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As an essential component in nuclear power plants, which is an important means to solve the global
energy crises, the safety of heterogeneous metal welding joints in the main pipelines is very critical.
Therefore, to prolong the life of welding joints and improve safety of nuclear power plants, it is of
great significance to study the structure of dissimilar metal welding parts and its influence on the
deformation behavior of welding parts at room temperature and the oxidation behavior and mechanism
of water at high temperature. In this paper, a review of studies on the safety end of 316L stainless-
steel/Inconel dissimilar welding as used in nuclear power plants is presented. The weld microstructure
and corrosion properties at room temperature and high temperature water oxidation behavior, studied
by means of optical microscope, Scanning Electron Microscope (SEM), X-ray photoelectron
spectroscopy and Transmission Electron Microscopy (TEM), on the sample of the welding parts were
presented and analyzed. Also, studies using the in-situ tensile technique to investigate the influence of
microstructure evolution in microstructure crack initiation and propagation, as well as the
microstructure evolution rule of welded parts during tensile process were reviewed in detail. The
correlation between the articles on microstructure and deformation were analyzed and all the
shortcomings were highlighted with suggestions for further research.
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1. INTRODUCTION

The main materials used in the main equipment of large nuclear power plants in the world are
mainly austenitic stainless-steel and nickel-based alloy, and the main types of austenitic stainless steel
are 304L and 316L [1-3]. According to the actual service conditions of pressurized water reactor,
mostly with 300 series austenitic stainless-steel, mainly divided into the following three [7]; the first
type for stabilizing austenitic stainless-steel such as 321 steel (09 x18h10t). They are in the original
[18-8] austenitic stainless-steel with Ti and Nb. They enhance the inter-granular corrosion resistance of
stainless-steel but reduce the welding performance and production difficulty. The second is the
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standard 304L (0 cr18ni9) and 316L (0 crl7nil2mo?2) type of austenitic stainless-steel. They stay in
between 480°C to 820°C for a long time and the grain boundary carbide precipitation tendency usually
happens to be "sensitive". The third type is ultra-low carbon austenitic stainless-steel 304L
(00Cr19Ni10) and 316L (00Cr17Nil4Mo2), which further reduces the carbon content on the basis of
304L and 316L. In addition to primary main pipelines, 304L and 316L austenitic steels are also widely
used as structural materials for important components such as pile internals and driving mechanisms.
Since the thermal expansion coefficient of nickel-based alloy is close to that of austenitic steel and
ferrite steel, it can effectively curb the carbon diffusion at the weld interface and form heterogeneous
steel welded joints with stable structure. So, nickel-based alloy is mostly used as the filler material for
welding parts

2. METHODOLOGY

We systematically reviewed papers from 2004 to date and examine the literatures on issues
relating to use of stainless-steel in nuclear plants. Data collected from Science Direct, Web of Science,
Google Scholar, Scopus and ResearchGate were utilized. Databases where broadly searched focusing
on different topics and sub-topics namely; material science and failure characteristics of heterogeneous
welded joints, dissimilar metal welded joints, microstructure dissimilar metal welded joints, residual
stress of dissimilar metal welded joints, mechanical properties of heterogeneous metal welding,
corrosion performance of stainless-steel welding parts, uniform corrosion, pitting, intergranular
corrosion, stress corrosion, corrosion product films in high-temperature and high-pressure water
environment, oxidation film formation mechanism, crack growth behavior of welded joints of
dissimilar metals, research gap and conclusions. In this approach the keywords were narrowed down
on the influence of stainless-steel cladding on the Pressurized Water Reactor (PWR) in the nuclear
plants and its impacts on warm water environments. Several published articles of relevance to this
study were selected. The most relevant papers were carefully selected, evaluated and reviewed. We
included studies that were published in English and reported current issues on the behavior of 308L
cladding material and their effects in the nuclear plant.

Important information was extracted from the selected relevant papers and characteristics were
recorded according to the research of the articles. At the end of every topic a summary of it was given
and recommendation for further research on the particular topic was given as well. Finally, a
conclusion containing our view and recommendation were given to future researchers.
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3. LITERATURE REVIEW

In the reactor pressure vessel, the steam generator and the voltage regulator structural part all
have a welding joint which takes over the safety end. Mn-mo-ni type low alloy steel is generally used
as the connection material for the connection of the safety end with the reactor coolant pipe, which is
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all made of cr-ni or cr-ni-mo austenitic stainless-steel, thus causing a welding problem of dissimilar
steel.

Welding of the connection pipe and the safety end adopts surfacing welding of nickel-based
alloy with a thickness of 8-10mm at the end of the connection pipe of low-alloy steel as the isolation
layer. This is processed into welding groove after stress relief heat treatment and then butt joint with
the safety end of stainless-steel, and no heat treatment will be carried out after welding [7].

The so-called homogeneous-heterogeneous steel welding refers to the same structure welding
(austenitic steel and austenitic steel welding, ferritic steel and ferritic steel welding), such as iron based
austenitic steel and nickel based austenitic steel welding which belongs to homogeneous-
heterogeneous steel welding. The welding of heterogeneous steel refers to the welding of
heterogeneous structure (austenitic steel and ferritic steel, ferritic steel and austenitic steel). For
example, the welding between ferritic steel and ferritic austenitic steel belongs to the welding of
heterogeneous steel [7].

However, in dissimilar metal welded joints, there is chemical composition, mechanical
properties and structure differences, inhomogeneity and geometric discontinuity, welding process and
manufacturing defects (cracks, porosity, inclusion, incomplete fusion, etc.). The complex welding
thermal cycle can cause material mechanical properties and chemical composition change and
generates high residual stress (RS). Pipe itself under complex loading and high or low temperature
fatigue loading, also the corrosion of high temperature and high pressure water medium as well as
material of irradiation embrittlement, and residual stress also serve the common role of alternating
load, seriously influenced the fatigue strength of welded joint, brittle fracture resistance and resistance
to stress corrosion cracking ability [8], it is easy to have between the joint an SCC and corrosion in the
process [9].

Due to different materials, heterogeneous steel welding often has the following major
problems:

1. The parent metal-weld metal (WM) is diluted by low-alloy and high-strength steel, and its
composition and structure are quite different. At the junction between the matrix and the weld, lattice
distortion will inevitably occur, which is manifested as "fusion line" on the macro level and "fusion
zone" with very small size on the micro level (a narrow zone, usually 0.02~ 0.2mm wide, near the
fusion line, but significant changes in composition, microstructure and hardness). Most of the damages
of welded joints occur in the fusion zone, so more in-depth studies are needed on the area near the
Fusion Boundary (FB).

2. Migration of chemical components in the fusion zone is mainly the diffusion and migration
of carbon elements from ferrite steel to stainless-steel or nickel-based alloy.

3. Formation of welding joint cracks. In order to prevent the crack caused by quenching steel,
the hydrogen-induced crack and the hot crack of the weld metal itself, in addition to selecting suitable
welding materials, some elements can be added into the weld metal to partially or completely prevent
the dislocation.

4. Generation of residual stress. The difference of thermal expansion coefficient and thermal
conductivity between low alloy ferrite steel and high alloy austenitic steel, results in the large internal
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stress at the interface. At the same time, the post-welding heat treatment temperature is in the
sensitization range of stainless steel, and the residual stress is not easily removed by heat treatment.

Due to the above factors, the welded joints of dissimilar steel often fail to reach the expected
life in the long service life and are prone to early failure. In view of this phenomenon, scholars from all
over the world have carried out a wide range of investigation and research on the above factors in
order to make clear the impact of these factors on joints.

3.1. Dissimilar metal welded joints

Reliability and integrity evaluation of welded joints is needed to ensure that the welded joints
can be maintained in the whole life or extended life. Reliable integrity assessment is established on the
basis of understanding of environmental action mechanism, welding joint structure, mechanical
properties distribution, welding residual stress distribution, damage and fracture behavior, integrity
assessment methods and so on. Only by reliable integrity evaluation can a scientific decision be made
that the dissimilar metal welded joints will not be maintained and will be put into service or replaced
after maintenance, so as to ensure the safe use of dissimilar metal welded joints in nuclear power
plants. In view of the integrity of dissimilar metal welded joints, many researches have been carried
out.

3.1.1. Microstructure dissimilar metal welded joints

Fusion zone in the welding process is by the melting of the parent metal and weld metal alloy.
Generally, it can be divided into "incomplete mixing zone (Unmixed zone)" and "part of the fusion
zone (partly melted zone)" of two parts, the middle of the welding interface. "Incomplete mixing zone"
refers to the weld metal alloy melted during welding. The "partial melted zone" is formed by the
melting of the parent metal adjacent to the weld during welding. From the perspective of
crystallography, the fusion zone refers to the transition zone including the fusion line and the transition
zone with crystal layer and diffusion layer. The components of this transition zone are not fixed, and
the boundary between it and the base metal is called the fusion line. The crystallization layer is formed
by the crystallization process of heterogeneous metals and belongs to the outer part of the fusion zone.
The transition layer is formed by heterogeneous metals near the fusion line, and its composition and
properties are different from those of the base metal. Transition layer formation is attributed to lattice
types and metal compounds [10].

For heterogeneous metal welding, as long as the lattice types of the parent metal are the same,
the crystal of the base metal and the weld fusion zone will be compatible even if the chemical
composition of the parent metal is quite different. If the crystal plane spacing between the two metals
is quite different, but the solid solution metal elements in the lattice can form metal compounds with
each other, crystallization will also occur. At this time, a single molecular layer will appear in the
fusion zone to transition from one kind of lattice to another. For the heterogeneous welded joints of fe-
austenitic steel and ni-austenitic steel, because the crystallization type is fe-type, the fusion zone



Int. J. Electrochem. Sci., Vol. 15, 2020 2120

compatibility of this kind of joint is good. Due to the difference in lattice size, it is inevitable to cause
the lattice distortion in the transition layer at the interface, resulting in various defects of the lattice.
Thereby making the compatibility of the fusion zone of this kind of joint relatively weak.

Srinivasana et al. observed the welding fusion zone of different kinds of pearlite steel and
austenitic steel by high resolution transmission electron microscopy [10], and found that the structure
of the fusion zone was very complex, consisting of single-phase austenite zone, austenite + martensite
zone, martensite zone and fine ferrite + pearlite grain zone. Due to the welding overheating, the base
material in the fusion zone often forms a heat affected zone with thick structure. The roughness of the
structure leads to the decrease of toughness, and there is a large stress weld interface adjacent to the
heat affected zone. In this way, the combined effect of the two factors makes the dissimilar steel joints
more likely to fail than the same steel joints. Presently, heat treatment is mainly used to reduce the
brittleness of joints. However, the heat treatment time needs to be controlled properly. In addition, it is
necessary to improve the welding process to obtain narrow width and uniform heat affected zone in the
future. In other words, heterogeneous steel welding must be based on the specific steel to take a
reasonable welding process and weld filler metal so that the fusion zone has better mechanical
properties

Lim [9] studied 600 alloy and 182 alloy weldments of organization and mechanical properties.
The results showed that 600 alloy grain is mainly composed of a large number of twin boundary and
large angle grain boundary and contains a small amount of low angle grain boundary, with large
number of precipitates in grain. The 182 weld-alloy contains a large number of dendritic structures.
Also, thermal gradient changes in the same direction. Srinivasana et al. [10] carried out microstructure
characterization and electrochemical testing on austenitic steel-martensite steel for heterogeneous
metal welds, and the results showed that the weld metal contained two-phase structure. Different
structures have different effects on electrochemical corrosion behavior. Wang et al. [11] carried out
microstructure characterization of the fusion interface of low-alloy ferritic steel-nickel-based alloy
steels for welding of heterogeneous metals. The experimental results showed that the fusion interface
of A508-alloy 52 contained two different types of fusion interfaces, type-l and type-Il. The results
showed that the surface potential is different in different regions and the order is V52 > V508 > V
martensite.

Wu et al. [12] studied SA553-SUS304 dissimilar welded joint with different filler material
ER308L and ERNiMo — 8. After the organization and the local mechanical properties, the
experimental results showed the weld 304L in two phases (martensite and austenite), ERNiMo - 8 in
the weld austenitic organization, only two kinds of weld organization and the component content is
different, because of the laser welding cold speed leads to the different martensite with different
morphology and chemical composition. At the same time, the fiber hardness at the fusion line changes
due to the presence of martensite.

Ma et al. [13] investigated the microstructure changes of alloy and region of alloy 600-82
welded joints. It is found that the residual strain in the heat-affected zone close to the fusion line is
very large and mainly concentrated on the grain boundary. Alloy 182-82 was investigated by Lima et
al. [14] as alloy filler material for A508-316L joint. It is shown that alloy 82 has good weldability as
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filler material. Tsai et al. [15] studied 182 sensitizing properties of weld metal and an experiment
showed that sensitization after 24h under 650°C is more sensitive to inter-granular corrosion.

3.1.2 Residual stress of dissimilar metal welded joints

Welding residual stress is one of the important factors for structural integrity assessment of key
components and structures in nuclear power plants. Residual stress is caused by mechanical processing
or heat treatment in the manufacturing process of structures or components and is affected by the
elastic behavior of component materials. Therefore, residual stress existing in all engineering structural
components [19] is due to residual stress component that is not under load and the initial stress on the
already existing component cross section. In the process of service component and other load caused
by working stress superposition mutually, it makes it to produce secondary deformation and residual
stress redistribution and will seriously affect the fatigue strength of the structure. Brittle fracture
resistance, resistance to stress corrosion cracking and high temperature creep cracking ability must
therefore be formed on the reason of influence factors and the size as well as distribution must be
studied.

In general, residual stress depends on the following key factors; material properties (structural
and organizational changes), external constraints, internal constraints caused by pre-weld processing
and welding process parameters (e.g., heat input, number of passes, pre-heat temperature, etc.).
Relevant researches should also focus on these aspects.

According to Kloos and Kaiser [16,17], residual stress is usually generated by the interaction
between the mechanics, thermal and metallurgical states of the material itself, and by the
inhomogeneity of microstructure and macrostructure, such as heterogeneous metal welding, polyphase
structure of metal, crystal defects or inclusions. On the other hand, the material will inevitably produce
residual stress in the manufacturing process. The residual stress in service is caused by the deformation
or corrosion of the material and the deformation of the crystal.

Ogawa [18] used the drilling method to characterize the residual stress distribution in the
simulation parts of the safety end welding joints of PWR in each manufacturing process. The BIMET
and ADIMEW projects in Europe measured the residual stress distribution in the isolation layer,
welding seam and heat affected zone of the simulated dissimilar metal welding parts by neutron
diffraction technology and drilling method respectively. Dike et al. [19] pointed out that it is time-
consuming and costly to obtain the residual stress data of the structure through experiments, and the
calculation program based on finite element can effectively solve this nonlinear problem. Killian et al.
[20] numerically simulated the residual stress distribution of simulated dissimilar metal welded joints
in ADIMEW project and made a comparative analysis with the test results. Lee [21] through finite
element numerical analysis and test characterization of residual stress distribution in alloy 82/182 alloy
welded joints. Muroya et al. [22] numerically simulated the entire manufacturing process of welded
joints of dissimilar metals and obtained the residual stress distribution under each step. Deng [23]
developed a simplified residual stress calculation method taking into account surfacing layer, isolation
layer, post-weld heat treatment and multi-pass welding. The residual stress distribution of dissimilar
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metal welded joints in nuclear power plant sfvgla-alloy 82/ moy82-susf316 in various manufacturing
stages was characterized by numerical simulation method and test method. The effects of heat source
model, plating layer, isolation layer and heat treatment on the final residual stress were analyzed. Na et
al. [24] studied the residual stress of dissimilar metal welded joints based on the statistical regression
method

3.1.3 Mechanical properties of heterogeneous metal welding

In the process of heterogeneous metal welding, different microstructure appears in each area of
the welded joint, especially in the fusion zone. This presents extremely complex structure and element
distribution, making the fusion zone the most vulnerable to failure of the welded joint, thus affecting
the service life of the welded structure. There have been some researches on the mechanical properties
of nuclear dissimilar metal welded joints with different materials globally.

Jang et al. [25] conducted micro-tensile, hardness and fracture tests on SA508-alloy 82/182-
tp316 dissimilar metal welded joints and found that there is mechanical properties inhomogeneity in
both width and thickness directions of the joints. Peng et al. [26] studied 182 alloy-A533B low alloy
steel dissimilar metal weld microstructure characteristics of weld zone, and found in 182 alloy welding
area, fusion line interface of about 100 microns thin layer area, has the high hardness value and
residual strain. There are two special grain boundary shapes, vertical and parallel to the fusion line I
and II grain boundary respectively. It puts forward the SCC in the fusion line interface extended
stagnation and restart the mechanism and its interaction with water chemical condition. Finite Element
Method (FEM) simulation results showed that positive hardness gradient distribution will reduce the
rate of crack propagation. Hou [27, 28] points out that 182 alloy-A533B low alloy steel dissimilar
metal weld crack initiation mainly in dilution zone (DZ) along the direction perpendicular to the fusion
line extension, compared with type | grain boundary, type Il grain boundary the unique large angle
grain boundary SCC sensitivity higher, more easily become the SCC crack expansion path. Hosseini et
al. [29] performed microstructure and mechanical characterization of Inconel 617/310 heterogeneous
welded joints. The experimental results showed that there was no evidence of cracking in nickel-based
weld metals. This conclusion is also supported by many scholars [30, 31].

Terachi et al. [32] pointed out that the yield strength of austenitic stainless-steel 316 SS and
304 SS is related to temperature and the higher the temperature, the lower the yield strength of the
material. Seifert et al. [33] tested several plants with austenitic stainless-steel in the condition of
different hardness on the Richter scale, Vickers hardness, yield strength and tensile strength and the
curve fitting of data analysis and the regression equation between them. The Vickers hardness HV
austenitic stainless steel and the relation between the material yield strength can be expressed as a
linear relationship. According to the empirical formula between material hardness and yield strength,
the yield strength of each area of the welded joint can be approximately obtained [35]. Hou et al. [28]
using JIS test specimen and small size specimen under 288°C respectively, 182 alloy - A533B low
alloy steel in different areas of the dissimilar metal weld all yield strength were measured, and points
out that the near HAZ material yield strength is higher than other three areas to 50-100 MPa. Due to
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the limitation of sample location and small size, the yield strength of materials in these four areas
cannot be accurately obtained. Seifer et al. [33] obtained under 288°C, 182-alloy weld the yield
strength of 345 MPa. Jang et al. [34] found that the yield strength at the bottom of the 182-alloy weld
was 50-70 MPa higher than that at the top.

Schwalbe [35] and Gilles [36] found that there was a high degree of heterogeneity of
microstructure and mechanical properties in the local and interface area of the joint. But these studies
were mainly focused on early nuclear power materials and structures. Laukkanen et al. [37] tested the
fracture mechanics of SA508-E309L/E308L-AISI304 dissimilar metal welded joints by using small
tensile test samples and three-point bending test samples. They pointed out that the strain in the
microstructure area had a significant impact on the ductile-brittle transition and failure mode of the
joints. Kim et al [38] investigated SAS08Gr under room temperature and 320°C. The 1a-82/182-F316
SS significantly changes the local mechanical properties of dissimilar metal weld. Ming et al. [39]
studied the microstructure change and local mechanical property test of SA508-309L/308L-316L
heterogeneous welded joints and found that there was microstructure inhomogeneity in the fusion line
of 508-alloy and 309-alloy The hardness value in the whole welded joint was constantly changing.

The inhomogeneity of mechanical properties of welded joints (i.e. the mismatch between the
base metal and the strength of the weld metal) has a great influence on the stress distribution
characteristics and the constraint state near the crack tip of the weld. It is also the essential reason why
the strength and fracture behavior of welded joints are different from that of homogeneous materials.
Boothmnan et al. [40] found that the concentration of plastic constraint in weld material resulted in the
increase of J-integral of low-match weld crack. The concentration of the plastic constraint on the base
metal results in the decrease of the J-integral of the weld crack with high matching. Yang et al. [48]
showed that the stress state of the leading edge of type I crack of welded joint sample had obvious
plane strain characteristics. The stress triaxiality only reached the maximum value near the ligament
and the matching degree of joint was the main factor leading to the change of triaxial stress constraint
of welded joint. Kim et al. [41, 42] found that the stress triaxiality of the softer side of the crack at the
junction of the weld and the base metal was greater than that of the crack in the same soft
homogeneous material. Dumerval et al. [49] research on three-point bending crack samples showed
that the plastic zone of low-match welded joints was small and was restrained in the weld, while the
plastic zone of high-match welded joints was large and extended to the base metal. Lu et al. [50]
carried out an experiment on the J-integral of the crack in the weld zone of the high-match welding
joint. With the decrease of matching ratio, the strain in this region becomes more concentrated, while
the weld deformation decreases and the driving force of crack growth increases. Hong et al. [43] used
notched tensile specimens to study the effects of highly matched welded joints on the fracture strain of
welds and base metals, stress triaxiality at fracture, and critical hole expansion ratio. Hong et al. [43]
studied the influence of initial crack location, depth, strength mismatch, crack resistance and
propagation path between different materials on the welding joints of dissimilar metals. Uyulgan [44]
found that weld crack of dissimilar metal welded joint has small crack growth resistance and base
metal crack has high crack growth resistance. Itatani’s [45] study on the local fracture performance of
dissimilar metal weld tested 182-alloy and 82 fracture toughness of the alloy at room temperature and
300°C high temperature. Samal [46] pointed out that the interface between the isolation layer and the
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weld seam was the weak position of the dissimilar metal welded joint, where the crack growth
resistance was low. Ogawa et al. [47] studied cracks in the fusion line, with the crack propagation,
dissimilar metal weld J-A a curve from the J-182 alloy A SQV2A a curve to the homogeneous
materials.

3.1.4 Corrosion performance of Stainless-steel welding parts

In the welding process of stainless-steel, because various factors may appear in the welding
joint, such as porosity, segregation, crack, embrittlement or inclusion defects, so also in the austenitic
stainless-steel welding joint in the service environment often appear the uniform corrosion, pitting
corrosion, intergranular corrosion and stress corrosion and other corrosion behaviors.

I. UNIFORM CORROSION

When stainless-steel and other nuclear structural materials are in service in high-temperature
and high-pressure water environment, uniform corrosion will occur, that is, oxidation behavior. It is
the most basic form of corrosion, and also the basis of other environmental failure processes such as
stress corrosion (SCC). Martin et al. [53] compared and studied the oxidation behavior of martensitic
steel (EM10 and T91, etc.) and austenitic steel (American standard 316L and 304L), and found that
there was a critical temperature for corrosion, especially for 304L stainless-steel. All materials were
corroded except 304L stainless-steel after 3000h. The excellent corrosion resistance of stainless-steel is
mainly attributed to the protective oxide film formed on its surface in the corrosive medium. Gao [65]
pointed out that the chemical and physical properties of the corrosion product film formed in high
temperature and high-pressure water play an important role in the corrosion fracture process of the
material environment, especially in the initial stage of fracture.

Ziemniak [54] studied the cross-section morphology and structure of oxide film generated by
304L and 316L stainless-steel series in high-temperature and high-pressure water containing oxygen
and hydrogen. It was found that the oxide film was a double-layer structure and the outer layer was
composed of monocrystalline large particle oxides, mainly fe-rich oxides with poor protection. The
inner layer is composed of dense polycrystalline fine grains, mainly rich in Cr oxides, which can
effectively inhibit the further corrosion of the metal. Some scholars [68, 69] studied the composition
and structure of the oxide film of 304L stainless-steel corroded by high-temperature pure water, and
found that the oxide film was divided into three layers; upper porous layer, middle cracked layer and
inner insulating layer, which effectively prevented corrosion. However, most studies show that the
oxide film formed by stainless-steel is a double layer structure.

I1. PITTING

Pitting is concentrated in a small area on the metal surface and penetrates into the pitted hole of
the metal. The corrosion hole is usually small and deep in diameter, which is one of the corrosion
forms with destructive and hidden dangers. Pitting corrosion is usually caused by some defects on the
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metal surface. The tendency of pitting corrosion occurs in welding joints due to segregation of
chemical elements such as Cr, uneven chemical composition in the fusion zone, and difference in
structure and performance in the heat-affected zone due to uneven heating. The main conditions for
pitting corrosion of materials are as follows; (1) it occurs mainly on metal materials with passivation
film generated on the surface or on metals with negative polarity coating on the surface; (2) it occurs in
the medium with special ions. Generally speaking, stainless-steel is particularly sensitive to halogen
ions. These anions are not evenly adsorbed on the surface of the alloy, resulting in the uneven
destruction of the passivation film; (3) pitting corrosion generally occurs above a critical potential,
which is called pitting potential [70].

1. INTERGRANULAR CORROSION

Intergranular corrosion refers to the local damage caused by the action of micro batteries in
some environments where the physical and chemical state of the grain boundary is different from that
inside the grain. It is a kind of local corrosion with great harm. The mechanism of intergranular
corrosion is the theory of poor chromium. Poor chromium theory is originally found in austenitic
stainless-steel because most of the austenitic stainless-steel after solid solution treatment, at more than
0.03% when the content of carbon in steel and used in sensitization temperature or heat treatment, C is
part or all of the supersaturated precipitation from austenite, formation of chromium carbide (mainly
Cr23C6) and continuous distribution on the grain boundary. In the precipitation process, the diffusion
resistance of carbon is small and can reach the grain boundary quickly, while the diffusion resistance
of chromium in the austenite is large. So, when the carbide is formed, the chromium near the grain
boundary must be consumed in order to form a chromium poor area (chromium content less than 12%)
near the grain boundary and then produce inter-crystalline corrosion [73, 74].

Zhang et al. [84] studied the intergranular corrosion behavior of 316L. The experimental results
showed that sensitized heat treatment would aggravate the intergranular corrosion degree of 316L
stainless-steel, and the width of intergranular corrosion groove increased with the increase of
sensitized heat treatment time. The influence of heating temperature and time on the intergranular
corrosion of austenitic stainless-steel is shown in figure 2-3. Rhouma et al. [58] studied the effect of
316L structure and phase composition on intergranular corrosion, and the results showed that
sensitization and desensitization were still controlled by the chrome-poor region around the austenite
grain boundary. The remaining ferrite and composition had no significant influence on the corrosion
behavior of 316L with 1%-fe.

IV. STRESS CORROSION

Stress corrosion (SCC) occurs mostly at welded joints of stainless steel. Stress corrosion
cracking of stainless steel refers to a kind of cracking phenomenon that occurs under the combined
action of static tensile stress, sensitive materials and specific corrosive media of stainless-steel. This
kind of corrosion occurs in a short time and is extremely destructive. Stainless-steel in the water
solution containing oxygen chloride ions, first in the metal surface form an oxide film that prevents the
corrosion for stainless-steel passivation. Due to the tensile stress of the pressure vessel itself and the
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additional stress caused by the thickening of the protective film, the protective film in the local area is
cracked, and the base metal at the crack is directly exposed to the corrosive medium. The electrode
potential there, is lower than the intact part of the protective film, forming the anode of the micro
batteries and producing anodic dissolution. The fact that the anode is small, and the cathode is large,
the dissolution rate of the anode is high. After the corrosion reaches a certain degree, a new protective
film is formed. However, under the action of tensile stress, it can be destroyed again, and new anodic
dissolution occurs. In the process of repeated formation and rupture of the protective film, the
corrosion in some local areas will deepen and finally form holes, and the existence of holes will cause
stress concentration, and accelerate the plastic deformation of the surface of the holes and the rupture
of the protective film. This joint action of tensile stress and corrosive medium results in stress
corrosion cracks [77, 78].

Terachi [61] studied the cause of stress corrosion cracking of 316L stainless-steel. The wedge-
shaped force of oxidation caused by corrosion causes local tensile stress at the tip, which can promote
crack initiation and propagation. Corrosion products, mainly Fe304, were present in the crack, while
the crack tip was rich in Cr oxides and the Ni-rich products were at the front end of the crack tip.

Corrosion product films in high-temperature and high-pressure water environment

Presently, most papers describe the two-layer structure of the oxide film formed in high-
temperature and high-pressure water environment; the inner layer is rich in Cr layer, which is
composed of a large number of Cr rich spinel structure oxides, and the outer layer is large size Fe rich
oxides (stainless-steel) or Ni rich oxides (ni-based alloy).

Terachi et al. [64] studied the cross-section morphology and structure of the oxide film
generated by cold-processed 316L stainless-steel in simulated PWR water, and found that the oxide
film was of double-layer structure, the outer layer was composed of single crystal particles, with a
thickness of about 1~2 m. The inner layer was composed of polycrystalline fine grains with a thickness
of about 500nm. By Energy Dispersive Spectrometer (EDS) line scanning analysis results, outer layer
is mainly composed of Fe oxides lining for Cr oxide.

Meanwhile, Terachi [64] also studied the section morphology and structure of the oxide film
generated by nickel-based alloy 600 in simulated PWR water, and found that the oxide film also has a
two-layer structure, with the outer layer composed of needle-like oxides and the inner layer composed
of nanocrystals. The oxidation mechanism is presented as shown in figure 3-4. Indicating that the
morphology and density of surface oxides have a great influence on the oxidation degree of nickel-
based alloys.

Teysseyre [65] studied 316L/SS at temperatures higher than 395°C for 24MPa pressure without
oxygen supercritical deionized water generated in the cross-section morphology of oxidation film. The
results found that it is not easy to see the morphology of the thin oxide film layer (about 10 microns).
Due to the limitations of equipment and experimental conditions, few studies and reports have been
carried out on the cross section of oxide film and further studies are needed.

Effects of artificial aging heat treatment on corrosion behaviour and mechanical properties of
AABXXX alloy was discussed by Onat [92]. Increase in aging time results in an increase in
mechanical properties of the material and the corrosion resistance is determined by the artificial aging
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time as indicated by experimental results. At a temperature of 190<C and 10-h aging period, the best
corrosion resistance value was obtained.

The effects of thermal aging on localized corrosion behavior of lean duplex steel (LDSS 2404)
between temperatures 650 and 850<C was investigated by Zanotto et al [93]. Using Optical Method
(OM) and Scanning Electron Microscopy (SEM) with Focused lon Beam (FIB) integrated to SEM,
they studied intergranular corrosion (IGC) attack after double loop electrochemical potentiokinetic
reactivation (DL-EPR). Nitride precipitation was caused mainly by aging at 650<C or 5minutes aging
time at 750<C, at o/a grain boundaries and is due to fast diffusion of chromium in the phase, as
observed by the study. Aging allowed precipitation at o/Y interface at 850<C or 10-60 minutes at
750<C. The study concluded that pitting attack only affected the a-phase based on electrochemical tests
conducted. Also, in aged samples, pitting and IGC attack were detected near the nitrides in
correspondence of a/a and o/ Y grain boundaries depending on aging temperatures and times.

Koyanbayev et al [94] conducted a forecast estimation of anticipated corrosion damage of
boundary material at the radionuclide released from burnt fuel assemblies of BN-350 reactor into the
environment during dry storage for 50 years. The study concluded that corrosion damage to material is
not dangerous at standard storage conditions as indicated by the forecast data for the corrosion damage
of the fuel element cladding at the release of the radioactive fission products into the environment for
50 years of dry storage of the reactor FA. Also the barrier material’s depth of destruction during the
entire period of dry storage shall not exceed 3 um, but corrosion layer depth can reach 25 um under
emergency dry storage of fuel assembly conditions. This significantly increases probability of barrier
material’s corrosion cracking.

Zhu et al [95] employed Scanning Electron Microscope (SEM) to study the microstructures
evolution of precipitations for ultra-low iron alloy 625 subjected to long term aging treatment at 750<C.
ASTM G28A was used to evaluate the intergranular corrosion behaviours of Alloy 625. The
investigation concluded that during aging treatment, corrosion resistance of Alloy 625 was greatly
reduced. Dissolution of precipitated phase and chromium depleted zone was the cause of the decrease
in intergranular corrosion resistance of Alloy 625. Johnson-Mehl-Avrami equation can be used to
simulate the volume of precipitated phase which is related to the mass loss rate of Alloy 625 after
aging treatment.

V. OXIDATION FILM FORMATION MECHANISM:

There are not many studies on the growth mechanism of oxide film in high temperature water.
Only two typical models are available as follows;

I. Both the inner and outer layers of the oxide film are formed by solid state growth, which is
Robertson's model inferred from the similarity of oxide growth in hot steam and hot water. According
to the model, the growth of the inner layer of the oxide film on the surface of stainless-steel is due to
the effect of water passing through the oxide pores. According to the diffusion rate of metal ions in the
spinel lattice, Cr and Ni migrate more slowly than Fe and thus the inner layer is enriched. The growth
of the outer layer is mainly diffused along the oxide boundary by iron ions. According to this model,
the literature [82, 83] on PWRS 316L stainless-steel at 320°C in the simulation of water generated by
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the oxidation film of EDS analysis results accords well with the results of the model analysis. It can be
seen that this model can explain the growth process of some materials, such as austenitic stainless-steel
oxide film in hot water [84-86].

I1. The inner and outer layers of the oxide film are formed by metal dissolution and oxide
precipitation. This is the oxide growth model proposed by Winkle. In literature [89-93] modified 304L
stainless-steel in the high temperature of 288°C and 9MPa pure water (dissolved oxygen concentration
for 2 x 10-6 parts per million (PPM) in the formation of the oxide film. For example, a brief
introduction of the model; in high temperature water, stainless-steel dissolved in stomatal activity at
the bottom of the location, the concentration of dissolved metal elements increase made the position of
the spinel oxides sedimentation possible. The mixed oxides were precipitated from the components of
stomatal solution according to the order of their formation free energy. At the same time, the
concentration gradient of dissolved metal ions between the active corrosion site and the outer/aqueous
phase boundary causes the outward diffusion of metal elements through the pores. A portion of the
outward diffusion precipitates as a thin lamellar boundary of the inner oxide in the form of Fe304 or
mixed spinel, leading to the formation of an outer oxide layer of coarse grains. This explains why the
outer particles of the generated oxide film are larger and the inner particles are smaller [92-93].

The above description of Robertson’s model and Winkler model indicates that both models can
basically explain the properties of oxide film formed by some materials such as austenitic stainless-
steel in hot water. Comparing the two models, it is found that Robertson model and Winkler model are
mainly using the diffusion principle. Robertson model is analyzed from the angle of the rate of
diffusion and the Winkler model from the angle of free energy analysis. The former well explained the
oxide film inner rich Cr outer rich Fe phenomenon, which explains the outer layer of the oxide film
grain is bulky, inner particles are relatively small. Another model is a combination of Robertson's
model, which explains the growth of the inner layer and Winkler's model which describes the
formation of the outer layer.

3.1.5 Crack growth behavior of welded joints of dissimilar metals

The experimental and numerical simulation studies on the damage and fracture behavior of
laboratory specimens of dissimilar metal welded joints mainly include the corrosion fatigue
mechanism and performance studies of related joint materials. The experimental analysis of tensile and
fracture toughness of materials and the simulation of ductile damage and fracture behavior of cracks by
local methods [82, 83] and Gurson-Needleman-Tvergaard (GTN) model [82-85]. Samal [86] simulated
the fracture resistance and fracture behavior of welded joints of nuclear heterogeneous metals by local
method and believed that the driving force of crack tip depended on the location of the initial crack,
and the crack could expand in any material. Bourgeois et al. [87] simulated the crack growth by using
the Rousselier model of local method and concluded that the interface of nickel-based alloy/ferritic
steel is the weakest region of the welded joints of heterogeneous metals. In SINTAP, ESIS, ASTM and
other assessment methods, the solution of local fracture parameters is also described. At the same time,
it is pointed out that if the local method is applied to the brittle fracture assessment of actual structures,
a large number of studies need to be done [88].
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The deformation behavior of different microstructures has different effects on the mechanical
properties of materials. Therefore, understanding the microstructure characteristics is helpful to
optimize the mechanical properties of steel. To date, only a few studies on in-situ tensile testing of
welded joints by heterogeneous welding have been reported. Roach [89] tested nickel-based alloy and
nitrogen-stabilized austenitic steel by in-situ EBSD technique and found that the cracks formed
preferentially at the annealing twin boundary of nickel-based stainless steel. Kim, et al. [41] studied
SA508Gr under room temperature and 320°C. The 1a-82/182-F316 SS significantly changes the local
mechanical properties of dissimilar metal weld found in the heat affected zone with the smallest plastic
which is also the easiest to crack initiation. Zhang et al. [84] studied the theory of crack initiation and
propagation at the twin boundary. They analyzed the principle of crack propagation at the twin
boundary by using dislocation stacking energy and proposed a theoretical model of dislocation leading
to crack propagation at the twin boundary, as shown in fig. 3-5.

Wang [88] studied the local mechanical properties of alloy 52M heterogeneous welding with
small-size samples and found that the local mechanical properties were different in the fusion line area.
Wang [88] also studied the fracture properties of heterogeneous weldment A508 ferritic
steel/Alloy52M/316LSS and the results showed that the crack generally expanded from the fusion zone
and heat affected zone to the inner part of the metal. Jang [92] studied the effect of microstructure and
residual stress on the crack growth of welding parts, and the results showed that the residual stress
caused the crack to expand preferentially on the austenite dendritic boundary, and the crack to expand
rapidly at the bottom of welding seams with high residual stress. Das [93] et al. studied the tensile
properties of 301L stainless-steel by in-situ stretching and the results showed that the grain containing
two kinds of slip surfaces would undergo tissue transformation in the biaxial stretching process.

3.2. Research Gaps

From the above analysis, it can be seen that there are many global researches on the
microstructure, microstructure and mechanical characterization, fracture behavior and other aspects of
different metal welded joints. However, there are still problems that need further analysis and research
as follows:

1. Presently, there are few related literatures on the microstructure of 316L stainless-steel
/Inconel 182-alloy of dissimilar welded joints and microstructure of the welded joints are still not
clear. At the same time, due to the complexity of welding joint structure, there are different types of
fusion lines, and the related literature lacks the understanding and exploration of the reasons for the
formation of different types of fusion lines.

2. Different microstructures in different areas of welded joints have different effects on
distribution of components, microhardness, surface potential and residual strain, etc. Presently, the
research on the influence of 316LSS/Inconel 182 weldment microstructure on the corrosion tendency
of weldment has not been fully understood.

3. Due to the complexity of the structure of welded joints, there are relatively few studies
on the oxidation mechanism of welded joints under high temperature and pressure water environment,
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especially on the oxidation mechanism of different types of fusion interfaces. The influence of the
structure of different types of fusion interfaces on the oxidation mechanism is still unclear.

4. There is a lack of in-depth research on the influencing factors of deformation behavior
and micro-fracture mechanism of different parts of heterogeneous welded joints. The effect of
microstructure evolution and other behaviors on fracture mechanism in the tensile process has not been
studied in-depth Subheadings

4. CONCLUSION

Dissimilar metal welding is the key part of the nuclear power main safety end. Due to the
complexity of the dissimilar metal welding organization and micro fracture mechanism, its security
and stability determine the normal operation of the plant. The relationship between the high
temperature corrosion mechanisms is still not clear. It cannot effectively support dissimilar metal weld
and the establishment of the structural integrity analysis of advanced technology. Therefore, it is of
great significance to study more and explore the microstructure and corresponding performance
characteristics of complex heterogeneous metal welded joints for improving the service life of the
welding area. At the same time, it can provide some references for the development of new nuclear
power pipeline materials and new welding technology.
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