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Abstract

The scarcity of oil and gas resources made High Pressure and High Temperature (HPHT) reservoir attractive to be developed. The sour 

service environment gives an additional factor in material selection for HPHT reservoir. Austenitic 28 Cr and super duplex stainless 

steel 2507 (SS 2507) are proposed to be a potential materials candidate for such conditions. C-ring tests were performed to investigate 

their corrosion behavior, specifically sulfide stress cracking (SSC) and sulfide stress cracking susceptibility. The C-ring tests were done 

under 2.55 % H2S (31.48 psia) and 50 % CO2 (617.25 psia). The testing was done in static environment conditions. Regardless of good 

SSC resistance for both materials, different pitting resistance is seen in both materials. The pitting resistance did not follow the general 

Pitting Resistance Equivalent Number (PREN), since SS 2507 super duplex (PREN > 40) has more pitting density than 28 Cr austenitic 

stainless steel (PREN < 40). SS 2507 super duplex pit shape tends to be larger but shallower than 28 Cr austenitic stainless steel. 

28 Cr austenitic stainless steel has a smaller pit density, yet deeper and isolated.
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1 Introduction
The amount of oil and gas reserves in Indonesia is cur-
rently declining. So far, various reservoirs in the main 
zone have been produced, so that for the sustainability of 
new oil and gas sources the future direction of developers 
are High-Pressure and High Temperature (HPHT) wells. 
With the active geological conditions in Indonesia, the 
existence of reserves with HPHT well types are very big. 
High Pressure (HP) typically refers to borehole pressures 
between 10,000–20,000 psi, while High Temperature 
(HT) refers to borehole temperatures between 300–400 ˚F 
(149–204 ˚C). Our previous case study showed this envi-
ronment is severe for carbon steel [1]. 

HPHT operating conditions are exacerbated by the 
presence of corrosive gases such as H2S and CO2, as well 
as brine fluids that contain a lot of chlorides. To support 
the success of this project, corrosion-resistant materi-
als are needed for Oil Country Tubular Goods (OCTG) 

applications that can withstand high temperature and 
high-pressure situations. For high-pressure applications, 
the development of steel-based materials is carried out by 
adding a heat treatment process to obtain a fine tempered 
martensite steel structure. This method succeeded in cre-
ating high strength steel above 110 ksi SMYS [2, 3].

However, the main problem of martensite steel is their 
low crack resistance due to a decrease in KISCC value due 
to Chromium and manganese addition. Asahi and Ueno [4] 
discovered the fact that the addition of Chromium > 1 % 
reduced the value of stress intensity factor (KISSC) due to 
the higher M23C6 carbides numbers. The effect of adding 
M23C6 carbide can be minimized by adding Niobium (Nb) 
to make spheroidization of M23C6 carbide [5].

Martensitic steel material is not an attractive option 
for high-pressure conditions with high H2S levels because 
of the possibility of sulfide cracking. For conditions with 
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high H2S, the materials commonly used in HPHT well 
operations are Nickel-based alloy and titanium-based 
alloy [6, 7]. The combination of corrosion resistance and 
strength offered by Titanium and Nickel alloy as a clad 
material or solid material. Hargrave et al. [8] proposed tita-
nium alloys for sour production environments, completion 
brines, and acids. A high strength titanium alloy called 
Ti-6246 (Ti-6Al-2Sn-4Zr-6Mo; UNS R56260) could work 
for HPHT services. However, the price for titanium and 
nickel is quite high and its availability is rarely available in 
the market. For this reason, several alternative Corrosion 
Resistance Alloys (CRA) are used, such as the duplex 
stainless steel or high-Cr austenitic stainless steel.

Duplex stainless steel is a material that offers a good 
combination of mechanical properties and corrosion resis-
tance supported at a fairly economical price. High mechan-
ical strength in the duplex is caused by the combination 
of ferrite and austenite phases in stainless steel. Ferrite 
gives an optimal increase in the amount of 22–28 % [9]. 
Nowadays, many studies have intensively analyzed the 
effect of microstructure on duplex corrosion resistance. 
Moura et al. [10] found that the sigma phase is the most sus-
ceptible phase for pitting corrosion in duplex stainless steel. 
On the other hand, Tan et al. [11] showed the pitting suscep-
tibility is dependent on pitting resistance equivalent number 
from ferrite or austenite phase in hyperduplex [12]. Besides 
pitting corrosion, duplex stainless steel also prone to stress 
corrosion cracking. Van Gelder et al. [13] found that duplex 
stainless steel is susceptible to stress corrosion cracking at 
a temperature around 60–100 °C and when subjected to a 
slow plastic strain rate in their open circuit potential.

Conventional austenitic stainless steel is not commonly 
used in HPHT and brine environments due to the low 
SCC resistivity. Therefore, the development of austenitic 
material is carried out with the use of more Nickel and 
Molybdenum, which is commonly known as super auste-
nitic stainless steel such as 28 Cr austenitic stainless steel. 
28 Cr austenitic stainless steel contains more Chromium 
than grade 304 and 316 SS. The amount of nickel and 
molybdenum is increased to keep the austenite phase sta-
ble at room temperature.

The studies that have been mentioned earlier were per-
formed only in chloride and HPHT services, and limited 
was made in high pressure and high temperature with sour 
service condition. This study will compare 2507 SS and 
28 % Cr-Austenitic stainless steel in corrosive gases such 
as CO2 and H2S as well as chloride ions in the solution. 
Both of the materials were selected and compared their 

suitability in the HPHT-sour services condition. A com-
parison of the ferrite-austenite dual-phase and single 
austenitic phase will be discussed in this paper. The test 
was performed using the C-ring method in the autoclave 
according to the HPHT well-operating pressure.

2 Methods
2.1 Specimen preparation
C-ring specimen was prepared following NACE TM0177-
2016 method C. The specimens were cut approximately 
15 mm in length from the whole tube to full wall thick-
ness. Stainless steel bolts were used to load the specimens 
and were electrically isolated from the specimen using 
inert polyether-ether ketone (PEEK) bushes. 

The testing specimens were made by using two materials, 
28 Cr austenitic SS and SS 2507 super duplex specimens 
were loaded to a strain equivalent to 100 % of the 0.2 % 
proof stress, measured by strain gauge and determined at the 
test temperature of 122 °C. After loading, the strain gauges 
were removed, and the specimens were thoroughly cleaned. 
The final specimen arrangement is shown in Fig. 1.

2.2 Testing parameters
Testing was conducted using NACE TM0177-2016 and 
ISO15156 part 3 Annex B guidelines. Before the testing, the 
specimen was cleaned with deionized water and followed 
by acetone to remove the excessive water. The specimen 
was dried out in warm air. The testing was carried out under 
autoclave to maintain the pressure around 1220 psig, tem-
perature 252 °F (122 °C), and chloride content 10,000 ppm.

The chloride-containing solution was made using 
bidest solutions and was purged by Nitrogen for deaera-
tion. The oxygen content was maintained below 10 ppb. 
To simulate the sour service condition, the environment 
was saturated with 2.55 % H2S (31.48 psia) and 50 % CO2 
(617.25 psia). Pressure and temperature were monitored 
during the experiment (Fig. 2).

Fig. 1 C-ring test specimens
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Metallography was performed using electroetching. 
KOH etchant was given for duplex stainless steel and 
oxalic acid 10 %, 2.5V dc for austenitic stainless steel, 
stainless steel and oxalic acid 10 %, 2.5V dc for austenitic 
stainless steel. 

The specimens were rinsed in deionized water to 
remove the residual salt solution and get a better visual 
examination. The after-test C-ring specimens were ana-
lyzed by low-magnification optical microscopy. All speci-
mens were cut and prepared for crack examination at x100 
magnifications.

3 Results and discussion
Examination of the tested C-ring samples of 28 Cr and 
SS 2507 found light corrosion on both materials. The cor-
rosion product is found in the external and internal sur-
faces of the SS 2507 samples. From the visual examination, 
various corrosion phenomena are found on the surface of 
SS 2507 materials. The surface indicates surface cracking, 
as shown in Fig. 3(a). Besides the surface cracking indica-
tion, pitting corrosion and intergranular corrosion are also 
found (Fig. 3(b), (c), and (d)). 

The surface cracks indications in 2507 duplex stainless 
steel did not penetrate to the subsurface of the metal, and 
there is no sign of propagation from the base of the pits. 
The pitting depth average is 17.8 µm, while the maximum 
and minimum pits are 20.4 µm and 10.9 µm respectively. 
This result showed that the pits are wide and shallow. 
The examination shows there were more pitting sites pres-
ent on the 2507 duplex stainless steel; hence it would indi-
cate that SS 2507 has a lower resistance to corrosion com-
pared to the 28 Cr stainless steel in the testing environment.

From the cross-section examination, the surface crack 
indication was formed due to selective corrosion in duplex 
stainless steel, most probably from the existend of dual-
phase stainless steel which yields a micro galvanic corro-
sion phenomenon [13].

Fig. 2 Pressure and temperature monitoring result during C-ring test

Fig. 3 Macrograph result of 2507 duplex stainless steel (a) surface examination- surface crack indication, (b-d) pit morphologies

(a) (b)

(c) (d)
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Pitting Resistance Equivalent Number is used to com-
pare pitting susceptibility of each stainless-steel material 
based on the composition of chromium, molybdenum and 
nitrogen, as shown in the Eq. (1).

PREN Cr Mo N= + × + ×% . % %3 3 16  (1)

Based on Pitting Resistance Equivalent Number, 
SS 2507 super duplex has a PREN number of around more 
than 42, while 28 Cr austenitic SS has 38.5. Based on this 
value, SS 2507 super duplex should be more resistant for 
pitting formation towards austenitic SS. However, in this 
case, micro-galvanic corrosion is more influential in duplex 
stainless steel causing a local dissolution in a specific phase. 
This result is following the Garfias-Mesias et al. [14]. results 
that showed the ferrite phase corroded faster than austenite 
in duplex stainless steel even though PREN in the ferrite 
was higher than austenite. This phenomenon is affected by 
element distribution in each of the phases [14, 15].

The Austenitic 28 Cr stainless steel did not show any 
surface cracking. The pits are isolated, depth, and sharp 
(Fig. 4(a) and (b)). However, the number of pits was lower 
than the duplex SS 2507 super duplex, as shown in Fig. 4(b) 
and (c). There is no indication of crack propagation from 
the surface or bottom of the pit (Fig. 4(c)). Austenitic 28 Cr 
stainless steel consists of only the austenitic phase. There 
is no different distribution of Cr in this material, such as in 
duplex stainless steel. Hence, the pitting corrosion resis-
tance is better than SS 2507. 

Based on the C-ring test, both duplex 2507 and austen-
itic 28 Cr stainless steel are a potential candidate for high- 
pressure and high-temperature service in a sour services 
environment. Both of the materials did not show sulfide 
stress cracking. 

In order to prove the effect phase and microstructure 
contained in both of the alloys, a metallography test was 
performed on the cross-section of the sample. Fig. 5(a) 
shows pits propagated in the center of the ferrite phase 
in SS 2507 super duplex. Table 1 shows the size of the 
detected pit in both off the alloy. The pit size is the average 
number of the pit depth from each alloy. It is clearly seen 
that the 2507 duplex stainless steel are more prone to pit-
ting than austenitic stainless steel. 

4 Conclusion
C-ring tests were performed in SS 2507 super duplex stain-
less steel and Austenitic 28 Cr SS to investigate their corro-
sion behavior and sulfide stress cracking (SSC) susceptibil-
ity. Regardless of good SSC resistance for both materials, 
different pitting resistance is seen in both materials. 

Duplex stainless steel is prone to pitting corrosion and 
the pit shape tends to be larger but shallower than 28 Cr 
austenitic stainless steel. 28 Cr austenitic stainless steel 
has a smaller pit density, but it deeper and isolated. Optical 
micrography results deny the surface cracking indication 
in duplex stainless steel and prove that the selective cor-
rosion causes a crack-like feature in duplex stainless steel. 
The selective corrosion is caused by the micro galvanic 

(a)

(b)

(c)
Fig. 4 Macrograph result of 28 Cr austenitic stainless steel (a) surface 

examination- isolated pit, (b) and (c) pit morphologies
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corrosion between ferrite and austenite phase regardless 
of duplex stainless steel has a higher PREN than 28 Cr. No 
crack propagation originating from pitting was found in 
both of the materials.

Acknowledgement
The authors would thankfully recognize the data and 
financial support from PT Pertamina (Persero), LPDP and 
Universitas Indonesia.

(a)

(b)
Fig. 5 (a) Preferential corrosion in ferrite phase in SS2507; (b) and 

shallow pit in austenitic stainless steel

Table 1 Size of detected pits in 28 Cr and SS 2507

Alloy Sample identity Pit size (µm)

2507 duplex 
stainless steel

1 OD
±20

1 ID

2 OD ±17
2 ID

3 OD
±20

3 ID

28Cr Austenitic 
stainless steel

1 OD
±25

1 ID

2 OD

<10
2 ID

3 OD

3 ID
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