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ABSTRACT 

Gas insulated switchgear, one main type of medium 

voltage switchgear, is performing key role for the 

distribution system operators (DSO’s). These types of 

equipment are mainly installed in industrial, urban, 

tropical and/or coastal regions and can be exposed to 

extreme environmental polluted conditions, which are not 

yet covered by the current IEC TS 62271-304, dealing with 

the classification of the switchgear when they are expected 

to be operated in special service conditions, but not 

dealing with corrosion assessment. As an important part 

of the unit, a stainless-steel tank, which is welded and filled 

with pressurized gas such as SF6, persistently remains in 

contact with cyclic atmospheric and stressed conditions 

during its designed lifecycle (e.g. temperature, humidity, 

Cl, …) which arises potential risk of stress corrosion 

cracking and pitting corrosion during its use phase. This 

paper provides a detailed and most comprehensive review 

of various existing standards, and best practices, of cyclic 

corrosion test (CCT), or accelerated corrosion test which 

depict about how to reproduce as close as possible real-

life conditions by testing, and helps to predict behavior of 

materials in different weather conditions. Comparison of 

these standards plays a vital role as there are many cyclic 

corrosion test standards and best practices are available 

according to various application and understanding. 

Therefore, for switchgear industries, it is extremely 

important to select or design a CCT for stainless steel 

which is most efficient, reliable and mitigate with a real-

life condition to help in decision making about adequate 

material selection, corrosion rate calculation and, at the 

end, predict the expected lifetime of the pressurized tank. 

In this paper authors: 

- has investigated various CCT and its applicability for 

pressurised tank  

- proposed a test protocols which can be used for 

accelerated test on gas filled stainless steel of product 

installed in special and extreme environmental 

conditions 

- increase product robustness according to 

environment conditions 

INTRODUCTION 

Ring main unit (RMU), which is a gas insulated switchgear 
assembly for secondary power distribution networks up to 
36KV, is a completely sealed (insensitive to the 
environment) system with a stainless-steel tank, gas tight 
metal enclosure, containing all the live parts, switching-
disconnector, earth switch, fuse switch and the circuit 

breaker. A sealed steel tank filled with gas ensures a high 
level of reliability as well as safety. However, this whole 
unit can be mounted either in coastal areas or in areas with 
high environment severity. This directly leads to the 
corrosive repercussions to the entire assembly.  Generally, 
RMU prepared by weld joining of assembled parts, made 
up of either austenitic stainless steel or ferritic grades of 
stainless steel. This welded tank is insulated with 
pressurized insulating gas. This filling may induce and 
promote weld and lock stresses within the materials at 
microscopic level. In addition to, stresses caused due to 
manufacturing processes mainly welding, temperature and 
humidity are the major parameter to commence corrosion 
on base metal weld joints and more specifically on heat 
affected zone. To combat this challenge, Cyclic Corrosion 
Testing (CCT) is proposed. This test is performed to 
simulate natural climatic condition by maintaining 
variations in temperature and humidity.   

Significance of the study 

To find most severe and suitable cyclic corrosion test 
which aims to correlate corrosion behaviour with on-site 
exposure of gas insulated products in harsh environment. 

Corrosion in harsh environment 

The stainless steel pressurized tank when exposed in a 

harsh environment, it severely gets corroded over the 

period. Starting with small pits, it reaches to the micro 

cracks and under the effect of stress these micro-cracks 

propagate. The factors that influence coastal atmospheric 

corrosion include moisture and time of wetness (TOW), 

temperature, material composition, airborne contaminants 

(e.g., chlorides, sulphur dioxide, carbon dioxide, etc.) and 

solar radiation. The location, the proximity to the ocean, 

elevation above sea level, sunlight, prevailing winds and 

wave action, shelter of a component, also has a very strong 

influence on corrosion behaviour. The corrosion increases 

with time of wetness (TOW) and, an increase in 

temperature will tend to stimulate corrosion by increasing 

the electrochemical and diffusion kinetics. Hence, for a 

constant humidity, an increase in temperature results in a 

higher corrosion rate [1]. 
However, the high corrosion resistance of austenitic 

stainless steels in most atmospheric and aqueous 

environments is due to passivation by a thin (~2nm) layer 

of chromium oxide. Such passive films are often 

susceptible to localized breakdown resulting in accelerated 

dissolution of the underlying metal because of above 

parameters. In case of coastal environment, chloride stress 

corrosion cracking (CLSCC) initiates from sites of active 

pitting or crevice corrosion [2]. 
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CYCLIC CORROSION TEST 

Salt spray test, which is done according to ASTM B117 or 

ISO 9227 and various other standards, has its own 

limitation as it doesn’t produce enough reliable results to 

predict behaviour or estimate life of any materials before 

corrosion initiation. The situation in real life involves 

variation in temperature, humidity and with this variation, 

salt deposition rate on the surface of the products also 

deviates. The reason to choose cyclic corrosion test is to 

simulate natural life condition in an accelerating way by 

providing enough dry and wet environment in a cyclic 

condition as well as to expose samples under the effect of 

salty atmosphere [3]. 

As there are many available standards and best practices in 

different regions of the world it was difficult to choose the 

test protocol which can give desired results in shortest 

possible time. Some of the most common CCT protocols 

are listed in Table 1. It was observed that most of the 

automotive industries have some parameters different than 

others. Even various standards show different parameters 

according to their scope of usage. The other major 

constraint was none of these standards or best practices 

precisely define suitability for stainless steel. So, in a 

nutshell it was difficult to choose a CCT protocol which 

applies to switchgear industries and more specifically for 

stainless steel used for gas insulated switchgear. For this 

the concept of deliquescence was chosen. As this is one of 

the most important parameters which decides the severity 

of salt deposition and its vulnerable effect on various 

stainless steel.  

 

Concept of deliquescence 
The % RH, at which NaCl in the form of solid gets 

converted into the liquid form, when it comes in a contact  

with air, is a deliquescence point. For NaCl, this point is at 

75% RH as shown in Figure 1, that is almost independent 

of temperature starting from 0 to 80°C and at this %RH, 

corrosion rate of samples reaches to the highest as 

compared to others in NaCl atmosphere (Figure 2). 

Normally, in NaCl containing environment, above 30% 

RH, corrosion begins [4]. 

 

 
Figure 1: Corrosion rate at deliquescence point 

 

 
Figure 2: Effect of temperature on deliquescence point 

Table 1:Various cyclic corrosion test standards and automotive practices [5] [6] 

Name of Standards Concentration 
Temperature, °C Relative Humidity, %RH 1 Cycle 

duration, 

hours 

pH 
Drying Wet Spraying Drying Wet Spraying 

Ford CETP 00.00--467 0.5±0.05% NaCl 50 25 NM 70 95 NM 162 ¤ 

ISO14997 5%NaCl 60±2 50±2 35±2 <30 >95 NM 8  6.5-7.2 

ASTM G85   ANNEX :2 5%NaCl 49-57 49-57 49-57 High High High 6 3.1-3.3 

IEC 60068-2-52 5%NaCl 40±2 15 to 30 40±2 ¤ 93(+2/-3)  93(+2/-3)  162 6.5-7.2 

GMW 14872 
0.9% NaCl, 0.1% CaCl2, 

0.25% NaHCO3 
60±2 49± 2 25± 2 <30 ¤ 40-50 17 6.0-9.0 

VCS1027, 1449 0.5%NaCl 40-50 25 50 ¤ 95 70 162 4.0-5.0 

D17 2028 (Renault 

Motors) 
1± 0.05% NaCl 35 35 35 55 90 90 24 4±0.2 

Honda HES D6501 5±1% NaCl 60±2 40±2 35±2 20 - 30 95 95 24 ¤ 

Toyota TSH1555G 5% NaCl 70 50 35 40 95 95 24 ¤ 

SAE J2334 
0.5% NaCl + 0.1% 

CaCl2+ 0.0075% NaHCO3 
60 50 50 50 95 50 24 ¤ 

GM9540 
0.9% NaCl, 0.1% CaCl2, 

0.25% NaHCO3 
60 50 25 25 95 95 24 6.0-9.0 

JASO 609 

5 % NaCl + 0.12 % HNO3 

+ 0.173% HaSO4 + 0.228 

% NaOH 

60 50 35 35 95 95 8 3.5 

SCAB test 5%NaCl 60 30/25 30 85 60 ¤ ¤ ¤ 

ISO 11997-1 Cycle-B 

(VDA621-415) 
5%NaCl 23 40 35 50 100 100 162 6.5-7.2 

¤ data not available  
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EXPERIMENTAL PROCEDURE 

After analysis of different parameters involved in various 

test standards and practices presented in Table 1 above, it 

was found that ISO 11997-1 and Ford CETP tests provide 

different severity conditions. So, it was decided to 

experiment with these two test protocols. In Ford CETP 

drying condition is set near to the deliquescence point of 

NaCl i.e. 70% RH, but it covers very less range of 

humidity whereas in ISO 11997-1, humidity level starts 

from 50% and reaches to 100% and resembles to real life 

variations of %RH. The other very important parameter is 

temperature, in Ford CETP this temperature in drying 

condition reaches to 50ºC, which is one of the most severe 

conditions to start any corrosion in steel, while in ISO 

11997-1 it goes up to 40 °C. The last parameter which 

plays a vital role in corrosion of steel is % of NaCl. In Ford 

CETP, the concentration is 0.5% which is considerably 

lower than sea salt concentration, whereas %NaCl in ISO 

is 5% which helps in increasing severity conditions.  

For experiment, the idea was to prepare test samples and 

test them under two different accelerated corrosion test 

conditions and evaluate their corrosion performances. For 

this, test samples were prepared by welding with two most 

commonly used processes MIG (GMAW) and TIG 

(GTAW). Then samples were embedded on a big plate by 

welding and three different levels of stresses were applied. 

Also, one test plate was kept with non-welded and only 

stressed samples.  

Material selection and welding 

As the tank is generally manufactured with either 

austenitic or ferritic grade of stainless steel, two different 

grades of stainless steel having same Pitting Resistance 

Equivalent Number (PREN), AISI 304 (1.4301) and AISI 

441 (1.4509) were selected for experiment. 

The type of welding which was done on samples, is butt 

welding. Parameters for both welding- TIG and MIG were 

kept same to maintain similarity in both types of materials. 

Application of stress 

In both materials, half samples were welded with TIG and 

rests were welded with MIG welding and fixed on a big 

stainless-steel plate. Then, stress was applied on the weld 

area of each sample, according to ASM International- 

stress corrosion cracking tests. For this height from base 

plate to weld area of sample plate was varied in accordance 

with level of stress.  The stress at the weld area of the 

sample was selected for analysis is above and below yield 

stress and at yield stress by fixing the stress values, 

maximum deflection was measured by this formula, which 

is equivalent to the stress on welding:   

 

𝜎 =
6𝐸𝑡𝑦

𝐻2
 

       Eq.1 

 

 

where σ is the maximum tensile stress, E is the elastic 

modulus, t is the specimen thickness, y is the maximum 

deflection, and H is the length of the holder (Figure 3) part 

from this, one plate was kept with Non-welded samples 

[7]. 

 

 
Figure 3: Schematic 

representation of 

application stress 

 
Figure 4: Height 

adjustment according to 

stress level 

Figure 4 shows height adjustment according to stress level 

in actual plate. 

Passivation 

As a surface of treatment for both types of stainless steel, 

nitric acid passivation was chosen and applied on samples 

differently [8] i.e. full passivation and localised 

passivation on selected samples. Localised passivation is 

selective passivation on desired locations i.e. only welded 

joints and heat affected zones (HAZ) Figure 5 and 6 shows 

the difference in both type of passivation. 

 

 
Figure 5: Localized 

passivated 

 
Figure 6: Fully 

passivated 

TESTING AND RESULTS 

ISO 11997-1 Cycle B is based on the VDA 621-415 cycle 

and is widely used in Europe. It has also been shown to 

give good correlation with natural weathering for 

thermosetting paints in vehicle corrosion. In this test, the 

solution shall not be sprayed directly onto test specimens 

but rather spread throughout the cabinet by fog so that it 

falls naturally down on them [9]. Ford CETP standard 

specifies an accelerated atmospheric corrosion test and its 

chamber is equipped with a spray device capable of 

producing a finely distributed, uniform spray falling on the 

test objects [10]. This generates washing effects on the salt 

deposition which is not normal in real life. 

ISO 11997-1 Cycle-B test results 

This test was performed for 35 days according to the 

standard. After that, visual examination was done, the 

most affected areas (corroded areas) were analysed by 

Scanning Electron Microscopy (SEM) and Energy 

Dispersive Spectroscopy (EDS) analyses. The figures 

7,8,9,10 shows conditions of samples after completion of 

test. The visual observation of test samples exhibits that, 

MIG welding is getting highly corroded as compared to 

TIG welding. 
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Figure 7: AISI304- Welded 

and Non-Passivated plate 

 
Figure 8: AISI304- Welded 

and localized passivated 

plate 

 
Figure 9: AISI304- Welded 

and fully passivated plate 

 
Figure 10: AISI304 

&AISI441-  Stressed and 

Non- Welded plate 

In a non-welded and only stressed condition, comparison 

of two materials was done it shows that AISI 304 is having 

better resistance towards corrosion than AISI 441. 

Moreover, passivation treatment shows excellent results in 

terms of corrosion resistance. 

Ford CETP 00.00-467L test results 

This test was also performed for 35 days and analysed the 

effect of salt spray on passivated as well as non -passivated 

areas of AISI 304 and AISI 441. The test condition and all 

parameters were set as per standard test procedure. The 

figures 11,12,13,14 shows conditions of samples after 

completion of test. 

 
Figure 11: AISI 304- 

Welded and Non- Passivated 

plate 

 
Figure 12: AISI 304- Welded 

and fully passivated plate 

 
Figure 13: AISI 441- 

Welded and Non- Passivated 

plate 

 
Figure 14: AISI 441- Welded 

and localized passivated plate  

 

The results show that fully passivation treatment works 

efficiently to decrease corrosion rate. But, overall the 

quantity of corrosion residues observed on samples in 

ISO11997-1 Cycle B test is more than Ford CETP test due 

to higher salt deposition. 

SEM and EDS analyses results 

After cyclic corrosion test, ISO 11997-1 Cycle-B, samples 

were micro-characterized by SEM and EDS analyses. The 

purpose was to get clear idea regarding salt deposition on 

type of material and to evaluate the efficiency of corrosion 

resistance coating treatment. 

  
Figure 15: AISI 304- 

Welded and Non-

Passivated sample 

Figure 16: AISI 304-

Localized Passivated 

sample 

SEM and EDS analyses results show chlorine content on 

weld area is more in AISI 304 - Only welded condition, 

while in AISI 304-localized passivation, chloride content 

on weld side is almost zero. (Figure 15,16) 

In a case of non-welded and stressed condition, AISI 304 

samples performs well, as there is no chloride 

accumulation on a samples surface and corrosion marks. 

But, AISI 441 samples show very poor resistance in a 

cyclic corrosion test as compare to AISI 304 (Figure 

17,18) 

 

 
Figure 17: AISI 304-Non-

Welded sample 

 
Figure 18: AISI 441-Non-

Welded sample 

 

Potentio dynamic test result 

This test was performed for checking corrosion rate of 

MIG and TIG welded areas, including weld bead, HAZ 

and Base metal, of AISI 304 (Figure 19) as well as AISI 

441 (Figure 20) Materials [11]. 

 
Figure 19: Potentio dynamic test results – AISI 304 

 

 
Figure 20: Potentio dynamic test results- AISI 441 

 

The result shows high difference in corrosion rate of MIG 

and TIG welding at HAZ. HAZ is exhibiting very high 

corrosion rate as compare to weldment and base metal and 

MIG shows poorer corrosion resistance than TIG welding 

due to presence of crevices. Further, as salt concentration 

Cl (%Wt.) =7.84 Cl (%Wt.) = 0 
 

Cl (%Wt.) = 0 

 
Cl (%Wt.) = 2.1 
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increases, corrosion rate also increases. Corrosion rate for 

base metal in both stainless steel is almost same. 

Future work  

Considering the normal and special service conditions 

according to IEC 62271-1 the various protocols have 

limitation in providing enough information on life 

prediction. However, test protocols have been applied to 

gas insulated switchgear for which Schneider Electric 

already has a very good return of experience in certain 

harsh environmental conditions. Experimental results 

using the standard protocols provide enough information 

on salt depositions and corrosion rates, however there was 

limitation in initiation of CLSCC for the number of cycles 

considered both in Ford CETP and ISO 11997-1 (cycle B). 

This may be due to these test protocols were not designed 

specifically according to the requirement of stainless steel 

used for switchgear. Future works will allow Schneider 

Electric to adapt the CCT, taking advantage of the 

extensive experience in managing different product ranges 

in harsh environment conditions, mission profile of the 

products and solutions and robustness requirement of 

medium voltage switchgear [12]. 

CONCLUSION: 

In this paper, authors have reviewed various cyclic 

corrosion tests and evaluated two tests to better identify the 

effect of onsite exposure conditions on austenitic as well 

as ferritic stainless steel with same PREN by simulating 

test parameters. It was concluded that there is a difference 

in critical chloride level of various stainless steel to initiate 

corrosion under the effect of stress and this directs to 

choose the cyclic corrosion test out of many. Also, the 

results of various experiments show that deliquescence 

point, which is directly related to salt deposition, is another 

very important parameter to choose test protocol. 

Difference in welding process, types of stainless steel and 

tank design, exhibit different corrosion rates and this helps 

in defining robustness of pressurised tank for GIS. 

Passivated steel performs better because of regeneration of 

chromium oxide layer which gives enhanced protection. 

However, localized passivation on the weld joints of 

stainless steel tanks, which are expected to be stressed, 

could be preferred compared to a full passivation when the 

full passivation is not possible due to associated 

constraints (design, manufacturing…). On a future 

perspective,  this study provides opportunity to design or 

adapt test protocols and perform experiments with 

customised parameters like mixed chlorides, higher 

temperatures considering temperature rise limits and more 

frequent dry/wet cycles according to different and more 

severe mission profiles expected for the products. 

Proposed customised test protocols shall be alternatively 

useful to estimate the performance of the stainless steel 

tanks as intended use, for gas insultated switchgear under 

benign atmospheric exposure conditions, that contain 

chemicals, including atmospheres associated with certain 

industrial processes, sea water and salt spray from road de-

icing or the like. Tests aiming to classify the equipment 

having exposed insulated parts to polluted conditions 

should refer to the annex E of the IEC TS 62271-304. 
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