Performance of UNS S41427
Supermartensitic Stainless Steel in
hydrochloric acid with the addition of
propargyl alcohol as corrosion inhibitor

ABSTRACT

The search for Oil & Gas has led to the exploration of wells at increasingly
greater depths, which requires the materials used to possess specific
characteristics to withstand severe conditions of temperature and pressure. In
this context, the use of stainless steels has been growing compared to carbon
steels, due to their superior resistance to corrosion. To address these limitations,
a subclass known as supermartensitic stainless steels has emerged. These
steels exhibit superior corrosion resistance compared to martensitic steels,
although, under certain conditions, they remain susceptible to corrosion,
particularly pitting, generalized corrosion, intergranular corrosion, and stress
corrosion in acidic environments containing sulfides. The objective of this study
was to evaluate the corrosion behavior of the UNS S41427 supermartensitic
stainless steel in a solution of hydrochloric acid at 10% and 15%, at temperatures
of 30 °C, 45 °C, and 60 °C, over immersion times of 1 hour and 3 hours, and in
concentrations of propargyl alcohol of 250 mg/L, 500 mg/L, and 1000 mg/L. The
behavior of the material was also observed in the solution without the presence
of the inhibitor. Gravimetric tests revealed that the corrosion rate increased with
higher concentrations of HCI, temperature, and immersion time of the test
specimen. Furthermore, the addition of propargyl alcohol resulted in a significant
reduction in the corrosion rate under all analyzed conditions. The results
indicated that the inhibitor's protection efficiency exceeded 80 - 90% in most
experimental conditions, corroborating the initial expectations of the study.

Keywords: Supermartensitic stainless steel, corrosion, corrosion inhibitor,
propargy! alcohol.

1.INTRODUCTION

Supermartensitic stainless steel, whose chemical composition is presented in
Table 1, has a lower cost when compared to duplex and superduplex stainless
steels and, in addition, has better characteristics related to weldability,
toughness, resistance to generalized and localized corrosion in corrosive
environments containing carbon dioxide (CO2).



The term "super" is used to indicate the superior performance of this material in
terms of corrosion resistance and weldability compared to martensitic steels.
Because of these properties, supermartensitic stainless steel has been used in
the manufacture of specialized equipment, components and tools for the
acidizing process used to increase the productivity of oil and natural gas.

Table 1 — Chemical composition of UNS S41427 supermartensitic stainless steel
(% by mass, Fe in balance).

Material,%| C Mn| Cr | Ni |[Mo | Si | V S P N Fe

UNS 0.016| 0.35(12.16/5.40|1.95|0.20|0.16 |0.002|0.01|0.012| Bal.
S41427

In this acidification process analyzed in oil production, a carbon steel column was
used, as shown in the diagram presented in Fig. 1, where the supermartensitic
stainless steel inside the carbon steel pipe represents valves, connections, pump
rotors, etc.
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Fig.1. Hydrochloric acid injection scheme and mechanical components
made of supermartensitic stainless steel

The chemical compositions of supermartensitic stainless steels are built on Fe-
Cr-Ni-Mo with a high percentage of chromium associated with low carbon content
(0.016%) and additions of nickel and molybdenum. The concentration of nitrogen
and the additions of microalloys also contribute to the improvement of the
properties of this stainless steel.

Nickel is one of those responsible for maintaining the purely martensitic structure
without the formation of ferrite-delta, which is responsible for the appearance of
cracks due to the sensitization phenomenon that occurs in these regions, when it
is associated with the precipitation of chromium carbonitrides during the steel



tempering process. Molybdenum improves resistance to corrosion and sulfide
stress corrosion [1-5].

As shown in Figure 1, the components manufactured with supermartensitic
stainless steel are subjected to the conditions imposed by the acidification
process, which essentially consists of the injection of hydrochloric acid containing
a corrosion inhibitor based on propargyl alcohol (2-propin-1-ol). propyn

The acidizing process in oil production comprises the injection of hydrochloric
acid into the reservoir rock aiming at the reaction of the injected acid with the
rock, thus allowing greater permeability of the passage of oil and gas and,
consequently, increasing oil production. In these operations, in order to protect
the carbon steel, along with hydrochloric acid, a corrosion inhibitor is also added
[6-10].

Commercial oil deposits are most frequently found in reservoir rocks formed by
sedimentary rocks, mainly sandstones and limestones. Existing fractures also
influence stimulation, since they occur at random intervals and sizes, depending
on the type of rock. The chemical attack on the rock depends on the diffusion of
the acid in the pores of the matrix rock, either by natural pathways or through
induced fractures, which depends on the amount and concentration of the
injected acid, the number and size of the existing fractures [11, 12].

Carbonate rocks are basically formed by limestones (CaCOs) and dolomites
(CaC03.MgCOs). An oil well has a characteristic production profile. The decline
in production may be due to damage to the porosity of the reservoir rock,
preventing or restricting all or part of the flow of oil, gas and formation water over
time. The acidification operation aims to restore production, that is, to increase
the amount of oil produced by that well [13-15].

The reactions of hydrochloric acid with rocks containing limestone (CaCOs3) and
dolomites (CaC0O3.MgCOs3) are presented below:

CaCO3z + 2 HCl — CaCl2 + CO2 + H20

CaC03.MgCOs3 + 4 HCl— CaClz + MgClz2+ 2 CO2 + 2 H20

The present work aims to investigate the corrosive action of hydrochloric acid
containing propargyl alcohol on UNS S41427 supermartensitic stainless steel.

2. MATERIALS AND METHODS

2.1 Materials testing

The UNS S41427 supermartensitic stainless steel coupons used in the
gravimetric tests were fabricated with the following dimensions: 10.0 mm x 15.0
mm x 5.0 mm. The chemical composition of the UNS S41427 supermartensitic
stainless steel is presented in Table 1. The coupon surfaces were polished with
100 to 600 grade sandpaper, cleaned with acetone, washed with bidistilled water
and dried with hot air. The test coupons were weighed using a digital electronic
balance.



The corrosive media used were 10% and 15% (by volume) HCI solutions of high
purity (% purity?). The concentrations of the corrosion inhibitor, propargyl alcohol
(2-Propyn-ol-1) with 99% purity, were fixed at 250, 500 and 1,000 mg/L. The
corrosion inhibitor choice and its concentrations are based on the authors’
acidification experiments with HCI to ensure the integrity of materials such as
carbon steel and special steels [16, 17].

2.2 Gravimetric test (mass loss) of coupons

The mass loss tests were performed out by immersing the supermartensitic
stainless steel coupons in polyethylene bottles containing HCI solution with and
without corrosion inhibitor and maintained in thermostatically controlled baths at
temperatures of 30, 45 and 60°C (with an accuracy of 0.1°C), as shown in Fig. 2.
The test times were set at 1 and 3 hours of exposure. After the experiments were
completed, the coupons were removed from the corrosive medium, washed with
bidistilled water and ethanol, and quickly dried with hot air. The coupons were
then reweighed again to the nearest 0.0001 g according to ASTM G 31-72
standard [18].

Fig.2. Polyethylene bottles with coupons on thermostatic bath

The corrosion rate (CR) and the efficiency of each corrosion inhibitor (%E ) were
defined by the following expressions:

Wo-Wf Wa-wi

CR = and E% = —— x 100
Wa



Where:

Corrosion Rate = CR (unit) time in time in the unit per year or?);

Corrosion Inhibitor Efficiency = E %;

Wo and Wf are, respectively, the initial mass and the final mass of the coupon
(units);

Wa and Wi are the weight loss of the coupon in the absence and presence of
inhibitor;

S? = area (cm?).

3. RESULTS AND DISCUSSION
3.1 Gravimetric Test (mass loss) Results

3.1.1 Results of mass loss measurement of supermartensitic stainless
steel coupons in hydrochloric acid without corrosion inhibitor

The results of the mass loss tests, carried out with a solution of 10% and 15%
(by volume) of hydrochloric acid, in the absence of propargyl alcohol (corrosion
inhibitor), at temperatures of 30°C, 45°C and 60°C are shown in the graphs in
Fig. 3 and 4.
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Fig. 3. Mass loss tests of supermartensitic stainless steel in 10% HCI
solution without corrosion inhibitor (use editable chart, remove heading)
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Fig. 4. Mass loss tests of supermartensitic stainless steel in 15 % HCI
solution without corrosion inhibitor (Same as in Fig. 3)

3.1.2 Results of mass loss measurement of supermartensitic stainless
steel coupons in hydrochloric acid with 250 mg/L propargyl alcohol

The results of the mass loss assays, carried out with 10% and 15% hydrochloric
acid solution (by volume), with the addition of 250 mg/L of propargyl alcohol , at
temperatures of 30°C, 45°C and 60°C are shown in the graphs of Fig. 5 and 6.
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Fig. 5. Mass loss tests of supermartensitic stainless steel in 10 % HCI with
the addition of 250 mg/L of propargyl alcohol (Same as in Fig. 3)
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Fig. 6. Mass loss tests of supermartensitic stainless steel in 15 % HCI with
the addition of 250 mg/L of propargyl alcohol (Same as in Fig. 3)

3.1.3 Results of mass loss measurement of supermartensitic stainless
steel coupons in hydrochloric acid with 500 mg/L propargyl! alcohol

The results of the mass loss assays, carried out with 10% and 15% hydrochloric
acid solution (by volume), with the addition of 500 mg/L of propargyl alcohol
(corrosion inhibitor), at temperatures of 30°C, 45°C and 60°C are shown in the
graphs of Fig. 7 and 8.
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Fig. 7. Mass loss tests of supermartensitic stainless steel in 10 % HCI with
the addition of 500 mg/L of propargyl alcohol (Same as in Fig. 3)
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Fig. 8. Mass loss tests of supermartensitic stainless steel in 15 % HCI with
the addition of 500 mg/L of propargyl alcohol (Same as in Fig. 3)

3.1.4 Results of mass loss measurement of supermartensitic stainless
steel coupons in hydrochloric acid with 1000 mg/L propargyl alcohol

The results of the mass loss assays carried out with 10% and 15% hydrochloric
acid (HCI) solution (by volume), with the addition of 1000 mg/L of propargyl
alcohol , at temperatures of 30°C, 45°C and 60°C, are shown in the graph of Fig.

9 and 10.
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Fig. 9. Mass loss tests of supermartensitic stainless steel in 10 % HCI with
the addition of 1000 mg/L of propargyl alcohol (Same as in Fig. 3)
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Fig. 10. Mass loss tests of supermartensitic stainless steel in 10 % HCI with
the addition of 1000 mg/L of propargyl alcohol (Same as in Fig. 3)

3.1.5 Results of mass loss measurement of supermartensitic stainless
steel coupons in hydrochloric acid (15 % vol.) with additions of 250, 500 and

1000 mg/L propargyl alcohol in 3 h

The logarithmic graph presented in Fig. 11 aims to summarize and compare in
the most critical conditions (15 % HCI concentration and within 3 hours) that the
coupons of supermartensitic stainless steel when submitted to mass loss tests,
shows that the corrosion rate is high and the addition of propargyl alcohol

promotes a significant reduction of this corrosion rate.
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Fig.11. Logarithmic graph of the mass loss of martensitic steel at a
concentration of 15 % (vol.), at temperatures of 30, 45 and 60 °C, for 3
hours, with and without the addition of propargyl alcohol (Same as in Fig.

3)




3.2 Evaluation of Corrosion Inhibitor Efficiency for Supermartensitic
Stainless Steel in the presence of Hydrochloric Acid and addition of
Propargyl Alcohol

Tables 2 and 3 shows that the efficiency of propargyl alcohol in protecting
martensitic steel in hydrochloric acid is more than 80 % and in the time of three
hours it reaches values over 90 %. However, when propargyl alcohol is dosed at
250 mg/L of propargyl alcohol at 30°C and 10% HCI.

On the other hand, the literature shows that propargyl alcohol has a good
performance in both carbon steel and stainless steels. The loss of inhibitor
efficiency can be attributed to reduced adsorption capacity and barrier formation
to prevent the corrosive action of H* ions [16,17].

Table 2. Results of Laboratory Mass Loss Tests for Percent Efficiency of
Propargyl Alcohol in the Presence of HCI for 1 Hour

Test time, 1 h
10 % (vol.) HCI 15 % (vol.) HCI
Temperature Propargyl alcohol (mg/L) Propargyl alcohol (mg/L)

(°C) 250 500 | 1000 250 500 | 1000

Corrosion Inhibitor Efficiency (%)
30 74.35 84.83 80.79 80.91 88.10 | 84.82
45 95.02 95.05 93.96 97.09 97.30 | 96.39
60 98.62 98.69 98.88 98.87 98.99 | 98.84

Table 3. Results of Laboratory Mass Loss Tests for Percent Efficiency of
Propargyl Alcohol in the Presence of HCI for 3 Hour

Test time, 3 h
10 % (vol.) HCI 15 % (vol.) HCI
Temperature Propargyl alcohol (mg/L) Propargy! alcohol (mg/L)

(°C) 250 500 | 1000 250 500 | 1000

Corrosion Inhibitor Efficiency (%)
30 97.35 97.60 98.17 92.36 94.03 | 94.34
45 96.95 97.76 97.84 96.88 97.40 | 97.02
60 98.07 98.61 98.93 98.25 98.72 | 98.81

3.3 Evaluation and considerations on the possibility of pitting in the
tests with hydrochloric acid and propargyl alcohol

The diagram in Fig. 12 shows a passivated film formed on the surface of the
supermartensitic stainless steel and the perforation, fracture and/or defects of
this passive layer. Generally, these films are basically made up of Cr203.Fe20s,
which can be protective and slow down or prevent the corrosive process quite
efficiently. The main ions responsible for this aggressive action are the CI-, F, Br
and I ions, while the ions NOsz, CrO4%, SO4%, OH", ClOs and COz* have the
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ability to maintain passivation and interrupt or delay the corrosive process [19-
21].

lons that promote the formation of lons that can inhibit or slow down pitting
pitting: CI, F, Br, S%. formation: NOy, CrO,>, SO, OH-, CIO5

N

H,0

Pitting

Passivation

Stainless steels

Fig.12. Representative scheme of steel passivation and pitting formed

The optical microscopy evaluation performed on the surface of the
supermartensitic stainless steel coupons after the mass loss tests in hydrochloric
acid and with the additions of corrosion inhibitors did not reveal the presence of
pitting. (Where are the results of the optical microscopy? Include it)

However, there is a theoretical method for predicting the occurrence of pitting in
stainless steels and/or special alloys based on chromium, molybdenum and
nitrogen content (% by mass).This formula, called PREN (Pitting Resistant
Equivalent Number), is commonly used to evaluate pitting resistance in stainless
steels and chromium-containing alloys [22-24].

PREN =% Cr+33%Mo+16%N

Where:

% Cr: chromium content (% by mass);

% Mo: molybdenum content (% by mass);

%N: nitrogen content (% by mass);

Table 4 based on the PREN formula, presents the supermartensitic stainless

steel located between AlSI 304 austenitic stainless steel and AISI 316.

Table 4. PREN (Pitting Resistant Equivalent Number) results for special
steels

Types of special steels PREN

Austenitic stainless steel AISI 304 18.30
Supermartensitic Stainless Steel AISI UNS S41427 19.78
Austenitic stainless steel AISI 316 27.90
Austenitic stainless steel AISI 316L 31.08
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Austenitic stainless steel AISI 317L 39.60
Alloy 25Cr-6Mo 47.45

3.4 Proposal for an anticorrosion protection mechanism for
Supermartensitic stainless steel with propargylic alcohol (2-propin-
1-ol)

The proposed mechanism for corrosion and corrosion protection of
supermartensitic stainless steel in hydrochloric acid with the addition of
propargyl alcohol, presented in Fig. 13, basically consists of four phases. In the
first phase, there is partial or total dissolution of the passivated layer consisting of
chromium oxide, ferric oxide and molybdenum oxide (Cr203.Fe203.M0203).

The dissolution reactions of the passivated layer are represented by the
reactions:

Cr203 + 6 HClI — 2 CrClz + 3 H20

Fe2Osz + 6 HCI — 2 FeCls + 3 H20

Mo20z + 6 HCl — 2 MoCls + 3 H20

In the second phase, the electrochemical dissolution of the supermartensitic
stainless steel occurs, as shown by the anodic and cathodic reactions:

Fe - 2e — Fe?*;
Cr-3e — Cr¥;
Mo - 2e — Mo?*;
2H*"+2e - 2H - H>.

In the third phase, propargy! alcohol is introduced into the acid solution, causing
protonation. This process occurs when the H* ions begin to react totally or
partially with the inhibitor molecules, causing them to acquire positively charged
and migrate to the cathodic surface [25-27]. The molecules of protonated
propargyl alcohol (containing the positive charges) migrate to the cathodic areas
(where the negative charges are) thus compete intensely with the H* ions.

In the fourth phase, the adsorption of the propargyl alcohol molecules occurs,
forming a barrier on the surface of the supermartensitic stainless steel that acts
to prevent or delay the approach of H* ions that can capture the electrons from
the metal surface. This process prevents or inhibits the development of anodic
reactions.b
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Fig.13. Supermartensitic stainless steel corrosion and inhibition
mechanism in hydrochloric acid proposed

The literature referenced below shows that propargyl alcohol based corrosion
inhibitors have excellent performance in protection of carbon steel in hydrochloric
acid solutions at all concentration and temperature combinations [28-30]. (Vague
claims. Be specific) Similarly, the addition of propargyl alcohol has also been
shown to be quite effective for special stainless steels (Which ones?) immersed
in hydrochloric acid [16,17].

Finally, two proposed adsorption mechanisms for propargyl alcohol are
presented in Fig. 14. In the first proposal, the propargyl alcohol molecules
become protonated, that is, the triple bond [HC=C-CH-OH] and its mr-electron
bond become more positive, and consequently, the —OH bond becomes
negative. Therefore, there will be a positive-negative alignment along the metallic
surface of the propargyl alcohol molecules, forming an adsorbed layer and
preventing the occurrence of electrochemical reactions [31, 32].

HCE(i—CH-OH Propargyl alcohol p':z:rgféla_"‘fgh:
HCI

HCl 1 HCl

o™ Polymerized

Mo® e P'?E’LQY'M%-\

Mo’ Cr* Mo™ -
fnet e e « T T et
- "“’/ Anode N
Cathode
“2¢ > Fe¥ 2H" +2 Fe -2¢ > Fe* 3
c- S50 o SEachiN Cr -3¢ > Cr” Hrix2e >ty
Mo-2¢ —» Mo® Mo-2e —> Mo®

Supermartensitic Stainless Steel (SMSS) Supermartensitic Stainless Steel (SMSS)

Fig.14. Mechanism of inhibition of propargyl alcohol in hydrochloric acid

The other (second) proposed mechanism shows that the molecules of propargyl
alcohol polymerize on the metal surface forming a film and/or an adsorbed and
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well adhered coating, thus preventing the corrosive action of the acidic medium
[32-34].

4.CONCLUSION
Based on the study, it is concluded that:

In the mass loss tests, it was observed that the corrosion rate varies as a
function of the concentration of hydrochloric acid in the solution, the temperature
to which the system is exposed and the immersion time. With increasing HCI
concentration, temperature and immersion time of the coupons in the solution,
the corrosion rate increase;

The presence of propargyl alcohol, which acts as a corrosion inhibitor in the
hydrochloric acid solution, resulted in a significant reduction in the corrosion rate
under all conditions analyzed;

UNS S41427 supermartensitic stainless steel is susceptible to corrosion in acidic
and saline environments. Therefore, the tests carried out have shown that the
use of propargyl alcohol is an effective strategy to mitigate this type of corrosion;

No pitting was observed in the UNS S41427 supermartensitic stainless steel
specimens in the mass loss tests (No microstructural or visual evidence?), but
with the PREN methodology it is possible to predict the presence of pitting
because its chemical composition is close to the AISI 304 austenitic stainless
steel, which is susceptible to pitting in acid and saline solutions;

The proposed mechanisms presented shows that propargyl alcohol has the
ability to form a film adhering to the metallic surface and prevents the corrosive
action of hydrochloric acid.
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