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ABSTRACT 

The corrosion resistance of nickel-phosphorus (Ni-P) coatings and their mechanical properties in seawater have led in- 
vestigations into the development of new technologies and the replacement of some special alloys in equipment used in 
oil production, such as valves, tubing, sucker rod joints, pumps, riser, manifolds and subsea Christmas trees. These 
studies began with Brenner and Riddel who developed, in the 1940s, formulations for Ni-P deposition on carbon steel 
without using an electric current. Joint deposition of nickel and phosphorus on a metallic surface (carbon steel) without 
applying an external current is accomplished using cathodic reduction with hydrogen (H) from a reducing agent (so- 
dium hypophosphite) and nickel salts. To assure good performance of a Ni-P coating, the deposit quality must be in- 
spected and evaluated during the chemical deposition process or in the end product. The recommended test parameters 
are: thickness, layer uniformity, hardness, adhesion, porosity, corrosion resistance and chemical composition of the 
nickel-phosphorus coating. The purpose of this paper was to investigate the Ni-P coating process, to evaluate the be- 
haviour of Ni-P in a saline environment using aqueous brine (3.5% - 30% sodium chloride by mass) and to present pos- 
sible defects that could compromise the coating. 
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1. Introduction 

One of the traditional techniques to maintain the me- 
chanical characteristics of a material in the manufactur- 
ing of industrial equipment, primarily using carbon steel 
or low alloy steels, as well as to make surfaces more re- 
sistant to abrasion and corrosion, is without doubt, by 
applying a specific finish, such electroless nickel-phos- 
phorus plating (Ni-P). The Ni-P coating is deposited on 
carbon steel without the application of an external elec- 
trical current. This feature has therefore led to, directly or 
indirectly, the development of special tools and new 
technologies in the area of oil production in a high salin- 
ity environment associated with corrosive gases such as 
CO2 and H2S. 

Historically, the process of nickel deposition was initi- 
ated in 1844 by the work of Wurtz [1,2], who discovered 
the reduction of Ni2+ ions to metallic porous nickel (Ni), 
and subsequently by Brenner and Riddel [3], who over 
one hundred years later developed formulations and 
practices for Ni-P deposition on carbon steel without the 
aid of an electric current. Studies by Duncan [4], Cola- 

ruotolo [5], Mainier et al. [6], Tallinn [7], Weil et al. [8], 
Mainier and Araújo [9], Delaunois et al. [10], Liu et al. 
[11] and Baudrand [12] have shown that the rate of 
growth and application of Ni-P coatings since the 1980s 
has increased in several industrial sectors. 

The performance of this finish has led to its use in 
various industrial areas such as the production of pulp 
and paper, plastics, petrochemicals, textiles, automobiles, 
aeronautics, electronics and food. Also, faced with high 
corrosivity and the increasing challenges of obtaining 
petroleum under adverse conditions have driven the oil 
industry to seek new alternatives in the areas of materials. 
Ni-P coatings, due to their abrasion and corrosion resis- 
tance, have presented excellent performance, mainly in 
terms of valves, special tools, risers, pumps and produc- 
tion pipes. Figure 1 shows some of these applications in 
the petroleum industry. 

The technical literature and patents concerning nickel 
deposition processes indicate a wide range of develop- 
ment in terms of new formulations, additives and other 
co-precipitations with cobalt (Co), boron (B), silicon  
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carbide (SiC), Teflon, etc., which will provide new prop- 
erties to Ni-P coatings and therefore lead to new Indus- 
trial applications. 

2. Deposition Process of Nickel-Phosphorus 

The electrochemical deposition process, without the aid 
of an electric current, is presented in Figures 2 and 3. 
The process starts with the receipt of parts in quality 
control where they are formalized according to opera- 
tional procedures that should assess the following pa- 
rameters: dimensional analysis, definition and assess- 
ment of the constituent materials of the part, rules and 
procedures of surface preparation (chemical or mechani- 
cal cleaning for removal of oxides, oily material or 
grease), the type of bath to be used, temperature, speed of 
deposition, thickness, and the nickel/phosphorus ratio, 
among others. 

3. Mechanism and Properties of Ni-P 
Deposition 

In the conventional process of nickel electroplating, Ni2+ 
 

 

Figure 1. Ni-P coating process in pipeline valve, production 
pipe and the interior of a corrosive gas storage cylinder. 
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Figure 2. Deposition process. 
 

 

Figure 3. Overview of the bath of nickel-phosphorus. 

ions (present in the bath) are reduced to metallic nickel 
by an external electric current and deposited onto the 
surface of a metallic material connected to the negative 
pole (cathode), while the positive pole (anode) is usually 
made up of high purity nickel, as shown in the illustra- 
tion in Figure 4. The thickness of the deposited nickel 
film and its properties depend on the electric current 
density, the voltage in volts applied, the concentration of 
salts, the bath temperature, pH, the nature of the base 
metal (cathode) and the additives used to give specific 
features to the nickel coating. 

The first point that differentiates this process is that the 
deposition of autocatalytic chemical nickel plating re- 
quires no external electric current; that is, the process is 
self-regulated by the kinetics of the reactions involved. 
Continuous, uniform joint co-deposition of nickel and 
phosphorus is achieved by cathodic reduction with 
atomic hydrogen (H) produced in the bath from the hy- 
drolysis of the reducing agent (NaH2PO2). The baths 
used in the autocatalytic process are more complex and 
require more control, generally, and are formulated based 
on nickel salts (Ni2+), the reducing agent (NaH2PO2) and 
additives that control the pH, complexing and the addi- 
tion of other salts to ensure the quality of the coating 
[13]. 

The required scientific and technological knowledge, 
as well as the reaction mechanisms to explain the deposi- 
tion of Ni-P, are credited to Gould et al. [14], Duncan [4], 
Belinsky [15], Mallory [16] and Riedel [17], among oth- 
ers. It can be assumed, on the basis of these authors, that 
the coating deposition kinetics of Ni-P is based on the 
following main points and shown in Figure 5. 
 Atomic hydrogen capacity formation; 
 Hydrogen adsorption capacity by the metal surface; 
 Reduction of Ni2+ ions and sodium hypophosphite; 
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Figure 4. Illustration of electrolytic deposition of nickel on 
carbon steel. 
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Figure 5. Mechanism of Ni-P layer formation of on carbon steel. 
 
 Co-deposition of nickel and phosphorus on the metal 

surface. 
In the view of Etcheverry [18], the co-deposition of 

Ni-P has the behavior of an alloy, either crystalline or 
amorphous, depending on the percentage (mass %) of 
nickel and phosphorus. Figure 6(a), below, shows the 
microscopic aspects of Ni-P deposition observed by 
scanning electron microscopy; Figure 6(b) shows an 
image taken with an optical microscope. 

It is important to note that parallel or unexpected reac- 
tions can occur in the bath by reducing the ability of co- 
deposition NI-P coating, such as: 

Ni-P  800×
Ni-PSteel 

 
(a)                       (b) 

 2 2H PO + H2O  H + 2
3HPO   + H2—the hydroly- 

sis of hypophosphite to form molecular hydrogen (H2) 
instead of atomic hydrogen (H), which entails a de- 
crease in the reducing power; 

Figure 6. (a) Scanning electron microscopy (800×); (b) Op- 
tical microscopy (200×). 
 
Ni2+ ions (the preventing precipitation). For this, we used 
organic acid-based formulations, such as tartaric acid, 
malic acid, succinic acid, adipic acid, hydroxypropionic 
acid, etc. In addition, the concentration of hydrogen 
phosphite ( 2

3HPO  ) ions increases as atomic hydrogen 
(H) is produced. This concentration should be limited 
and the occurrence of hydrogen phosphite ion co-depo- 
sition along with Ni-P should be monitored as this can 
lead to a porous coating. Laboratory experiments have 
shown that the addition of activating substances such as 
adipic acid, succinic acid, etc. can slow the deposition 

 2 H  H2—the natural loss of atomic hydrogen (H) 
reduction capacity; 

 Ni2 + 2
3HPO    NiHPO3—the possibility of nickel 

ion (Ni2+) precipitation in the form of nickel (II) hy- 
drogen phosphite (NiHPO3), resulting in the impov- 
erishment of the Ni2+ ion concentration in the bath or, 
if deposited in the Ni-P coating, it can make a rougher 
coat. 

To avoid this kind of problem, it is essential that sub- 
stances are present in the bath that act on complexants of  
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speed of Ni-P and to avoid this kind of problem [17]. 
In this way, the deposition process is complex and, 

therefore, the speed of Ni-P deposition on the surface of 
a part, according to Riedel [17], is preferably a function 
of the following parameters: temperature, pH, concentra- 
tion (nickel hypophosphite salts, complexants, activators, 
stabilizers and contaminants), surface roughness, agita- 
tion of the bath and the area/volume relationship of the 
electroless nickel bath. 

According to Riedel [17], the temperature and the pH 
are important parameters since, as the deposition tem- 
perature and pH increase, in relation to most baths, an 
increased speed of deposition is favored, which can cre- 
ate voids or porosity in the deposited layer. The graphs 
presented in Figure 7 are based on baths containing 15 
g/L nickel chloride and 10 g/L sodium hypophosphite to 
show this trend. 

4. Ni-P Coating: Specifications and 
Properties 

The following are some properties of Ni-P coatings  

[17,19] based on the nickel and phosphorus levels (Table 
1). 

For a Ni-P coating applied on carbon steel come meet 
the adverse conditions of the production of petroleum 
products, it is essential to adopt a methodology critical 
inspection “in situ”, with due allowance for the manu- 
facturing process of the equipment and the process of 
deposition based on ISO 4527 [20]. 

In the critical inspection of process of Ni-P deposition 
is important to know the various routines comprising the 
process itself, and must be inspected, among others, the 
areas of preparation (sandblasting and cleaning chemis- 
try), the process control laboratory (qualified personnel, 
equipment and assessment procedures), electrochemical 
baths and the finishing area. 

In the actual inspection of the parts should be required 
to evaluate the following parameters: appearance, uni- 
formity, layer thickness, abrasion, chemical composition, 
adhesion, porosity and hardness. In addition, with a view 
to the corrosivity of petroleum, containing CO2 and H2S 
[21], corrosion tests in order to increase the security of 
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Figure 7. Speed of deposition (µm/h) of Ni-P as a function of pH and temperature. 
 

Table 1. Properties of nickel-phosphorus coatings. 

Phosphorus content (%)  
Properties 

Low Medium High 

Nickel, % (mass) 96 - 99 92 - 95 88 - 91 

Phosphorus, % (mass) 1 - 4 5 - 8 9 - 12 

Vickers microhardness without heat treatment, HV 650 - 750 500 - 550 450 - 500 

Vickers microhardness with heat treatment, HV 1000 - 1050 900 - 950 850 - 900 

Melting point, ˚C 1200 890 870 

Density, g/cm3 8.5 - 8.7 8.1 - 8.3 7.7 - 7.8 

Resistivity, µΩ/cm 50 70 90 

Resistance to abrasion Superior Very good Very good 

Weldability Good Regular Bad 
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the application and the use of Ni-P coating under adverse 
conditions. 

4.1. Appearance 

On the coated parts visual inspection should not show 
any defects such as pitting, exfoliations, bubbles, cracks, 
deposits or failures that may constitute an impediment on 
the performance of the material. 

4.2. Deposit Thickness and Uniformity 

To work in high aggressive environments are recom- 
mended thicknesses ranging from 75 to 125 µm. The 
procedure for the determination of the thickness of Ni-P 
deposit must be specified by the user and/or established 
by common agreement between the parties, and may be 
used microscopic methods, magnetic, ultrasonic, etc. 

Optical microscopy determines the thickness and uni- 
formity of deposition, however, this method is destruc- 
tive. To solve this type of problem is allowed the use of a 
test coupon (testimony) representative for measurement 
of coating thickness. For a comparison, the micrographs 
of Ni-P coating applied on carbon steel show in Figure 8, 
the following are examples of uniformity of layer (Fig-
ure 8(a)), while in Figure 8(b) are presented defects 
occurring during processing of deposition. 

4.3. Chemical Composition 

The corrosion resistance of Ni-P coating depends on the  

concentration of nickel and phosphorus present in the 
deposited layer and increasing the phosphorus content 
improves the anti-corrosion protection. The ISO 4527 
[20] standard presents in the Table 2 the chemical com- 
position acceptable for Ni-P coatings. The determination 
of nickel and phosphorus content in the Ni-P deposit can 
be made using the following analytical techniques: wet 
chemical, atomic absorption, x-ray fluorescence, plasma, 
etc. For the severe conditions of industrial use the phos- 
phorous content shall not be less than 10% by mass. 

4.4. Porosity 

The porosity of the electroless Ni-P coating is a most im- 
portant parameter. The deposition of nickel-phosphorus 
should be free of porosity in order to prevent the corro- 
sive medium contact with the base metal (carbon steel), 
the corrosive process begins, often through pores or fail- 
ures. This problem becomes dangerous when the metal is 
anodic in the relation to Ni-P deposit, resulting in a gal- 
vanic cell (galvanic corrosion). 

In the evaluation of Ni-P coating porosity is used the 
Ferroxyl Method [20,22]. This method is to place a filter 
paper on the piece and then applies a mixture of solution 
K3Fe(CN)6—potassium ferricyanide and sodium chloride 
on the piece during 30 seconds. 

The appearance of blue points indicates the porosity 
and the attack on the base metal (carbon steel) as shown, 
then, Figure 9. The reactions: 

2Fe 2e Fe    
 

Ni-P
Ni-P

Ni-P 

Carbon steel Carbon steel Carbon steel 
 

(a)                                               (b) 

Figure 8. Optic micrographs of Ni-P coating applied on carbon steel: (a) Uniform; (b) Defective layers. 
 

Table 2. Chemical composition of Ni-P deposit [20]. 

Chemical composition (% mass) 
Elements 

Minimum Maximum Typical

Nickel 85 98 88 - 95

Phosphorus  2 15 5 - 12 

Other (Al, As, B, Bi, C, Cd, Co, Cr, Cu, Fe, Mn, Nb, Pb, S, Sb, Se ,Si, Sn, V, Zn ) 0 2.0 0.05 
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correspond, to attack the carbon steel and the blue color 
development on the filter paper placed on the piece or 
test coupon. 

4.5. Microhardness 

The hardness of Ni-P deposit indicates whether part or 
not specific heat treatment suffered and usually ranges 
from 500 to 580 HV (Vickers microhardness). After heat 
treatment depending on the exposure time and tempera- 
ture the hardness can vary from 600 to 1100 HV. The 
heat treatment applied to Ni-P coatings shall comply with 
the directions of the rules in order to minimize the occur- 
rence of cracks or fissures [20,23]. 

Agarwala & Agarwala [24] show that the types of 
baths determine the relationships of the nickel and phos- 
phorus levels in the deposit and the increase of the levels 
of phosphorus reduces the hardness with and without 
heat treatment as shown in the Table 3. 

4.6. Adhesion 

The adhesion of electroless Ni-P to non-conductors is 
dependent on mechanical keying with associated Van des 
Waals force. Ni P coatings have good adherence to car- 
bon steel due to the fact that the cohesion of the forces on 
the metal-base film are often in superior of 140 MPa 
(20,000 psi). The evaluation of this adhesion is essential 
and often so that the tests are acceptable, it is indispensa- 
ble to carry out various tests. These tests are usually 
comparative, qualitative and quantitative tests are based 
on an aluminum disk collage on the metallic surface and  

applying a continuous tension force in aluminum disk 
until the breakup. However, its implementation depends 
on the geometry of the piece and its use. Adhesion tests 
are based on standards: ASTM B 733 [25] and ISO 4527 
[20]. 

4.7. Abrasion 

Resistance to abrasion is directly related to the phospho- 
rous content, heat treatment and adherence to the surface 
of the base metal. In general, the increase of the levels of 
phosphorus and the increase of hardness provided by 
heat treatment increases the abrasion resistance. Abrasion 
tests are specified and depending on the specific use of 
electroless Ni-P coating as recommends ISO 4527 [20]. 

4.8. Corrosion 

In evaluating the performance of Ni-P coating in differ- 
ent aggressive media are used in laboratory testing and 
field. In the case of production of oil this Ni-P coating 
has proven quite attractive, with a view to its good resis- 
tance to many corrosive media such as corrosive gases 
(CO2, H2S) and high water salinity, contaminants com- 
monly found in petroleum. However, it is essential to 
establish two factors are important in corrosion resistance: 
the phosphorous content which should be more than 10 
% (mass) and the thickness shall not be less than 75 m. 

Electroless Ni-P coating are not recommended for 
some corrosive media containing chloride based com- 
pounds and ferric sulfate, nitrates, nitrites and ammo- 
nium compounds. Laboratory testing to evaluate the per- 
formance of electroless Ni-P coating in petroleum with 
high aggressiveness can be static or dynamic. 

The high aggressiveness can be represented by mixes 
 

Carbon steel 

Ni-P coating 

Filter paper 

Blue color development 
on the filter paper 
 

 

Figure 9. Ferroxyl test applied to determine the porosity of Ni-P deposit on carbon steel. 
 

Table 3. Deposit hardness of Ni-P-carbon steel [24]. 

Phosphorus, % (mass) Vickers microhardness (HV) Vickers microhardness with heat treatment, HV 

2 - 3 700 1000 

6 - 9 550 920 

10 - 12 510 880 
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with salt water and pressurized using mixtures of CO2, 
H2S. The corrosion test can be carried out in a pressur- 

rosion Testing of Electroless Ni-P 
Coating 

ou ced in pressurized containers (70 kgf/cm2) 

hot air and some cou- 
po

he analysis by opti- 
ca

 
Nickel-Phosphorus Coating Applied on 

Ge , proba- 
bly 70 with the fledgling company’s con- 

afety-environment-workers’ health 
an

ion 

ized cell to 70 kgf/cm2. The temperature can range from 
25˚C to 80˚C and exposure time of 240 hours continuous 
hours. 

5. Cor

The carbon steel coupons coated Ni-P, heavy, previ- 
sly were pla

with 300 mL containing sodium chloride solutions. So- 
dium chloride solutions used in the test were, respec- 
tively, of 3.5%, 10%, 20% and 30% by weight. The tests 
were run temperature of 25˚C and for 250 hours of total 
immersion. The properties of coupons with Ni-P coating 
are presented below in Table 4. 

After the end of the coupons were washed with run- 
ning water, alcohol and dried with 

ns were cut to evaluate by optical metallography the 
corrosive effects of the salt solution. 

The tests performed with Ni-P coated coupons did not 
show noticeable losses in mass and t

l microscopy did not find attacks on coupons, i.e. it can 
be considered that the corrosion rates are void. 

6. Concerns or Precautions Regarding

Carbon Steel and Used in Extreme 
Conditions 

nerating ideas of the Principles of Precaution
 born in the 19

cerns with the ethics, with the environment, with the de- 
terioration of water resources, with the risk of contami- 
nation, with the uncertainties of processed foods and the 
insecurities of the technological applications in various 
industrial segments. 

The term precaution, in the vision of sustainability and 
of triad industrial s

d their descendants, should mean taking measures to 
protect human health and the environment from possible 
damage that may happen. This means that the processes 
 

Table 4. Properties of Ni-P coated coupons. 

Properties Evaluat

Phosphorus, % (mass) 10.5 

Th  

Ve d

Vick HV) 

ickness (µm) 75 

Porosity Free 

Apparent defects Free 

Adhesion ry goo  

must be safe to avoid or minimize possible disasters, 
however, in the international area; there are different 
views that cauti fferent interpretatio ally 
when the ountries impos oducts 
and/or o ess developed ntries. 

in

tami- 
na

wi

gh speed the possibility of porosity and 
fa

 know the process of electro- 
tion without external current and se- 
hilosophies during processing and in 

sis of cost and the possibility of de- 

ers microhardness ( 600 

on has di ns, especi
 more industrialized c

bsolete technologies to l
e pr

 cou
In the view of Mainier [26] systems productive, knowl- 

edgeable of the risks of industrial manufacturing proc- 
esses and seeming not to care about the present and not 
the future, continue to exert strong pressure on the envi- 
ronment, imposing or masking obsolete technologies that 

clude waste, packaging, recycling and toxic waste, 
themes that often get confused or are linked.  

On the interests and economic philosophies and large 
industrial manufacturing complexes and industrialized 
countries become fellow-agents of a policy of mutual 
interest and, in many situations, against the interests of 
the man himself. In this optic, spills, leaks and con

tion with large environmental impact have taken place. 
Under the technical point of view can be worrying 

speed of deposition of Ni-P coating for high thickness in 
relation to the final cost of the coated part. For example, 
hypothetically, assuming a thickness 75 µm and with 
reference to three electrochemical baths, respectively, 

th 3 µm/h, 10 µm/h and 25 µm/h minimum operating 
time for these operations would be, respectively, 25 h, 
7.5 h and 3 h. 

In a simplistic evaluation the first case will probably 
have a longer time, forcing the continuous control and 
systematic and will have higher quality of landfill al- 
though the cost is higher when compared to other proce- 
dures. At a hi

ults can occur with greater intensity when compared 
with low layer deposition speed of Ni-P. 

Another point that also needs to be evaluated is the life 
cycle of the piece and its implications in the project as a 
whole when compared to application of a coating with 
other leagues more massive and noble and give greater 
security to the investment. 

7. Conclusions 

On the basis of the facts stated it can be concluded that: 
 To ensure the good performance of electroless Ni-P 

coating is necessary to
chemical deposi
cure inspection p
the final product. 

 The quality of Ni-P coating must be supported for 
constant qualification standards and national and in- 
ternational procedure. 

 It is essential to analyze the speed of deposition of 
coatings on the ba
fects to be used in extreme conditions. 

 Laboratory testing showed excellent performance for 
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Ni-P coatings with 75 µm in salt solutions of sodium

8, 1844

[2] A. C. R. Wur e,” Hebdomadaires
des Séances de s, Vol. 21, 1845, 

ction,” Journal of Research of the Na-

 
chloride 3.5% to 30% by mass. 
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