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ABSTRACT

Article history:

Ferritic stainless steel comprised with ferrite and less nickel shows its strength and
resistance to stress corrosion in many violent environments based on exceptional
functioning over the last many years, attracting a great attention for researchers,
manufacturers and end users. The current worldwide prompt growth, requirement,
and consumption of ferritic stainless steels, particularly in petrochemical, marine,
power plant and other engineering applications, where the nickel free steels are being
consumed that require welding for fabrication of components. Main production and
applications sectors are increasingly captured by ferritic stainless steels worldwide as
the Ni price unpredictability breaching the backbone of producers and end users.
Although ferritic stainless steel gain considerable popularity as compared to austenitic
steel due to low cost and good stress corrosion cracking along with other mechanical
properties in wrought condition, but it too, has some weldability issues. Some issues,
that reported repeatedly, are grain growth, embrittlement, grain bundies carbides and
sigma phase etc. Due to such problems, mechanical properties like toughness, ductility,
high temperature strength and corrosion resistance is seriously affected. Joining of
ferritic alloys is a challenging, due to number of embrittling precipitates and
metallurgical changes. Moreover, incorrect welding conditions, imbalance phase ratio
of ferritic/martensitic leads to solidification cracking, corrosion susceptibility, and
increased brittleness. As the requirement for higher efficiency is increasing globally in
many spheres like oil pipeline, shipbuilding sectors etc., where the thick sections are
used, which approves the necessity of greater heat input, optimization of interpass
temperature, cooling rate, proper selection of consumables, defect free joints for fast
and rapid productivity. However, numerous progressive techniques like plasma, laser,
PCGTAW, A-TIG and hybrid welding techniques are developing to fulfil the necessities
for increased productivity without distortion. This review paper systematically
highlights the effect of welding processes and conditions on microstructure and
mechanical properties of ferritic stainless steels.
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1. Introduction
Stainless steel is noteworthy for its corrosion resistance, and it is extensively used for food
handling and cutlery among many other applications. Stainless steel does not readily corrode, rust or
stain with water as ordinary steel does. However, it is not fully stain-proof in low-oxygen, highsalinity, or poor air-circulation environments. Stainless steel are iron base alloys with minimum
chromium content 10.5% and carbon normally from 0.03% to 0.12%. Other alloying element in
addition to Cr and Ni, such as molybdenum, manganese, silicon, niobium, sulpher, phosphorus, and
titanium are added to improve other properties like machining, mechanical properties and
weldability [1-3].
Ferritic stainless steel is considered important type in the family of stainless steel due to high
strength, better ductility and good corrosion resistance in chloride, acidic and petrochemical and
nuclear power industries [4, 5]. Low thermal expansion, high heat conduction and resistance to stress
corrosion are some important characteristics for ferritic stainless steel. Ferritic steel when compared
with their counterpart family of stainless steel such as austenitic type, it is found more suitable for
commercial use due to lack of Nickel content, that’s made it more economical [6]. The ferritic
stainless steel is Ferrous Chromium (Fe-Cr) base alloys with alloy elements chromium and carbon.
Due to good machinability and formability it is used in fabrication work to convert to different useful
products. The coefficient of thermal expansion of ferritic steel is low as compared to austenitic steel
which make it more useful in high temperature environment [7, 8]. Apart from these, there are
certain applications where nickel free stainless steel is required, making ferritic steel as a best
alternative in such situations.
Although ferritic stainless steel gain considerable popularity as compared to austenitic steel due
to low cost and good stress corrosion cracking and other mechanical properties in wrought condition
but it too, has some weldability issues. Some issues, that reported recurrently, are grain growth,
embrittlement, grain boundaries carbides and sigma phase etc. Due to such problems, mechanical
properties like toughness, ductility, high temperature strength and corrosion resistance is seriously
affected [8-18]. These difficulties have seriously affected the use of this economical material in many
structures.
Many researchers have contributed enormously to improve the weldability of ferritic stainless
steel. Some researchers worked on the welding processes to find optimize welding process for the
improvement of metallurgical and mechanical properties [17]. Other reported the addition of
interstitial elements to improve the grain size and precipitates [18-20]. To improve the weldability,
many researchers work on the friction stir welding (FSW) along with tungsten inert gas welding (TIG)
to decrease the heat input and improve the grain size, melting/solidification problem and cracking
[7, 21-24].
The welding of stainless steel, specifically in ferritic steel has been the subject of researchers
during past years. The present work is to critically analyze the findings of other researchers based on
the welding conditions of ferritic stainless steel. These findings address issues in ferritic stainless
steel, such as welding (grain growth, embrittlement and intergranular corrosion etc.), type of welding
process (including arc welding, friction stir welding and resistance welding) and welding conditions
(heat input, speed of welding, filler material, addition of extra elements and fluxes etc) that effect
mechanical properties and corrosion resistance.
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2. Phase Formation in Ferritic Stainless Steels
Modification in microstructure features affects the properties and corrosion resistance, hence it
is very important to control the microstructural changes during welding with the recommendation,
that the final ferrite microstructure should be free from harmful phases like nitrides, carbides and
inclusions etc. The microstructure of FSS at room temperature is mainly ferritic and martensitic,
depending on the carbon content.
Iron chromium equilibrium phase diagram is the starting point for the description of stainless
steel stability and chromium is one of the important element in these steels, as shown in figure 1.

Fig. 1. Fe-Cr phase diagram [25]

There is a gamma loop from 912-1394 ºC with less than 12.7 % Cr, allowing steels (>12.7% Cr) to
be fully ferritic at elevated temperatures. A low temperature, sigma phase is also present in Fe-Cr
system [26]. The formation of sigma phase is very low speed process and required substantial time
in the range of 600-800 ºC. Sigma phase has tetragonal and brittle structure [27-30]. There is also a
low temperature phase at 475 °C called 475 °C embrittlement. This is due to chromium rich ferrite
precipitate known as alpha prime α’. It form in the range of 400-540 °C and have severe
embrittlement effect on alloys having greater than 14% Cr. [31, 32]

Fig. 2. Fe-Cr phase diagram[25]

The addition of carbon to the Fe-Cr alter the phase equilibrium significantly as shown in figure 2.
The carbon is austenite promoter, as the carbon content increases the gamma loop becomes widen
allowing austenite to be more stable at elevated temperature even in high chromium content. The
addition of carbon is important for martensite formation at room temperature. For the ferritic grade
the size of the gamma loop must be controlled such that little amount of austenite is form at elevated
temperature [26]. The solidification transformation of fusion zone of ferritic stainless steel can follow
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different path depend on the alloying elements as shown in figure 3. The first and the simplest is the
fully ferritic structure (L then L+F then F) carbon, medium Cr steel with addition of stabilizing
elements (Nb, Ti) and high Cr steel where Chromium is highly dominant [33, 34]. Due to the absence
of high temperature austenite the ferrite grain growth upon cooling from fusion zone is very high,
especially in high heat input welding.

Fig. 3. 17% Cr pseudo-binary diagram [26]

Fig. 4. Micrograph of GTA of AISI 409 [26]

Fig. 5. Microstructure of AISI 430 showing
ferrite and intergranular martensitic
features [26]

If martensite is present in the microstructure, then there are two transformation paths. The first
is (L then L+F then F then F+A then F+M). On cooling some high temperature austenite form at the
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grain boundaries of ferrite. This austenite then transform to martensite upon cooling figure 5. This
transformation occurs when the carbon content is within the range of 0.05 to 0.15% as shown in
figure 3. With the increase of carbon content the austenite increases and the ferrite stability
decreases. This is very important for grain growth because once the austenite form at the grain
boundaries the grain growth stop. Austenite can also be formed at the end of solidification. At the
start some austenite form at the grain boundaries and then at the time of solidification some
austenite form because of some complicated eutectic reaction. This solidification path occur when
the carbon content is above 0.15%. On solidification from fusion zone the initial ferrite content has
large grain structure which is loss of ductility and toughness [7, 35, 36]. Ferritic stainless steel weld
metal when cooled, form various precipitates with in the ferrite boundaries. These precipitates
include Cr rich M23C6 and M23(CN)6 carbides and nitrides. These precipitates form inter and intra
granularly depend upon the cooling rate. At high cooling rate intragranular and at low cooling rate
intergranular precipitates are observed [37]. The type of precipitation influence the mechanical
properties and corrosion resistance of FSS [38, 39]. The Cr-rich precipitates when formed at the
ferrite boundaries create the chromium depletion region and cause sensitization. Various
precipitates that encounter in ferritic stainless steel is tabulated in table 1.
Table 1
Different phases observed in FSS
Phase
Chemical
formula
Alpha (α)
Gamma (ϒ)
Alpha prime (α')
Sigma (σ)
Fe-Cr
Carbide
M23 C6
Carbide
M7C3
Nitride
CrN

Structure
bcc
fcc
bcc
tetragonal
fcc
Cubic

Temperature range °C
400-550 °C
600-1000 °C
600-950 °C
950-1050 °C
900-1000 °C

Ref.

[26,40]
[41]
[26,40]
[42]
[42,43]

The prediction of the microstructures such as the ferrite and martensite content in the final
solidified welded region is important for the evaluation of properties. The Schaeffler diagram (Fig. 6),
published in 1949, has been widely used for approximating the ferrite content of stainless steel weld
metals [44]. In this diagram the compositional limits of austenite, ferrite and martensite in term of
nickel and chromium is plotted. Alternatively, the chromium equivalent or nickel equivalent can be
determine for the required microstructure.
The schaeffler diagram is considered relatively inaccurate for predicting ferrite microstructure
[26, 44]. Other diagrams such as DeLong and WRC 1992 is also used for predicting microstructure.
Delong diagram is common for austenitic stainless steel. Balmforth diagram [45] is developed to
predict the microstructure of ferritic and martensitic stainless steel shown in fig 6. In this diagram the
alloy AISI 430 and 409 overlapped the ferrite and martensite region. And alloy AISI 439 which Ti
stabilized is completely in ferritic region. This diagram shows that lower percentage of carbon
(0.03%) AISI 409 has complete ferrite structure, but if carbon or nitrogen content increase it will shift
to two phase region. Currently this diagram is most accurate for predicting the microstructure of
ferritic stainless steel weld. It is to be noted that it is developed for specific composition range of
alloy. It may be inaccurate for different alloy particularly (C less than 0.03% and Al+Ti exceed 1% by
wt.) [26].
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Fig. 6. (a) Shaeffler diagram (b) Balmforth diagram
showing the microstructure prediction [26, 44]

3. Welding Behavior
3.1 Grain growth
Welding is generally used for joining of metals in engineering applications. Among the welding
processes the fusion welding due to strong coalescence, feasibility and lower production cost is most
widely used. However, the intense heat applied during fusion welding result microstructure changes
in weld fool and heat effected zone (HAZ). The loss of mechanical properties due to fusion is very
critical in ferritic stainless steel and hence limit its uses. Especially the loss of ductility and lower
impact toughness is attributed to the columnar large grain structure in fusion zone [46, 47]. The
amount of heat input in welding process also induce grain growth in HAZ and hence render
mechanical properties [25, 35]. Therefore, a refined equiaxed grain structure is desirable in fusion
welding materials in promoting good mechanical properties. The more the colonies of finer grains
the better will be the mechanical properties of the weld [48]. Different methods are applied to
overcome the grain growth and increase the quantity of equiaxed grains in welding fusion zone and
HAZ area.
The major concern in industrial application is the loss of ductility and toughness due to intense
heat input, which result grain coarsening. Several techniques in literature is reported for grain
refinement in FSS. Anbazhagan and Nagalakshmi [49] reported the grain refinement on AISI 430 by
using pulsed and non-pulsed gas tungsten arc welding (GTA) and shielded metal arc welding (SMA).
They found that pulsed GTA present appreciable grain refinement leading to increase the ductility of
about 60% as compared to SMA 40% improvement in ductility. The high ductility in pulse GTA is
probably due to low heat input as compared to non-pulse GTA and SMA. Reddy and Meshram [50]
work on the AISI 430 FSS for grain refinement using external alternating magnetic field. They
observed that magnetic oscillation break the columnar structure to equaiaxed grain structure. They
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achieved superior strength in the weld as compared to the conventional welding. Villafuerte et al.
[51] achieved grain refinement and hence mechanical properties in FSS by addition of Aluminum and
Titanium. In this work the increased volume of equiaxed grain is favored by addition of both these
elements and welding speed. But the increased fraction of equaxed grain could not be related to
improved mechanical properties.
Another method for grain refinement is stabilization. Stabilized elements containing titanium,
niobium or zirconium are added to form carbides, nitrides or carbonitrides tend to precipitate at high
temperatures and may even form in the melting stage [52]. Mallaiah et al. [20] reported the effect
of addition of grain refinement element titanium on the AISI 430 FSS using GTA. In this work they use
titanium powder of 100μm mesh from 1g-3g and found that 2g Ti (0.7% by wt) in post weld annealed
condition present improved mechanical properties. This improvement is attributed to the fine grain
size of weld metal. Mohandas et al. [47] investigated the types of welding process, shielding gas and
the addition of grain refinement elements on the tensile properties of AISI 430 FSS. They found that
GTA present good equiaxed grain structure than SMA weld. Moreover, the addition of titanium and
copper increased the tensile strength as compared to base metal but the ductility is generally low as
compared to base metal.
From the literature survey, it can be concluded that the refined and equiaxed grain structure and
hence improved mechanical properties can be attributed to low heat input during welding. This
opinion is supported by the work of Sathiya et al. [53] friction stir welding (FSW) in which they
achieved 95% properties of base metal. Similarly, Lakshminarayanan and Balasubramanian [54]
reported strength comparison of FSW of AISI 409 FSS. This was due to the fine duplex structure of
martensite ferrite in the weld microstructure resulted from the rapid cooling rate. Cerri and Leo [55]
reported the same view that fine and equaxed grain structure in the FSW resulted the improved
mechanical properties.
Amuda and Mridha [4] reported the effect of welding parameters (heat input and welding speed)
and found that the grain morphologies alternates between the coarse columnar and equiaxed grain
structure. This grain structure depends on the welding speed and hence heat input, and concluded
that welding speed of 3.5 mm/s generally lead to equiaxed grain structure.
The grain morphologies alternates between columnar and equiaxed grains depending on the
welding speed within a given current. However, welding speed of 3.5mm/s appears generally lead to
the production of equiaxed grains. Reddy and Mohandas [56] reported that the addition of alloying
element Ti, Al and Cu as controlling element for the heat input. They found that these elements when
added in the weld acting as heat sink and controlling the heat input. Furthermore, these elements
acting as nucleation sites and leading to equiaxed grain and hence improved mechanical properties.
Amuda [57] reported the effect of two strategies including cryogenic cooling and elemental powder
element addition in the welding using GTW process with many welding parameters. The two methods
offer good grain refinement strategies however; the elemental powder addition have improved
equiaxed grain structure. Further they concluded that cryogenic cooling produce good mechanical
properties comparable to FSW (95% of the base metal).
The literature of grain refinement has been presented here. Grain refinement procedure include
the welding conditions, alloying elements, cooling rates, stirring and oscillation to produce refined
grain structure in FSS. Most of the work focused on the grain refinement but there is no clear
correlation between grain size and mechanical properties except few researchers. Friction stir
welding is more convenient method for mechanical properties enhancement which produce 95%
properties of the base metal. Further the work of Amuda [5] also claimed the 95% properties using
cryogenic cooling in GTA.
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3.2 Intergranular Corrosion
The problem of grain coarsening in the ferritic stainless steel weld is the major problem which
result the loss of ductility and toughness. Other than this susceptibility to intergranular corrosion due
to chromium content depletion in the weldment HAZ and fusion zone is another major problem. This
susceptibility to intergranular corrosion is termed as sensitization. Despite of attractive economic
advantages and corrosion resistance in acidic and chloride environment these issues limit the use of
this alloy. In the absence of nickel it is strong candidate to use in the chloride environment instead of
costly austenitic stainless steel.
Sensitization is very sensitive to welding and then become the major cause of stress corrosion
cracking [26, 58]. Several models for sensitization are reported but the depletion of chromium
carbide is widely accepted. In this mechanism chromium rich carbide and/or nitrides are depleted in
the grain boundaries which then susceptible to corrosion attack [26, 59]. When the chromium
content become depleted beyond the concentration required for the corrosion resistance in stainless
steel it become susceptible to inergranular corrosion. The depletion of chromium content is indicated
by formation of chromium carbide in the form of M23C6 or M7C3 in intragranular and intergranular
sites. This phenomenon occurred in the HAZ area and is major cause of stress corrosion cracking
failures [60-62]. The mechanism of sensitization varies and categorized as (1) chromium depletion
theory, (2) strain theory, (3) electrochemical theory, and (4) solute segregation theory. In all these
theories, the chromium depletion theory is mostly accepted [62-65].

Fig. 7. Mode 2 sensitization [62]

There are four modes responsible for sensitization, these modes differentiate the depletion of
chromium zones in the form of how and where will these zones will be formed. Mode 1 is related to
the single pass of weld and linked to the untemperred martensite present in the parent material due
to incorrect annealing [66, 67]. In mode 2 sensitization is caused by double pass welding, while in
mode 1 due to untampered martensite shown in figure 7. It depends on weld configuration, weld
sequence, and the joint geometry. Mode 2 sensitization has been observed in double fillet weld,
double butt weld, weld repair and tacking [50].
Sensitization due high cooling rate at low heat input is termed as mod 3 sensitization. This type
is independent of material conditions and previous treatment. Rapid cooling rate prevent austenite
nucleation as the dual phase (α and γ) field gives rise to fully ferritic microstructure. Hence the
solubility decreases at low temperature resulting ferrite structure fully saturated in carbon which
ultimately increase the carbides at the grain boundaries. Mode 3 sensitization decreases when
quantity of austenite increases as it absorbed maximum amount of carbon and chromium depleted
region cannot formed [68]. Mode 3 type sensitization can be overcome by applying high heat input
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(not less than 0.5kj/mm) and material with large amount of austenite to promote austenite upon
cooling [69]. The very less common type mode 4 sensitization occur at very slow cooling rate. This
type occurs in a very narrow range between the high heat affected zone and low heat affected zones.
It can be inferred from the preceding discussion that heat cycle in the welding is very critical for
the sensitization dynamics of ferritic stainless steel. This indicate that the heat cycle (heat input and
cooling rate) is very important together with the material properties to produce high quality weld. A
comprehensive detail of all sensitization modes can be found in [62].
Sensitization is intergranular corrosion phenomena during welding process which limit the use of
ferritic stainless steel. It is important to overcome this issue. Several techniques are explored and
practiced to prevent sensitization. These options include control of interstitial elements (C+N),
creating a high ferrite number, stabilization and controlling the heat input and cooling rate.
Since sensitization is promoted due to consumption of chromium matrix by interstitial (C+N)
elements. So the minimization of interstitial constituent is one method reported in literature. Due to
very low solubility of carbon in BCC, ferrite carbide precipitation is hard to minimize. FSS containing
interstitial constituents greater than 1000ppm has greater tendency to sensitization. And
intergranular corrosion cannot be avoided even by rapid quenching. [26, 70] Optimize the ductility
and sensitization by controlling the amount of (C+N) constituents and showed that for 19% Cr the
amount of (C+N) must be limited to 60-80 ppm and for 35% Cr (C+N) must not exceed 250 ppm. It is
also reported that the FSS having greater amount of carbon (0.07%) form large amount of martensite
providing better resistance to sensitization [71]. The low amount of interstitial constituent may
decrease the susceptibility but it may not be practical in ferritic stainless steel as they effect on the
other properties. [72] Investigated ferritic stainless steel 430 and 444L for hot cracking and
intergranular corrosion by analyzing the effect of C+N and stabilizing elements (Ti, Nb, Ta). They
found that these steels with C+N content less than 0.04 % are not susceptible to IGC when stabilized
with Ti with the relation Ti > 12.5(C+N) or Ta > 27.5 (C+N). They also reveal that the effect of these
elements has no detrimental effect on the mechanical properties.
Other method to control sensitization is adjusting the ferrite factor introduced by Kaltenhauser
[73]. The ferrite factor is the factor that determine the relative strength of austenite and ferrite in
the weld microstructure. Kaltenhauser ferrite factor (KFF) is a number that determine the amount of
martensite in the weld range from 13.5 for low chromium to 17 for high chromium steel. The high
ferrite factor for a given alloy shows the large amount of ferrite with improved corrosion resistance
due to the absence of intergranular carbides. The intergranular martensite induce the residual
stresses in the grain boundaries leading to reduced toughness [66].
However recent development aimed to decrease the ferrite factor, thereby promote the
austenite formation and hence maximizing martensite. And this produce significant grain refinement
in the weld region [66]. From the literature, it is concluded that formation of martensite at the grain
boundaries promote grain refinement and hence improved mechanical properties. Fully martensite
after tempering induce improved mechanical properties and less susceptibility to corrosion. This is
verified by [71, 74, 75] and reported that greater amount of austenite with same amount of
chromium can lead to martensite and good corrosion resistance. Therefore by the suitable
adjustment of austenite and interstiical constituent and hence KFF can reduce the sensitization.
The corrosion resistance can also be improved by addition of stabilizing elements such as titanium
and niobium. These elements form stable carbides and resist to high temperature dissolution.
Titanium or niobium or combination of both are used to prevent sensitization. However the use of
titanium reduce the toughness and surface finish [62].
Some researchers study on 18Cr-2Mo and 26Cr-Mo ferritic stainless steel and proposed the
minimum content of titanium as [76].
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where Ti is minimum content of titanium and C, N are concentration of Carbon and Nitrogen
respectively. Fritz and Franson [77] proposed a new relation as follows:

+

= 0.8% + 8 ∗ ( + )

(2)

Where Ti and Nb are minimum content of titanium and Niobium and C, N are concentration of Carbon
and Nitrogen respectively.
The sensitization in ferritic steel can also be suppressed by controlling the heat input and cooling
rate during welding. The low heat input in ferritic steel result high cooling rate and can suppress the
austenite formation producing fully ferritic microstructure. As the solubility of carbon in ferritic is
very low therefore it supersaturated in carbon which produce large amount of carbide precipitates
at the grain bounties [67]. The amount of carbon retained in the martensite depend on the cooling
rate. Martensite with fast cooling rate retain high amount of carbon. In slow cooling rate the
martensite is formed by carbon precipitate in austenite and less carbon is retained. Thus high heat
input with slow cooling rate is necessary for the controlling of sensitization [62]. Although the amount
of heat input and cooling rate is necessary for the sensitization control but it also depend on the
interstitial constituent as discussed before. Base on the previous work heat input in the range of 0.51.5 kj/mm is recommended [58, 67].
In summary the sensitization in ferritic stainless steel during welding can be controlled in a
number ways. The methods discussed are controlling the interstitial constituents (C+N), ferritic
factor, addition of stabilization elements (Ti,Nb) and heat input and cooling rate. For welding,
addition of stabilizing elements and heat input is the good options for sensitization control, provided
that other factors of welding are optimized.
3.3 Embrittlement
Ferritic stainless steel is important family due to economic advantage over austenitic steel. These
steels particularly the high Cr content have excellent corrosion resistance in many environments.
Owing to advantages it have some limitations, particularly those with high Cr content where they
have tendency to embrittlement.
Generally, there are three embrittlement phenomena which deteriorate the mechanical
properties of ferritic stainless steel. These are high temperature embrittlement (HTE), 475 °C
embrittlement and sigma phase embrittlement. The latter two are not normally the problems
associated with welding ferritic stainless steel but due to long term exposure to high temperature
during service. The intermediate temperature embrittlement of welded structures is insensitive to
the welding processes of ferritic stainless steel but depend on engineering applications [26]. Both
embrittlement phenomena are associated with high Cr content of base metal and filler material and
post weld heat treatment.
3.3.1 475 °C embrittlement
(Fe-Cr) alloys having high Cr content (>15%) are severely embrittled when heated to temperature
range of 428-550 °C. The 475 embrittlement is a result of formation of coherent precipitate due to
the presence of miscibility gap in Fe-Cr system bellow 550 °C. Williams and Paxton [78] were the
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investigators to conclude that this embrittlement is the cause of α’ precipitates at temperature
bellow 550 °C as shown in figure 8. At times this phenomena was related to the sigma phase.

Fig. 8. Partial phase diagram of Fe-Cr system [79]

The alloys aged bellow 550 °C form Cr rich ferrite and called Alpha prime and iron rich ferrite
called alpha. The alpha prime precipitate is nonmagnetic and have BCC structure with 61-83 % Cr [31,
32, 80]. It was found that at temperature 520 °C the sigma phase decompose eutectoidally into two
solid solution namely α and α’ and was confirmed by [81, 82] through Mossbauer effect spectroscopy.
[83] Present the atom probe method for the evaluation of 475 °C embrittlement. They found that at
intermediate temperature in Fe-Cr alloys the major microstructure evaluation is α and α’ spinodal
decomposition. [84] Studied the effect of alloy element (Ni, Mn and Cu) on the Fe-Cr alloys using
mechanical properties and atom probe tomography for structure evaluation. They found that the
addition of Ni and Mn accelerate the decomposition of ferrite during ageing at 500 °C for 10 hours.
However, the addition of Cu have no effect on ferrite decomposition.
The 475 °C is intermediate temperature phenomena that limit the use of stainless steel and
particularly ferritic stainless steel in high temperature environment. Therefore, extreme care should
be taken especially for high Cr FSS in these environments.
3.3.2 High temperature embrittlement
High temperature embrittlement (HTE) is one of the most damaging phenomena to ferritic
stainless steel associated with welding. HTE result the dramatic loss of ductility in ferritic stainless
steel especially in the HAZ area. This form of embrittlement is a function of various parameters
including composition and microstructure (interstitial elements C+N), grain size and chromium
content etc. [26, 85].
The level of interstitial constituent particularly Carbon, Nitrogen and Oxygen greatly affect the
HTE. At high temperature (welding) these elements present in the ferrite and austenite matrix. On
cooling it form precipitates like Cr-rich-carbides, carbonitrdes and nitrides inter and intra-granularly.
The intra-granular precipitates promote the loss of toughness while the other decrease the corrosion
resistance as discussed in this document [59, 61, 86-88]. The effect of high temperature on the
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toughness with (C+N) is shown in figure 9. The N content above 0.02% wt. there is dramatic reduction
in toughness.

Fig. 9. Effect of high temperature on 17% Cr alloy with
(C+N) level heat treated at (a) 815 °C and (b) 1150 °C
[18]

The Cr-rich carbides and nitrides precipitates form when cooling from high temperature at the
grain boundaries contribute to HTE [61, 89, 90]. Low Cr content is also insensitive to embrittlement.
The cooling rate from high temperature also effect HTE but it depend on the interstitial composition
[91]. From the literature, it appear that the C+N content is the most prominent reason of HTE and
can be controlled by the interstitial content [26, 62, 92, 93]. The method to control the sensitization
and hence high temperature embrittlement is already discussed in this document under the
sensitization heading.
High temperature embrittlement is high temperature phenomena; the grain growth is also a
factor that influence HTE. As discussed in this document the grain growth is associated with welding
of FSS. Although the grain growth alone cannot influence the embrittlement but in combination with
the C+N content it reduces the toughness dramatically. The work of [94] shown in figure 10 reveal
the toughness as a function of C+N content and grain size.

Fig. 10. Effect of grain size on the
toughness of Fe-Cr [94]

High temperature embrittlement is due to various factors as discussed is summarize in table 2.
The high level of interstitial element is most damaging and therefore care should be taken. Therefore
most commercial alloys contains extremely low level of interstitials. At low level of interstitials
however, the grain size is more important and even small amount of interstitial, large grain size result
severe HTE. The phenomena of HTE is the consequences of different precipitates formation inter
and intragranularly. The work of [89, 94] shows that HTE is damaging due to the formation of
precipitates which restrict motion of dislocations. Since brittle fracture in material is due to
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transgranular so the intragranular precipitates will be more damaging to HTE. Other has also reveal
that intragranular precipitates cause the initiation of cracks and cause HTE [95, 96]. The actual
mechanism seems to result from both inter and intragranularly with intragranular precipitates is
more dominant especially at high cooling rate [26, 67].
Table 2
Effect of composition and microstructure on HTE
Variable
HTE effect
C+N
Intensifies severely
Cr
intensifies
Grain size
Small for high C+N, large for high Cr and
low C+N
Oxygen
Intensifies slightly

4. Welding Consumables
Ferritic stainless steel can be welded autogenously or using filler rod. Variety of filler rod can be
used depend on the service conditions and properties required. Matching or near matching
consumables or normally used which are compatible with the base metal. However, when matching
filler is commercially not available then austenitic filler metal or high nickel filler alloy may be used
depend on the service environment. Before selecting the welding consumables consideration should
be given to mechanical properties as well as corrosion resistance required for application [26, 97].
The matching filler metal for common grades such as 409 and 430 are available in the form of solid
wire, metal cored and flux cored. Due to the reactivity of titanium and aluminum and poor transfer
of these elements across the arc the availability is limited to bare rod only. The common filler material
used in welding FSS is listed in table 3.
Table 3
Recommended filler material for some FSS [97], [stainless steel welding guide lincoln electric]
Type of steel
Coated electrode
Solid metal core wire
Flux core wire
405
E410NiMo, E430
ER410NiMo, ER430
E410NiMoTX-X
409
ER409, AM363, EC409
E409TX-X
429
ER409Cb
430
E430
ER430
E430TX-X
444
E316L
ER316L
446
E446
ER446

To overcome the poor weld ductility and toughness, austenitic stainless steel consumables are
often used. The grain growth which is outmost problem of FSS welding is usually overcome (because
of austenite and ferrite dual phase) in fusion zone but HAZ has their own ferritic large grain structure.
But some time austenitic consumables are problematic e.g. thermal expansion cause cracking,
sensitization and stresses due to thermal expansion [26, 98]. High nickel alloy welding consumables
are also used for the welding of FSS especially for Group III FSS to each other, duplex stainless steel,
300 series austenitic steel and nickel base alloys. Nickel base filler metals (ENiCrFe-2, ENiCrMo- 3,
ERNiCrMo-1, and ERNiCrMo-3) have excellent corrosion resistance as well as same thermal expansion
to ferritic steel [99].
Welding methods reported in literature for FSS are tungsten inert gas welding (TIG), gas metal
arc welding (GMAW), shielded metal arc welding (SMAW) and friction stir welding (FSW). [47] Studied
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the effect of TIG and SMAW on the AISI 430 using stabilized elements Ti and Cu and found that TIG
welding shows superior properties as compared to SMAW. In addition, using the refining elements
show better results in term of strength and ductility. The superior properties of TIG welding is due to
low heat input during welding. These alloys are welded using low heat input to avoid grain coarsening
[100]. FSW using polycrystalline cubic boron nitride (PCBN) tool was used for the welding of AISI 430
FSS by [101]. The welded microstructure and mechanical properties was found very fine, equi-axed
ferrite grains were produced as required in welding. Similarly, TIG welding is also very good option
for welding FSS to produce fine welds. Activated flux TIG welding was studied by [102] using SIO2 as
flux and found that high penetration with good quality weld can be produce.
Limited study is available on the welding of FSS using different consumables and different welding
processes. As previously discussed in this documents the low heat input is very feasible for the
retardation of grain growth and sensitization. Therefore the low heat input welding processes like
TIG and FSW is mostly used.
5. Present and Future Prospective
As the worldwide corrosion resistance and high strength materials prices are increasing day by
day, the ferritic steel is a good alternative for the use in the chloride environment and many uranium
enrichment plants. In these applications welding is the main process for the construction of
engineering structures which degrade their properties. Therefore, special attention is required for
the improvement of mechanical properties of FSS during welding which have still some issues.
Formation of undesirable precipitates, grain morphologies, residual stresses in multi pass welding
using arc welding processes (TIG, FSW,SMAS). While from the previous works it is shown that low
energy welding processes is recommended but many applications require thick sections. Therefore,
problem of incomplete penetration when joined by low energy processes. Sensitization is the main
issue in FSS when welding multi pass as well as single pass depend on cooling rate, alloying elements
and welding process.
Various studies has been conducted on the welding of ferritic stainless steel in term of grain
refinement, intergranular corrosion and brittleness. Mechanical properties are extremely effected
due to these variations in microstructure. In the previous research work the microstructural features
are at some extant correlated to the mechanical properties. Similarly the welding processes FSW, TIG
welding and SAW together with fluxes are used for low heat input to overcome the grain growth and
intergranular corrosion. But more study is required on the welding processes, filler material and
fluxes in term of overall mechanical properties improvement. Research has been done in the welding
parameters independently for improving the weldability. But systematic study is required on the
welding parameters like welding speed, current, welding process and addition of stabilizing elements.
Limited work is reported on the welding parameters optimization. The well-known quality
improvement tool design of experiment (DOE), used in many engineering applications can be
effectively utilized for weldability issues. Particularly the interstitial contents and the cooling rate are
very sensitive to the sensitization and hence brittlement and corrosion. And there is critical cooling
rate and interstitial content exist over which sensitization can occur.
6. Conclusion
An overview of welding effects on ferritic stainless steel has been provided. These effects can be
divided into: grain size enlargement, intergranular corrosion (sensitization) and embrittlement.

26

Journal of Advanced Research in Materials Science
Volume 32, Issue 1 (2017) 13-31

Penerbit

Akademia Baru

Grain refinement include the optimization of welding conditions, alloying elements, cooling rates,
stirring and oscillation to produce refined grain structure in FSS. Low heat input welding FSW and
GTA and the addition of stabilizing elements are effective methods to refine the grain size. FSW is
more convenient method for mechanical properties enhancement which produce 95% properties of
the base metal. Further the work of M.O.H. Amuda, S. Mridha also claimed the 95% properties using
cryogenic cooling in GTA.
Sensitization is the phenomena that reduce the corrosion resistance and induce cracking. The
chromium depletion theory is most popular in promoting sensitization. The sensitization in ferritic
stainless steel during welding can be controlled in a number ways. The methods discussed are
controlling the interstitial constituents (C+N), ferritic factor, addition of stabilization elements (Ti,Nb)
and heat input and cooling rate.
Embrittlement is the most prominent effect of FSS welding. Different embrittlement
phenomenon include sigma phase embrittlement, 475 ºC embrittlement and high temperature
embrittlement. The former two are more related to functional environment but their control is very
necessary. High temperature embrittlement is the brittleness induce due to inter and intragranular
formation of carbide and nitride precipitates. The main reasons of HTE are grain size, interstitial and
chromium content. Sensitizing control procedures are also applicable in HTE.
References
[1]
[2]
[3]
[4]

[5]
[6]

[7]

[8]

[9]
[10]
[11]

[12]

[13]

Cramer, Stephen D., Bernard S. Covino Jr, and Charles Moosbrugger, eds. ASM handbook volume 13b: corrosion:
materials. Vol. 13. ASM international, 2005.
MdRazaullahKhan, A. K., and Nishant Navin. "Practical Investigation of Weldment of FSS (AISI 430) Welded by TIG
Welding Process."
Handbook, Aerospace Structural Metals. "Volume 1." Properties and Selection: Irons, Steels, and High Performance
Alloys 1 (2005).
Amuda, M. O. H., and S. Mridha. "Microstructural features of AISI 430 ferritic stainless steel (FSS) weld produced
under varying process parameters." International Journal of Mechanical and Materials Engineering 4, no. 2 (2009):
160-166.
Amuda, M. O. H., and Shahjahan Mridha. "Grain refinement in ferritic stainless steel welds: the journey so far."
In Advanced Materials Research, vol. 83, pp. 1165-1172. Trans Tech Publications, 2010.
Santos, B., C. Farias, M. Sobral, Moisés A. OLIVEIRA, and Matheus SS ARAÚJO. "Spectral analysis of ultrasonic lamb
waves applied to the study of the intermetallic phase presence on plates of AISI 430 ferritic stainless steel
submitted to isothermal treatments." In 18th World Conference on Nondestructive Testing, pp. 1-10. 2012.
Ramkumar, K. Devendranath, Aditya Chandrasekhar, Aditya Kumar Singh, Sharang Ahuja, Anurag Agarwal, N.
Arivazhagan, and Arul Maxiumus Rabel. "Comparative studies on the weldability, microstructure and tensile
properties of autogeneous TIG welded AISI 430 ferritic stainless steel with and without flux." Journal of
Manufacturing Processes 20 (2015): 54-69.
Sabioni, Antônio Claret Soares, Anne-Marie Huntz, Elizete Conceição da Luz, Marc Mantel, and Christian Haut.
"Comparative study of high temperature oxidation behaviour in AISI 304 and AISI 439 stainless steels." Materials
Research 6, no. 2 (2003): 179-185.
Lippold, John C., Samuel D. Kiser, and John N. DuPont. Welding metallurgy and weldability of nickel-base alloys.
John Wiley & Sons, 2011.
Bilgin, Mehmet Burak, and Cemal Meran. "The effect of tool rotational and traverse speed on friction stir
weldability of AISI 430 ferritic stainless steels." Materials & Design 33 (2012): 376-383.
Parameswaran, P., K. Laha, K. S. Chandravathi, and K. Bhanu Sankara Rao. "Microstructural aspects of the causes
of type IV cracking in Cr-Mo steel weld joints." Transactions of the Indian Institute of Metals 63, no. 2-3 (2010):
479-483.
Laha, K., K. S. Chandravathi, P. Parameswaran, and K. Bhanu Sankara Rao. "Type IV cracking susceptibility in weld
joints of different grades of Cr-Mo ferritic steel." Metallurgical and Materials Transactions A 40, no. 2 (2009): 386397.
Francis, J. A., W. Mazur, and H. K. D. H. Bhadeshia. "Review type IV cracking in ferritic power plant steels." Materials
Science and Technology 22, no. 12 (2006): 1387-1395.

27

Journal of Advanced Research in Materials Science
Volume 32, Issue 1 (2017) 13-31

[14]

[15]

[16]

[17]

[18]
[19]

[20]

[21]
[22]

[23]
[24]
[25]
[26]

[27]
[28]
[29]

[30]
[31]
[32]
[33]

[34]
[35]

[36]

Penerbit

Akademia Baru

Wu, Qingsheng, Shuhui Zheng, Shaojun Liu, Chunjing Li, and Qunying Huang. "Effect of post-weld heat treatment
on the mechanical properties of electron beam welded joints for CLAM steel." Journal of Nuclear Materials442,
no. 1 (2013): 512-517.
Sam, Shiju, C. R. Das, V. Ramasubbu, S. K. Albert, A. K. Bhaduri, T. Jayakumar, and E. Rajendra Kumar. "Delta ferrite
in the weld metal of reduced activation ferritic martensitic steel." Journal of Nuclear Materials 455, no. 1 (2014):
343-348.
Wang, Jian, Shanping Lu, Wenchao Dong, Dianzhong Li, and Lijian Rong. "Microstructural evolution and mechanical
properties of heat affected zones for 9Cr2WVTa steels with different carbon contents." Materials & Design 64
(2014): 550-558.
Ramkumar, K. Devendranath, Ankur Bajpai, Shubham Raghuvanshi, Anshuman Singh, Aditya Chandrasekhar, M.
Arivarasu, and N. Arivazhagan. "Investigations on structure–property relationships of activated flux TIG weldments
of super-duplex/austenitic stainless steels." Materials Science and Engineering: A 638 (2015): 60-68.
Amuda, M. O. H., and S. Mridha. "Grain refinement and hardness distribution in cryogenically cooled ferritic
stainless steel welds." Materials & Design 47 (2013): 365-371.
Lee, Won Bae, Jeong Kil Kim, Joon Sik Park, In Su Woo, and Jong Bong Lee. "Effect of interstitial elements on the
toughness of ferritic stainless steel weld." In Materials Science Forum, vol. 580, pp. 45-48. Trans Tech Publications,
2008.
Mallaiah, G., P. Ravinder Reddy, and A. Kumar. "Influence of titanium addition on mechanical properties, residual
stresses and corrosion behaviour of AISI 430 grade ferritic stainless steel GTA welds." Procedia Materials Science 6
(2014): 1740-1751.
Park, Seung Hwan C., Yutaka S. Sato, Hiroyuki Kokawa, Kazutaka Okamoto, Satoshi Hirano, and Masahisa Inagaki.
"Corrosion resistance of friction stir welded 304 stainless steel." Scripta materialia 51, no. 2 (2004): 101-105.
Santos, T. F. A., T. F. C. Hermenegildo, C. R. M. Afonso, R. R. Marinho, M. T. P. Paes, and A. J. Ramirez. "Fracture
toughness of ISO 3183 X80M (API 5L X80) steel friction stir welds." Engineering Fracture Mechanics 77, no. 15
(2010): 2937-2945.
Sato, Y. S., Y. Kurihara, S. H. C. Park, H. Kokawa, and N. Tsuji. "Friction stir welding of ultrafine grained Al alloy 1100
produced by accumulative roll-bonding." Scripta Materialia 50, no. 1 (2004): 57-60.
Nandan, R., T. DebRoy, and H. K. D. H. Bhadeshia. "Recent advances in friction-stir welding–process, weldment
structure and properties." Progress in Materials Science 53, no. 6 (2008): 980-1023.
Bhadeshia, Harry, and Robert Honeycombe. Steels: microstructure and properties. Butterworth-Heinemann, 2017.
Kotecki, D. J., and J. C. Lippold. "Welding metallurgy and weldability of stainless steels." Wiley, Hoboken, NJ Barbero
B, Ureta E (2011) Comparative study of different digitization techniques and their accuracy. Comput Aided Des 43
(2005): 188-206.
Hsieh, Chih-Chun, and Weite Wu. "Overview of Intermetallic Sigma ( ) Phase Precipitation in Stainless Steels." ISRN
Metallurgy 2012 (2012).
Duhaj, P., J. Ivan, and E. Makovicky. "Sigma-Phase Precipitation in Austenitic Steels." J Iron Steel Inst 206, no. 12
(1968): 1245-1251.
Wilms, M. E., V. J. Gadgil, J. M. Krougman, and F. P. Ijsseling. "The effect of σ-phase precipitation at 800° C on the
corrosion resistance in sea-water of a high alloyed duplex stainless steel." Corrosion science 36, no. 5 (1994):
871877-875881.
Souza, C. M., H. F. G. Abreu, S. S. M. Tavares, and J. M. A. Rebello. "The σ phase formation in annealed UNS S31803
duplex stainless steel: Texture aspects." Materials characterization 59, no. 9 (2008): 1301-1306.
Uematsu, Y., M. Akita, M. Nakajima, and K. Tokaji. "Effect of temperature on high cycle fatigue behaviour in 18Cr–
2Mo ferritic stainless steel." International Journal of fatigue 30, no. 4 (2008): 642-648.
Sahu, J. K., U. Krupp, R. N. Ghosh, and H-J. Christ. "Effect of 475 C embrittlement on the mechanical properties of
duplex stainless steel." Materials Science and Engineering: A 508, no. 1 (2009): 1-14.
du Toit, Madeleine, and Johan Naudé. "The influence of stabilization with TITANIUM on the HEAT-AFFECTED ZONE
SENSITIZATION of 11 to 12% chromium ferritic stainless steels under low heat input welding conditions." Welding
in the World 55, no. 3-4 (2011): 38-47.
van Warmelo, Martin, David Nolan, and John Norrish. "Mitigation of sensitisation effects in unstabilised 12% Cr
ferritic stainless steel welds." Materials Science and Engineering: A 464, no. 1 (2007): 157-169.
Taban, Emel, Eddy Deleu, Alfred Dhooge, and Erdinc Kaluc. "Laser welding of modified 12% Cr stainless steel:
Strength, fatigue, toughness, microstructure and corrosion properties." Materials & Design 30, no. 4 (2009): 11931200.
Mishra, Rajiv S., and Z. Y. Ma. "Friction stir welding and processing." Materials Science and Engineering: R:
Reports 50, no. 1 (2005): 1-78.

28

Journal of Advanced Research in Materials Science
Volume 32, Issue 1 (2017) 13-31

[37]
[38]
[39]
[40]
[41]
[42]

[43]
[44]
[45]
[46]
[47]

[48]
[49]
[50]
[51]

[52]
[53]

[54]
[55]
[56]
[57]

[58]
[59]
[60]
[61]

[62]
[63]
[64]

Penerbit

Akademia Baru

Thomas, C. R., and F. P. A. Robinson. "Kinetics and mechanism of grain growth during welding in niobium-stabilized
17% chromium stainless steels." Metals Technology 5, no. 1 (1978): 133-138.
Castro, R., and R. Tricot. "„Study of the isothermal transformation in 17% Cr stainless steel‟, Part II Influence of
carbon and nitrogen." PICKERIG, The Metallurgical Evolution of Stainless Steel (1964): 245-254.
Davis, Joseph R., ed. Stainless steels. ASM international, 1994.
Blackburn, M. J., and J. Nutting. "Metallography of iron-21 per cent chromium alloy subjected to 457 degrees c
embrittlement." Journal of the Iron and Steel Institute 202, no. 7 (1964): 610.
Hall, E. O., and S. H. Algie. "The sigma phase." Metallurgical reviews 11, no. 1 (1966): 61-88.
Verma, Jagesvar, and Ravindra Vasantrao Taiwade. "Effect of welding processes and conditions on the
microstructure, mechanical properties and corrosion resistance of duplex stainless steel weldments—A
review." Journal of Manufacturing Processes 25 (2017): 134-152.
Nilsson, J-O. "Super duplex stainless steels." Materials science and technology 8, no. 8 (1992): 685-700.
Kotecki, D. J., and T. A. Siewert. "WRC-1992 constitution diagram for stainless steel weld metals: a modification of
the WRC-1988 diagram." Welding Journal 71, no. 5 (1992): 171-178.
Balmforth, M. C., and J. C. Lippold. "A new ferritic-martensitic stainless steel constitution diagram." Welding
Journal 79, no. 12 (2000): 339s-345s.
Handbook, A. S. M. "ASM international." Materials Park, OH 3 (1992): 1-23.
Mohandas, T., G. Madhusudhan Reddy, and Mohammad Naveed. "A comparative evaluation of gas tungsten and
shielded metal arc welds of a “ferritic” stainless steel." Journal of materials processing technology 94, no. 2 (1999):
133-140.
Easterling, Kenneth. Introduction to the physical metallurgy of welding. Elsevier, 2013.
Anbazhagan, V., and R. Nagalakshmi. "Metallurgical studies in ferritic stainless steel welds." Weld Res J 23, no. 3
(2002): 25-37.
Reddy, G. M. "Grain refinement in ferritic stainless steel welds through magnetic arc oscillation and its effect on
tensile property." Indian Welding Journal 39, no. 3 (2006): 35.
Villafuerte, J. C., E. Pardo, and H. W. Kerr. "The effect of alloy composition and welding conditions on columnarequiaxed transitions in ferritic stainless steel gas-tungsten arc welds." Metallurgical and Materials Transactions
A 21, no. 7 (1990): 2009-2019.
Durand-Charre, Madeleine. Microstructure of steels and cast irons. Springer Science & Business Media, 2004.
Sathiya, P., S. Aravindan, and A. Noorul Haq. "Effect of friction welding parameters on mechanical and metallurgical
properties of ferritic stainless steel." The International Journal of Advanced Manufacturing Technology 31, no. 1112 (2007): 1076-1082.
Lakshminarayanan, A. K., and V. Balasubramanian. "An assessment of microstructure, hardness, tensile and impact
strength of friction stir welded ferritic stainless steel joints." Materials & Design 31, no. 10 (2010): 4592-4600.
Cerri, E., and P. Leo. "Mechanical properties evolution during post-welding-heat treatments of double-lap friction
stir welded joints." Materials & Design 32, no. 6 (2011): 3465-3475.
Reddy, G. Madhusudhan, and T. Mohandas. "Explorative studies on grain refinement of ferritic stainless steel
welds." Journal of Materials Science Letters 20, no. 8 (2001): 721-723.
Amuda, Muhammed Olawale Hakeem, and Shahjahan Mridha. "Comparative evaluation of grain refinement in AISI
430 FSS welds by elemental metal powder addition and cryogenic cooling." Materials & Design 35 (2012): 609618.
Matthews, L. M., B. Griesel, P. T. Longman, G. T. Van Rooyen, and J. M. Prozzi. "Sensitisation in low-carbon 12%
chromium containing stainless steels." In Proceedings of the 14th International Corrosion Congress, p. 332. 1999.
Demo, J. J. "Mechanism of high temperature embrittlement and loss of corrosion resistance in AISI type 446
stainless steel." Corrosion 27, no. 12 (1971): 531-544.
STREICHER, MICHAEL A. "The role of carbon, nitrogen, and heat treatment in the dissolution of iron-chromium
alloys in acids." Corrosion 29, no. 9 (1973): 337-360.
Semchyshen, M., A. P. Bond, and H. J. Dundas. "Effects of composition on ductility and toughness of ferritic
stainless steels." Toward Improved Ductility Toughness, Climax Molybdenum Development Co.(Japan) Ltd. 1972,
239-253 (1972).
Amuda, Muhammed Olawale Hakeem, and Shahjahan Mridha. "An overview of sensitization dynamics in ferritic
stainless steel welds." International Journal of Corrosion 2011 (2011).
Kim, Jeong Kil, Yeong Ho Kim, Jong Sub Lee, and Kyoo Young Kim. "Effect of chromium content on intergranular
corrosion and precipitation of Ti-stabilized ferritic stainless steels." Corrosion Science 52, no. 5 (2010): 1847-1852.
Park, Jin Ho, Jeong Kil Kim, Bong Ho Lee, Sang Seok Kim, and Kyoo Young Kim. "Three-dimensional atom probe
analysis of intergranular segregation and precipitation behavior in Ti–Nb-stabilized low-Cr ferritic stainless
steel." Scripta Materialia 68, no. 5 (2013): 237-240.

29

Journal of Advanced Research in Materials Science
Volume 32, Issue 1 (2017) 13-31

[65]
[66]
[67]

[68]
[69]
[70]
[71]
[72]
[73]
[74]
[75]
[76]
[77]
[78]
[79]
[80]
[81]
[82]
[83]
[84]

[85]
[86]
[87]
[88]
[89]
[90]

[91]
[92]

Penerbit

Akademia Baru

Kou, Sindo. Welding metallurgy. John Wiley & Sons, 2003.
Van Warmelo, Martin Nicholas. Susceptibility of 12% CR Steels to Sensitisation During Welding of Thick Gauge
Plate. University of Wollongong, 2006.
Toit, M. D., G. T. Van Rooyen, and D. Smith. "An overview of the heat-affected zone sensitization and stress
corrosion cracking behaviour of 12% chromium type 1.4003 ferritic stainless steel." WELDING IN THE WORLDLONDON- 51, no. 9/10 (2007): 41.
Greeff, M. L., and M. D. Toit. "Looking at the sensitization of 11-12% chromium EN 1.4003 stainless steels during
welding." WELDING JOURNAL-NEW YORK- 85, no. 11 (2006): 243.
Williams, J. G., and F. J. Barbaro. "Sensitisation and intergranular stress corrosion cracking of the HAZ of welded
12Cr ferritic stainless steels." Australasian Welding Journal 50, no. 4 (2005): 212-218.
Demo, J. "Weldable and corrosion-resistant ferritic stainless steels." Metallurgical Transactions 5, no. 11 (1974):
2253-2256.
Lula, R. A., and J. A. Davis. "Intergranular corrosion in 12 percent chromium ferritic stainless steels." In Intergranual
Corrosion of Stainless Alloys. ASTM International, 1978.
Toit, Madeleine du. "Welding of ferritic stainless steels." Australasian Welding Journal 59, no. 3 (2014): 41-48.
Kaltenhauser, R. H. "Improving the engineering properties of ferritic stainless steels." Metals Eng Quart 11, no. 2
(1971): 41-47.
Marshall, A. W., and J. C. M. Farrar. "Welding of ferritic and martensitic 11-14% Cr steels." Welding in the World 45,
no. 5-6 (2001): 32-55.
Sedriks, A. J. "Plenary Lecture—1986: Effects of Alloy Composition and Microstructure on the Passivity of Stainless
Steels." Corrosion 42, no. 7 (1986): 376-389.
Dundas, H. J., and A. P. Bond. "Niobium and titanium requirements for stabilization of ferritic stainless steels."
In Intergranual Corrosion of Stainless Alloys. ASTM International, 1978.
Fritz, James D., and Ivan A. Franson. "Sensitization and stabilization of type 409 ferritic stainless steel." Materials
performance 36, no. 8 (1997).
Williams, R. O., and H. W. Paxton. "The nature of aging of binary iron-chromium alloys around 500 C." J. Iron Steel
Inst 185 (1957): 358-374.
Van Zwieten, A. C. T. M., and J. H. Bulloch. "Some considerations on the toughness properties of ferritic stainless
steels—a brief review." International journal of pressure vessels and piping 56, no. 1 (1993): 1-31.
Makhlouf, Kamel, and J. W. Jones. "Effects of temperature and frequency on fatigue crack growth in 18% Cr ferritic
stainless steel." International journal of fatigue 15, no. 3 (1993): 163-171.
Solomon, H. D., and Lionel M. Levinson. "Mössbauer effect study of ‘475 C embrittlement’of duplex and ferritic
stainless steels." Acta Metallurgica 26, no. 3 (1978): 429-442.
Chandra, D., and L. H. Schwartz. "Mössbauer eﬀect study of the 475‡ C decomposihon of Fe-Cr." Metallurgical
Transactions 2, no. 2 (1971): 511-519.
Danoix, F., and P. Auger. "Atom probe studies of the Fe–Cr system and stainless steels aged at intermediate
temperature: a review." Materials Characterization 44, no. 1 (2000): 177-201.
Hedström, Peter, Fei Huyan, Jing Zhou, Sten Wessman, Mattias Thuvander, and Joakim Odqvist. "The 475 C
embrittlement in Fe–20Cr and Fe–20Cr–X (X= Ni, Cu, Mn) alloys studied by mechanical testing and atom probe
tomography." Materials Science and Engineering: A 574 (2013): 123-129.
Khattak, M. A., M. A. Amil, M. N. Tamin, M. Mat Noh, N. Sulaiman, and TA Mohamed Nori. "Fractal Cracks
Propagation in AISI 410 Steel." Journal of Advanced Research in Applied Mechanics 20 (2016) 1-11.
Plumtree, A., and R. Gullberg. "The Influence of Interstitial Content on the Ductile-Brittle Transition Temperature
of Fe-25Cr Ferritic Stainless Steels." Journal of Testing and Evaluation 2, no. 5 (1974): 331-336.
Demo, J. J. "Structure, constitution, and general characteristics of wrought ferritic stainless steels." In Structure,
Constitution, and General Characteristics of Wrought Ferritic Stainless Steels. ASTM International, 1977.
Khattak, M. A., A. Mukhtar, and K. Azam Khan. "Common Root Causes of Pressure Vessel Failures: A Review."
Journal of Advanced Research in Applied Mechanics 21 (2016) 22-37.
Demo, J. J., D. Peckner, and I. M. Benstein. "Structure and Constitution of Wrought Ferritic Stainless Steels in
Handbook of Stainless Steels." (1977): 5-1.
Baerlecken, E., W. Fisher, and K. Lorenz, “Investigations conerning the transformation behavior, the notched
impact toughness and the susceptibility to intergranular corrosion of iron-chromium contents to 30%.” Stahl und
Eisen 81 (1961) 768.
Grubb, John F., and Roger N. Wright. "The role of C and N in the brittle fracture of Fe-26 Cr." Metallurgical and
Materials Transactions A 10, no. 9 (1979): 1247-1255.
Davis, Joseph R., ed. Corrosion of weldments. ASM International, 2006.

30

Journal of Advanced Research in Materials Science
Volume 32, Issue 1 (2017) 13-31

Penerbit

Akademia Baru

[93]

Lo, Kin Ho, Chan Hung Shek, and J. K. L. Lai. "Recent developments in stainless steels." Materials Science and
Engineering: R: Reports 65, no. 4 (2009): 39-104.
[94] Plumtree, A., and R. Gullberg. "Influence of interstitial and some substitutional alloying elements." In Toughness
of Ferritic Stainless Steels. ASTM International, 1980.
[95] Wright, R. N. "Toughness of ferritic stainless steels." In Toughness of ferritic stainless steels. ASTM International,
1980.
[96] Pollard, B. "Effect of titanium on the ductility of 26% chromium, lovv interstitial ferritic stainless steel." Metals
technology 1, no. 1 (1974): 31-36.
[97] Olson, David L., ed. ASM handbook: welding, brazing, and soldering. Vol. 6. Asm Intl, 1993.
[98] Campbell, R. D. "Ferritic stainless steel welding metallurgy." In Key engineering materials, vol. 69, pp. 167-216.
Trans Tech Publications, 1992.
[99] Davis, Joseph R., ed. Stainless steels. ASM international, 1994.
[100] Villafuerte, J. C., E. Pardo, and H. W. Kerr. "The effect of alloy composition and welding conditions on columnarequiaxed transitions in ferritic stainless steel gas-tungsten arc welds." Metallurgical and Materials Transactions
A 21, no. 7 (1990): 2009-2019.
[101] Park, Seung Hwan C., Toshihide Kumagai, Yutaka S. Sato, Hiroyuki Kokawa, Kazutaka Okamoto, Satoshi Hirano, and
Masahisa Inagaki. "Microstructure and mechanical properties of friction stir welded 430 stainless steel." In The
Fifteenth International Offshore and Polar Engineering Conference. International Society of Offshore and Polar
Engineers, 2005.
[102] Vidyarthy, R. S., D. K. Dwivedi, and M. Vasudevan. "Influence of M-TIG and A-TIG welding process on microstructure
and mechanical behavior of 409 ferritic stainless steel." Journal of Materials Engineering and Performance 26, no.
3 (2017): 1391-1403.

31

