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ABSTRACT 

Various combinations of carbon/low alloy steel and stainless steel as welded joints are 

widely applied in the process, construction and nuclear industry, as well. In practice it can 

happen that the welded joints or structural parts are exposed to the unexpected environmental 

conditions that accelerate their degradation. The paper presents the results of the study 

focused strictly on localized and accelerated corrosion of flexible hose flange made of 

unalloyed steel and austenitic stainless steel that has been witnessed in practice. Flexible hose 

as a part of Component Cooling System for Reactor Coolant Pump Motor Bearing was 

subjected to exceptional environmental conditions during its operation, which led to 

unexpected corrosion. Results show that synergy of several non-connected effects caused 

localized corrosion of just one part of less noble coupled unalloyed steel and significantly 

increased corrosion rate comparing to the other parts made of the same steel. The weight-loss 

of metal during corrosion was mainly caused by galvanic corrosion, but also other types of 

corrosion and environmental conditions significantly contributed to overall corrosion rate. 

1 INTRODUCTION 

When two different metals are joined together by welding, it is termed as dissimilar 

metal welding. In this way, effective and economic utilization of individual properties of each 

material is ensured. In principle, an unlimited number of weld metal compositions can be 

obtained in dissimilar metal weld. Dissimilar metal welding is commonly encountered in 

industry and can be found in various fields, including in corrosive environments [1, 2]. 

Welding dissimilar metals has always been considered as challenging due to differences in 

physical, mechanical and metallurgical properties of the metals to be joined. And it is also 

challenging to predict the response of dissimilar weld to various loading and environmental 

conditions that weld is exposed to. Although problems involving dissimilar welding are rare 

they do exist and some examples of them are also documented, e.g. for corrosion in lit. [3]. 



1213.2 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 8  -  11, 2014 

While unprotected dissimilar steel welds subjected to aggressive environments could 

result in sacrificial corrosion of the less noble steel part, typically problems are avoided by 

coating or painting. If this coating is overlapping the weld bead then the joint should not be at 

risk to galvanic corrosion in any environment as long as the coating is intact. However, 

coating typically does not last forever. Also, from known practice there are cases where 

painting is omitted due to other technical requirements. If environmental conditions are 

suitable for corrosion initiation and progression, galvanic corrosion represents major threat. In 

such cases galvanic corrosion can also be synergized with other corrosion processes. 

The aim of this paper is to present the research, which combines field case study and 

laboratory examination work, about the synergy of corrosion processes with aspects of 

dissimilar steel weld, especially involving exceptional, real environmental conditions. The 

results of this case study are expected to be helpful for engineering decision regarding 

corrosion protection of dissimilar steel welds. 

2 DISSIMILAR METAL WELDS AND CORROSION 

Dissimilar metal welds between stainless (mostly austenitic) and unalloyed steels is 

undoubtedly the most frequent and most important example of dissimilar metal welds. They 

can be found in various industry sectors, among other also in nuclear power plants. These 

types of dissimilar steel welds intended for services at temperatures below 350-400°C are 

commonly welded with austenitic stainless steel filler material. Joining is usually done using 

fusion welding processes, such as TIG (Tungsten Inert Gas) or MIG (Metal Inert Gas). 

Common practice is to select such filler material that the joint is considered as being 

stainless, rather than being low alloyed steel. The final weld must also have adequate 

mechanical, chemical and corrosion resistance properties for the intended service in the whole 

lifetime. Therefore the filler material should also be capable of accepting dilution from the 

base material without cracking or forming harmful phases. 

In the case of austenitic filler material, microstructure consists entirely of fine grains of 

austenite. However, a secondary ferrite phase may be formed on the austenite grain 

boundaries in heat affected zone (HAZ) and in the weld. The extent of the formation of this 

secondary phase may depend on the composition of the base and filler material, heat input 

during welding and dilution. While delta ferrite formation can have negative effects on the 

resistance to corrosion and formation of the sigma phase (at temperatures 500-900°C), delta 

ferrite in weld is necessary to overcome the possibility of hot cracking. 

First recorded note on bimetallic or galvanic corrosion was addressed as early as in 

1763 in the UK [4]. From chemical point of view, whenever two different types of metals are 

in contact, there is always possibility of galvanic corrosion. The metal with more 

electronegative potential acts as anode (A), while the other one acts as cathode (C). The 

contact area must be surrounded by conductive aqueous liquid or electrolyte in order to ensure 

closed electrical circuit. Since galvanic corrosion works like a battery, Faraday’s law applies 

[4]. In theory, this makes it possible to calculate the quantity of metal that is “consumed” at 

the anode. 

Intensity of galvanic corrosion depends on conductivity of the electrolyte (higher 

conductivity accelerate galvanic corrosion). The current density at the anode, which governs 

the dissolution rate of the metal, depends on the Mansfeld area ratio k between cathode AC 

and anode area AA [5]. Therefore, the most favourable case is a large anodic surface and a 

small cathodic surface. Otherwise galvanic corrosion would be evidently greater. 
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Another type of corrosion observed in this case study is carbon dioxide (CO2) corrosion. 

When CO2 gas is dissolved in water, it forms “weak” carbonic acid (H2CO3) through 

hydration by water. The corrosion product is iron carbonate FeCO3 (siderite), which in certain 

condition works like protective layer. Galvanic corrosion does not occur, since siderite is not 

conductive. Under some environmental conditions (enlarged water flow, turbulence,…) 

protective siderite layer is not formed or is fairly uniform. In such cases base metal is exposed 

to carbonic acid so, crevice and pitting corrosion can occur. 

3 EXAMINATION WORK 

The flexible hose made of combination of unalloyed and austenitic stainless steel was 

installed to supply the motor lower bearing (reactor coolant pump RCP-2) with component 

cooling water (CC system). Approximately five months after the installation unexpected 

corrosion was observed on unalloyed part of the flexible hose (stub) just on the inlet side of 

CC system (see Fig. 1). During these first five months oil leakage on pump motor was 

observed. This led to the formation of oil mist in RCP-2 room. The pump motor used oil 

Mobile DTE Medium. It must be stressed out that none of the unalloyed parts of flexible 

hoses were protected against corrosion (painted). Flexible hose was replaced and sent to 

examination after the end of 18-month cycle. 

                              
Figure 1: Location of corroded part of flexible hose (left) and RCP installation layout (right) 

Because intensive corrosion occurred only on one of total four flanges, first suspicion 

was that weld No. 10 between part No 9 (material SA 105) and part No. 3 (material SA 234-

WPB), was made incorrectly (for parts designation see Fig. 2 and 6). Results of chemical 

analysis, presented in Tab. 1, of both used parent materials and weld material (filler material 

ER70S-2) didn’t support this suspicion. All used materials correspond to their specifications 

in documentation. 

Table 1: Results of chemical analysis 
 % Mn % Cu % Cr % Ni % Mo % Ti 

Part No. 9 1,0 0,08 0,06 <LOD 0,02 <LOD 

Weld No. 10 1,0 0,12 0,07 <LOD 0,02 0,07 

Part No. 3 0,88 0,22 0,12 <LOD 0,04 <LOD 

 

 
Figure 2: Macrosection of sample with parts designation 

Second hypothesis was that unsuitable or incorrect welding technology was used. 

According to the results of metallographic examination and hardness measurements across the 

Weld No. 10 

 

Unalloyed steel 

 

 

Stainless steel 

 

Dissimilar steel weld No. 7 
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weld No. 10 presented on Fig. 3, weld properties are suitable. Second hypothesis was not 

confirmed. 

 

 
Figure 3: Hardness measurements in base material, HAZ and weld No. 10 

For more detailed insight into the corrosion products on the surface, EDX analysis was 

used to identify the elemental composition. Corrosion products on part No. 9 and 3, as well as 

on the weld were analysed, but due to limited space of this article only typical result is 

presented in Fig. 4. No significant variations were observed between results measured on 

different locations. 

 

 

 
Figure 4: Results of EDX analysis (corrosion products on weld No. 10 bead surface) 

Additional metallographic examination of surface corrosion products was also made. 

Some details of corroded surface at various magnifications, which give us sufficient insight 

into morphology of phases and shape of corroded places, are shown on Fig. 5. 

   
100x 200x 500x 

Figure 5: Metallographic examination of corrosion products on surface 

To assess the degree of progression of corrosion (corrosion rate) some dimensional 

measurements of the depth of corrosion cavities were performed. The measurements were 
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made on multiple places in both directions (longitudinal and transverse to axis of hose). Out 

of the overall average and maximum measured depth of corrosion, considering that the 

corrosion process last for 18 months, estimated corrosion rate is in the range of 0,11 to 0,17 

mm/year. 

4 RESULTS DISCUSION 

4.1 Materials and welding technology 

Initial hypothesis that wrong materials or unsuitable welding technology were used, was 

quickly rejected. The results of all examinations are in accordance with the technical 

specifications. The only deviation from common technical practice was the fact that no 

corrosion protection is used for non stainless steel parts of flexible hose. 

4.2 Influence of dissimilar steel weld on corrosion rate 

In the case when between two parts with different chemical and microstructural 

properties, exists conductivity with the electrical contact (in this case welds) and that there is 

an electro-conductive electrolyte, (in this case, condensed water), galvanic corrosion may 

occur. 

In the given case, shown in Fig. 6, stainless steel part of flexible hose (part No. 6) act as 

cathode (big red C) while parts No. 9 and 3 including weld No. 10 made of unalloyed steel act 

as an anode (big red A). In addition to that, weld No. 10 itself slightly act as anode (blue A) 

relative to the base material parts no. 9 and 3 (blue C). This mean that weld No. 10 with HAZ 

has in relation to the all other parts the lowest electrochemical potential and because of this it 

is most affected by galvanic corrosion. 

 
Figure 6: Relations between electrochemical potential of flexible hose parts [5] 

As mentioned before, the rate of galvanic corrosion is also affected by the ratio of the 

wetted surface of the cathode and anode (k-Mansfeld area ratio). The surface of stainless steel 

of the flexible hose is much greater than the surface of the unalloyed steel (k is approx. 20). 

C           A 

C   A   C 

C    A       A 

 
 
 

 

C 
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According to literature [6] galvanic corrosion rate in a combination of unalloyed and stainless 

steel in drinking water ranges from 0,47 mm/year (k = 1) to 0,90 mm/year (k = 4). 

4.3 Normal environmental conditions 

Based on monitoring data of environmental and process parameters of affected RCP 

room and CC system following values are aggregated: CC-in temperature 22,5°C; CC-out 

temperature 27,5°C; RCP-2 room temperature 31,5°C; RCP-2 room air relative humidity 

56%. Using psychrometric chart (see Fig. 7) dew point in room can be estimated and it was 

around 24,5°C. This means that moisture condensation will occur only on cold leg surface of 

CC system (CC-in). Moisture condensation on CC-out flexible hose is not expected. 

  
Figure 7: Dew point determination using psychrometric chart [7] 

It should be noted that depending on the design of flexible hose, surface temperature 

distribution can slightly vary due to different design of flanges. Wall thickness of flange hose 

connection on corroded side is only 3 mm, while on the other non-corroded side is 6,5 mm. 

There are also some other design distinctions (different heat transfer conditions) from which it 

could be concluded that condensation on thicker side of flange can’t be anticipated. 

From the above it can be concluded that under the same environmental conditions, 

moisture condensation was expected only on the surface of the CC-in flexible hose and on the 

thinner side of the flange. Therefore critical elements for surface moisture condensation are 

parts No. 3 and 9 which are welded together with weld No. 10. 

In such conditions, corrosion product are mainly composed of iron (III) hydroxide 

Fe(OH)3. Corrosion rate is very low, because condensed water as electrolyte has very low 

conductivity (almost zero), which means that galvanic corrosion should be negligible. 

Condensation of moisture not possible 

 
Dew point: - 24,5°C 

 

Condensation of moisture possible 

31,5°C – room temp. 

56% 
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4.4 Exceptional environmental conditions during oil leakage phase 

Conditions regarding corrosion were drastically changed when oil leakage of pump 

motor break out. First major difference is that the initially non-conducting condensed water 

becomes highly conductive when some oil droplets are mixed with water [8]. In this way, one 

of conditions regarding conductive electrolyte for galvanic corrosion was fulfilled. 

 
Figure 8: Conductivity of water/oil emulsion [8] 

Another element which must be taken into account was the elevated concentration of 

CO2 in room due to presence of oil mist. Carbon dioxide concentration in air at normal air 

pressure is 0,033% and when it is dissolved in water forms a carbonic acid as was mentioned 

in chapter 2. This acid causes typical pitting corrosion which was observed during 

metallographic examination (see Fig. 5). Corrosion product of this type of corrosion is siderite 

FeCO3. This also explains high content of carbon C (weight percent - wt%) in corrosion 

product as shown in EDX analysis results (see Fig. 4). 

Due to higher concentration of CO2 in air the corrosion rate is drastically raised only 

because of CO2. Raise can be estimated using DeWaard-Milliams nomograph [9]. If 

concentration of CO2 is changed from initial 0,033% to 2% because of presence of oil mist, 

corrosion rate is changed (see Fig. 9) from 0,01 mm/year (blue dotted line) to 0,07 mm/year 

(red straight line) at the same surface temperature of CC-in flexible hose. 

Combination of galvanic and CO2 corrosion can cause corrosion rate which is close to 

estimated rate based on dimensional measurements (see Chapter 3). 

 
Figure 9: DeWaard-Milliams nomograph [9] 

CC-in temp.: 22,5°C 
2% 

0,033% 



1213.8 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, September 8  -  11, 2014 

5 CONCLUSIONS 

Combination of galvanic and CO2 corrosion of unalloyed - stainless steel dissimilar 

metal weld based on real field case study from nuclear power plant system was studied. Field 

case study involves change of environmental conditions, which turns out to be critical point 

for accelerated corrosion rate. 

Joint influences of oil leakage event and normal environmental conditions led to 

conditions where initial non-conductive condensed water changed into highly conductive 

electrolyte, which enabled galvanic corrosion of unprotected dissimilar metal weld. 

Additional contribution of CO2 corrosion only further raise corrosion rate, so that the final 

result was highly corroded part of flexible hose in very short time period. 

General professional practice in case of the dissimilar metal joint is that it is necessary 

to protect unalloyed steel with coating (paint). This prevents electrical contact through the 

electrolyte and thus eliminates the conditions for the occurrence of galvanic corrosion. 
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