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ABSTRACT      
 Corrosion damage of materials at confined spaces such as gaps and contact areas between 
parts, under gaskets or seals, inside cracks and seams, spaces filled with deposits and under sludge 
piles is called crevice corrosion.  This has important practical implication in pump, fluid transporting 
pipes, impeller blades and ship hull applications, for instance, where this phenomenon, in stagnant 
environments with saline water and in the presence of solid particles, can play an important role in 
material degradation leading to catastrophic failure. In this study AISI 304L Austenitic Stainless Steel 
specimens were tested for its corrosion resistance under influence of applied torque with different 
crevice formers. Corrosion resistance measurement was done using Potentiostat. The effect of crevice 
formers and applied torque on the base material in artificial seawater environment has been studied. 
The microstructure of the corroded surface and its hardness were characterized by optical microscope, 
SEM and Vickers’s micro hardness tester. Surface characterization of the damaged surface has also 
been studied using advanced techniques. Crevice corrosion behavior of base metal increased when SS 
304 L crevice formers were used.  
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1. Introduction 
Subsea blowout preventers (BOP) play an 

extremely important role in providing safe working 
conditions for drilling activities in 3000 m ultra-deep 
water regions. Two redundant multiplex control pods, 
normally located on the lower marine riser package on 
the seafloor, are of crucial importance to the 
performance and reliability of BOP systems. The 
control pods contain 224 submersible solenoid valves 
immersed in low-temperature and high-pressure 
seawater [1]. Stainless steel has high corrosion 
resistance, high strength, and high durability; thus, it 
serves as the primary materials of submersible valves. 
It relies on the stability of a thin chromium oxide film 
for protection against corrosion; however, under 
aggressive environmental conditions it suffers from 
severe localized corrosion, especially crevice corrosion 
[2]. In a used submersible solenoid valve, severe 
crevice corrosion is observed in the crevice between 
the valve shell and the spring sleeve, and slight 
corrosion is detected in the crevice between the sliding 
seal components and the fluoroelastomeric (FKM) o -
rings. Seawater ingress is recognized as the most 
common cause of crevice corrosion [3]. 

In recent years, various electrochemical 
techniques, such as cyclic potentiodynamic 
polarization, polarization resistance, potentiostatic test, 
dynamic electrochemical impedance spectroscopy, and 
the Tsujikawa–Hisamatsu method, have been used to 
assess the crevice corrosion process [4–11,23–25,27–
29]. The effects of variables, such as temperature, 
crevice former materials, chemical element, crevice 
geometries, and solutions, on crevice corrosion have 
been studied [4–19]. 

The crevice corrosion of stainless steel has a 
high breakdown potential at low-temperatures and a 
low breakdown potential at high temperatures [4]. The 
polytetrafluoroethylene (PTFE) tape-covered ceramic 
is the most active crevice former on alloy C-22, 
whereas PTFE and Kel-F are less active and ceramic 
crevice formers cause no crevice corrosion. In addition, 
smoother surfaces create tighter crevices, and 
correspondingly, more severe crevice corrosion with 
the same former material [5,6]. AISI 304 stainless steel 
is susceptible to crevice corrosion, but its susceptibility 
is not highly affected by the use of Teflon or graphite 
crevice former, whereas AISI 304 crevice former 
exhibits a major effect on AISI 304 stainless steel [32]. 
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The corrosion of metal-to-metal crevices was studied in 
0.5 M NaCl, 4 M NaCl, and 4 M MgCl solutions at 95 
°C, and the torques applied to the assembly were 0.35 
N m and 8.4 N m . Except for those in 304L stainless 
steel, all other metal-to-metal crevices are less 
susceptible to crevice corrosion than the corresponding 
metal-to-PTFE crevices [7,8]. 

The effects of nitrogen and nickel on the 
crevice corrosion resistance were studied in different 
chloride solutions [9–11]. These studies indicate that 
the increase in nitrogen content improves the crevice 
corrosion resistance of the alloys by decreasing active 
dissolution and increasing both passive film stability 
and the potential at which crevice attack is stable [9]. 
Ferritic steels containing nickel are more resistant to 
corrosion than both ferritic steels without nickel and 
austenitic steels [10]. 

The geometric scaling factors L/G and L/G 
were defined to study the effect of crevice geometries 
on crevice corrosion, where L is either the crevice 
length or the distance between the crevice mouth and 
the greatest attack site, and G is the crevice gap. The IR 
drop mechanism was used to describe the onset of 
crevice corrosion [12–16]. Comparative research on 
crevice corrosion in different solutions shows that more 
ethylene glycol makes artificial seawater more 
corrosive to 316L stainless steel [17–18]. Crevice 
corrosion can even be initiated and propagated under 
galvanostatic conditions in an alkaline chloride 
solution of low Cl /OH ratio [19].   

This work aims to investigate the effects of 
applied torque and crevice former materials on the 
corrosion behaviour of 304L stainless steel. Three 
crevices, namely, 304L-to-PTFE, 304L-to-FKM, and 
304L-to-304L, were used. The breakdown potential, 
repassivation potential, corroded surface area, and 
maximum penetration depth were investigated as a 
function of applied torque.  

2. Experimental Details 
The chemical composition of 304L stainless 

steel used in this research is given in Table 1. A 
multiple crevice assembly (MCA) based on the 
standard guide for crevice corrosion testing, ASTM 
G48 and G78 [20, 21], was used. The base metal 
microstructure is shown in (Fig. 1(a)). The MCA 
specimens (50.8 mm x 25.4 mm x 5 mm with a 10 mm 
diameter hole) were cut from 5 mm thick commercial 
plates (Fig. 1(b)). Electrical connection to the 
specimens was established via an isolated Cu wire. The 
modified crevice formers shown in Fig. 1(c) Twelve 
crevice sites were made in PTFE, FKM, and 304L 
stainless steel respectively. Before the crevice 
corrosion test, all the tested specimens and the teeth of 

the formers were abraded with wet 800 grit SiC paper, 
degreased with acetone followed by alcohol, and then 
air dried. The specimen assembly, which includes a 
304L stainless steel specimen and two crevice formers, 
was tightened with a titanium bolt, nut, and washer 
using a torque wrench [21], so that 12 small crevice 
sites were formed on each side of the specimen. PTFE 
tape was used to insulate the bolt to prevent electrical 
connection between the titanium bolt and the 304L 
stainless steel specimen. 

The crevice corrosion test was performed in 
artificial seawater prepared with deionised water and 
sea salt, the detailed composition of the solution is 
given in Table 2 [22]. The temperature in 3000 m ultra-
deep seawater is about 4  C; thus, the corrosion rate is 
very low. According to Arrhenius kinetics, a 10°C rise 
in temperature doubles the reaction rate [3]. I n this 
study, tests were conducted at 50°C t o accelerate 
crevice corrosion. 

The standard three-electrode cyclic 
potentiodynamic polarization method was employed 
according to ASTM G61 [31]. The test cell is 
schematically shown in Fig. 2. The test cell was 
composed of a reference electrode (saturated calomel 
electrode), a counter electrode (silver rod) and a 
working electrode (stainless steel specimen assembly). 
In the cyclic potentiodynamic polarization test, a scan 
was initiated 1 h after the specimen was immersed i n 
the solution. The scan was initiated from 100 mV 
below the open circuit potential (OCP) and reversed 
when the potential reached 200 mV. When the 
potential reached 100 mV below OCP, the scan was 
discontinued. The scan rate was 0.167 mV/s in both the 
forward and reverse scans, and each cyclic 
potentiodynamic polarization test lasted 3–4 h. A 
Potentiostat/Galvanostat Model V5 (Gill AC, England) 
was used to perform the cyclic potentiodynamic 
polarization test. 

After the crevice corrosion experiments, the 
corroded surface area was calculated using CAD 
software, and the penetration depth was measured 
using a dial guage. 

Table 1: Chemical compositions (wt %) of  SS 304 L 

C Mn P S Si Cr Ni Fe 
0.017 1.81  0.025  0.04  0.22  18.59  8.66  Bal 

Table 2: Composition of the artificial sea water (g/L) 

NaCl MgCl2 Na2SO4 CaCl2 NaHCO3 KBr H3BO3 

24.53 5.2 4.09 1.16 0.201 0.10 0.027 
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Fig. 1 Multiple Crevice Assembly (MCA) (a) base 
material microstructure (b) dimensions of MCA 

specimen; (c) 304L crevice former with crevice sites.  

 

Fig. 2 Schematic diagram of the three-electrode test 
cell 

3. Results and Discussion 
3.1 Cyclic Potentiodynamic Polarization 
Curves 

Fig. 3(a) and (b) show the cyclic 
potentiodynamic polarization results of the 304 L 
stainless steel specimens assembled with 304 L 
stainless steel former and PTFE former under the same 
applied torques of 4 Nm in artificial seawater at 50 °C.  

In the cyclic potentiodynamic polarization 
curve, four typical potentials, namely, corrosion 
potential (Ecorr), primary passivation potential (Epp), 
breakdown potential (Eb) and repassivation potential 
(Erp) are usually used to characterise the crevice 
corrosion behaviour. Corrosion potential also called 
OCP, is the electrical potential between the working 
electrode and the reference electrode when no electrical 
current flows. As shown in Fig. 3(a) and (b), both of 
the measured Ecorr values are approximately  - 330 
mVSCE. The values are similar to those of 304L-to-
304L, 304L-to-PTFE and 304L-to-FKM crevice 
corrosion tested at any applied torque in artificial 
seawater at 50°C. The value of the primary passivation 
potential is not obvious in the cyclic potentiodynamic 
polarization curve. The estimated primary passivation 
potentials are given in Fig. 3(a) and (b). 

In breakdown potential, current density 
increases significantly and rather rapidly. The more 
noble the potential obtained at a fixed scan rate, the less 
susceptible the alloy is to the initiation of localized 
corrosion (pitting and crevice corrosion) [31]. In cyclic 
potentiodynamic polarization tests, crevice corrosion 
occurs more easily than pitting because the occurrence 
of pitting corrosion requires higher electrochemical 
potentials [8, 19, and 30]. Breakdown potential has 
several definitions [23, 25]. It is determined by the 
extrapolation of passive current and ascending current 
in reference [23]. In this study, the value at the turning 
point of the curve is considered the breakdown 
potential. As shown in Fig. 3(a) and (b), the measured 
breakdown potential of 304L-to-304L crevice 
corrosion is                  -15 mVSCE. This value is 
slightly lower than that of 304L-to-PTFE crevice 
corrosion, which has an Eb value of 10 mVSCE. When 
the potential drops to a specific value on the reverse 
scan, the current decreases to the level of passive 
current, and the potential is referred to as repassivation 
potential. The more electropositive the potential, the 
less likely that localized corrosion occurs [31]. 
Repassivation potential also has several definitions [7, 
25, 31]. In reference [7], the repassivation potential is 
defined as the potential at which the current density 
remains below 2 x10-6 Acm-2 on the reverse scan, 
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whereas reference [25] defines it as the potential at 
which the reverse and forward scans intersect or at 
which the current density reaches 2 x10-6 Acm-2 on the 
reverse scan. However, in this study, the current 
density is always greater than 2 x10-6 Acm-2 on the 
reverse scan, as shown in Fig. 3(a) and (b). In a certain 
curve, the forward and reverse scans intersect three 
times, as shown in Fig. 3(b). Therefore, in this study, 
the repassivation potential is defined as the potential at 
which the reverse and forward scans intersect for the 
first time. The Erp value of 304L-to-304L crevice 
corrosion is  -380 mVSCE (Fig. 3(a)). As for 304L-to-
PTFE crevice corrosion, the Erp value is  - 240 mVSCE , 
which is the value of the first intersection of the 
forward and reverse scans, as shown in Fig. 3(b). 

 

 

 

Fig. 3: Cyclic potentiodynamic polarization curves 
of (a) 304L-to-304L; (b) 304L-to-PTFE crevice 
corrosion at 4 Nm applied torque in artificial 

seawater. 

Crevice corrosion is normally considered to 
occur if the corrosion potential of a metal in a given 
environment exceeds the repassivation potential [7, 
28]. For 304L-to-304L crevice corrosion at 4 Nm 
applied torque, crevice corrosion can begin because the 

Ecorr value of - 330 mVSCE is higher than the Erp 
value of  -380 mVSCE. Visual observation of the 
specimens after the experiments indicates that crevice 
corrosion occurs on both sides of the 304L stainless 
steel specimen, and all the 24 crevice sites are 
aggressively attacked. For 304L-to-PTFE crevice 
corrosion at 4 N m applied torque, because the Ecorr 
value of -332 mVSCE is lower than the    Erp value of -
240 mVSCE , crevice corrosion cannot initiate. No 
crevice corrosion is observed on the 304L stainless 
steel specimen after being coupled to PTFE crevice 
former. 

3.2. Effects of applied torque on breakdown 
potential and repassivation potential 

Crevice corrosion breakdown potential and 
repassivation potential are the two most important 
electrochemical parameters in the cyclic 
potentiodynamic polarization curve. The Eb value, Erp 
value and their difference (Δ E = Eb –Erp) were 
measured to determine crevice corrosion susceptibility. 
Fig. 4 (a–c) summarise the Eb , Erp , and     Δ E values 
of 304L stainless steel obtained over a wide range of 
applied torques when PTFE, FKM, and 304L stainless 
steel were used as the crevice former materials in 
artificial seawater at 50°C. 
 As shown in Fig. 4(a), for 304L-to-PTFE 
crevice corrosion, when the applied torque is 0.02 Nm, 
the Eb and Erp values are high, and the Erp value of  -280 
mVSCE is greater than the Ecorr value of  -326 mVSCE . 
This implies that no crevice corrosion occurs. The 
examination result of the 304L stainless steel specimen 
confirms the absence of corrosion.  
 When the applied torque is higher than 0.2 N 
m , the Eb reaches a stable level of approximately 10 
mVSCE , and the Erp reaches a stable level of 
approximately  -380 mVSCE. The stable values of 
applied torque are appropriate for maintaining the 
critical conditions for crevice corrosion initiation and 
propagation, so that crevice corrosion on specimens 
can be observed. Similar results were reported in 
literature [26–28]. When the applied torque is higher 
than 0.98 N m , the repassivation potential of 304 
stainless steel in NaCl solution using polysulfone 
gaskets at 55°C becomes stable [26]. The same 
tendency is displayed for Alloy 22 PCA specimens 
tested in 1 M NaCl solution with PTFE tape-covered 
ceramic crevice former. However, i n this case, the Erp 
become stable at a torque higher than 3.4 N m in 1 M 
NaCl at 90°C [27, 28]. In this study, when the applied 
torque is greater than 2 N m, the Eb value is unchanged, 
whereas the E value rapidly increases. This observation 
has not been previously reported. Less corrosion is 
observed at the edges of the crevice sites when the 
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applied torque is 3 Nm. No corrosion is detected at an 
applied torque of 4 Nm, even. The stable values of ΔE 
at torques from 0.2 to 2 Nm are higher than those at 
any other applied torques. Therefore, it can be inferred 
that the higher the ΔE, the more susceptible the metal is 
to the initiation of crevice corrosion, which agrees with 
the results in reference [28]. The examination result 
shows that crevice corrosion occurs on both sides of 
the 304L stainless steel specimens at torques from 0.2 
to 2 Nm. Similar curves are displayed for 304L-to-
FKM crevice corrosion. As shown in Fig. 4(b), when 
the applied torque is higher than 0.01 Nm, the Eb value 
is stable up to approximately 30 mVSCE , and the Erp 
value is approximately -360 mVSCE. The Erp value again 
becomes higher if the applied torque is greater than 0.1 
Nm, which is similar to observations on 304L-to-PTFE 
crevice corrosion. 
 As shown in Fig. 4(c), for 304L-to-304L 
crevice corrosion, the values change slightly with 
increasing applied torque. The turning point of the 
applied torques is 5 Nm, and the stable values of E b, 
Erp 
and ΔE are  -15 mVSCE,  - 400 mVSCE , and 385 mVSCE , 
respectively. After comparing Fig. 4(a–c), it can be 
seen that the relationship of the stable values of Eb, Erp , 
and ΔE are Eb(304L) < Eb(PTFE) < E b(FKM), Erp(304L) < 
Erp(PTFE)  < Erp(FKM)  , and ΔEb(304L) ≈  ΔEb(PTFE) ≈  ΔEb(FKM) , 
respectively, showing that the 304L-to-304L crevice 
shows the highest susceptibility to crevice corrosion, 
whereas the 304L-toFKM crevice shows the lowest 
susceptibility. This indicates that FKM is more 
effective in preventing water from penetrating into 
crevices. The high performance of FKM against 
crevice corrosion of 304L stainless steel stems from its 
hydrophobic property [33]. Similar results were 
reported for silicone-to-444 stainless steel crevice 
corrosion [34]. 

3.4. Corrosion Morphology 
 The crevice-corroded 304L stainless 

steel specimen, after being coupled to 304L stainless 
steel crevice former at 10 N m applied torque in 
artificial seawater is shown in Fig. 5(a-c). The image 
shows that all the 12 crevice sites are attacked for 304L 
– 304L. For further examination, a single site is 
magnified, as shown in Fig. 5(c). The corrosion regions 
are schematically drawn in lines (Fig. 5(d)).  

 
   
 

 
 

 

Fig. 4: Measured breakdown potentials, 
repassivation potentials and ΔE as a function of 

applied torques of (a) 304L-to-PTFE; (b)304L -to-
FKM; and (c) 304L-to-304L crevice corrosion in 

artificial seawater. 
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At the corrosion surface, three regions 
extending from the boundary of the tooth to the centre 
inside the crevice can be observed: (A) passive region, 
(B) active region, and (C) variable region. Similar 
morphology was reported for crevice corrosion in 
nickel [12] and iron [16]. The active region consists of 
three sub-regions: (1) severely attacked region, (2) 
commonly attacked region and (3) lightly attacked 
region. 

As shown in Fig. 5(c), the passive region is 
observed from the edge of the crevice to a critical 
distance inside the crevice (termed xcrit). In the passive 
region, the metal suffers from less attack. Crevice 
corrosion occurs at the passive-to-active boundary, xcirt, 
where the IR drop equals Δɸ, which is defined as the 
difference between the outer surface potential and the 
passivation potential [35]. 

 

 
 

Fig. 5. Crevice-corroded specimens after being 
coupled to 304L stainless steel in artificial seawater.  

(a) 304L - FKM (b) 304L - FKM (c) 304L - 304L             
(d) regions of the single crevice corrosion site. 

 
In the active region, the metal which has an 

extremely rough surface, suffers from severe attack. 
The crevice potential decreases with decreasing xcirt  
(deeper into the crevice); thus, the active region can be 
further subdivided into three small regions. In the 
severely attacked region, the metal dissolves severely 
and assumes the shapes of furrows (Fig. 6). The 
commonly attacked region is lightly desquamated. The 
first two regions present the natural colour of stainless 
steel. The lightly attacked region is dark due to the 
existence of residual corrosion products on the 

corroded surface. The variable region is located at the 
centre of the crevice tooth, where both passive and 
active attacks are observed. 

 

 

Fig. 6: SEM micrographs of different regions of the 
304L-to-304L crevice site at 10 N m applied torque 

in artificial sea water region 

4. Conclusions 
(1) The influence of applied torque on breakdown 
potential, repassivation potential, corroded surface 
area, and maximum penetration depth are similar and 
obvious for 304L-to-PTFE and 304L-to-FKM 
corrosion. However, the influence is insignificant for 
304L-to-304L crevice corrosion. 
(2) 304L-to-304L crevice corrosion has the lowest 
stable values of breakdown potential and repassivation 
potential, whereas 304L-to-FKM crevice corrosion 
shows the highest, indicating that among the three 
crevices, 304L-to-304L crevice is the most susceptible 
t o crevice corrosion, whereas 304L-toFKM crevice is 
the least susceptible. 
(3) 304L-to-304L crevice corrosion exhibits a 
maximum corroded surface area and a maximum 
penetration depth, followed by those of 304L-to-PTFE 
crevice corrosion. 304L-to-FKM crevice corrosion 
exhibits a minimum corroded surface area and a 
minimum penetration depth. 
(4) Three regions, namely, the passive, active 
(consisting of severely attacked, commonly attacked 
and lightly attacked regions) and variable regions, can 
be observed on most crevice corrosion sites. 
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