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Abstract 
The aim of this study was to investigate the growth processes of Ni-P coatings at different loading densities of the electroless 
nickel plating bath. The Ni-P coatings can be used to improve the thermal and corrosion resistance of optical fiber used to 
manufacture sensors of various physical quantities.
When depositing coatings on optical fiber, the loading density is an important parameter. The study investigated the 
influence of loading density on the topography, microrelief, roughness, and growth mechanism of Ni-P coatings using 
non-contact high-resolution optical profilometry. An increase in loading density from 0.5 to 3.0 dm2/l did not lead to a 
significant change in the roughness parameters of the coatings. During the growth of coatings, “spheroids” strongly elongated 
in the plane of the substrate were formed on the surface. An analysis of growth processes was carried out within the 
framework of the layered growth mechanism. The growth rates of spheroids in normal and lateral directions were assessed. 
An increase in the loading density led to a decrease in the growth of spheroids in the normal direction, while the growth 
rate in the lateral direction was maximal at a loading density of 2 dm2/l. Statistical analysis of the sizes of the “spheroids” 
showed that their distribution deviated from the normal law, which may be due to the fact that not only individual spheroids, 
but also their aggregates were considered in calculations. Another reason for the deviation may be a decrease in the 
proportion of the active surface on which the coating is deposited as the loading density increases.
Since increasing the loading density from 0.5 to 3.0 dm2/l did not lead to a significant change in the roughness parameters 
even with coating thickness of ~ 8 μm or higher; deposition of coatings with the thickness up to 3.5 μm thick on optical 
fibers can be carried out at the specified loading densities with acceptable surface roughness. 
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1. Introduction
Chemically electroless Ni-P coatings have a 

variety of applications in mechanical engineering, 
power engineering, and electronics [1] due to 
the ability to deposit hard, corrosion-resistant, 
heat-resistant coatings on products of complex 
configuration and also on dielectrics [2–6].

Currently, optical fiber (OF) is used not 
only for transmitting information, but also for 
the production of sensors of various physical 
quantities (temperature, stress, pressure, etc.) 
in the oil, gas, and nuclear energy industries 
[7–10]. Operating conditions of sensors may 
include temperatures up to 600 °C and aggressive 
environments. Usually, the OF is produced with 
a polymer protective and strengthening coating, 
which protects it from external mechanical 
influences and moisture [11–12]. Such optical 
fiber can operate at temperatures up to 200 °C [13]. 
In order to increase the operating temperature, 
metallized OF are used, in which a protective and 
strengthening coating of copper or aluminum 
is applied directly in the drawing column from 
molten metal. The operating temperature of such 
fibers in air is 350–400 °C. However, the copper 
coating does not sufficiently protect the optical 
fiber at high temperatures [14]. Nickel-coated 
optical fiber has higher corrosion resistance [15].

A layer of Ni-P coating can be applied over 
the metallized copper layer to increase corrosion 
resistance and heat resistance [16–17]. Such 
coatings were used in the manufacture of pressure 
sensors [18]. The coating can be two-layer, a 
thin layer of Ni-P coating and a thicker layer of 
electrodeposited nickel [19]. 

The roughness of the coatings [19–21], 
determined by the deposition conditions and 
the composition of the solution, is of great 
importance. In addition, the lower the roughness 
of the coatings, the less probable the formation of 
cavities due to stresses arising from temperature 
differences [20].

Thus, the application of nickel coatings to 
metallized optical fiber can be carried out in 
two ways: electrochemical or electroless nickel 
plating. In the first case, continuous pulling 
of the fiber through the nickel plating bath 
will be required; in the second case, due to the 
peculiarities of the process, the coating can be 
applied to a spool of optical fiber. The influence 
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of a number of parameters on the microrelief and 
growth processes of Ni-P coatings was previously 
studied [22–25]. In electroless deposition, one 
of the significant factors is the loading density 
(the ratio of the area of the surface to be coated 
to the volume of the solution). In this study, the 
influence of loading density on the roughness 
and microrelief of Ni-P coatings was investigated 
using polished steel samples as the model 
objects. 

2. Experimental 
The coatings were deposited on polished 

samples of 20X13 steel and optical fiber with a 
quartz core diameter of 125 μm and a copper layer 
thickness of 18 μm. A copper layer was deposited 
on the optical fiber from the melt directly in the 
fiber drawing column.

Mechanical polishing of steel was carried out 
using a STRUERS LaboPol-2 polishing machine. 
The coatings copy the microrelief of the substrate, 
therefore, to eliminate the influence of the 
microrelief of the substrate on the microrelief of 
the deposited coatings, careful polishing of the 
substrate was performed. 

Initially, polishing was carried out on Sic-
Paper grinding wheels of class 220÷1000, which 
corresponds to a grain size of 50÷10 μm. Next, 
DiaPro diamond suspensions with particle sizes 
from 9 to 1 μm (Struers) were used. For the 
deposition of coatings, only steel samples with 
Ra (roughness) not exceeding 4 nm were selected.

Coatings were deposited on 20X13 steel 
samples for the investigation of the topography 
and microstructure of Ni-P alloys. The size of the 
samples was determined by the loading density, 
which varied from 0.5 to 3.0 dm2/l. 

Before deposition, the samples were degreased 
with alcohol, washed with distilled water and 
pickled in HCl (1:1) for 30–60 s. Deposition 
was carried out at 358 K under thermostatted 
conditions from a solution of the following 
composition, (M): NiCl2 – 0.12; NaH2PO2 – 
0.114; CH3COONa – 0.12. The temperature was 
maintained with an accuracy of ±1°, the pH 
of the solution was 4.5. The reagents for the 
preparation of solutions were of chemically pure 
and analytical reagent grade (NaH2PO2) and were 
recrystallized twice. The required pH value was 
set by adding HCl (extra pure grade). 



117

Condensed Matter and Interphases / Конденсированные среды и межфазные границы   2025;27(1): 115–127

I. V. Petukhov, N. A. Medvedeva Topography and microrelief electroless Ni-P coatings at different loading densities 

The thickness of Ni-P coatings on optical fiber 
was 3.5–4.0 μm. The plasticity of the optical fiber 
decreased with a higher coating thickness. 

The coating thickness was determined 
gravimetrically, taking the coating density for 
Ni-P deposits to be 8.0 g/cm3 [1].

The growth of the coatings and their 
phosphorus content were studied using a Hitachi 
S3400N scanning electron microscope and New 
View-7300 non-contact profilometer (Zygo). 
The following parameters were analyzed: PV – 
the maximum difference in height between the 
highest and lowest points of the profile surface; 
RA - roughness, rms – standard deviation from 
the central line, Rz – the average absolute value 
of the five highest peaks and the five deepest 
depressions. The phosphorus content in the 
coatings was determined using energy dispersive 
analysis. 

In addition, the average radii ( r ), heights of 
“spheroids” ( h ) and the average ratio of these 

values 
r
h

Ê
ËÁ

ˆ
¯̃

 were determined directly from the 

obtained microprofiles. The analysis of the 
obtained results was carried out using the MS 
Excel package. The сonfidence probability was 
adopted equal 0.95 for calculations of confidence 
intervals.

3. Results and discussion
Electroless Ni-P coatings on the surface of 

the optical fiber must be uniform (Fig. 1a), with 
a smoothed microstructure and low roughness, 

which in turn is determined by the deposition 
conditions, the composition of the elecrtoless 
nickel plating solution and the loading density. 
The microrelief of the coatings is determined 
by the presence of “spheroids” on the surface 
(Fig. 1b). These are formations elongated in the 
plane of the substrate with a fairly high ratio of 
the radius to the height of the “spheroid” [22–23].

The usually used loading density for 
deposition of coatings does not exceed 2.0 dm2/l 
[1]. The study considers the influence of this 
technological parameter on the growth processes 
of Ni-P coatings. 

The deposition rate had a steady tendency 
to decrease with an increased loading density 
(Table 1), which was described earlier [1]. 

The deposition rate decreased almost twofold 
with an increase in loading density from 0.5 
to 3.0 dm2/l (Table 1). Starting from a loading 
density of 1.0 dm2/l the decrease in deposition 
rate with increasing loading density occurred 
almost linearly. An increase in the loading 
density caused a rapid decrease in the pH of the 
electroless nickel plating solution (Table 1), a 
decrease in the concentration of nickel ions and 
the reducing agent, thus the deposition almost 
stopped after some time. This was evidenced by 
a comparison of the dependences of the coating 
thickness obtained with deposition times of 40 
and 60 min (Fig. 2). At a loading density of 3.0 
dm2/l the thickness of the coatings were almost 
identical.

The substrate had a significant influence on 
the topography of the growing coatings, since 

                                              а                                                                                                     b
Fig. 1. (a) Micrograph (250x magnification) of Ni-P coating on the surface of copper protective layer on the 
optical fiber, and (b) “spheroidal” structure of coating (5000× magnification)
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Ni-P coatings accurately copied all the details 
of the substrate surface relief. The decrease in 
the deposition time will result in a reduction 
in the coating thickness, which may cause the 
substrate microrelief to affect the coating’s 
surface topography. Taking this into account, 
the deposition duration in further studies was 60 
min. Deposition at minimum loading density (0.5 
dm2/l) led to the formation of a typical surface 
relief of Ni-P coatings (Fig. 3). The surface of 
the coating contained numerous “spheroids”, 
most of which overlapped into agglomerates of 
various shapes. At the same time, the surface 
relief was quite smooth, since the height of most 
“spheroids” did not exceed 30-40 nm.

Increase in the loading density did not 
qualitatively change the surface topography of 
the coatings (Fig. 4). The number of “spheroids” 
on the surface of the coating increased, they 

become smaller and formed agglomerates of 
various shapes. For this reason, the detection of 
clearly distinguishable spheroids was a difficult 
task.

Individual pores on the surface were detected 
on the surface, probably formed as a result of the 
adsorption of hydrogen bubbles, which prevented 
the deposition of the coating in this area.

The formation of grooves with a linear shape 
on the surface can probably be associated with 
the paths of hydrogen bubble removal from 
the coating surface. Another reason for their 
occurrence may be insufficient polishing of the 
steel substrate.

Increase in loading density up to 2 dm2/l led 
to an increase in the radii of the “spheroids”, 
which can be concluded from a comparison of 
the micrographs (Figs. 4 and 5). At the same 
time, the height of the “spheroids” became 

Table 1. Coating deposition rate, phosphorus content and change in pH value of electroless nickel 
plating solution (∆pH) after deposition at different loading densities

Loading, dm2/l Deposition rate, μm/h Phosphorus content, 
wt. % DpH

0.5 13.6±1.2 8.1±0.4 0.24±0.06
1.0 13.1±0.5 8.7±0.2 0.39±0.04
1.5 11.9±0.6 9.4±0.2 0.48±0.05
2.0 9.9±0.5 9.8±0.3 0.72±0.07
3.0 7.5±0.5 10.7±0.4 0.85±0.04

Fig. 2. Dependence of the coating thickness on the loading. Deposition time, minutes: 40 (●), 60 (▲)
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smaller. The topography and microrelief of the 
growing coating did not change fundamentally 
at the maximum loading density in our series 
of experiments of 3.0 dm2/l; in addition to the 
“spheroids”, the same characteristic structural 
elements – pores and linear grooves.  

For a more detailed comparison of roughness, 
the roughness parameters of the coatings 
obtained at the studied loading densities were 
analyzed (Table 2).

The comparison of the microroughness 
parameters of the coatings indicates that with an 

c

d
Fig. 3. Topography and microrelief of the coating formed at loading of 0.5 dm2/l: a – topographical height map; 
b – map of gradient; c – 3D image of the surface; d – microprofile along the selected direction

                                              а                                                                                                            b
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increase in the loading density, the roughness of 
the coatings did not tend to increase. Moreover, 
the parameters of microroughness of the coatings 
obtained at a loading density of 2.0 dm2/l were 
minimal in the studied series of samples. 

At  a  loading  dens i ty  o f  3 .0  dm 2/ l , 
the microroughness parameters were also 
comparatively low. Some increase of parameters 
was possibly due to the fact that at a given loading 
density, localization of coating growth occurred at 
the end of deposition. This caused the appearance 
of irregularly shaped formations on the coating 
surface with a height of ~100 nm, protruding 

above the rest of the smoothed surface (Fig. 6). 
The approximate diameter of such formations 
was 100–250 μm. 

The reason for the occurrence of such formations 
may be due to the low rate of the deposition process, 
the surface of the coating does not have time for 
renewal, and is poisoned by impurity compounds 
adsorbed from the solution. Only separate areas of 
the growing surface remain active, which causes 
localization of the growth of the coating.

Since the process of coating growth occurred 
through the formation of “spheroids”, further 
treatment of the results consisted of finding the 

c
Fig. 4. Topography and microrelief of the coating formed at loading of 1 dm2/l: a – topographical height map; 
b – 3D image of the surface; c – microprofile along the selected direction

                                              а                                                                                                    b

Table 2. Parameters of microroughness of Ni-P coatings, formed at different loadings
Loading, dm2/l Ra, nm rms, nm Rz, nm PV, nm

0.5 8.5±2.1 10.8±2.6 54.7±23.9 81.1±17.4
1.0 7.1±1.4 9.3±1.5 62.5±4.9 95.6±12.6
2.0 4.7±1.2 6.2±1.6 26.8±1.3 50.3±7.4
3.0 5.2±1.3 7.4±0.3 51.3±16.6 72.5±25.0
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average values of the height ( h ), the radius of 
the “spheroids” ( r ) and the relationship of these 

parameters 
r
h

Ê
ËÁ

ˆ
¯̃

 (Fig. 7) based on profilograms. 

For processing fragments of profilograms where 
the “spheroids” clearly did not overlap were used. 

The average values for each of the loading 
densities were obtained by averaging several 
samples, each of which yielded from 70 to 
200  experimental values. The results of the 
treatment are presented in Table 3.

As can be seen from Table 3, changes of the 

parameters h, r , and the 
r
h

Ê
ËÁ

ˆ
¯̃

 ratio were non-

monotonic. With increasing loading density up 
to 1 dm2/l the radii and heights of the “spheroids” 

decreased, while the 
r
h

Ê
ËÁ

ˆ
¯̃

 ratio practically did 

not change. The latter circumstance indicates a 
similar nature of growth of the coatings. At the 
same time, the decrease in the average radii and 
heights of the “spheroids” may be associated with 
an increase in passivation phenomena during the 
growth of the coating. A higher loading density 
caused more intensive acidification of the near-
electrode layer of the solution, a decrease in the 
deposition rate, and increased inhibition of the 
deposition process by products.

Further increase in loading density up to 
2.0 dm2/l led to a noticeable increase in the radii 
of the “spheroids” with a slight decrease in their 
heights. These opposite trends in the change of 
the parameters of the “spheroids” significantly 

increased the 
r
h

Ê
ËÁ

ˆ
¯̃

 ratio. 

One of the probable reasons for the increase in 
the radii of the “spheroids” may be the insufficient 

c
Fig. 5. Topography and microrelief of the coating formed at loading of 2 dm2/l: a – topographical height map; 
b – 3D image of the surface; c – microprofile along the selected direction

                                              а                                                                                                    b
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resolution of interference microscopy and 3D 
profilography methods for the study of the 
fine structure of the resulting “spheroids”. It is 
possible that the “spheroids” observed under these 
conditions were aggregates of smaller “spheroids”. 
The complex structure of “spheroids” was indicated 
by the results obtained by the AFM method [25–27]. 
At the same time, it cannot be ruled out that under 
conditions of sufficiently low catalytic activity 
of coating and a low deposition rate, the only 
possibility for growth was growth in the horizontal 
direction, which allows the generation of a juvenile 
coating surface. Similar phenomena were observed 
during the growth of coatings in the presence of 
stabilizing additives [23].

A decrease in the radii and the 
r
h

Ê
ËÁ

ˆ
¯̃

 ratio with 

a slight change in the height of the “spheroids” 

b
Fig. 6. Topography and microrelief of Ni-P coatings obtained at the loading of 3.0 dm2/l: a – map of gradient; 
b – microprofile along the selected direction

а

Fig. 7. The scheme of profilogram treatment
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was observed at a loading density of 3.0 dm2/l 
(Table 3).

Despite the complex nature of the change in 
the parameters of the “spheroids”, we attempted 
to use the layered growth mechanism to describe 
their growth processes [22-23, 25]. Within the 
framework of this mechanism, the average growth 
rates of “spheroids” in the lateral (Vh) and normal 
directions (Vv) were determined (Table 3). 

Analysis of the results shown in Table 3 
indicates that increasing the loading density 
decreased the rate of normal growth. It should be 
noted that its increase from 0.5 to 1.0 dm2/l had 
a relatively weak effect on growth rates in both 
normal and lateral directions.

The main reason for the decrease in normal 
growth rate was the acidification of the electroless 
nickel plating solution during the deposition 
process (Table 1). The acidification of the surface 
layer of the solution was even more expressed 
[28]. These changes in the composition of the 
solution blocked vertical growth.

The decrease in normal growth rate with a 
decreasing pH of the solution has been described 
previously [23]. Acidification of the solution 
with increasing loading density should also 
lead to a decrease in lateral growth, but the 
results indicated an increase in the growth rate 
of the “spheroids” in this direction. This was 
probably due to the fact that in this case, using 
profilometric measurements, we recorded the 
dimensions of not a single “spheroid”, but a 
formation composed by several “spheroids”.

Further processing of the obtained results 
consisted of statistical analysis of samples of radii 
and heights of “spheroids”, r/h ratio for each of 
the studied loading densities.

For each loading density, histograms of 
the spheroid size distribution were obtained 
(separately, histograms of the distribution by r and 
h), and the distribution of the ratio of these values 
(r/h). Histograms of the distribution of the values 
of r, h and the r/h ratio for coatings obtained at 
different loading densities are shown in Figs. 8–9.

In order to assess the compliance of the 
obtained distributions with the normal law, the 
values of the coefficients of asymmetry (γ1*), excess 
(γ2*) and the values of these coefficients acceptable 
for the normal distribution were calculated [28]:

g g1 1
*

,
*£ norm ,   (1)

g g2 2
*

,
*£ norm ,   (2)

Maximum permissible values of asymmetry 
coefficients g1,

*
norm( )  and excess g 2,

*
norm( )  were 

calculated using the following formulas:

g g1 13,
* *

norm = ( )D ,  (3)

g g2 25,
* *

norm = ( )D ,   (4)

where D g1
*( )  and D g 2

*( )  – the dispersions of these 
values determined using the following equations:

D
n

n n
g1

6 1
1 3

*( ) =
-( )

+( ) +( ) ,   (5)

Table 3. Parameters determined the size of “spheroids” and their growth rates in vertical plane (Vv) and 
substrate plane (Vs)

Loading, dm2/l r , mm h , nm
r
h

Ê
ËÁ

ˆ
¯̃

Vг, nm/s Vв, nm/s

0.5 2.77±0.14 21.22±1.46 143±9 880±46 6.74±0.44
1 1.53±0.08 11.1±0.7 155±9 994±59 6.40±0.01
2 3.63±0.26 8.1±0.7 478±29 2319±139 4.85±0.01
3 2.35±0.18 10.7±1.4 264±26 1073±107 4.05±0.01

Table 4. Statistical parameters of spheroids’ radius distribution 

Loading, dm2/l r, μm γ1* γ2* n γ1*normal γ2*normal

0.5 2.8±0.1 1.7 6 0.81 142 0.60 1.94
1 1.5±0.1 0.78 1.02 195 0.52 1.68
2 3.6±0.3 -0.11 0.46 82 0.78 2.46
3 2.4±0.2 0.28 0.59 71 0.84 2.62
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D
n n n

n n n
g 2 2

24 2 3

1 3 5
*

( )
( ) =

-( ) -( )
+( ) +( ) +

.  (6)

The results of the calculations performed for 
samples obtained at different loading densities 
are shown in Tables 4–6.

A comparison of the asymmetry and 
excess coefficients calculated for a sample of 
experimental values of the “spheroid” parameters 
with similar coefficients for a normal distribution 
allows to conclude that for most loading densities, 
the distribution of “spheroids” by size does not 
obey the normal law. Deviations from the normal 
law are caused by an increase in asymmetry 
coefficient values. The most heterogeneous is the 
distribution of the parameter r/h. This is obvious 
even from the appearance of the histograms 
(Fig. 8c, 9c) without additional statistical 
processing. The excess coefficient for most cases 
corresponded to a normal distribution.

The fact that the distribution of “spheroids” by 
size corresponded to the normal law may indicate 
that all “spheroids” grow by the same mechanism. 
The possible simultaneous implementation 
of normal and layered growth mechanisms 
was mentioned in [24]. Under the deposition 
conditions used in the study, no “spheroids” with 
a low r/h ratio were observed, which is typical 
for the mechanism of normal growth. Therefore, 
deviations from the normal distribution may be 
associated with the fact that in a number of cases, 
instead of individual spheroids, we registered 
aggregates of these “spheroids”. The used method 
did not provide the required horizontal resolution. 
In order to obtain the required resolution, atomic 

Table 5. Statistical parameters of spheroids’ height distribution

Loading, dm2/l h, nm γ1* γ2* n γ1*normal γ2*normal

0.5 21.2±1.5 1.10 0.90 142 0.60 1.94
1 11.1±0.7 1.52 1.15 195 0.52 1.68
2 8.1±0.7 1.64 0.95 82 0.78 2.46
3 10.7±1.4 1.25 1.18 71 0.84 2.62

Table 6. Statistical parameters of r/h ratio distribution

Loading, dm2/l r/h γ1* γ2* n γ1*normal γ2*normal

0.5 143±9 1.66 0.81 142 0.60 1.94
1 155±9 22.2 3.69 195 0.52 1.68
2 478±29 8.88 2.57 82 0.78 2.46
3 264±26 0.11 0.51 71 0.84 2.62

Fig. 8. r (a), h (b) and r/h ratio (c) distributions for 
spheroids obtained at loading of 0.5 dm2/l

а

b

c
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force microscopy should be used, but due to the 
labor intensity of the method, it will be difficult 
to obtain a similar sample size. The presence of 
individual “spheroids” and aggregates of them 
in one statistical sample may lead to deviations 
from the normal law. 

At the same time, the obtained results do 
not contradict the layered growth mechanism, 
since during the coating deposition process, the 
pH of the electrolyte changes, the deposition 
rate decreases, which can enhance passivation 
phenomena on the growing surface. Due to 
this, the movement of individual atomic layers 
spreading over the surface can be blocked. For 

this reason, multiple growth centers (several 
growth layer packages) arise. These newly formed 
“spheroids” grow until they overlap with each 
other (Fig. 1b). In this way the structuring of the 
growing “spheroid” occurs. The rounded shape 
of these formations is determined by the fact 
that at this shape the surface energy is minimal 
at the spheroid-solution interface, since the 
amorphous structure of the coatings does not 
require crystalline faceting. If there is no change 
in the growth mechanism, it can be assumed that 
this will not have a significant impact on the 
calculation results presented in Table 3. 

4. Conclusions
Thus, the investigation of growth processes at 

loading densities from 0.5 to 3.0 dm2/l allows us to 
conclude that an increase in the loading density 
in the studied range of values does not lead to 
an increase in the roughness of the coatings. 
Probably, the condition for the transition to the 
normal growth mechanism and the corresponding 
increase in the roughness of the coatings is a 
sufficiently high catalytic activity of the surface 
accompanied by the discharge of nickel ions in 
the diffusion or diffusion-kinetic mode, which 
can occur with an increase in the temperature of 
the electroless nickel plating solution or with a 
decrease in the concentration of nickel ions [24]. 

An increase in the loading density increases 
the acidification of the electroless nickel plating 
solution during the deposition process, which 
contributes to an increase in the phosphorus 
content in the coatings and, as a consequence, 
a decrease in their catalytic activity in the 
oxidation reaction of the reducing agent (sodium 
hypophosphite), due to which the deposition rate 
significantly decreases.

Under condition of low deposition rates (low 
catalytic activity of coatings), conditions for the 
discharge of nickel ions in diffusion mode and 
the transition to the normal growth mechanism 
with the formation of dendritic deposits probably 
are not created. Therefore, with an increase in 
loading density, coatings with a smooth surface 
can be formed. 

Some additional increase in roughness occurs 
only when the deposition rate is reduced to 
almost zero and the growth process occurs only 
on individual active areas of the coating surface. 

Fig. 9. r (a), h (b) and r/h ratio (c) distributions for 
“spheroids” obtained at loading of 2.0 dm2/l

а

b

c
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The obtained results should be taken into 
account when depositing Ni-P coatings on the 
surface of optical fiber.
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