continuously
faster or slower depending on the effectiveness of the
buffers and bath stirring. Adjusting the pH values to the
values studied was done with NaOH alkaline solutions and
acid solutions of acetic acid.

XRD Analysis
The analysis by diffractometry (XRD) enables

identification of the phases present in the layer, crystallinity
of the structure, crystals size and internal tensions.

Samples were subjected to X-ray by type Cu Kα to a
scan speed of 0.5 [deg/min]. From the diffraction diagrams
two peaks at 2θ = 44.78 were highlighted, corresponding
to the orientation of Ni (111) and at 2θ = 65.04
corresponding to the iron in the substrate, visible due to the
small layer thickness (fig. 2). For diffraction shown in  figure
2, the large surface area corresponding to peak Ni (111)
show the formation of semi-crystalline structures. Grain
size, calculated using Williamson Hall method, ranged
between 170 and 126 nm. Maximum deviation relative to
the crystal lattice parameter, in relation to average
thickness varied between 1.68 and 1.93%.

Surface Morphology
Ni-P coating surface morphology was studied by

macroscopic analysis, optical microscopy and SEM.
Macroscopically the coated samples have an attractive /
decorative metallic- shiny aspect. Samples obtained at high
pH feature a somewhat rougher surface than the other.
Both types of microscopic analysis showed, according to
the phosphorus content, a different aspect of the layers
surface (fig. 3 and 4). The coatings with low phosphorus
content (3a and 4a.) show a surface of almost spherical

Table 2
WORKING PARAMETERS USED IN OBTAINING THE

COATINGS
Preparation of samples means [13]:
- Chemical degreasing at 80-90 °C, followed by two

washings in hot water (85-90 °C);
- Pickling in hydrochloric acid, 20% solution and washing

in warm water at nickel bath temperature.
Layers were obtained in a bath of 24 [g/L] nickel sulfate

20 [g/L], sodium hypophosphite 9 [g/L] sodium acetate
and 0.001 [g/L] lead acetate.

The parameters tested are shown in table 2.

Results and discussions
EDX analysis of Ni-P layers

The equipment used was an electron microscope FEI
Quanta 200 (produced in Czech Republic) fitted with an X-
ray analyzer under an angle of 45°, from the position of the
sample inside the microscope.

Samples nickel coated at 83-84oC were analyzed under
10 min deposition time and bath stirring at 200rot/min, at
different pH values respectively: 5.92; 4.95 and 3.81. Table
3 shows the results of EDX analysis

EDX spectrum (fig. 1) indicates the presence of nickel
and phosphorus and also elements of the steel substrate,
especially iron, because the depth of the beam penetration
exceeded the deposited layer thickness.

EDX analysis results confirm data from literature [3, 7]
i.e. increase of the phosphorus content when decreasing
the pH level. Decreasing the pH slows down the reduction

Fig.1. Results of EDX analysis on Ni-P layer obtained at pH=5.92.
Fig. 2. XRD pattern of Ni-P deposits on steel, obtained at

84oC, 15min, pH=4.95.

Fig. 3. Optical micrographs of Ni-P coatings surface depending of the phosphorus content. a) 4.84%P. b) 9.53%P. a) 12.42% P.

Table 3
THE RESULTS OF EDX ANALYSIS
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grains of different sizes while coatings with medium and
high phosphorus content have a fine-grained uniform size
surface (fig. 3b and c and fig. 4b and c). SEM morphological
analysis of the Ni-P thin films was carried out in low vacuum
mode, using the secondary electron detector at a pressure
of 60 Pa. The electron accelerating voltage was 25 kV and
the electron beam spot of 4 (arbitrary units).

The samples presented in figure 3 were obtained at 15
min and have a 7-10µm layer thickness and those in figure
4 for a time of 10 min and have a thickness of 2.5 - 4.5µm.

It is also found that the degree of the steel support
finishing and the layer thickness affects the appearance of
the layer surfaces, at the same content of phosphorus in
the layer, as highlighted in figure 5-7. The Ni-P thin films
obtained at short durations of immersion, up to 5 minutes
(fig. 5a, 6a, 7a) enable to observe the support roughness,
namely the steel strip obtained by cold rolling and drawing,
with a thickness of 0.18 mm. For samples immersed for
15 min in the electroless bath (fig. 5b, 6b, 7b), especially at
high pH (fig. 5b, 6b), it can be seen, besides the
arrangement of bold strings (corresponding to the band
grooves) an increase in grain as well.

Structural analyses by optical microscopy and electron
microscopy highlight, on the surface of samples with low
phosphorus content, the presence of nickel nodules of
nearly spherical shapes as shown in figure 8.

The literature mentions that these nodules are typical
for the amorphous structure [9, 16].

Ni-P Layer Microstructure Analysis
The analysis of the break section of the layers at an

angle of 30o reveals a high porosity structure. In [15] it is
shown that the layers below 10µm in size, as is the case
concerned, show high porosity, the minimum porosity
reaching a 25µm layer thickness. In addition to the layer
thickness, porosity is strongly influenced by the substrate
surface characteristics (such as roughness and
morphology) and the electroless bath stirring [18,19]. The
pores are formed mainly due to the incorporation of
hydrogen (resulting from chemical reactions) and an
optimal stirring (air bubbling) can provide its advanced
elimination and lower porosity. Analysis of pores in the
break section of Ni-P layers and to increasingly larger values
shows they do not communicate with the surface of the
steel layer (fig. 9) and the surface of the Ni-P layer (fig. 10).

Fig. 4. SEM morphology of
Ni-P coatings depending

of the phosphorus
content. a) 4.84%P. b)
9.53%P. a) 12.42% P.

Fig. 5. Aspect of the Ni P layer surface vs deposition
time (layer thickness), obtained at pH=5.92 and 83oC.

a) 5 min. b) 15 min.

Fig. 6. Aspect of the Ni P layer surface vs deposition time
(layer thickness), obtained at pH=4.95 and 83oC a) 5 min.

b) 15 min.

Fig. 7. Aspect of the Ni P layer surface vs deposition time
(layer thickness), obtained at pH=3.81 and 83oC. a) 5 min.

b) 15 min.
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The Ni-P layer presented in figure 9 has been obtained
by immersing for 10 min. in electroless bath of a 5.92 pH
under magnetic stirring to 200rot/min and a temperature
of about 83oC.

Under the present experiment it can be seen a reduction
in porosity with a decreased pH, as shown in figure 10.
Such an influence of the pH on the porosity of Ni-P layer is
also observed in [17]. Decreasing pH slows the reactions
specific to electroless process and hence the formation of
molecular hydrogen which by layer embedding forms
pores.

SEM analysis in the break section of the Ni-P layer has
also allowed the layer thickness measurement. As seen in
figure 11, layer thickness decreases significantly with lower
pH from 5.92 to 4.95 (3.5 to 4.6µm from the 2.7-2.2µm).
Lowering pH below 4 no longer significantly influence the
layer thickness thus resulting a thickness of about 2µm.

SEM analysis in the break section of the Ni-P layer has
also allowed the layer thickness measurement. As seen in

Fig. 8. Morphology of low phosphorus content layer surface -
4.84% P a) Optical microscopy. b) SEM.

Fig. 9. SEM micrographs at various
thicknesses of Ni-P layer in the break

section.

figure 11, layer thickness decreases significantly with lower
pH from 5.92 to 4.95 (3.5 to 4.6µm from the 2.7-2.2µm).
Lowering pH below 4 no longer significantly influence the
layer thickness thus resulting a thickness of about 2µm. In
the break section a fibrous structure is observed at 5.92 pH
level (11A) and a stratified structure at pH 4.95 (fig. 11b).

The cross-section analysis of the sample microstructure
made under different conditions of pH (fig. 12) shows also
a decrease in the layer thickness with lower pH [20].
Lowering the pH makes the deposition process very slow
resulting in lower layer thicknesses for the same period of
exposure (12a, 12b).

At higher magnification, made by SEM microscopy, it
can be seen on thick layers (fig. 12c) a structure in
horizontal bands (laminar structure of the deposited layer
as observed in fig. 11b). This structure reveals a difference
in the chemical composition over the layer height possible
due to the specific mechanism of co-deposition of the
nickel and phosphorous ions.

Fig. 10. SEM micrographs of the Ni-P
layer in the break section under a

beveling angle of 30o. a) pH=5.92, 10
min. b) pH=4.95, 10 min.

Fig. 12. SEM micrographs of cross-
section of Ni-P layers electroless
deposited, duration 15 min. and
temperature 83oC. a) pH=3.81.

 b) pH=4.95. c) pH=5.92

Fig. 11. Variation of layer thickness
with the pH of the electroless bath for
10 min duration and a temperature of

83oC. a) pH=5.92. b) pH=4.95.
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Conclusions
Thin films of 2-7µm Ni-P deposited on cold rolled thin

strip were analyzed. The support strip shows parallel burrs
from machining that can be observed microscopically even
after nickel deposit, regardless of the operating parameters.

Samples immersed for 15 min, especially those
obtained at high pH, besides having pronounced row
arrangement (corresponding to the band roughness) also
feature an increase in layer grains.

The analysis in the break section of thin Ni-P layers,
obtained at short exposure of 5-10 min., shows a high
porosity structure. Under the present experiment it was
observed a reduction of porosity by increased phosphorus
content (decreased pH). The structure in the break section
is fibrous under successive layers arrangement.

Microstructure analysis reveals uniform layers, in a
continuous and clean interface with the support strip. Thick
layers can be seen on the laminar structure.
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