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ABSTRACT 

The electroless nickel-phosphorus (NiP) coatings have been used with great success in oil production equipment and accessories, such as 
pipes, valves, pumps, adapters, rings, connectors and various types of special tools. In the acidification or acid stimulation of oil wells, to 
increase their productivity, a hydrochloric acid (HCl) solution is preferably injected from concentrations of 5 to 28%, aiming at the 
dissolution of a reservoir rock constituted of limestone and dolomite. In addition, the HCl solutions are also used to remove lime scale 
adhering to carbon steel pipes, where propargyl alcohol as a corrosion inhibitor, has shown good anticorrosion protection. The aim of this 
work is centred on the laboratory evaluation of NiP coating in 5% and 10 % HCl solution, and addition of propargyl alcohol as a corrosion 
inhibitor. The mass loss and polarisation curves proved to be very promising with propargyl alcohol as a corrosion inhibitor. 
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1. INTRODUCTION 
 

The autocatalytic chemical deposition of nickel (Ni) and 
phosphorus (P) on carbon steel surface, without external 
current application, is performed by cathodic reduction with 
the atomic hydrogen (H), from the hydrolysis of 
hypophosphite (H2PO2

-) and nickel salts (Ni2+), as shown in 
Figure 1.  
 

 
 

Figure 1. Scheme of formation of NiP coating and scanning 
electron microscopy (SEM) image with X 800 
 

In addition, pH regulators, complexing agents and other 
additives are added to ensure a good adhesion of the NiP 
layer to the metal surface. The resistance to corrosion and 
abrasion of this coating depends on the content of Ni and P 
present in the layer deposited, and the increase of the P 
content favours the anticorrosive protection.  

The co-deposition of NiP has the behaviour of a crystalline 
or amorphous alloy, which depends on the mass ratio of Ni 
and P. For severe operating conditions, the P content must 
not be less than 10% by mass [1-6]. 

 
The justifications for the evaluation of NiP coating in the 

solutions of HCl, with and without the addition of corrosion 

inhibitors, are based on the acid stimulation process, which 
consists of the injection of HCl in the limestone or dolomite 
reservoir rock to increase the productivity in oil and natural 
gas production [7, 8].  

The HCl reacts easily with limestones (CaCO3) or 
dolomites (CaCO3.MgCO3) by solubilizing the rocks in 
soluble chlorides (CaCl2 and MgCl2) and carbon dioxide 
(CO2), increasing permeation, not forming tampons or 
restrictions, and consequently increasing oil production.  

The propargyl alcohol is a corrosion inhibitor, soluble in 
the acid medium that has been used in these petroleum 
operations with good performance, for both carbon steel and 
stainless steels [9 - 13]. 

 
2. MATERIALS AND METHODS 
 

The rectangular coupons (35.5mm x 15mm x 4mm) of 
mild steel were used as the substrate material for the 
preparation of electroless NiP coatings.  

These coupons were immersed in a commercial acidic 
sodium hypophosphite bath, kept thermostatically at 90°C, 
consisting basically of sodium hypophosphite, nickel chloride, 
complexing agents and pH regulating substances, to form a 
coating with 10.39% phosphorus and in the following NiP 
thicknesses: 10.37 μm, 38.39 μm and 67.40 μm.  

The theoretical NiP mass of each coupon, in function of its 
thickness, can be determined by the following equation:  
m=ρ.S.e  
where, m = mass of NiP coating (g), S = surface area (cm2), e 
= NiP thicknesses (mm) and ρ = density of NiP coating (7.95 
g/cm3), calculated on the basis of the work carried out by 
Parkinson [14] and Umapathi et al.[15]. 

On average, the theoretical NiP mass relative to the 
thicknesses of 10.37 μm, 38.39 μm and 67.40 μm are 90 mg, 
260 mg and 570 mg, respectively. 

The corrosive medium used in the tests was 5 to 10% (by 
volume) of high purity HCl. The corrosion inhibitor used was 
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98% purity propargyl alcohol (2-Propyn-ol-1, HC≡CH2-OH) 
at concentrations of 0.63 mg/L, 1.25 mg/L and 1.86 mg/L. 

The coupons with electroless Ni–P coatings to be used in 
the mass loss assays were washed with the running water, the 
oil was removed with acetone and ethyl alcohol, and dried 
with hot air and subsequently weighed.  

The loss of NiP coating mass in the assays consisted 
essentially of placing the NiP coated coupons in the glass 
bottle containers, with a capacity of 100 mL, where the 
specimens were completely immersed in the acid solutions 
with and without propargyl alcohol, and maintained at the 
test temperature in a thermostatic bath during the exposure 
time. The temperatures were maintained at 25 °C and 60 °C, 
while exposure times were 1 h and 4 h.  

Immediately after the completion of the assays, the 
coupons were removed from the corrosive medium, washed 
with distilled water and ethanol, dried with hot air and 
weighed with the same prior precision. 

In the electrochemical polarisation tests, the coupons were 
made with 0.20 cm2 of exposed area and encapsulated in the 
polyester resin. The electrochemical cell test, with capacity 
of 200 mL, consisted of a three-electrode arrangement: a 
saturated calomel reference electrode, a platinum plate as the 
counter electrode and the NiP coating sample as the working 
electrode.  

The test was conducted on a Type III Autolab potentiostat, 
by varying the potentials at intervals of 60 mV/min, over a 
range of −300 mV to +300 mV, with respect to an open 
circuit potential by a desk top computer [10].  

To avoid any possible attack of HCl on the carbon steel 
substrate, the NiP coating thickness was set at 67.40 μm, the 
temperature at 25 °C, and propargyl alcohol additions at 
concentrations of 0.63 mg/L, 1.25 mg/L and 1.86 mg/L were 
fixed. Based on the polarisation curves, the polarisation 
resistance (Rp) and the efficiency of the addition of the 
corrosion inhibitor (Effic %) were determined. 

 
3. RESULTS AND DISCUSSION 
 

The mass of the carbon steel coupons is approximately 30–
35 g, while according to the theoretical calculation, on 
average, for NiP coating thicknesses of 10.37 μm, 38.39 μm 
and 67.40 μm, the masses are 90 mg, 260 mg and 570 mg, 
respectively. Because of this discrepancy, between the total 
mass of the coupon and the reduced mass of the NiP coating, 
it was not possible to calculate the mass loss of the NiP 
coating with certainty, in relation to the attack of the HCl 
solution. This fact is based on the coupon metallography after 
the HCl tests. 

The metallography of coupons with NiP thicknesses of 
10.37 μm and 38.39 μm, subjected to tests of 10% HCl at 
60 °C temperature and 4 hour immersion times, showed 
pitting and crevices leaving the carbon steel substrate 
exposed to HCl attack, as shown in Figures 2 and 3. However, 
for the NiP thickness of 67.40 μm, these failures were not 
observed, as shown in Figure 4.  

A porous glass slide with a 49.5μm NiP coating, was 
placed in a beaker containing 10% HCl, at 60 °C for 2 h to 
evaluate the etching of the acid to the NiP coating. After the 
end of the test, the dark residue was analysed by molecular 
absorption spectrometric method indicated by ISO 4527 [16] 

and revealed to be constituted of 10.31 % phosphorus (P). 
Therefore, the expected reaction of HCl to NiP coating is:  

             Ni + 2 HCl → NiCl2 + H2. 
 

 
 
Figure 2. Aspects of the micrographics of the coating’s 
surfaces of NiP with 10.37 μm to the attack of HCl at 60 °C 
and 4 h of immersion. 

 

 
 

Figure 3. Aspects of the micrographics of the coating’s 
surfaces of NiP with 38.39 μm to the attack of HCl at 60 °C 
and 4 h of immersion. 
 

 
 
Figure 4. The NiP coupons with 67.40 μm do not show 
partial destruction because of the attack of HCl at 60 °C and 
4 h of immersion   

 
The polarisation curves for electroless NiP coatings in 5% 

and 10% (by volume) HCl solutions, in the absence and 
presence of propargyl alcohol additions, at concentrations of 
0.63 mg/L, 1.25 mg/L and 1.86 mg/L at 25 °C, are shown in 
Figures 5 and 6. 
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Figure 5. Polarisation curves of electroless NiP coatings with 
67.40 µm in 5% HCl at the temperature of 25 °C. 
 

 
 
Figure 6. Polarisation curves of electroless NiP coatings with 
67.40 µm in 10% HCl at the temperature of 25 °C. 
 

The polarisation resistance (Rp), the current density (Icor) 
and the corrosion potential (Ecor) were determined based on 
the polarisation curves, and are shown in Tables 1 and 2. The 
following equation shows the inhibitor corrosion efficiency 
under the conditions tested: 

 
Effic. % = 100 (Io – Iinhib/ Io),  
 
where, Effic. % = corrosion inhibitor efficiency; Io = 

current density without the addition of the corrosion inhibitor, 
and Iinhib = current density with the addition of the corrosion 
inhibitor. 

 
Table 1. Electrochemical parameters of the polarisation 

curves of NiP coating in 5% HCl 
 

Corrosion 
Inhibitor, mg/L 

Icorr,  
A/cm2 

Ecorr, 
V 

Rp,  
Ωcm2 

Effic,
% 

           0 5.21 x 10-3 -0.379 166.94 ------ 
0.62 1.84 x 10-3 -0.344 801.26 79.25 
1.25 1.16 x 10-3 -0.348 1390.82 88.11 
1.86 2.64 x 10-4 -0.342 8333.33 99.79 

 
 
 

Table 2. Electrochemical parameters of the polarisation 
curves of NiP coating in 10% HCl 

 
Corrosion 

Inhibitor, mg/L 
Icorr,  

A/cm2 
Ecorr, 

V 
Rp,  
Ωcm2 

Effic,
% 

           0 8.41 x 10-2 -0.240    149.70 ----- 
0.62 4.61 x 10-3 -0.379    540.64 72.30 
1.25 3.32 x 10-3 -0.434 1212.1 87.64 
1.86 3.01 x 10-4 -0.384 10764.2 98.60 

 
These polarisation curves (anodic and cathodic branches) 

show that the addition of propargyl alcohol to the HCl 
solution (5 and 10%) causes these curves to move towards 
smaller currents. To a similar extent, the displacement may 
be the consequence of a barrier effect or the adsorption of a 
propargyl alcohol film formed on the surface of the metal. 

The polarisation curves show a quantitative reduction in 
the anodic and cathodic currents in the presence of propargyl 
alcohol, in comparison to the values for the HCl solution, 
without the addition of the corrosion inhibitor. The increased 
concentration of the corrosion inhibitor in the acid solution 
indicates an increased protection of the NiP coating applied 
on the carbon steel. 

The metallography shown in Figure 7, made before and 
after the electrochemical tests in 10% HCl solution without 
the corrosion inhibitor, shows pitting on the surface of the 
NiP coating.  

 

 
 

Figure 7. Micrograph of the NiP coating in 10% HCl 
solution without the corrosion inhibitor. (A) - before the test; 
(B)- after the assay with the presence of pitting. 

 
However, in Figure 8, in the same conditions, with the 

addition of propargyl alcohol, no pitting was detected. The 
addition of propargyl alcohol reduced the corrosive attack, 
when experiencing high concentrations of HCl. 

 

 
 

Figure 8. Micrograph of NiP coating in 10% HCl solution 
with propargyl alcohol. (A) - before the test; (B)- after the 
assay without pitting. 
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4. PROPOSED CORROSION MECHANISM FOR NIP 
COATING IN HCl IN THE PRESENCE AND 
ABSENCE OF A CORROSION INHIBITOR 
 

Based on the investigations carried out by the authors 
[9,17] with corrosion inhibitors, a mechanism is proposed to 
explain the corrosion and corrosion protection exerted by the 
propargyl alcohol in NiP coating, as shown in Figures 9 and 
10. The anodic and cathodic reactions occurring in the NiP 
layer, and the competition between the migration of H+ ions 
and the adsorption of propargyl alcohol, are divided into 
three steps. 

 

 
 

Figure 9. Proposed mechanism to explain both the corrosion 
and protection exerted by the corrosion inhibitor in an acidic 
environment. 

 
In step 1, the HCl in contact with NiP coating, forms the 

Ni2+ ions that migrate to the solution, and simultaneously the 
H+ ions migrate to the cathodic area of the coating forming 
the atomic hydrogen (H), and then the molecular hydrogen 
(H2) follows, according to the reactions, but phosphorus (P) 
does not react with acid. 
 

Ni – 2e  → Ni2 + (anodic reaction) 
2H+ + 2e → 2H → H2 (cathodic reaction).  

 
From the moment, the inhibitor is added (step 2), the 

protonation process begins, which consists of the total or 
partial reaction of the H+ ions with the propargyl alcohol 
molecules. A stable adsorption occurring on the surface of 
the coating of NiP forms a barrier, represented by step 3, that 
avoids or delays the H+ ions’ approach to capture electrons 
from the cathode surface.  

The protonation of propargyl alcohol in hydrochloric acid 
explains its ability to acquire positive charges and from this 
shift to cathodic areas, consequently, reducing the possible 
anodic reactions of dissolution of iron and nickel on the 
metal surface [18-21]. 

The existence of pitting, voids, imperfections or defects in 
the NiP coating may cause direct contact of the HCl with the 
substrate (carbon steel), causing damage and acceleration of 
the corrosive process, as can be observed in the mechanism 
below showed in Figure 10.  

In this case, step 3a shows the carbon steel (Fe) attacked 
by the acid through the coating failure, forming the Fe2+ ions 
that migrate to the solution, while the H+ ions follow the 
same path previously presented in the cathodic reaction, i.e. 
forming hydrogen atoms (H) and then H2. 

 
 

Figure 10. Proposed mechanism to explain both the 
corrosion and protection exerted by the corrosion inhibitor in 
an acidic environment when the carbon steel is attacked.  

 
 

 
Fe – 2e  → Fe2 + (anodic reaction) 
2H+ + 2e → 2H → H2 (cathodic reaction).  

 
In this case, the same inhibitor present in the solution will 

form a barrier that will avoid the anodic reactions (step 3b), 
which will prevent H+ ions from capturing electrons. Thus, 
again the inhibitor migrates to the cathode areas (either 
coating or carbon steel), forming a barrier that prevents or 
retards acid reactions. It is important to emphasise the 
possibility of the galvanic corrosion effect, considering the 
galvanic pair (NiP)-Fe (carbon steel), where NiP acts as 
cathode and iron as anode. 

 
 

5. CONCLUSIONS 
 

On the basis of laboratory tests carried out, it is concluded 
that: 

• Based on the NiP coating (containing 10.39% P) with 
the thicknesses of 10.37 μm, 38.39 μm and 67.40 μm 
(thickness used in the tests), it was found that the loss 
of NiP mass is directly associated with the increase of 
temperature, hydrochloric acid concentration and 
immersion time. 

• The thicknesses of 10.37 μm and 38.39 μm do not 
guarantee the carbon steel substrate, when immersed 
in HCl solutions at temperatures of 60 °C. 

• The microscopic analysis showed that the pitting 
formed during the acid attack are risky, because they 
can be passed considering the thickness of the coating, 
i.e. the smaller the thickness the greater the possibility 
of these faults. 

• The curves obtained in the polarisation of the 
specimens of the NiP coating with 67.40 μm, showed 
a shift of the curves from right to left, on the axis of 
the applied current intensity (Icorr,), as there is a 
greater addition of the propargyl alcohol. It is then 
accepted that, increasing the concentration of the 
corrosion inhibitor creates a resistance to the passage 
of the electric current, thereby reducing the corrosion 
of NiP coating. 

• The protective efficiency of the NiP coating increases 
with the increasing concentration of the corrosion 
inhibitor. 
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• Considering the good anti-corrosion performance, 
propargyl alcohol (Prop-2-in-1-ol) is an important 
corrosion inhibitor for HCl stimulation, and when 
associated with NiP coating, it can guarantee a longer 
life for equipment, connections and accessories used 
in the oil exploration. 
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