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A B S T R A C T   

Bolted flanged joints play a crucial role in connecting pressure vessels and piping systems. The corrosion of the 
flange surface is one of the most common causes of leakage failure in bolted flanged joints. This research in-
vestigates the effect of three gasket materials on the corrosion behavior of 321 stainless steel flange material 
using a novel setup specially designed for corrosion quantification of such assemblies. The results show that 
graphite gaskets cause more corrosion to flange surfaces under the same working conditions compared to 
graphite gaskets with metal foil inserts and virgin polytetrafluoroethylene (PTFE) gaskets. The mechanism of 
flange face corrosion is that, for PTFE gaskets, corrosion propagation mainly occurs at the gasket inner diameter 
and propagates through the depth of the flange while, for graphite gaskets, corrosion occurs on the whole contact 
surface of the flange and the gasket.   

1. Introduction 

A bolted flanged joint (BFJ) is a type of a seal device that connects 
pressure vessels and piping components by means of flanges, gaskets, 
and bolts [1]. These types of joints are frequently used in industrial 
installations where there is a need to connect pipelines or pressure 
vessels that handle fluids under high pressure and temperature condi-
tions, such as boilers, condensers, heat exchangers, reactors, steam 
generators, and piping systems [2]. Ease of assembly and disassembly 
for maintenance and repair services is the advantage of this type of 
connection compared to welded joints [3]. However, it also has the 
potential to fail due to leaks, particularly when exposed to harsh and 
corrosive environments at high temperatures and pressures [4]. 

The frequent premature leakage failure of BFJ due to corrosion in 
different industrial applications necessitates the analysis of failure root 
causes and mechanisms [5]. The flange face corrosion usually occurs at 
the interface of the flange and gasket, where the corrosive solution can 
penetrate the gap between the two flange faces or between the flange 
and gasket [6]. These gaps are created by material loss due to corrosion 
and aging and facilitated by the loosening of the joint due to the 
creep-relaxation of the joint [7,8], rotation on the flange [9,10], and 
waviness and misalignment [11,12]. Documented instances of prema-
ture corrosion failures mentioned that galvanic [13] and crevice 
corrosion [14] are the most repeated types of corrosion in these joints. 
Galvanic corrosion accelerates the flange face corrosion in cases where 
metallic gaskets [15], semi metallic gaskets [16], or graphite sheet 

gaskets [17] are used in conjunction with flanges. Flange face corrosion 
compromises the necessary smoothness and evenness required for 
effective sealing. As a result, the joint may fail to maintain uniform 
pressure distribution on the gasket, resulting in leakage of pressurized 
fluid [18]. 

Metallurgical factors [18], environmental conditions [14], gap or 
crevice geometry [19], and the flange and gasket materials [20,21] have 
an influence on the flange corrosion behavior. Tavares et al. [18] re-
ported that an inadequate chemical composition and microstructure of 
the flange material were the main reasons for an UNS S32750 flange 
corrosion failure. In another study, Kolblinger et al. [14] demonstrated 
that the presence of bacteria in seawater caused 
microbiological-induced crevice corrosion (MIC) on an UNS S32760 
superduplex steel flange face, although the microstructure and fabrica-
tion process were according to the ASTM A182 standard. The size of the 
gap, or crevice, is a significant factor in the initiation and development 
of crevice corrosion [22]. A recent study analyzed the effect of PTFE 
gasket size on the flange face corrosion in a 3.5 wt% NaCl solution at 
50 ◦C, and the results showed that decreasing the gasket thickness have a 
significant effect on the initiation of crevice corrosion [19]. 

Material selection is a crucial step in the design of engineering 
structures, as it determines the adequacy of the structure corrosion 
lifetime considering the environment to which it is exposed [23]. 
Therefore, the importance of studying the effect of flange and gasket 
materials on the flange face corrosion is acknowledged. Martin et al. 
[24] compared the crevice corrosion initiation and propagation of 
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different Ni–Cr–Mo alloys in seawater at 65 ◦C. This study deployed the 
pitting resistance equivalent number (PREN) method to find a correla-
tion with the crevice corrosion penetration rate. It was reported that the 
higher the PREN, the lower the crevice penetration rate, at a constant 
polarized potential of 300 mV (Ag/AgCl) and 65 ◦C of seawater. The 
effect of temperature, chlorination, and the flange material on crevice 
corrosion of high-grade stainless steels (SS) and Ni-based alloys was 
studied by Larche et al. [25]. Here, the crevice corrosion performance of 
several SS and nickel alloys was evaluated at 30 ◦C and 50 ◦C in chlo-
rinated and natural seawater for a three-month exposure time. Among 
the tested materials in this study are UNS N06022 and UNS S31266 
which were found to be resistant to crevice corrosion under all experi-
mental conditions. Gaskets are the crevice formers in flanged gasketed 
joints that are used to prevent leakage in these joints. The material of the 

gasket is selected based on different factors, including the media inside 
the pipeline, temperature, pressure, bolting, and any cyclic or vibra-
tional loading of the joint [26]. As gaskets are in direct contact with 
flanges in BFJ, their material affects crevice corrosion initiation and 
propagation on the flange surface [21]. This research mainly focuses on 
studying corrosion mechanisms on the flange face by changing the 
gasket material. 

Various electrochemical techniques have been utilized in the litera-
ture to measure flange face corrosion. These methods were employed to 
assess the susceptibility of flange and gasket materials to crevice 
corrosion by comparing parameters such as the potential at which 
crevice corrosion initiates (Ecrevice) [20], the critical crevice temperature 
(CCT) at which crevice corrosion occurs [27], and the time required for 
crevice corrosion to initiate (tinit) [24]. However, studies on the corro-
sion behavior of flange materials are typically conducted under condi-
tions that are not representative of actual operating conditions. For 
instance, these studies are often performed under conditions without 
fluid circulation, the presence of a gasket, or sufficient gasket contact 
stress, despite the critical role these factors play in the initiation and 
growth of crevice corrosion [22]. 

In this paper, the developed COrrosion Quantification Test (COQT) 
rig and fixture by the authors, detailed in Ref. [28], are utilized to assess 
the impact of three types of gaskets: flexible graphite sheet, graphite 
sheet with foil inserts, and polytetrafluoroethylene (PTFE) sheet, on the 
corrosion behavior of ASTM A182 F321 flange material. This material is 
among the widely used SS flange materials [29]. The mentioned fixture 
takes into account both electrochemical attributes and service condi-
tions, allowing for the quantification of corrosion behavior using 
three-electrode electrochemical techniques, including cyclic potentio-
dynamic polarization (CPP) tests and potentiostatic polarization tests. 
Employed in the current study, CPP is the most widely used technique 
for assessing critical crevice corrosion potentials, while potentiostatic 
tests provide information about the initiation and propagation of crevice 
corrosion [22]. 

Fig. 1. Test fixture (a) 3D view (b) cross section view and labelling of each item 
(adapted from Ref. [28]). 

Fig. 2. COQT bench: 1) pH and conductivity meter; 2) pH electrode; 3) conductivity electrode; 4) thermostatic water bath; 5) peristaltic pump; 6) flow sensor; 7) 
pressure sensor; 8) working electrode connection; 9) auxiliary electrode connection; 10) reference electrode; 11) potentiostat; 12) salt bridge; 13) thermocouple; 14) 
PCB; 15) DAQ card; 16) PC; 17) strain gauge (adapted from Ref. [28]). 
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2. Corrosion quantification test rig and fixture 

2.1. Test fixture 

The COQT test fixture, which is capable of measuring and analyzing 
the corrosion of sample plate and gasket material pairings, is depicted in 
Fig. 1. The fixtures’ components are depicted in this image. It replicates 
the successful Aged Relaxation Leakage Adhesion (ARLA) device [30, 
31], which measures weight loss, load retention, gasket relaxation, and 
leakage tightness after aging a sheet gasket material in an oven. The 
COQT fixture is designed to mimic ASME B16.5 [32], NPS 1½ class 150 
(gasket according to ASME B16.21 [33] dimensions) BFJ. Through the 
use of a hydraulic tensioner, the central stud allows the application of 
compressive stress on the gasket through the circular compression 
plates. The slots on the compression plates are designed to quantify the 
difference in gasket thickness before and after the corrosion tests. The 
corrosive solution can also circulate through the entry and exit ports on 
the compression plates. The test fixture is meant to simulate a BFJ. After 
every test, it is simple to exchange the corroded sample plates for new 
ones in order to examine the effects of different factors. To precisely 
measure the corrosion of the sample plates and prevent corrosion of the 
rest of the fixture, the electrical insulator creates electrical insulation 
between the sample plates and the compression plates. The Belleville 
washer and compression plate have more surface area in contact when a 
plain washer is utilized. The Belleville washers help to keep the 
assembly’s preload constant and, if necessary, to modify the bolt joint’s 
stiffness. It should be mentioned that this parameter matters when 
taking relaxation into account. The Belleville washers have a robust 
contact interface due to the load ring or spacer. The O-rings provide a 
seal to the outside and stop the stud from making electrical contact with 
the plates. The plain washer increases the contact area between the 
compression plates and the nuts. The inside chamber has a 20 mL ca-
pacity. The gaskets size is within an ID of 1.31 inches and an OD of 2.95 
inches with thicknesses ranging from 1/16” to 1/8”. 

2.2. Test rig 

The COQT fixture is part of the test rig shown in Fig. 2. It is connected 
to a tank containing a corrosive solution with a ¼ inch diameter circuit 
that has different equipment and instrumentation. The multiparameter 

meter (1) simultaneously measures the pH, conductivity, and tempera-
ture of the solution using a pH sensor (2) and a conductivity probe (3). 
The thermostatic water tank (4) is a container that heats the corrosive 
solution to the desired test temperature with precision of ±0.1 ◦C. The 
peristaltic pump (5) provides continuous solution flow from the ther-
mostatic water tank to the test fixture. The flow meter (6) and pressure 
transducer (7) continuously monitor the flow and pressure of the solu-
tion. The three-electrode system is used to quantify the corrosion ac-
cording to ASTM G59 requirements [34]. Sample plates are considered 
as working electrodes (8), the central stud is considered as a counter 
electrode (9), and the Ag/AgCl as a reference electrode (10). In this test 
rig, the potentiostat (11) is the instrument that maintains the working 
electrode potential, and the measured potential is compared to the 
reference electrode. To reduce the ohmic drop contribution between the 
reference and working electrodes, the salt bridge (12) is utilized as a 
conductive connection between the solution in the test fixture and the 
reference electrode. The test fixture’s temperature is determined by the 
thermocouple (13). The circulating solution soaks all internal compo-
nents of the fixture, including the gasket and the metallic sample plates, 
as shown in Fig. 2, where it flows from the bottom to the top. The 
analogue signals from the sensors are transmitted to the printed circuit 
board (PCB-14) and converted to numerical values by the Data Acqui-
sition Card (DAQ-15). The DAQ, potentiostat, and multiparameter meter 
are connected directly to the computer (16) through USB ports. A full 
Wheatstone strain gauge bridge is bounded to the central stud (trans-
ducer in mV) to measure the gasket load and converted to an average 
gasket contact stress (17). 

3. Materials and methods 

3.1. Materials 

The sample plates, depicted in Fig. 3 (a), have an outer diameter of 
2.95 inches, an inner diameter of 1.31 inches, and a thickness of 0.25 
inches. The roughness of the sample plates was measured using a 
Mitutoyo profilometer following the ISO 21920–2:2021 standard, as 
recommended by literature [35]. A cut-off length of 0.8 mm and a short 
wavelength cut-off filter λs of 2.5 μm were used, resulting in an arith-
metic mean of absolute height values Ra = 1.006 ± 0.05 μm. The ma-
terial of the sample plate is 321 SS, which has a chemical composition 

Fig. 3. An overview of (a) the 321 SS sample plate; (b) the virgin PTFE gasket.  

Table 1 
Chemical composition of 321 SS sample plate (wt.%).  

C N Si P S Cr Mn Ni Mo Cu Ti 

0.049 0.024 0.54 0.03 0.001 17.45 1.57 9 0.37 0.48 0.53  
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according to ASTM A182 [36] standard specification for SS pipe flanges. 
The chemical composition is provided in 

Table 1. Between the sample plates, three types of gaskets including 
graphite sheet gasket (G-1), graphite gasket with metal foils (G-2), and 
virgin PTFE sheet gasket with dimensions of 1.92 inches inner diameter, 
2.8 inches outer diameter, and 1/16-inch thickness are utilized (Fig. 3 
(b)). Table 2 provides G-1 and G-2 gaskets characteristics. The PTFE 
samples are made of barium sulfate filled PTFE gasketing material. 

3.2. Corrosion characterization 

The current research uses electrochemical techniques and micro-
scopic characterisation to explore the corrosion mechanism on the sur-
faces of the flanges in BFJs. These techniques will be discussed in the 
following sections. 

3.2.1. Cyclic potentiodynamic polarization 
The CPP test (according to ASTM G61 [37]), is performed to measure 

the corrosion mass loss rate and quantify crevice corrosion behavior of 
flange materials. The three-electrode cell used for electrochemical 
measurements, including the sample flange plates (321 SS) as a working 
electrode (W.E.), a saturated Ag/AgCl as a reference electrode (R.E.), 
and 316L SS (central stud) as a counter electrode (C.E.). All potentials 
mentioned in this paper are measured with respect to the Ag/AgCl 
electrode, as the potential of this electrode does not change during the 
test. Before starting the polarization test, the fixture shown in Fig. 1 is 
mounted on a stand equipped with a hydraulic tensioner to compress the 
gasket to an average low stress level of 15 MPa to account for the service 
loads such hydrostatic end effect and relaxation due to creep that tend to 
unload the gasket. The maximum stress that can be applied to the gasket 
with this fixture is 35 MPa. This low stress level ensures a tight seal, 
while facilitating solution penetration into the small gaps and leak 
paths, which is ideal for evaluating the impact of gasket material on 
crevice corrosion propagation. It should be noted that the fixture is 
designed to allow low pressure of the saline solution and in all cases, it 
remains below 0.1 MPa. Given this low-pressure level and the fact that 
hydrostatic area is confined between the central stud shank OD and 
gasket ID, the contribution of the hydrostatic end force to the overall 
gasket stress is negligible. A one litre glass cell of 3.5 wt% NaCl solution 
(distilled water and analytical grade of NaCl) is placed in the thermo-
static water bath and the temperature is set to 22 ± 1 ◦C, then the 
peristaltic pump circulates the solution in the fixture with a flow rate of 
20 mL/min. The polarization test is initiated 24 h after the solution has 
been in circulation inside the fixture, allowing sufficient time for the 
surfaces of the samples and the interface between the gaskets and 
sample plates to become wet. The scan begins from 0.03 V below the 
Open Circuit Potential (OCP) and continues until the current reaches 5 
mA, at which point it is reversed. The scan is discontinued when the 
potential reaches 0.03 V. For both forward and reverse scan, the scan 
rate is 0.167 mV/s. The exposed surface area of the 321 SS sample plates 
is 33.28 cm2. Autolab potentio/galvanostat PGSTAT302N-High Perfor-
mance is used to produce the polarization curves for the discussed po-
tential ranges. Nova software version 2.1.6 is used to calculate icorr 
according to Equation (1) for each polarization curve. Before polariza-
tion tests, the specimen plates are degreased with acetone followed by 
alcohol, and then air dried. To ensure result producibility, all polariza-
tion tests are conducted at least three times. 

3.2.2. Electrochemical analysis method 
Corrosion is an electrochemical reaction in which the electrons are 

reactants. Therefore, the rate of reactions is controlled by varying the 
potential. In polarization tests, the anodic or cathodic reaction rates are 
controlled by withdrawing or adding the electrons to the system, which 
is typically achieved by precisely controlling the potential using a 
potentiostat. The potential at which the cathodic and anodic reaction 
rates are equal is defined as the corrosion potential (Ecorr), and the 
related current density is defined as the corrosion current density (icorr). 
Tafel extrapolation is used to determine the corrosion current density. 
The Tafel equation shows the relation between the current density and 
potential according to Equation (1) [38]. 

E − Ecorr = a ± b log|i| (1)  

here E is the applied potential in V, Ecorr is the potential where corrosion 
occurs, E-Ecorr is the overpotential (η) in V, the sign "±" indicates in 
which domain the sample operates (+ if anodic and – if cathodic), a and 
b are the Tafel constant and slope, respectively, and i is the current 
density in A/cm2. The current density is obtained by dividing the 
measured current to the geometric area of the working electrode 
exposed to the solution. Fig. 4 depicts the schematic overview of the 
Tafel extrapolation technique used to determine icorr and Ecorr. The 
intersection of the extrapolated Tafel anodic line (η > 0) and the Tafel 
cathodic line (η < 0) with Ecorr determines icorr, which provides the 
corrosion rate or mass loss rate. All the electrochemical parameters in 
Fig. 4 are defined in the explanation of Equation (1). 

In situations where general corrosion occurs, Equation (2) converts 
the icorr to the mass loss rate using Faraday’s law. This mass loss rate 
indicates the general corrosion rate in grams per square meter per day 
(g/m2/d). 

MR=Kicorr EW (2)  

where MR is mass loss rate in g/m2/d, K is 8.954 × 10− 3 gcm2/μA/m2/d, 
icorr is in μA/cm2, and EW is the dimensionless equivalent weight. EW is 
the mass of metal oxidized by the passage of 1 F (96500C) of electric 
charge. The value of EW for typical stainless steel and carbon steel is 
provided in ASTM G102 [39]. 

3.2.3. Potentiostatic polarization 
Since the potentiodynamic test discussed in the previous section was 

destructive, new samples are employed for the potentiostatic tests. 
Following a 24-h period of 3.5 wt% NaCl solution circulation in the 
fixture, potentiostatic tests are conducted at three time intervals: 6, 12, 

Table 2 
Characteristics of G-1 and G-2 gaskets.  

Gasket Ash 
content 
(%) 

Density 
(g/cm3) 

Chloride 
content 
(ppm) 

Fluorine 
content 
(ppm) 

Sulfur 
content 
(ppm) 

Total 
halogen 
(ppm) 

G-1 ≤2.0 1.1 ≤50 ≤10 ≤750 ≤310 
G-2 ≤2.0 1.1 ≤25 ≤10 <300 ≤70  

Fig. 4. A schematic overview of the Tafel extrapolation represents the corro-
sion potential (Ecorr), overpotential (η), Tafel slope (b), and corrosion current 
density (icorr). 
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Fig. 5. Flowchart indicating the experimental methodology.  

Fig. 6. Potentiodynamic polarization curves of 321 SS sample plates coupled with (a) PTFE gasket; (b) G-1 gasket; and (c) G-2 gasket at 15 MPa gasket contact stress 
in 3.5 % NaCl solution. 
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and 24 h at 0.15 VAg/AgCl for each gasket material. 

3.3. Surface characterization 

A Laser Confocal Microscope LEXT4100 is utilized to examine the 
surfaces of the corroded samples after the potentiostatic tests, enabling 
visualization of the damage caused by corrosion. This includes the ex-
amination and evaluation of crevice corrosion in terms of surface and 
depth. The corroded areas on the surface of the sample plates are 
measured using Fiji software, an open-source platform for image anal-
ysis [40]. The entire corroded surface area (Ac) is calculated using 
Equation (3). 

Ac =
∑n

i
Ac,i (3)  

where Ac,i represents the corroded area in region i, and n stands for the 
number of observed corroded areas on the sample plate surface. The 
morphology of the corroded area is analyzed using scanning electron 
microscopy (SEM). The Keyence VR-5200 digital microscope is used to 
examine the corroded surface of the sample plates, providing a zoomed- 

out view to illustrate the propagation mechanism of crevice corrosion. 
To summarize the developed methodology, Fig. 5 presents a flow-

chart including the different experimental steps followed in this study. 

4. Results 

4.1. Cyclic potentiodynamic polarization curves 

Fig. 6(a–c) displays the results of CPP for the 321 SS sample plates 
assembled with virgin PTFE gasket, G-1 gasket, and G-2 gasket, while 
subjected to identical gasket contact stress, fluid flow rate, and tem-
perature (as mentioned in section 3.2.1). These polarization curves 
measure the corrosion potential (Ecorr) and breakdown potential (Eb) to 
evaluate the corrosion behavior of the samples. The corrosion potential 
represents the potential of the working electrode (sample plate) in 
relation to the reference electrode when no potential or current is 
applied to the working electrode. It serves as a thermodynamic param-
eter indicating the tendency of the working electrode to engage in 
corrosion reactions under specific conditions. In Eb, the current density 
experiences a significant and rapid increase. A higher positive break-
down potential obtained at a fixed scan rate in the polarization curve 
indicates a reduced susceptibility of the sample plate to the onset of 
localized corrosion (crevice or pitting corrosion) [22,41]. To estimate 
the overall corrosion rate of the sample plates, the corrosion current 
density (icorr) is calculated for each polarization curve using the Tafel 
equation (Equation (1)). The difference between |Ecorr - Eb| characterizes 
the inclination towards localized corrosion, with higher values signi-
fying a reduction in tendency [42]. Table 3 provides an overview of the 
primary electrochemical parameters obtained from the polarization 

Table 3 
Main electrochemical parameters obtained from the polarization curves.  

Sample Ecorr 

(V) 
Eb 

(V) 
|Ecorr – Eb| 
(V) 

icorr (μA/ 
cm2) 

MR (g/m2/ 
d) 

321 SS and 
PTFE 

− 0.15 0.29 0.44 0.15 0.03 

321 SS and G-1 0.07 0.24 0.17 0.59 0.13 
321 SS and G-2 − 0.04 0.3 0.34 0.28 0.06  

Fig. 7. 321 SS sample plates before and after corrosion tests; (a) Configuration of the gasket and 321 SS sample plate; (b) Crevice corroded area on the 321 SS sample 
plate with virgin PTFE gasket; (c) Crevice corroded area on the 321 SS sample plate with G-1 gasket; (d) Crevice corroded area on the 321 SS sample plate with G- 
2 gasket. 
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curves in Fig. 6. The Ecorr value for the sample plate with the virgin PTFE 
gasket (− 0.15 V) is found to be lower compared to the other specimens. 
The Ecorr of the 321 SS sample plates with a G-1 gasket (0.07 V) was 
observed to be higher than that of the specimen with a G-2 gasket 
(− 0.04 V). In terms of localize corrosion tendency, represented by the | 
Ecorr - Eb| difference, the 321 SS specimens with the virgin PTFE gasket 
exhibited a higher potential difference (0.44 V) compared to the speci-
mens with the G-1 gasket (0.17 V) and G-2 gasket (0.34 V). This in-
dicates that the joint with the virgin PTFE gasket has the lowest 
tendency for localize corrosion. The presence of graphite causes a 
galvanic effect, leading to higher MRs for the specimens with G-1 (0.13 
g/m2/d) and G-2 (0.06 g/m2/d) compared to the specimen with the 
PTFE gasket (0.03 g/m2/d). According to the potentiodynamic polari-
zation results, the galvanic effect between the graphite gaskets and 321 
specimen plates leads to a higher corrosion rate compared to the spec-
imens coupled with a PTFE gasket. With regard to the galvanic effect, 
graphite, having a higher potential than the 321 SS, acts as the cathode, 
while the 321 SS specimen serves as the anode, resulting in accelerated 
corrosion on the surface of the samples exposed to the solution [43,44]. 

As mentioned above, Eb is the potential at which the passive layer 
breaks down. This occurs due to pitting corrosion and/or crevice 
corrosion. Fig. 7 shows that the breakdown of the passive layer occurs at 
the sample plate-gasket interface. Therefore, in this case, the breakdown 
of the passive layer is attributed to crevice corrosion on the surface of the 
plates. The configuration of the gasket and sample plates are defined in 
Fig. 7 (a). Different areas on the sample plate surface are highlighted, 
including the area under the gasket and the area exposed to the solution. 
The crevice corroded 321 SS sample plate, after being coupled to PTFE 
gasket is shown in Fig. 7 (b). The image shows the corroded cites by 
circles, and the crevice corrosion is observed in the boundary of the area 
exposed to the solution and the area under the gasket. The corroded 
sample plates of Fig. 7 (c) and (d) are associated to the G-1 and G-2 
gaskets, respectively. The corroded cites in the boundary of the exposed 
area and the area under the gasket are shown with circles. Additionally, 
corroded sites under the gasket area, are observed with graphite gaskets 
but not with virgin PTFE gaskets. 

4.2. Potentiostatic polarization test and surface analysis 

The potential at which potentiostatic polarization is conducted is 
adjusted such that it falls within the passivation region, as indicated by 
the polarization curves in Fig. 6. Fig. 8 (a) depicts potentiostatic polar-
ization curves of 321 SS plates in a 3.5 % NaCl solution using the three 
gasket materials over a 24-h period. The crevice corrosion is divided to 
three stages based on the polarization curve features: 1) incubation, 2) 

initiation, and 3) propagation. These stages are marked in Fig. 8 (b). The 
results indicate that the initiation time for the sample plate with the G-1 
gasket is 1.2 h, while for the sample plate with the G-2 gasket, it is 2.8 h. 
In the case of the sample plate with the PTFE gasket, crevice corrosion 
did not initiate. To investigate the crevice corrosion propagation in the 
sample plate with PTFE gasket, the potentiostatic test is performed at a 
higher potential of 0.3 V. As depicted in Fig. 9, the initiation time for the 
sample with the PTFE gasket is 4 h. This indicates that even at higher 
potentials, it takes more time for crevice corrosion to initiate compared 
to G-1 and G-2. The potentiostatic tests indicate that the sample coupled 
with the G-1 gasket is more susceptible to crevice corrosion initiation, 
which is in accordance with the potentiodynamic polarization test 
results. 

To investigate the corrosion morphology on the surface of the 
corroded sample plates, surface analysis was conducted after 24 h of 
potentiostatic tests, as depicted in Fig. 10. As indicated in Fig. 10 (a) and 
(b), corrosion took place not only along the boundary of the area 
exposed to the solution but also beneath the G-1 gasket. In fact, corro-
sion extended beyond the gasket immediate boundary. For the corroded 
sample plate used with the G-2 gasket, Fig. 10 (c) and (d) reveal that 
corrosion was mainly concentrated along the boundary of the exposed 
area, forming a distinct ring. In contrast, the corroded area on the 
sample plate coupled with the PTFE gasket appeared to be deeper than 
the others. Corrosion occurred along the boundary of the exposed area 

Fig. 8. Time-dependent of polarization current behavior of 321 SS sample plates under 0.15 V in 3.5 wt% NaCl solution with various gasket materials. a) the time- 
dependent polarization for 24 h; b) magnification of the initial 5 h of the polarization curve revealing distinct stages of crevice corrosion. 

Fig. 9. Time-dependent of polarization current behavior of 321 SS sample 
plates under 0.3 V in 3.5 wt% NaCl solution with virgin PTFE gasket. 
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and under the gasket, but it did not encircle the entire boundary. 
Instead, deep corrosion spots were observed, as illustrated in Fig. 10 (e) 
and (f). 

For further examination, the corroded sites are examined after 6 h of 
potentiostatic test using the confocal microscope, and the deepest 
corroded cites are magnified. Fig. 11 (a) indicates the 3D surface 
morphology of a single crevice corrosion occurred on the sample plate 
coupled with G-1 gasket. The graphical representation of the corrosion 
damage depth profile along the cross-section line (indicated in Fig. 11 
(a)) of the single crevice site is shown in Fig. 11 (b). The region that is 
covered by the gasket during the corrosion tests is schematically shown 
in this figure. The corrosion profile has a maximum depth of the 28 μm in 
the severely attacked region. The same approach is done for the 321 SS 
sample plates with PTFE and G-2 gaskets. Fig. 11 (c) shows the magni-
fied corroded site of the sample plate, and the depth of the severely 
corroded area is measured in Fig. 11 (d) which is 108 μm. Fig. 11 (e) 
indicates the magnified 3D morphology of the crevice corrosion on the 

sample plate with G-2 gasket. The depth of the deepest corroded site is 
measured as 72 μm in Fig. 11 (d). 

On the corroded surfaces, there are three distinct regions that can be 
observed, stretching from the boundary between the exposed area and 
the area under the gasket to the interior of the crevice. These regions are 
referred to as the passive region, severely attacked region, and lightly 
attacked region. The passive region represents the least affected area, 
encompassing the entirety of the exposed area on the plates. The 
severely attacked region begins at the edge of the area under the gasket, 
also known as the passive-to-active boundary. The lightly attacked re-
gion experiences less corrosion compared to the severely attacked re-
gion, primarily due to restricted diffusion of the solution into this area. 

To investigate the corrosion growth mechanism at the interface of 
the gasket and sample plate, the corroded regions on the sample plate 
surfaces at three-time intervals are examined: 6, 12, and 24 h after 
initiating potentiostatic tests. The corroded area on the surface and the 
deepest corroded spot on the sample plates are quantified, with the 

Fig. 10. Morphology of the crevice corrosion after potentiostatic test of 321 SS sample plates with different gasket material. a) Crevice corrosion on the sample plate 
with G-1 gasket at 0.15 V; b) magnified image of the corroded sample plate used with G-1 gasket with specified area; c) crevice corrosion on the sample plate with G-2 
gasket at 0.15 V; d) magnified image of the corroded sample plate used with G-2 gasket with specified area; e) crevice corrosion on the sample plate with PTFE gasket 
at 0.3 V; f) magnified image of the corroded sample plate used with PTFE gasket with specified area. 
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results presented in Fig. 12 (a) displays the deepest corroded regions on 
the surface of the 321 SS sample plates coupled with three different 
gaskets. Over time, the depth of the deepest corroded region increased 
for the sample plates with all three gaskets. Notably, the deepest 
corroded region was most pronounced for the sample plate coupled with 
the PTFE gasket, surpassing the others. In terms of the depth of the 
deepest corroded region, the ranking across the three-time intervals is as 
follows: PTFE > G-2 > G-1. 

Fig. 12 (b) illustrates that the corroded area on the sample plate 
surfaces expanded over time for all three gaskets. The corroded area on 
the G-1 gasket is significantly larger than that on the others, while the 
corroded areas on the sample plates used with G-2 and PTFE gaskets 
exhibited similar growth trends. The order of corroded area size is as 
follows: G-1 > G-2 > PTFE. 

4.3. Gasket weight increase 

After conducting potentiostatic polarization tests, the weights of the 
gaskets are compared to their initial values before testing, and the 
increased values are recorded in Table 4. The weight of the gaskets 
increased due to the absorption of the test solution by the gasket ma-
terials. Among the gaskets, the G-1 gasket exhibited the highest 

absorption with a weight increase of 419 mg, followed by the G-2 gasket 
with a weight increment of 105 mg, and the PTFE gasket with a weight 
increase of 1.3 mg. Additionally, the thickness of the gaskets after 
applying a compression load are measured and reported in Table 4. As 
mentioned in section 3.1, all gasket types in this study initially have a 
thickness of 1/16 in (1.58 mm). However, when subjected to the same 
compressive load, the G-1 gasket compressed more than the others, 
resulting in a compressed thickness of 1.04 mm. The G-2 and PTFE 
gaskets have compressed thicknesses of 1.14 mm and 1.47 mm, 
respectively. The thickness of the gasket in the joint has an inverse 
relationship with the susceptibility of the 321 SS sample plates to crevice 
corrosion. As the joint thickness decreases, the diffusion of the solution 
to the gap between the two plates is restricted. This restricted diffusion 
leads to the acidification of the stagnant solution in the gap, intensifying 
crevice corrosion [45,46]. 

4.4. Corrosion morphology 

The initiation of crevice corrosion on the surface of the 321 SS 
sample plates occurs at a distance near the gasket, as shown in Fig. 13 
(a). The corroded area near the gasket serves as a pathway for the cor-
rosive solution to diffuse into the region between the plate and the 

Fig. 11. Magnified crevice corroded site on the 321 SS samples used in joint with gaskets; (a) 3D surface morphology on a single crevice corrosion site for the 321 SS 
samples used with G-1 gasket; (b) graphical representation of a single crevice corrosion profile for the 321 SS samples used with G-1 gasket; (c) 3D surface 
morphology of a single crevice corrosion site for the 321 SS sample used with virgin PTFE gasket; (d) graphical representation of a single crevice corrosion profile for 
the 321 SS sample used with virgin PTFE gasket; (e) 3D surface morphology of a single crevice corrosion site for the 321 SS sample used with G-2 gasket; (f) graphical 
representation of a single crevice corrosion profile for the 321 SS sample used with G-2 gasket. 
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gasket, leading to the propagation of crevice corrosion within the 
crevice itself (area under the gasket), as depicted in Fig. 13 (b) and (c). In 
the lightly corroded area (Fig. 13 (d)), elongated pits and micro-cracks 
are observed, ranging in length from 5 to 40 μm. Furthermore, micro- 
pits are found surrounding the propagation front (Fig. 13 (e)), indi-
cating a potential role of pits coarsening process in controlling the 
crevice propagation. Additionally, micro-cracks are observed within the 
micro-pits, possibly attributed to applied stress causing the widening of 
the pits. The pits that are observed in other reference are without cracks 
in compared to the pits observed in this study [47–49]. 

5. Discussion 

5.1. Crevice corrosion initiation 

Based on the results obtained from electrochemical tests, surface 
analysis, and measurements of gasket geometry and weight, the primary 
factor influencing the corrosion behavior of the 321 SS sample plates is 
the type of gasket material and its geometry. According to the findings 
from the CPP tests in section 4.1, it is evident that the 321 SS sample 
plates used with the G-1 gasket exhibit a higher susceptibility to crevice 
corrosion compared to the other types. Similarly, the potentiostatic tests 
conducted in section 4.2 indicate that the crevice corrosion initiation 
time for samples used with the G-1 gasket is shorter than for the other 
two gaskets. Furthermore, the initiation time for samples used with the 
G-2 gasket was shorter than for those used with the PTFE gasket. The 
variation in gasket thickness after applying the same amount of load 
appears to be the key contributing factor to differences in crevice 
corrosion susceptibility. As highlighted in Table 4, the G-1 gasket ex-
hibits the lowest thickness after applying the same amount of load 
among all the gaskets. The lower thickness of the G-1 gasket, results in 
the formation of a stagnant solution near the gasket inside diameter. The 
same rationale explains the higher susceptibility of the G-2 gasket 

compared to the PTFE gasket. The thickness of the gasket determines the 
gap between the two flanges which is the dominant factor in the initi-
ation mechanism of the crevice corrosion [45]. Conversely, the thickness 
of the G-2 and PTFE gaskets is greater, leading to a delayed initiation of 
crevice corrosion in the samples with the G-2 gasket and no initiation in 
the samples with the PTFE gasket when a voltage of 0.15 V is applied. 

The initiation of crevice corrosion can be explained by the potential 
drop (IR drop) theory [50], i.e., the decrease in potential that occurs 
within a crevice or gap as a result of the resistance encountered by an 
electric current passing through the solution in the crevice, which states 
that when the surface of the SS is in the passive form, the IR drop causes 
the crevice area to transition into the active region, initiating crevice 
corrosion. According to the IR drop theory, the ohmic potential drop is 
dependent on parameters such as current, solution conductivity, and 
crevice geometry. The value of this ohmic drop can be calculated using 
Eq. (4) [51,52]: 

IR=
xpass I
σ w t

(4)  

here, IR represents the potential drop in mV, xpass is the distance between 
the crevice mouth and the active-passive boundary inside the crevice in 
cm, I is the current in mA, σ is the conductivity in Ω⁻1 cm⁻1, w is the 
crevice width in cm, and t is the crevice gap thickness in cm. According 
to Eq. (4), the crevice gap thickness, which in this study is equal to the 
thickness of the gasket after applying the defined load, influences the IR 
drop and has an inverse relation. When the crevice gap thickness is high, 
as in the case of a PTFE gasket, the IR drop remains in the passive region, 
preventing the initiation of crevice corrosion. 

5.2. Crevice corrosion propagation 

As indicated in Table 4, G-1 absorbed a greater amount of solution 
compared to G-2 and PTFE gaskets. The surface analysis of the corroded 
samples at three different time intervals, as presented in Figs. 10 and 12, 
reveals distinct patterns of corrosion propagation based on the gasket 
type. In the sample plate used with the G-1 gasket, corrosion primarily 
occurred along the contact surface between the gasket and flange in-
terfaces. This phenomenon can be attributed to the radial penetration of 
solution from inside to the outside of the G-1 gasket, as evidenced by the 
observed increase in weight. Conversely, for the G-2 gasket, which has a 
metal insert, water penetration was reduced, leading to corrosion pri-
marily advancing in the depth of the sample. In the case of the PTFE 

Fig. 12. Results of measurement of the (a) penetration depth and (b) corroded area of the 321 SS sample plates over time following potentiostatic tests with various 
gasket materials. 

Table 4 
Gasket characteristic after 24 h potentiostatic tests.  

Type of 
gasket 

Weight increase 
(mg) 

Thickness after applying compressive load 
(mm) 

G-1 419 1.04 
G-2 105 1.14 
PTFE 1.3 1.47  
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gasket, characterized by its hydrophobic nature [53], water penetration 
was negligible, resulting in corrosion predominantly progressing within 
the depth of the sample plate. Fig. 11 illustrates that the corrosion site 
near the gasket boundary acts as a pathway for the solution to diffuse 
into the crevice created at the interface of the gasket and specimen plate. 

5.3. Mechanism of the corrosion 

The mechanism of crevice corrosion in BFJs can be described as 
follows: 

Fig. 13. SEM micrographs of different regions of the 321 SS sample plate coupled with G-1 gasket crevice corrosion; (a) the crevice corroded site; (b) boundary of the 
passive region and severely corroded region; (c) severely corroded region; (d) lightly corroded region; (e) pits near the lightly corroded region. 

Fig. 14. Schematic overview of the mechanism of crevice corrosion in BFJs: a) a flanged joint with a G-1 gasket at the initial time of exposure; b) a flanged joint with 
a G-1 gasket after crevice corrosion initiation; c) a flanged joint with a PTFE gasket at the initial time of exposure; d) a flanged joint with a PTFE gasket after crevice 
corrosion initiation. 
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1) Crevice corrosion is significantly influenced by the occluded geom-
etry of the crevice, restricting the mass transport of species into and 
out of the occluded region. In BFJs, the crevice is formed near the 
gasket inside diameter due to stagnation of the solution at the gap 
between the two flanges. Fig. 14 (a) and (c) present a schematic 
representation of the occluded solution in the gap in a BFJ with a 
gasket. According to the critical crevice solution theory [22,50], the 
solution becomes acidified due to the depletion of oxygen (O2) in the 
gap. 

2) The reaction of metallic ions with chloride ions (Cl− ) occurs, fol-
lowed by the subsequent hydrolysis of metal chloride in water. This 
hydrolysis produces hydrochloric acid (HCl), reducing the pH in the 
gap to 2 [54]. The acidified solution then corrodes the 321 SS plate 
near the gasket, as shown in Fig. 14 (b) and (d). Subsequently, the 
acidified solution diffuses to the area between the gasket and the 321 
SS specimen plate, leading to leakage over longer exposure times. For 
the 321 SS flange used with the G-1 gasket, the solution radially 
penetrates and causes a larger area of corrosion on the surface of the 
flange. 

6. Conclusion 

The comparison of polarization results, surface analysis, as well as 
gasket geometry and weight characterization revealed that:  

• Two factors significantly influence corrosion at the interface of the 
flange and gasket: the size of the gap between the two flange surfaces 
and solution penetration into the gasket. These factors contribute to 
increased susceptibility to corrosion in joints used with graphite 
gasket materials compared to the PTFE gasket materials.  

• Additionally, among the two graphite gaskets, the graphite sheet 
gasket (G-1) exhibits greater susceptibility to crevice corrosion than 
the graphite gasket with a metal insert (G-2) due to the formation of 
tighter gaps and a larger amount of solution absorption in the gasket 
structure.  

• A larger corrosion area on the surface of the flange between the 
gasket and flange for the flange samples is obtained with the G-1 
gasket causing corrosion propagation through the surface that 
eventually leads to early leakage comparatively with other gaskets.  

• The corrosion propagation for the PTFE gasket was mainly through 
the depth of the flange near the gasket inside diameter; and there-
fore, would take more time for leakage to occur. 
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