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Abstract 
Various new forming techniques (hydroforming, superplastic forming and hot metal gas forming) 
have become an alternative to various stamping processes. The technologies are still rather new and 
there is not yet enough information available to assist the product design and manufacturing. 
Welding of stainless steels is still often based on the conventional welding techniques, but recently 
high energy density laser and electron beam welding techniques as well as solid-state friction stir 
welding have become the new alternative techniques. This paper reviews the new trends in forming 
technologies and the emerging new welding techniques for stainless steel products. 
 
Introduction 
Manufacturing of products from stainless steels meets increasing demands for efficiency in terms of 
cost savings and increased productivity. This has led to the development of new forming methods, 
which can overcome the disadvantages of traditional forming and joining manufacturing methods. In 
all these methods the aim is to manufacture products which have complex shapes formed in one 
forming operation reducing, thus, the amount of working steps needed in conventional 
manufacturing based on welding of stampings, etc. Additionally, these methods offer a possibility to 
obtain improved material properties and microstructures of the manufactured products. 
 
Welding technology of stainless steels is still often based on the conventional welding techniques, 
but recently high energy density laser and electron beam welding techniques have been used 
increasingly for the welding of the austenitic and ferritic stainless steels in specialized applications. 
These techniques offer advantages over conventional welding techniques, such as low heat input, 
small HAZ, low distortion and residual stresses, and high welding speed. Friction stir welding is an 
emerging solid-state technique where a rotating tool with pin and shoulder is inserted in the material 
to be joined and traversed along the line of joint. The heating is localized, and is generated by 
friction between the tool and the work piece, with additional adiabatic heating from metal 
deformation. When considering the operational performance of stainless steel weldments the most 
important things are corrosion resistance, weld mechanical properties and the integrity of the welded 
joint. These properties are mainly influenced by the metallurgical processes occurring during 
welding or heat treatment of the welded component, i.e., solidification of the weld metal, and 
recrystallization as well as the precipitation phenomena. These phenomena have to be well 
understood to obtain maximum corrosion resistance and mechanical properties for the stainless steel 
weldments. Other problems with welded stainless steel structures in addition to possibility of defects 
(porosity, cracks, slag inclusions etc.) are residual stresses and distortion. Due to local heating 
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during welding, complex thermal stresses and residual strain (due to shrinkage) distributions occur 
after welding, which are especially deleterious in the thick-wall components of the energy industry. 
 
Forming 
 
Hydroforming 
Hydroforming is a process where tubular or sheet preforms are placed in a die at room temperature 
and after closing of the die with high locking forces internal water or water-oil mixtures are 
pressurized up to 6000 bar and the preform obtains the shape of the die, Figure 1. Main applications 
of hydroformed parts are in the automotive and aircraft industries. The advantages of hydroforming 
as compared with conventional manufacturing methods via stamping and welding include: 
1) possibility to manufacture more complex parts in one operation as compared with multiple 
working steps in conventional manufacturing, 2) weight reduction through more efficient section 
design and tailoring of the wall thickness in different parts of the product, 3) increased strength and 
stiffness of the manufactured products, 4) lower tooling costs as a result of lower amount of parts, 5) 
less secondary operations needed, 6) dimensional tolerances are tight and springback low and 7) 
reduced amount of scrap. The disadvantages of the process in comparison to conventional stamping 
and welding are: 1) cycle times are relatively slow, 2) equipment is expensive and 3) new welding 
techniques are needed. In general, one disadvantage of hydroformed parts as well as for the 
conventionally manufactured parts is the residual stresses of the parts, which adversely affect their 
dimesional accuracy. The total cycle times of hydroformed parts can be reduced by integrating 
secondary operations (piercing and bending, etc.) to the hydroforming process. Typically, pre-bent 
or pre-deep-drawn preforms are needed for hydroformed parts, which increase the total cycle time 
and costs of the process [1, 2]. 
 

 
Figure 1. Principle of hydroforming process [1]. 
 
Materials selection for hydroformed parts depends on the required final properties of the part, 
forming process as well as material deformation capabilities, availability and cost. Generally, 
materials selection is a compromise between obtainable properties, formability and cost of the 
material. Stainless steels have good formability, which allows to design more complex parts that 
would need several manufacturing steps with conventional stamping and welding. Additionally, the 
good formability of stainless steels and possibility to manufacture more consolidated products make 
them a potential material to replace other materials, such as carbon steels, and offer possibilities to 
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weight reduction of the components. Selection of stainless steels depends on the application and 
environments where the hydroformed parts are to be used. Strength, corrosion resistance, etc. of the 
component can be adjusted by choosing the suitable stainless steel grade. The most commonly used 
stainless steel is EN 1.4301 due to the combination of formability, corrosion resistance, strength and 
cost [1, 2].  
 
Hydroforming technolgy development is nowadays influenced by light-weight products, increased 
functional intergration of the manufactured components and the increased experience in using 
hydroformed parts. Efforts in development work in hydroforming are concentrating on reducing the 
cycle times and costs of the whole process chain. Especially, one of the limiting factors of the 
production rate of hydroforming is bending/pre-forming operations needed before the actual 
forming. It has led to utilization of several bending/pre-form units to supply the preforms to the 
hydroforming press. Alternatively, hydroforming presses have been built, which can form several 
parts in one cycle. Computer simulation of the manufactured parts and the hydroforming process has 
greatly improved the profitability of the process. Efforts have been lately concentrated to obtaining 
better modelling of formability of materials and components. This has required determination of 
Forming Limit Diagrams of several mainly tubular materials using internal pressure with and 
without axial feeding. Additionally, development work has been focusing on helping to choose the 
right type of lubricant allowing to reduce friction between the formed part and the die, thus, 
improving the efficiency of the process [1, 2]. 
 
Superplastic forming 
Superplastic forming is based on forming of components at elevated temperatures with gas pressure 
into dies. Superplasticity allows unusually large elongations (> 500% without necking) under low 
stresses if temperature and strain rate are chosen correctly. The benefits of superplastic forming 
include possibility to manufacture complex structures, avoidance of spring back and residual 
stresses, suitability for short production runs, possibility to reduce or even eliminate working 
operations as well as cost and weight savings. The drawback of superplastic forming is the still 
relatively long forming cycle (from few minutes to 20 – 30 min), which limits the production 
quantities/year. Superplastic forming has traditionally been used in aerospace applications and the 
materials used have been for superplastic forming especially developed tailor-made materials 
(mainly titanium and aluminium alloys) with special alloying and/or complex thermomechanical 
treatments in order to obtain desired microstructure suitable for forming. However, recently less 
expensive commercial grade materials have been studied in order to make them amenable for 
superplastic forming. Demands for cost savings have awakened improvements to improve the 
effectiveness of the whole process as well as interest in the possibility to superplastically form 
austenitic stainless steels, since they are amenable for superplastic forming with relatively simple 
thermomechanical treatment and are also less costly materials. Additionally, they offer a possibility 
to lower the forming temperature (650 – 800°C vs. 900 – 1050°C for duplex stainless steel grades). 
However, until now, the forming pressures needed are clearly higher (peak flow stresses  
100 – 200 MPa) and the elongations obtained (400 - 600%) are lower than those for duplex stainless 
steel grades (elongations > 1000% and peak flow stresses 10 – 50 MPa). Strain rates obtained during 
forming are in the range of 10

-4
 – 10

-3
 s

-1
 for austenitic grades and 10

-4
 – 10

-2
 s

-1
 for the duplex 

grades, Figure 2. The trend in duplex stainless steel has been focused on developing new “lean” 
duplex stainless steels, which from a superplastic forming point of view luckily have a wider 
forming temperature range and reduced risk for intermetallic phase precipitation, Figure 2. A 
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superplastically formed name plate and tubular shape made from EN 1.4162 duplex stainless steel 
are shown in  
Figure 3 [3-12].  
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Figure 2. Temperature dependencies of engineering strain in hot tensile tests for cold rolled (reduction 70%) austenitic 
stainless steels a) and as-supplied and cold-rolled (reduction 45 – 70%) EN 1.4162 (LDX 2101) duplex stainless steel b). 
The nominal initial strain rate in all tests was 10-3 s-1 [6, 10]. 
 

 
 

Figure 3. Products made with superplastic forming at FormTech GmbH from EN 1.4162 duplex stainless steel. 
 
Hot metal gas forming 
Hot metal gas forming is a process that combines in-situ induction heating of a tubular or flat sheet 
workpiece to elevated forming temperatures in a ceramic die, and shaping the work piece in a die 
cavity using gas pressure. The forming includes also quenching of the formed part in a separate die. 
Hot metal gas forming has been developed from superplastic forming process and hot blow forming 
process used in the plastics industry in high-volume production. When compared with superplastic 
forming the strain rates and forming pressures are higher, whereas the obtainable amount of 
deformation is lower for hot metal gas forming. Production rates are, thus, higher in hot metal gas 
forming (few seconds) as compared with those for superplastic forming (from few minutes up to  
20 – 30 min/part). On the other hand, superplastic forming allows manufacturing of more complex 
shapes with optimal die filling, whereas hot metal gas forming of stainless steels has been suffering 
from full die filling within reasonable forming time. This has been mainly overcome by using axial 
feeding of the workpiece during forming [13-16]. 
 
Hot gas metal forming was developed by automobile manufacturing industry to compete with 
hydroforming. Majority of the products made have been formed from tubular preforms. The 
production rates of hot gas metal forming are in the same range as those for hydroforming. When 
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compared with hydroforming hot gas metal forming has some advantages. Production costs can be 
lowered, since the forming machines are cheaper (appr. 50% cheaper than hydroforming presses) 
due to the low pressures needed (2 – 5% of those for hydroforming presses). The ceramic dies used 
are cheaper and faster to manufacture as compared with the tool-steel dies used in hydroforming. 
The total manufacturing cycle times are generally in the order of 10 – 15 s depending on the 
material and part geometry to be made, which is reported to result in 2 – 3 times higher production 
rates than in hydroforming. One benefit is also the possibility to use more common materials in 
forming as compared with those used in hydroforming. Alltogether it has been stated that hot gas 
metal forming can be 35 – 40% less expensive than hydroforming when cost savings obtained from 
equipment, tooling material and productivity issues area taken into account. Additionally, hot gas 
metal formed parts can have significantly improved material characteristics including 
microstructure, mechanical properties, freedom of residual stresses and consequently the 
dimensional precision is improved reducing the need for secondary finishing operations. Limitations 
of hot gas metal forming as compared with hydroforming include the relatively short die life of the 
ceramic dies with embedded induction coils, longer die change-over times due to the hot dies and 
need for certain secondary operations like creation of holes into the formed products. Also, pre-
bending or pre-deep drawing operations are needed sometimes in order to obtain the desired final 
shape of the product, which is an additional manufacturing step [13-16]. 
 
Hot metal gas forming of stainless steels has been concentrating to ferritic stainless steel EN 1.4512. 
Austenitic grades (EN 1.4301) have also been preliminarily tested but research was not continued 
due to the poorer formability as compared with the ferritic grades. Testing included free bulge tests 
and forming into a die of tube preforms with and without axial feeding. Heating of the tube preform 
was performed with Joule effect using electrical jaws. In the free bulge tests of the ferritic stainless 
steel EN 1.4512 55% diameter expansion was obtained at 960°C with a gas pressure of 14.75 bar in 
few seconds, Figure 4. With axial feeding during deformation the tube diameter expansion could be 
increased to 140%. In the case of forming of the tube preform in a cylidrical die problems were 
observed in obtaining sufficient filling of the die (95% filling) and local thinning of the tube without 
axial feeding. These problems could be overcome with axial feeding [17, 18]. 
 

 
Figure 4. Free bulge test performed with hot metal gas forming of EN 1.4512 ferritic stainless steel [17 ]. 
 
Welding 
 
High energy density laser and electron beam welding 
Laser welding is an attractive process for joining of thin materials with fast travel speed and fast 
cooling rates. Thus, autogeneous laser welds of austenitic and duplex stainless steels tend to result in 
high ferrite contents, which may be affected by suitable filler additions. For ferritic and ferritic-
martensitic stainless steels usually beneficial properties are obtained by laser welding. High energy 
density electron beam welding is especially suitable for heavy-section austenitic and duplex 
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stainless steel materials (around 50 mm) in one or two passes. The cooling rates are high, which 
again results in highly ferritic weld especially in thinner sections. 
 
Friction stir welding 
Friction stir welding (FSW) of stainless steels has been an interest recently, since FSW is expected 
to result in the formation of fine grains, low distortion and no segregation in the welding of stainless 
steels, which are definite advantages as compared to the fusion welding processes. The 
microstructural evolution in austenitic steel FSW shows typical dynamic recrystallization and 
recovered microstructures in the weld [18]. Since FSW does not accompany melting and 
solidification the phase transformations are minimized, which is especially important for duplex 
stainless steels, when significant refining of the ferrite/austenite microstructure without change in 
the phase ratio takes place [19]. FSW method has also been applied for thin sheets of precipitation 
hardened martensitic stainless steel PH 15-7 successfully [20]. The major problem of FSW of 
stainless steels is, however, that special very expensive tool materials such as PCBN or tungsten-
rhenium alloy, are needed.  
 
Summary 
Various new forming techniques (hydroforming, superplastic forming and hot metal gas forming) 
have become an alternative to various stamping processes. The technologies are still rather new and 
there is not yet enough information available to assist the product design and manufacturing. 
Welding of stainless steels is still often based on the conventional welding techniques, but recently 
high energy density laser and electron beam welding techniques as well as solid-state friction stir 
welding have become the new alternative techniques in specialized applications.  
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Abstract  
Metastable austenitic stainless steels may transform to martensite during forming. The 
transformation itself is governed by the stacking fault energy (SFE) of the steel and indirectly 
affected by a variety of parameters. Material immanent parameters are the chemical composition 
and the austenite grain size whereas temperature and the occurring adiabatic heating affect the 
SFE during forming as well. Referring to experimental results, a critical martensite content is 
deviated in order to reduce the efforts in thermo-mechanical simulation. Different isothermal and 
non-isothermal models are discussed with regard to their applicability in forming or crash 
simulation.  
 
Introduction 
Austenitic steels are widely used in applications which require an extraordinary forming 
behaviour. This characteristic is determined by microstructural mechanisms that are governed by 
the low stacking fault energy (SFE) of these steels which is ususally classified between 10 and 
100 mJ/m2 [1]. The low SFE leads to a change in the predominat hardening mechanism during 
forming. With decreasing SFE crystallographic gliding is more and more accompanied by 
twinning and finally by a strain induced martensite transformation. 
 
As the formula for MS or MD30 the SFE is a way to rank the stability of austenitic steels and as 
for these well-known equations the SFE was decribed emprirically as a function of the chemical 
composition. In contrast to MS and MD30, the SFE is not a temperature. Nevertheless, it can be 
described as function of temperature. As an advantage the values for the SFE are a direct 
measure for the occurring forming mechanisms. 
 
Influence of temperature 
The most important factor on the SFE of a steel is the temperature. Rising temperatures lead to 
increasing values of the SFE which is reflected in decreasing amounts of martensite formed at 
elevated temperatures. Generally, the influence of the temperature on the SFE can be assumed to 
be linear. An increasing forming speed can be considered like an elevated temperature due to the 
adiabatic heating of the sample. Both result in an increase in SFE and therefore in a reduced 
martensite formation [3][4]. 
 
Influence of stress state 
The second parameter which should be considered when modelling the martensite evolution is its 
dependency on the stress state during forming. The reason for the heterogeneous behaviour 
under different load conditions is the increase of volume which goes ahead with the martensitic 
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transformation. In a tensile stress state the formation of the martensite is favoured whereas under 
compression the increasing of volume is hindered. This will lead to higher amount of martensite 
in those forming operations where tensile load conditions appear and lower amounts of 
martensite in compression [2]. 
 
Experimental results 
 
Martensite formation as function of temperature 
Figure 1 shows the flow curves of steel 1.4376 measured at temperatures between -40 and 
100°C. At temperatures between 40 and 100°C the curve has the general course like ferritic 
steels with decreasing strain hardening. The curves below 40°C indicate a plateau and two 
turning points which become much more pronounced with decreasing temperature. In this 
temperature range, high amounts of α´-martensite (above all αγ´) occur during straining which 
was already verified in former publications [3].  
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Figure 1. Flow curves of the austenitic stainless steel 1.4376 [4] 
 
When comparing the maximum martensite fractions which were formed during the tensile test 
(Figure 2) it becomes obvious that at the temperature of the sudden change in the strain 
hardening behaviour the maximum martensite fraction, which was measured after testing, 
increases rapidly. A compilation of data from literature shows that the change in the strain 
hardening behaviour goes ahead with a martensite fraction of 20-30% [4][5][6]. 
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Figure 2. Maximum martensite fraction of steel 1.4376 
after tensile testing [6] 

Figure 3. Maximum martensite fraction of steel 1.4301 
in different stress states. 

 
Martensite formation as function of stress state 
As already mentioned the martensite formation strongly depends on the stress state present 
during forming. Figure 3 shall summarize the development of the martensite formation in 
different stress states. For the three stress states uniaxial tension, plane strain and biaxial tension, 
the martensite formation is given as a function of the equivalent strain according to von Mises. It 
becomes obvious, that the biaxial and uniaxial loads favour the martensite formation most. The 
curve which was measured under plane strain condition lies on a significantly lower level than 
those for uni- and biaxial stress. Nevertheless, figure 3 cannot present the influence of the stress 
state as a single parameter but is a mixed presentation of the influence of stress state and 
adiabatic heating due to the non-isothermal testing conditions. 
 
Deviation of a critical martensite content 
The stability of the austenitic stainless steels differs with their SFE energy which is governed by 
their chemical composition. At medium up to elevated temperatures austenitic steels use the 
same metalphysical mechanism during forming as ferritic steels do: gliding. Due to this, the 
strain hardening behaviour (e.g. the slope of the flow curve) is more or less comparable to those 
of common carbon steels albeit the austenitic steels show much higher elongation values. 
 
When reaching a critical value between 20 and 25% of martensite the strain hardening behaviour 
changes completely. The percentage is comparable for all metastable austenitic steels. The 
reason for this critical martensite content lies in the possible distribution the martensite can show 
within the austenitic matrix, Figure 4.  
 
If the second phase has a percentage of 25% it is theoretically still possible that this phase is 
distributed in islands. For the austenitic steels this would mean that there is still a non-interrupted 
austenitic matrix with relatively homogeneously distributed martensite islands. The work 
hardening is primarily determined by the work hardening of the austenitic phase. With increasing 
martensite content above 25% there will always be a network of martensite. The work hardening 
changes accordingly and will show a stronger increase due to the higher strength of the 
martensite.  
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25% second phase (islands) 50% second phase (network) 
Figure 4. Comparison of possible distributions of two phases 
 
In industrially produced steels it is possible that the distribution of martensite is not completely 
homogeneous. This is the reason why for several steels the change in the strain hardening 
behaviour can be observed at lower martensite contents (down to 20%). Generally, the 
martensite transformation has not to be taken into consideration in simulation if the fraction of 
martensite formed does not exceed 20%. This is valid for the martensite which is determined by 
the chemical composition of the steel but as well for the martensite which is formed under 
different temperatures and stress states. Processes with an extensive adiabatic heating (as Crash- 
or dynamic forming processes) do not necessarily have to take the martensitic transformation 
into account as long as the critical value of 20-25% is not exceed. 
 
Martensite evolution in simulation 
 
Isothermal conditions 
Olson and Cohen [7][8] described the transformation kinetics based on martensite nucleation at 
shear-band intersections in austenite. 
  

( )εα ⋅−−= exp1SBV   SBV  – Number of shear bands 
  α  – Constant 
  ε  – Strain  
 
The number of shear bands refers to a certain volume of austenite. The function includes a 
constant K which reflects the martensite geometry and an additional geometry exponent n. 
Finally a probability is calculated that two shearbands show an interface and martensite 
nucleation starts. 
 

( )( )( )n
MV εαβ ⋅−−⋅−−= exp1exp1%  

  %MV  - Martensite volume 
  β  - Probability of martensite formation  
 
One major problem of this model was the missing consideration of multi-axial load cases which 
exhibit a strong influence on the martensite formation. Hecker succeeded to model the influence 
of complex multi-axial stress states by implementing the equivalent strain according to von 
Mises which showed better results than the equivalent strain according to Tresca for steel  
1.4301 [9]. Isothermal models are generally suitable in applications where the material does not 
change its temperature during deformation. This may be possible in several extremely slow 
forming operations or in those which offer an intensive temperature control as cooling or heating 
in combination with moderate forming speed.  
 
 
 

γ α‘
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Non-isothermal conditions 
If the temperature changes during forming, e.g. as function of friction or adaiabatic heating, non-
isothermal models have to be chosen. The most important model which is nowadays available in 
several FE-codes is the Hänsel model. Hänsel reformulated the model of Ludwigson and Berger 
to be independent of strain in order to be able to simulate non-isothermal processes [10][11]. The 
martensite formation is given by 
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After integration the yield stress equation is given 
 

( ) ( )( )( )( ) m
n

HSHSHSy VHTKKmABB αγεεσ ′→∆+++−−−= 210exp  
   
  ε  - effective plastic strain 
  Vm - martensite volume  
  T - temperature 
  yσ  - flow stress 
  A, B,C,D, p, Q, AHS, BHS, m, n, K1, K2, αγ ′→∆H , 0ε - parameters 
 
The authors refer to other and own works demonstrating the difficulty to simulate non-isothermal 
processes with an isothermal description. The reason for this is claimed to be the deformation 
and temperature history dependence of the martensite formation. In an industrial forming 
operation, the temperature is raising continuously during the process. An incremental, non-
isothermal material model was formulated with respect to the forming history. The main 
disadvantage of the Hänsel-description is the large number of 14 (!) material parameters which 
has to be determined. This can be done by simple tensile tests equipped with an additional 
temperature- and martensite-measurement. Based on the model of Hänsel, a strongly simplified 
model was developed using neural networks by Heinemann [12]. With these models a thermo-
mechanical modelling is possible and leads to improved results with respect to prediction of 
forces and stresses. Unfortunately, the direct consideration of the dependence on the stress state 
and strain rate is missing. 
 
Conclusions for thermo-mechanical simulations 
What do the previous chapters mean for sense and sensitivity of thermomechanical modelling? 
 

- First, not all metastable austenitic steels which may show a martensitic transformation 
while forming have to be modelled thermo-mechanically. A thermo-mechanical 
simulation makes sense if the martensite fraction exceeds 20%. Lower contents allow a 
simplified modelling using the flow curve determined mainly by the austenite.  

- The martensite fraction itself is governed by the SFE and therefore temperature-
dependent. Non-constant forming temperature or an adiabatic heating result in a non-
isothermal process which have to be considered with special thermo-mechanical models. 

- In those cases, special attention has to be paid to the determination of correct material 
parameters. Nevertheless, the proposed model by Hänsel model with all its advantages is 
not sensitive to changes in stress state. Instable steels which show a marked martensite 
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formation in quasistatic forming may behave differently under multi-axial stresses due to 
the hindered or favoured martensite formation. 

- Besides the conclusions above mentioned, the choice of the correct material description 
does not end at describing the martensite transformation properly. The use of suitable 
yield loci, friction values and failure criteria has a strong influence on the quality of 
simulation results and is a major topic of current research. 
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Abstract 
The paper describes the work carried out to exam some aspects about the feasibility of applying 
a novel manufacturing process known as hot metal gas forming (HMGF) on austenitic and 
ferritic stainless steels. The work is part of the recently finished European RFS-CR-04034 
project. Different experiments have been performed on 1.5 mm 2B sheets and 40x1.5 mm tubes 
of EN-1.4301 and EN-1.4512 steels. Process variables like heating rate, temperature and holding 
time were examined from tests conducted on a Gleeble 1500D machine as to their effects on the 
steels microstructure, thermal gradient built up on the specimen and the power angle of the 
electrical transformer. The effect of the heating process on the hot ductility (deformation stage of 
the HMGF process) was also determined through hot tensile tests. Subsequently, thickness and 
hardness scans and microstructural study of different prototype direct heating HMGF parts 
produced by LABEIN were carried out. In general, the free hot forming process gives, for the 
ferritic steel, more deformation and less symmetry compared to the room temperature hydraulic 
process. The process appears to be conveniently controlled when the deformation is done against 
a die and the axial feeding is properly set. The investigation has shown that the 12 Cr ferritic 
stainless studied is quite apt as to the HMGF process, and accordingly has been considered as a 
reference steel for new improvements of this technique. 
 
Introduction 
Important aspects of stainless steels sheet forming processes, which are usually carried out at 
room temperature, are the need of high or very high power machinery due to the high strength of 
these alloys and the continuous requirement of better formability and final properties. 
Accordingly, and in addition to materials optimization, searching for new processes which could 
lead to reduced investment and operation costs and enhanced fabrication and strength properties 
has always been a subject of interest by steel producers and manufacturers.  
 
The hot metal gas forming (HMGF) is a process developed from the late 90s originally intending 
to achieve the above aims for metals like titanium and aluminium. It has hydroforming as its 
main reference technology. Basically, the HMGF is a two stage process in which the work piece 
is initially heated to deformation temperature, either by induction or direct heating, and then 
deformed by gas (usually air) pressure for which an air tighten system is to be provided. Flat and 
tubular products can be deformed by such HMGF process.  
 
Once the basic HMGF concept has achieved a significant level of readiness for soft metals, a 
further challenge is to exam the potential of the process for high strength steels, including 
stainless grades. This is the main objective of the European RFS-CR-04034 project, from which 
the work described hereafter is extracted. The paper is focused on the feasibility of direct heating 
HMGF for common 12 Cr superferritic and 18-8 CrNi austenitic sheet and tubes through 
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laboratory tests in terms of post heating features and inherent ductility, and by characterizing 
prototype sheet and tube HMGF parts manufactured by LABEIN. 
 
Materials and experimental 
Stainless steel grades for the study were of the austenitic EN-1.4301 and ferritic EN-1.4512 
types, in (2B, 1.5 mm) sheets and (2B, 40x1.5 mm) tubes manufactured from mill heats 
produced by ACERINOX which have the average compositions shown in Table 1. The tubes 
were manufactured by TIG welding (austenitic) and high frequency welding (ferritic). 
 
Table 1. Chemical compositions of the sheet and tubes materials under study, in weight %. ASTM GS of sheets. 
 

Steel grade C Si Mn Ni Cr S N Ti GS 
1.4301 0.049 0.26 1.76 8.16 18.3 0.005 0.0497 - 8.1 
1.4512 0.010 0.46 0.23 0.16 11.7 0.001 0.0113 0.132 7.2 

 
The work carried out to exam the feasibility of forming standard stainless steels by HMGF 
comprises three main areas, namely a) effect of the heating sequence on the steel grain size, 
transformer power angle and thermal gradient developed along the work piece; b) materials hot 
ductility; and c) features of prototype parts in terms of thinning, hardness and microstructure. 
 
Test specimens for a) and b) tasks were directly prepared from delivery sheet samples, while 
both sheet and tube HMGF pieces for the c) study were produced by LABEIN using its own 
taylor-made devices, some of which are shown in Figure 1. 
 
 

 
 
 
 
 
 
 
 
 

Figure 1. Experimental devices for the sheet (left) and tube (right) free expansion HMGF trials by LABEIN. 
 
Effects of heating parameters 
The main direct heating variables (heating rate, target temperature and holding time) were 
studied by ACERINOX on supply sheet samples through tests conducted on a Gleeble 1500D 
system, which heats the sample by Joule effect. The effects of these parameters were assessed as 
to the grain size which is present when the deformation process stage is to commence; the 
electrical transformer response (through the power angle parameter) to meet the heating 
programme; and the lengthwise thermal gradient which is built up on the test specimen between 
the grips of the heating device. The tests variables are shown in Table 2. 
 
Table 2. Test parameters for the heating tests conducted on a Gleeble 1500D system. 
 

Heating rate (ºC/s) Aim temperature (ºC) Holding time (s) 
50 
100 
200 

1000 
1100 
1200 

0 
5 
10 
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Combining the above parameters has the referred effects which are shown in the figures that 
follow. Common Gleeble test features: 20 mm width flat specimens, cupper jaws, K-type 
thermocouples (control in centered position, measuring 20 mm offset, 50 mm free span). 
 
 
 
 
 
 
 
 
 
 
 
 
    

 

Figure 2. Gleeble heating tests: effect of test variables on the microstructure grain size. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Gleeble heating tests: effect of test variables on the electrical transformer operation (power angle). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Gleeble heating tests: effect of test variables on the lengthwise thermal gradient measured between control 
and 20 mm offset thermocouples. 
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Hot ductility 
In a high temperature deformation process, the features of the work piece, in terms of 
microstructure and temperature distribution at the point in which the deformation is to begin, are 
determined by the heating method (Joule effect in the case of the HMGF under study), the 
materials physical properties and the heating parameters. Counting on this, and bearing in mind 
that improving formability is expected to be an additional benefit of the HMGF process, the hot 
ductility of the stainless grades being studied was assessed by high temperature tensile tests 
conducted on the Gleeble system on samples heated under different heating conditions (shown in 
Table 3). Test arrangements were equal to those already used in the previous study on the effects 
of heating variables. The ductility was calculated from fracture reduction in width (in %). 
 
Table 3. Test conditions for the Gleeble’s hot ductility study. 
 

Heating rate ºC/s 50, 100 
Test temperature ºC 1000, 1100 

Holding time s 0, 5 
Strain rate 1/s 0.1, 1.0 

 
The test results are collected and shown in Figures 5 and 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Gleeble hot ductility tests on the 1.4301 stainless grade: 0.1 1/s (left) and 1.0 1/s (right). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Gleeble hot ductility tests on the 1.4512 stainless grade: 0.1 1/s (left) and 1.0 1/s (right). 
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Characterization of prototype HMGF parts 
The following experimental HMGF parts were produced and studied by LABEIN and 
ACERINOX, respectively. Circular hydraulic bulge ferritic sample is included as reference. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Sheet bulge tests: HMGF 950ºC, 33 bar on ferritic (left), HMGF 1100ºC, 45 bar, 10 s on austenitic 
(centre), and room temperature hydraulic test on ferritic (right). 

 
 
 
 
 
 
 
 
 
Figure 8. HMGF tube bulge tests: free expansion on ferritic at 1020ºC, 10 bar, 10 s (left above) and on austenitic at 
1100ºC, 20 bar, 5 s (left below); and expansion against a die + axial feeding on ferritic at 950ºC, 19 bar (right). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Thickness (left) and hardness (right) scans parallel to rolling direction on ferritic and austenitic free 
expansion sheet samples. 
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Figure 10. Thickness (left) and hardness (right) scans normal to rolling direction on ferritic and austenitic tubes. 
 
Final comments and conclusions 
The feasibility of the direct heating hot metal gas forming (HMGF) process for widely used 
stainless steels (12 Cr superferritic and 18-8 CrNi austenitic) has been examined in a twofold 
approach. First, through laboratory tests to address technology and metallurgy aspects of the 
direct heating process: microstructure and temperature profile after heating, and heating affected 
ductility. Secondly, by characterizing prototype sheet and tube HMGF parts made by LABEIN. 
 
Compared to the austenitic, the ferritic stainless has been found to be more sensitive to the 
heating parameters, as derived from the verified straight effect of grain growth as a function of 
temperature and holding time. The power angle increase is directly related, to greater extent in 
the austenitic, to the heating rate and is no affected by the target temperature. The best hot 
ductility is achieved in the case of the fine grained ferritic material.  
 
As to the prototype HMGF process itself, the study shows that the free expansion version of it 
tends to yield larger but more uneven deformation compared to the standard room temperature 
hydraulic counterpart process in the case of the ferritic sheet and tube. Comparatively, and for a 
given aim temperature, the stronger austenitic steel requests much higher air pressure. On the 
other hand, both reasonably uniform strain distribution and correct final features are achieved in 
the case of the ferritic steel tube produced by the constrained HMGF process.  
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Abstract 
The industrial application of stainless steels is of high importance, because of its high corrosion 
resistance and forming behaviour. However, there are also other extensive material properties 
considering metastable austenitic stainless steel. Actual industrial projects investigate the 
application of stainless steel as composition components in automotive engineering to realize a 
lightweight construction [1]. Due to the martensite evolution in deep drawing processes, the 
material affects an increase in strain-hardening. In the collaborative research centre 675 of DFG 
(German Research Foundation) - “Creation of high strength metallic structures and joints by 
setting up scaled local material properties”, this effect is being researched at the Institute of 
Metal Forming and Metal-Forming Machines (IFUM) of the Leibniz Universität Hannover. In 
the here described sub-project, the aim is the combination of different material properties for the 
generation of special load adapted components in forming operations e.g. crash relevant carrier 
systems. In this project, these parts are characterised by austenitic ductile regions and martensitic 
high-strength areas, generated in one deep drawing process of EN 1.4301 (AISI 304). To 
produce such stretched out areas, an applicable deep drawing tool is developed with defined 
additional forming elements. By these additional forming elements an increase in martensite 
concentration is effectuated. 
To generate specific load adapted material properties, different investigations were conducted to 
research those attributes in crash- and Nakajima-tests. The material behaviour of local 
martensitic structure parts is analysed in a drop impact tester. A demonstrator part for carrier 
systems e.g. in automotive industry combines this austenitic and martensitic material behaviour 
in one part. A defined folding behaviour at crash impact can be determined for those structured 
parts due to the high energy absorption of martensite. 
Moreover, Nakajima samples with martensitic structure fields as local strain-hardening are 
produced to get detailed information about the material behaviour of such combined properties. 
The determination of the Forming Curves of this modified material enables a first statement 
about the load-dependent application area regulated on the state of stress. In order to realize an 
applicable adaptation of material properties for the application area, it is very important to 
determine best stress and strain states to design components. The material characterisation of 
these combined properties in one material shows auspicious perspectives for forthcoming 
investigations to apply different attributes in parts made of one metastable stainless steel. Further 
investigations will consider more metastable steels to compare differences in respective material 
behaviour. 
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Introduction 
The good forming and crash behaviour of metastable austenitic steels like the EN 1.4301 is well-
known. To generate load-adapted components with locally different material properties, the 
strain-induced martensite transformation during deep drawing is utilised. Additional forming 
elements in a deep drawing tool effect an increase in strain-hardening due to martensite 
evolution. Martensite generation is a transformation from an austenitic ductile fcc-lattice into a 
high-strength α’-martensitic-lattice. In other cases, the austenite transformes into a non-stable 
hcp-lattice of the ε-martensite, and continues to change lattice into α’-martensite. The 
ε−martensite does not combine the same strength like the α’-martensite [2, 3]. 
At the IFUM a deep drawing tool with pins as additional forming elements is created. It allows a 
free arrangement of different geometries and designs for the generation of martensitic structures 
in sheet metal. Figure 1 (left) shows different designs of structure fields in EN 1.4301. Aside, the 
deep drawing tool is pictured with an enlarged detail of the punch. Thereby, the arrangement of 
pins is demonstrated. The die is equipped with recesses for all posible dispositions of pins in the 
punch. The structure field comprises martensite contents in the range of about 10% up to a 
maximum of about 15%, measured by the Feritscope. 
 

 
Figure 1. Different martensitic structures in EN 1.4301 (left), produced by additional forming elements in deep 
drawing tool (right) 
 
One aim of this project is a defined folding of crash components due to the existence of different 
material properties in one and the same part during deep drawing. Therefore, a carrier 
demonstrator system has been produced and investigated in crash tests (figure 2). The material 
behaviour of structured and non-structured demonstrators have been compared. To get more 
information in detail about the martensitic-austenitic material mixture, Nakajima-tests with 
structured samples were conducted. 
 
Crash performances of load-adapted components 
The crash performance of strain-induced martensitic structures are studied on a z-profile 
demonstrator for carrier systems with a length of l = 200 mm and a width of w = 53 mm, shown 
left in figure 2. To enable a closed contour of this geometry, two parts are joined by using non-
vacuum electron beam welding. One aim of this work is the realisation of a defined folding 
behaviour in the area between martensitic structures. The folding appears while setting up a 
rabbet of an austenitic ductile region between martensitic high-strength areas. With the 
martensitic structure fields, the parts are able to absorb more crash energy. The first formation of 
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folding always takes place between the martensitic structures. The crash performance is mainly 
influenced due to the combination of two material behaviours in one part. Tests were conducted 
with a drop impact tester, pictured in figure 2 on the right side. Test parameters are a crash 
inertia of m = 100 kg, a crash height of h = 4 m, a measured velocity of v = 8.4 m/s and a total 
crash energy of E ≈ 3670 J. 
 

 
Figure 2. Carrier demonstrator system for crash tests with different material properties (left), assembly of the crash 
test 
 
The impact on these crash demonstrators are measured with a strain gauge force transducer. 
After a distance of 160 mm from the first contact of demonstrator top and crash inertia, an 
emergency deceleration happens due to additional crash absorber. The aim of this test is to prove 
a defined folding between the martensitic high-strength structure fields. The results are compared 
with those of a non structured crash demonstrator. Both components are made of stainless steel 
EN 1.4301 with a sheet thickness about s0 = 1.0 mm.  
 
Crash behaviour of a non-structured demonstrator 
First crash tests were carried out with a crash demonstrator without martensitic structures in 
material 1.4301. Figure 3 shows the crash process from beginning till end. The buckling 
behaviour of this stainless steel is very good due to the high ductility of the austenitic steel. First 
folding can be seen at the bottom of the demonstrator in the middle picture of figure 3. 
 

 
Figure 3. Crash process of an unstructured demonstrator from the beginning (left) to the end (right) 
 
Moreover, this tests proceeds with a continuous folding of material. Due to a deformation way of 
smax = 160 mm, the crash inertia is decelerated (figure 3, right). The activating of the emergency 
stop avoids an onward of folding. 
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Crash behaviour of a structured demonstrator 
In comparison to the previous result, figure 4 shows a crash demonstrator with martensitic 
structures. Obviously, a defined folding can be achieved due to martensitic structures. In 
figure 4, the middle picture presents the formation of first folding between the structure fields. 
The formation of folding starts at the head of the demonstrator and disperses to the bottom. 
Moreover, due to a deformation way of smax = 146 mm, a deceleration of the inertia is not 
necessary. Following investigations will specify the influence of martensitic structure fields in 
these conducted crash analyses in a drop impact tester. 
 

 
Figure 4. Crash process of a structured demonstrator from the beginning (left) to the end (right) 
 
Summary of the crash performance results 
The crash performance behaviour of both components is as good as expected. It can be stated, 
that the stainless steel EN 1.4301 is adequate for components in crash applications. 
Moreover, the comparison of both tested structures basically show distinguishable results 
differing in energy impact, force progression and deformation process. This has been visualised 
by using a high-speed camera. 
The mechanical influence of the crash performance due to martensitic structures is remarkable. 
The presented crash investigations are very auspicious for further investigations. 
 
Forming Curves (FC) of structured material 
To realize load adapted material properties like a better crash performance in the considered 
steel, the influence of the martensitic high-strength structures on the material behaviour have to 
be investigated. To research the modification of the material due to martensite evolution and 
increase in strain-hardening, Nakajima-tests have been accomplished. The chosen design of 
structures is identical with those seen of the structured crash demonstrator with a pin diameter of 
d = 5 mm and a pin distance of di = 5 mm. All seven Nakajima-samples have a structure field in 
the middle according to the design of the crash demonstrator. By the Nakajima-tests a different 
material behaviour depending on the state of stress is shown. Samples crack at different places, 
because of the different states of stresses, influenced by sample geometry. They are depending 
on the occurrence of maximum true strain ϕ1. Due to this, it has been challenging to determine 
the Forming Limit Diagram. The late cracking of sample 7 influenced by the formation of two ϕ1 
maxima due to the martensitic structures, adulterate the evaluation of the FLC. Thus, the diagram 
does not include sample 7 and the range of biaxial stretch-forming (figure 6). Figure 5 shows the 
local varieties of major true strain exemplary in sample 5. One interesting point is the formation 
of two local maximums alongside the struture field in the middle of the samples.  
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Figure 5. Major true strain distribution of Nakajima-sample 5 after crack 
 
As a result, the gained Forming Curves (FC’s) of different material properties are gained for 
different areas in the samples (figure 6). For an advanced description of the different areas of 
material behaviour in one and the same part, three curves for different states of strain were 
plotted. 
 

 
Figure 6. FC’s of structured material EN 1.4301 (left) and the cracked Nakajima-samples (right) 
 
Samples do not always crack in the same area, e. g. between the structures or at the maximum 
major true strain. The curves have been surveyed for the points of the maximum true strain ϕ1, 
the points of cracks and the points in the middle of the structures of the samples. Due to the three 
different curves of one and the same material, the combination of different material properties 
for load-adapted components like crash parts can clearly be seen. Moreover, the austenitic and 
the martensitic areas in the sample are interacting their material behaviour. For basic orientation, 
the FLC of the unstructured material EN 1.4301 is shown, too. 
Curve 3 describes the crack behaviour of all geometric specimens. Due to the different areas of 
material failure, this curve does not specify the material behaviour of the martensitic area 
(Figure 6). The maximum true strain ϕ1 is described by curve 2. While influenced by the 
martensitic structure fields, this curve is lower than the FLC for the material EN 1.4301. All 
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three curves were determined by the cracked samples. However, it may be possible to represent 
one FLC for this geometry, but this work emphasises the different states of strains depending on 
the load-adaption area. The martensitic structure fields were deformed during the Nakajima-tests. 
Thus, different structure fields in samples exhibit another degree of deformation after tests. It is 
important to add, that this curves are just effective for this arrangement of structures while the 
restraint in width direction. The determination of different FC’s in this stainless steel 
demonstrates the local distinctions of material properties due to martensite evolution in austenitic 
stainless steel. The different material behaviours of the researched areas correlate with the 
dissimilar states of stresses like plane strain or tensile stress. 
Interpreting the curve of crack determined with martensitic structures Nakajima-samples show 
three areas of this curve. First, at a minor true strain ϕ2 = -0.3 to -0.05, cracks occur in the zone 
of martensitic structures in samples 1 to 3. The minor true strain ϕ2 = -0.05 to 0 is the transition 
zone. The place of crack changes from the middle of the structures to the maximum of major true 
strain ϕ1. The last area considering in this curve is ϕ2 = 0 to 0.18. Here, the crack appears at the 
maximum of the true major strain ϕ1. Moreover, the curve of the crack behaviour shows a good 
accordance to the curve of the basic material EN 1.4301 in the range of plain strain (ϕ2 = 0) 
through the biaxial stretch-forming (ϕ1 = ϕ2). 
 
Conclusion 
The good crash behaviour of the stainless steel EN 1.4301 could be upgraded due to the strain-
induced martensite evolution. Martensitic structures influence the folding behaviour basically. 
The gained Forming Curves of the structured stainless steel prove the load-adaption realized by 
martensite evolution during deep drawing. By the shown structure field the load-adaption for a 
range of minor true strain ϕ2 = -0.05 to 0.18 could be proved. This work considered the different 
Forming Curves for different states of strain. Due to this, the determination of the FLC was 
neglected. Further investigations will deal with more metastable austenitic stainless steels like 
EN 1.4318 and EN 1.4372. 
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Abstract 
A review of a number of studies performed within the Outokumpu Stainless Research 
Foundation covering properties of stainless steel overlap joints is presented. The type of joints 
covered are: 

- spot welded stainless to stainless and to galvanised carbon steel,  
- adhesive bonded stainless to stainless,  
- weld bonded stainless to stainless,  
- laser welded stainless to stainless and to galvanised carbon steel,  
- clinched stainless to stainless steel. 

 
The materials studied are EN 1.4301 and EN 1.4310 stainless steels and high strength duplex 
stainless steels with the thickness range 0.7 – 4.0 mm. Fatigue properties in terms of Wöhler 
curves are compared between the different joining methods using load transfer capacity per unit 
length of the joints. Fatigue strength is shown to be independent of material strength for spot 
welded joints. Spot welded, laser welded and clinched joints show similar fatigue properties for 
1 mm sheet joints. Adhesive bonded joints are five-fold stronger and the weld bonded joints 
show considerable scatter with a lower bound fatigue strength between spot welded and adhesive 
bonded joints. 
 
Introduction 
Structural applications represent one of the fastest growing segments for stainless steel. In the 
US market some 20 percent of all stainless steel is estimated to be used in this market sector. A 
good example of a growing sub-segment is the transportation, e.g. in busses and trains.  
It is not only the corrosion resistance of stainless steels, which is of interest. To further increase 
the penetration of this market it is important to develop our understanding of the mechanical 
properties of stainless steel and stainless steel structural elements. This implicates, among other 
things, a need to develop joining techniques suitable for these applications, to establish the 
behaviour of structural elements under static and dynamic loads and to develop design guides. 
In the basic mill-annealed condition stainless steel grades are available with typical yield 
strengths ranging from 260 to 620 MPa. In the temper rolled (cold rolled) condition, grades are 
available with yield strengths of from 350 to over 2000 MPa. The high strengths available will 
lead to lighter, more slender structures based on thin sheet panels, shells and members in general.  
The thin sections will call for new and innovative techniques for fabrication and joining of 
members. Traditional butt welding techniques will still be used but the thin section will make it 
feasible to join with other methods using overlap type of joints.  
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In the present paper, a number of overlap joining methods are considered with special focus on 
the fatigue properties of such joints. Most of the results presented are results from a series of 
PhD studies financed by Outokumpu Stainless Research Foundations in a long term program to 
increase the knowledge on thin sheet joining techniques [1]. Also some data from the “Light and 
safe”-project [2] has been added in the results presented. 
 
Single-Overlap Joint 
The basic type of overlap joints is schematically shown in Figure 1. The joining technique is 
assumed to be adhesive bonding but could as well be spot welding, laser welding, clinching, 
riveting or a combination of these. The single lap joint with some modification is for obvious 
reason the most widely used.  
 
 
Low load level  

 
Plastic hinges 

 
 
 

 

Maximum elastic stress concentration Fracture 

 
 

 

Figure 1. Deformation of single over-lap joint during loading. 
 
Rotation of overlap joints. 
The eccentricity of the load path, results in a rotation of the joint during loading. This will result 
in a tensile load (Mode I) in combination with the shear load (Mode III). This effect has been 
demonstrated a number of times over the last half century. The first analytical solution to show 
this was made by Goland & Reissner [3] in 1950's.  
 
Lap joint load transfer capability. 
In most engineering research reports the tensile and fatigue strengths are given in terms of net 
section stress. This is the case also for continuous butt joints. For spot welded joints there seems 
be no general rule. Some reports give total load and define the number of spot welds, others 
report the strength as the net section stress of the specimen tested and still others have reported 
strength as the corresponding shear stress on the nugget.  
 
To be able to compare the properties of different joining techniques the strength of the joints will 
be given both as the net section stress on the thinner of the two sheets joined and as the “line 
load”, Q, i.e. the load divided by the width of the joint. Dividing the line load with the thickness 
then gives the net section stress.  
 
For discontinuous joining techniques (e.g. spot welding, riveting, clinching) the width of the 
joint has to be defined for each technique. In the following the optimal distance between the 
closest two spot welds, the “pitch”, will be calculated by Eq. (1): 
 

  3
2

1
2 )314( t

tte ⋅+⋅=   where t1  ≥ t2  Eq. (1) 
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For a spot welded joint the line load is thus calculated as load per nugget divided by the pitch 
calculated by the equation above.  
 
Materials 
The nominal chemical compositions of the materials in this paper are given in Table 1. 
 
Table 1. Nominal chemical compositions (wt.%) of materials studied. LDX 2101® is an Outokumpu registered trade 
mark 
 

Material C Cr Ni Mo Mn Other 
EN 1.4301 0.02 18 9    
EN 1.4310 0.10 17 7    
EN 1.4401 0.02 18 12 2.5   
LDX 2101® 0.02 21 1.5  5 N 
2304 0.02 23 4   N 
2205 0.02 22 5 3  N 

 
Fatigue properties – Spot welded joints 
The fatigue properties of spot welded joints of stainless steel sheets range from 6 to 60 MPa 
compared with the bulk fatigue properties of 250 to 400 MPa. This poor fatigue strength 
demonstrates the importance of a reliable design tool for spot welded joints. Linder et al [4, 5] 
(among a lot of other researchers) suggested a fracture mechanics approach for the analysis of 
the results. The basis for this was that the two sheets create a crack with the tip at the weld 
nugget. Stress intensities around the weld nugget for Mode I-III could be calculated in order to 
find the maximum stress intensity and its location.  
The result from this calculation is presented in the form of an effective stress intensity factor, 
Keff, defined in [4] as: Keff = (KI

 2 + KII
 2+ KIII

 2/ (1- ν))½ . 
For single overlap joints, Keff

max , is located in the loading axis direction where fatigue cracks 
were observed to initiate. If all failed specimens were recalculated using Keff

max/P, where P is the 
applied load. The stress intensity ranges, ∆K = ∆P * (Keff

max/P), versus number of cycles to 
failure for all specimen types, thickness and grades are shown in Figure 2. Data from Refs. [4-7]. 
 

 
Figure 2. Stress intensity ranges versus number of cycles to failure for all specimen types, sheet thickness and steel 
grades. 95% confidence limits are shown. 
 
From Figure 2 it is evident that the spot welded joints are a fracture mechanics problem and that 
it could be descibed and understood using this technique. Fatigue strength is independent of 
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materal strength for spot welded joints. Spot welded and projection welded joints show similar 
fatigue strength. 
 
Fatigue properties - Adhesive joints 
Boyes [8] tested box-type specimens with a 40 mm overlap using 4 mm gauge EN 1.4301 
material. In figure 3 his results using the stiff “Box” specimen are compared with results from 
testing of single overlap joints with 1.5 mm gauge sheet and with two bondline thicknesses. The 
load range is given as load per unit length of the joint. 

 
Figure 3. S-N curve for 4 mm flanged specimen and 1.5 mm specimen overlap joint in grade 1.4301.  
 
For the 4 mm thick material using the stiff “Box” specimen the fatigue strength at 106 cycles is 
estimated to be 500 N/mm compared with 80 N/mm for the thinner material in the overlap joint 
configuration. For longer lives the increased bondline thickness does not affect the strength.  
Although results in Refs. [8-10] from dry air testing indicate a dramatic increase in fatigue 
strength going from spot welding to adhesive bonding, a number of questions about adhesive 
bonding have to be resolved. The long term behaviour and the effect of different environments 
on bonded joints needs special attention.  
 
Fatigue properties - Weldbonded joints 
Results given in Refs. [5, 8-10] together with the results from identical specimen type for both 
spot welding and adhesive bonding shows that the fatigue limit for weldbonded joints is 
estimated to be approximately twice that for spot welded joints but less than half of that for 
adhesively bonded joints. 
 
Fatigue properties - Laser welded joints 
Compared to spot welding, laser welding can be done continuously, drastically reducing the 
stress concentrations in the joint as dicussed by Kaitanov [11]. Dinsley [12] studied laser welded 
overlap joints between stainless steel and galvanised carbon steel.  
Linder et al. [13] have tested laser welded cold-worked EN 1.4301 (304). For shorter lives they 
showed that an increase of weld width for 1.0 mm sheet joints from 0.6 to 1.3 mm increased 
fatigue strength by about 30 %. At the same weld width the strength increased by 75 % with 
increasing sheet thickness to 2.5 mm.  
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A summary of the results from Refs. [11-13] is given in Figure 4. It can also be noted that a 
wider weld increases the fatigue strength. The fatigue strength in terms of line load range is 
almost linearly related to the sheet thickness at similar weld width. This means that the nominal 
net section stress range is equal at about 60 MPa. (This may to be compared with duplex 
LDX 2101® butt weld with fatigue strength of 278 MPa.) V1437 is a carbon steel. 

 

1.2mm V1437(top)-1mm 304 Lap weld 1mm 304 (top)-1.2mm V1437 Lap weld
1.2mm V1437 (top)-0.78mm 2205 lap weld 0.78mm 2205 (top)-1.2mm V1437 lap weld
1mm LDX2101 lap weld 1.2mm V1437 (top) - 1mm LDX2101
1.2mm V1437 (top) - 1mm 2205 1mm LDX2101-1.2mm V1437 butt weld

 
Figure 4. Fatigue properties of laser welded overlap joints. 
 
Fatigue properties – Clinched joints 
So far most of the experience is with soft, mild steel and aluminium alloys in the automotive 
sector. The response given by stainless steel, with their characteristic strong deformation 
hardening and high ductility, have to be investigated to establish the limitations for clinching. 
Fatigue of clinched stainless steel joints have been reported by Jacobsen [14]. Since clinching 
introduces large plastic deformations in the clinched area, a less stable EN 1.4301 (CrNi 18-10) 
and the more stable version (CrNi 18-12) were tested and results are shown in Figure 5. 
 
Sjöström [15] tested three grades with different austenite stability; EN 1.4310, EN 1.4310 and 
EN 1.4401, all annealed. As opposed to [14] for round clinch the fatigue properties increases 
rapidly with increasing degree microstructural stability and decreasing strength for the 
rectangular clinch. The fact that rectangular clinches contains macrocracks (clinch size) normal 
to the loading direction could explain the different response to the strength in the deformed 
(clinched) area. Round clinched joints have about twice the fatigue strength of the rectangular 
clinched joints. 
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Figure 5. S-N curves for 1 mm clinched lap shear joints, grade 1.4301 with two different Ni-levels.  
 
Summary 

- Fatigue strength is shown to be independent of material strength for spot welded joints. 
- Spot welded, laser welded and clinched joints show similar fatigue properties for  

0.8 – 1.5 mm sheet thickness of about 70 N/mm. 
- Adhesive bonded joints are five-fold stronger compared to spot welded joints. 
- Weld bonded joints show a fatigue strength between spot welded and adhesive bonded 

joints. 
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Abstract 
Welding of stainless steels is affected by regulatory trends towards reduction of limits for exposure 
to welding fume. The physical and chemical characteristics of welding fume are described and 
concerns about possible health hazards are explained. The nature of the response by authorities in 
different countries shows the need for industry to take positive steps to accommodate stringent 
regulations. Practical measures to manage the changing situation are outlined. 
 
Introduction 
Arc welding and allied processes generate particulate fume, which has the potential to affect the 
health of welders and others, if inhaled. Occupational health authorities therefore define limits to the 
concentration of fume in the workplace, not only in total but also in terms of the individual 
constituents that make it up. Filler metals for stainless steels contain chromium, nickel and 
manganese, compounds of which are subject to control under the regulatory regime. The purpose of 
this paper is to define the characteristics of stainless steel welding fume, to review trends in 
regulations, and to suggest the response that is required to meet changing demands. 
 
Characteristics of welding fume 
 
Physical characteristics 
Almost all welding fume is generated by the filler metal; little originates from the austenitic or 
duplex stainless steel being welded. It is formed by a mechanism involving vaporisation, oxidation 
and condensation. Particles are very small: in an early study [1] of fume produced by an E308-16 
flux-coated electrode it was found that they were individual spheres or clusters of spheres that had 
been fused at high temperature; 75% were smaller than 0.2 µm, 24% smaller than 0.4 µm, only 0.2% 
larger than 1.0 µm. Comparable results were obtained for fume generated during plasma cutting of 
austenitic and duplex stainless steels [2] and for tungsten inert gas welding [3]. 
 
Chemical composition 
An analysis [1] of welding fume from a flux-coated stainless steel electrode is compared with a 
typical weld metal composition in Table 1.  
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Table 1. Chemical composition of MMA stainless steel weld metal and fume 
 

Mass %  AWS A5.4 E308-
16 Fe Si Mn Ni Cr K Na F 
Weld metal* Bal. 0.6 1.0 9.5 19.0 - - - 
Fume [1] 10.8 4.9 6.20 0.75 5.6 18.9 10.4 16.8 
* Manufacturer’s typical data 

 
The proportions of the alloying elements differ from those in the weld metal due to variations in 
their vapour pressure; thus manganese is over-represented and nickel is under-represented. Fume 
particles are complex. Advanced techniques have been used [4] to show a core-shell structure 
formed by the different condensation temperatures of the elements within the fume. Particles of 
K2(Cr,Mn,Fe)O4 

were enclosed in coatings formed from elements in the flux covering, particularly 
SiO2. The presence of hexavalent chromium compounds is typical of flux-shielded processes. 
 
In the absence of flux effects, the composition of welding fume generated during gas-shielded metal 
arc welding more nearly reflects the composition of the filler wire:  
 
Table 2. Chemical composition of GMAW stainless steel weld metal and fume 
 

AWS A5.9 
ER316LSi 

Mass %  

 Fe Si Mn Ni Cr (total) CrVI 
Fume 39.5 0.96 14.6 3.7 16.4 0.17 
Wire* Bal. 0.8 1.4 12.8 18.5 - 

   * Typical analysis – manufacturer’s data 
 
A particularly noteworthy characteristic of fume from gas-shielded welding processes is the small 
fraction of the total chromium content in the hexavalent form. Nickel is in the form of spinels such 
as NiFe2O4 [5]. The core-shell structure appears to be less common in this type of fume. 
 
Hazards 
Since welding fume particles generally fall within the respirable range [6], they are capable of 
entering the deepest parts of the lungs and therefore a main focus of investigation has been the 
potential for lung cancer among welders. For stainless steel welding fume, the presence of 
hexavalent chromium compounds is a cause for concern because they are classified as carcinogenic 
to humans (Group 1) by the International Agency for Research on Cancer, while trivalent chromium 
compounds are unclassifiable as to carcinogenicity to humans (Group 3). Nickel compounds are 
also classified in Group 1. More recently, attention has turned to manganese, which has been found 
to cause neurological disorders in workers in industries processing manganese and manganese 
compounds.  
 
Risks  
The possibility of long-term effects on the health of welders from inhalation of welding fume has 
been explored in a number of epidemiological studies. The most extensive of these was the IARC 
review [7], which concluded that there was evidence of excess mortality due to lung cancer in 
welders of all types of steels. However, the excess mortality could not be related to cumulative 
exposure to total fume, total chromium, hexavalent chromium or nickel. Subsequent 
epidemiological surveys have produced conflicting results with no conclusive evidence for a 
difference in morbidity between welders of carbon steels and welders of stainless steels. The 
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presence of asbestos in the workplace has been cited by some investigators as the cause of the 
excess risk [8]. There appears to be no clear evidence at present of any influence of manganese in 
welding fume on the health of welders [9]. 
 
Exposure regulations 
Table 3 shows exposure limits for total welding fume and for individual components fume generated 
in welding stainless steels.  
 
Table 3. Current exposure limits for total welding fume and constituents 
 

Substance mg/m3 Country Standard/Limit 
Total 
fume 

CrVI CrIII Ni (insol.) Mn 

UK Workplace Exposure Limit (WEL) (5)* 0.05 0.5 0.5 0.51 (1) 
Germany2  31 (0.1/0.05) - - - 
Netherlands Maximum Allowable Concentration 

(MAC) 
3.5 0.025 0.5 1.0 1.0 

Sweden Occupational Exposure Limit (OEL) 5 0.005 
(0.02) 

0.5 0.1 0.11 (0.2) 

USA Permitted Exposure Limit (PEL)  0.005 
(0.05) 

0.5 1 5 

* Figures in brackets previous limits   1respirable 
2No limits for individual substances available under a 2004 ordinance (Gefahrstoffverordnung)  

 

There is little consistency in the concentration limits specified in different countries: in part this is 
due to variation in how the available data on the toxicity of a particular substance are evaluated, in 
part because some authorities are required to take economic factors into account when defining the 
limit. Revision dates also vary. 
 
It is important to note that, apart from limits for exposure to total fume, these regulations apply to 
exposure from a variety of sources and in different industrial environments. For example, the 2006 
US standard [10] for exposure to hexavalent chromium was the result of a critical review of data on 
the health of workers as affected by inhalation of mists, dusts and fumes in applications as diverse as 
alloy production, painting, electroplating, and welding. Thus the substances discussed here are 
classified by valency and solubility rather than as specific compounds. 
 
Conformity 
Calculation shows that the proportion of an individual component of stainless steel welding fume 
governs its allowable concentration, rather than the total fume limit. Thus, for manual metal arc 
fume containing 5% CrVI, 5% Mn and 1% Ni, the maximum permissible fume concentration would 
be 1 mg/m3 in the UK or 0.1 mg/m3 in Sweden, based on the ‘key’ component, hexavalent 
chromium. Protective measures are therefore more demanding than for low-alloy steels. 
 
A hierarchy of controls is often followed to manage risk, such as the following:  
1) Elimination; 2) Substitution; 3) Engineering controls; 4) Administrative controls; 5) Personal 
protective equipment.  
If welding is essential, as is usually the case, level 2) suggests the replacement of flux-based arc 
processes (except submerged-arc welding) by gas-shielded processes, to avoid formation of 
hexavalent chromium compounds. While chromium is indeed present in trivalent form, nickel may 
supplant it as the key component, e.g. in Sweden, giving a maximum total fume concentration of 
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less than 1 mg/m3. The gas-shielded tungsten arc process, in which the arc is not formed with the 
filler wire, produces very little fume. Processes are primarily selected for technical and economic 
reasons, however, and so the scope for substitution is relatively small.  
 
Engineering controls form the main means for restricting exposure, primarily through general and/or 
local ventilation. An analysis [1] of exposure to fume generated by 308L stainless steel consumables 
under controlled conditions in which, with a duty cycle of 20%, total fume exposures of 0.1 mg/m3 

or less were only obtained when the welder’s head was infrequently within the fume plume and 
local exhaust ventilation was used. While published individual data concerning fume from stainless 
steel welding are relatively sparse [12], in an extensive survey of exposure to hexavalent chromium 
in shipyards [13], it was found that local exhaust ventilation did not significantly reduce exposure, 
compared with general ventilation. In contrast, controlled laboratory tests showed that it was 
effective when properly used, pointing to the difficulty of ensuring that controls are fully operative 
under workplace conditions. 
 
There are limited opportunities to control exposure through administrative arrangements. For 
example, since the exposure limit usually relates to an 8-hour time-weighted average, the time a 
worker spends during a shift in welding could be restricted by rotating jobs. 
 
Personal protective equipment, such as helmets fitted with filters or air-fed helmets offers an 
attractive means of protection, though it should only be considered when the benefits of higher-level 
controls have been exhausted. Nevertheless, helmets must be worn continually to be fully effective 
and the degree of protection they offer diminishes rapidly if they are removed for even short periods 
[14]. In some circumstances, it may also be necessary for ancillary personnel to be provided with 
protection. 
 
Discussion 
Conformity with the relevant regulations poses a range of problems for fabricators: they have a duty 
to assess the risk to which their welders are exposed and then to take measures to protect them. 
Initially, fume exposure must be measured; in some cases, this will entail monitoring all exposed 
employees [10] - clearly a relatively expensive and time-consuming operation, particularly for the 
small and medium-sized workshops that form a significant proportion of fabrication businesses. 
They must then formulate a plan for protection that will minimise the risk or at least reduce it to a 
level that is acceptable under the relevant regulations.  
 
A survey [15] of users of hazardous substances in the UK found that most relied on commonsense 
judgements when making risk assessments and only a relatively small minority made measurements 
of atmospheric concentration. It is therefore helpful that some national regulatory bodies are 
publishing guidance notes to show what measures have to be taken to give reasonable assurance of 
conformity with exposure limits. For example, guidelines have been published in The Netherlands 
[16], drawn up on the basis of measurements made in welding workplaces. They take into account 
the concentrations of key components in the breathing zone of the welder, duty cycle, and the 
process-material combination. For example, no special precautions are required when welding 
stainless steels by the TIG process while a separate ventilated space is specified when the MMA or 
GMAW process is used, along with the use by the welder of a filter unit helmet or air-fed helmet. In 
the UK, as part of a regime [17] in which the MEL Maximum Exposure Limit and OES 
(Occupational Exposure Standard) have been replaced by the single WEL (Workplace Exposure 
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Limit), detailed information on good practice has been published as leaflets for employers and 
employees and on a web site. However, these two examples are the exceptions and fabricators have 
no resource of data to relate levels of exposure to different fume components to appropriate 
protective measures. 
 
Up to the present, the fabrication industry has reacted slowly to the challenge of new and more 
demanding exposure limits. For example, a survey [18] showed that a substantial proportion of 
Swedish fabricators of stainless steels were unprepared to meet the requirements of the current 
limits for hexavalent chromium and manganese, only months before their introduction. In the USA, 
OSHA has agreed to allow a period of four years for the development and implementation of the 
engineering controls needed for compliance with the hexavalent chromium standard after its 
introduction in 2006. Recognising that occupational health will no longer be an ancillary activity in 
future, but will be an important consideration in planning welding operations, there is a need for 
positive research and development in anticipation of the difficult times ahead. 
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Abstract 
Effects of alloying with Mn in combination with different levels of N, Ni and Cr were explored 
for lean duplex weld metals. Focus was on finding compositions producing a minimum PREN 
value of 25 while at the same time fulfilling typical requirements on weld metal mechanical 
properties. A number of experimental covered electrodes were developed and corresponding 
weld metal microstructures and properties were evaluated. Strength, ductility and PREN 
requirements were readily matched. However, both a fully ferritic solidification, producing a 
typical duplex weld metal microstructure, and a sufficient Ni-content were necessary to produce 
acceptable and reproducible impact toughness at room and sub-zero temperatures. It was 
concluded that a composition of 23-24%Cr, 7-8%Ni, 0-0.3%Mo and 0.12-0.16%N was well 
suited to fulfil requirements. 
 
Introduction 
Duplex stainless steels nowadays comprise a large family ranging from the lower alloyed lean 
grades, that are cost efficient and compete with the standard austenitic grades, to the highly 
alloyed superduplex and hyperduplex grades for more demanding applications [1-3]. Some of the 
Ni in modern lean duplex stainless steels is typically replaced by a combination of Mn and N in 
order to keep the alloying cost at a minimum while maintaining strength, corrosion resistance 
and a suitable phase balance. The recent rapid increase in Ni- and also Mo-price have made these 
steels very interesting as alternatives to austenitic grades. 
 
There is no clear-cut definition of what is to be considered as lean duplex stainless steels 
(LDSS). It has been proposed that “lean” should be reserved for almost Mo-free grades with a 
Ni-content lower than 3% [4]. Using this definition neither 32003 nor 32304 would be termed 
lean (Table 1). From the welding point of view a slightly different approach can be taken. 
Looking at mechanical properties and corrosion resistance it is clear that all duplex grades leaner 
than standard 22%Cr duplex can be welded with 2209 type consumables (22Cr 9Ni 3Mo 0.15N). 
There are basically two reasons for using a consumable with a composition more closely 
matching the leaner steel grades. Firstly there is an obvious cost advantage if Ni- and Mo-content 
can be decreased and secondly there are some applications where Mo has a negative effect on 
corrosion resistance. It therefore makes sense to develop consumables matching properties of lean 
grades with no or little Mo, such as 32001, 32101 and 32304 (Table 1), treating the Mo-
containing grade 32003 separately. 
 
Welding consumables for duplex stainless steels need to be higher in elements promoting 
austenite formation, compared to the corresponding steel grade, to avoid excessively high weld 
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metal ferrite contents. At the same time it is important to ensure appropriate mechanical 
properties and corrosion resistance. Weld metal design therefore requires a careful balancing of 
 
Table 1. Typical chemistry of some stainless steels. 
 

Steel type AISI/UNS EN Cr Mo Ni Mn Cu N PRE PREN 
304L 1.4307 18 0 9 1 0 18 18 
316L 1.4401 17 2 11 1 0 24 24 Austenitic 

904LN 1.4339 20 4 25 1 1.5 0.1 33 35 
S 32001  20 0.3 1.7 5 0.3 0.15 21 23 
S 32101 1.4162 21 0 1,5 5 0,2 21 24 
S 32304 1.4362 23 0 4 1 0.13 23 25 

“Lean” 
duplex 

S 32003  20 1.7 3,5 2 0.15 26 28 
22%Cr duplex S 32205 1.4462 22 3 6 1  0.17 32 35 
PRE = %Cr + 3.3%Mo,          PREN = %Cr + 3.3%Mo +16%N 
 
alloying elements. The more recently introduced LDSS (32001 and 32101) are both rather high 
in Mn and N whereas the older 32304 grade is higher in Cr and Ni. Possibilities and limitations 
of alloying welding fillers with Mn in combination with different levels of N, Ni and Cr were 
therefore explored for lean duplex compositions. Focus was on finding compositions with 
20.5%Cr to 24%Cr for N-levels producing a minimum PREN value of 25.  
 
Experimental 
In these experiments it was decided to study selected combinations of Mn, Ni, N and Cr covering 
composition ranges of interest for the three Mo-free lean steel grades presented in Table 1. A 
number of specially designed covered electrodes were therefore developed to complement 
previous studies on lean duplex GMAW weld metals produced with experimental metal-cored 
wires [5] and to widen the range of compositions studied. 
 
Thermodynamic calculations 
The phase equilibrium of potential weld metal composition was calculated using the Thermo-
Calc software [6] to select compositions of interest. Figure 1 shows an example of an isopleth for 
N-contents between 0 and 0.3 % for 5% Mn suggesting that high temperature nitride 
precipitation should not be expected but that some austenite might form during solidification, in 
particular at higher N-levels. 
 
Welding and testing details 
Twelve Manual Metal Arc (MMA) all-
weld metals were produced at a heat in-
put of approximately 0.9-1.1 kJ/mm and 
with a maximum interpass temperature of 
150ºC. Welds were deposited in buttered 
ISO-joints using 2.5 or 3.2 mm diameter 
electrodes in 15 mm plate material or 
with 4 mm electrodes in 20 mm plate 
material. Weld metals were subjected to 
metallographic studies, chemical analysis 
and mechanical testing. Tensile test 
specimens were machined from the 
centre of the joints in the longitudinal 
direction. Charpy-V (10x10 mm) 
specimens from weld metal centre were 

Figure 1. Isopleth calculated by ThermoCalc [6] 
varying N between 0 and 0.3 wt.% for a base 
composition of (in wt.%) 0.02 C, 0.7 Si, 5.0 Mn, 21.7 
Cr, 4.0 Ni, and 0.5 Cu. 
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tested at room temperature, at -20°C and for most welds also at 0°C and -40°C. Cross-sections 
were prepared for examination of the microstructure by grinding and polishing to 1 µm diamond 
solution. The samples were then either electrolytically etched in 40% KOH or etched using 
Berahas colour etchant. Microstructures were studied by light optical microscopy (LOM). The 
ferrite content was quantified by measuring the Ferrite Number (FN) using a Fischer Feritscope. 
The chemical composition of weld metals was determined using optical emission spectroscopy 
and LECO combustion equipment for C, S, O and N. 
 
Results 
 
Chemical analysis 
As presented in Table 2 weld metal Mn, Cr, Ni and N contents were varied while the 
concentrations of other elements remained practically constant. The exception was weld metal 7 
that in addition was alloyed with 0.35 % Cu. The aimed minimum PREN value of 25 was reached 
for all except weld metals 10-12. 
 
Table 2. Chemical composition (wt.%) and PREN of experimental MMA lean duplex welds. 
 

Weld Element 1 2 3 4 5 6 7 8 9 10 11 12 
C 0.030 0.027 0.041 0.044 0.05 0.03 0.05 0.03 0.03 0.04 0.04 0.03
Si 0.80 0.76 0.80 0.85 0.91 0.94 0.78 0.58 0.69 0.71 0.72 0.56

Mn 0.96 0.95 5.1 4.9 4.90 0.99 0.77 3.03 3.84 4.87 5.12 2.89
Cr 23.5 23.6 21.7 21.7 20.7 23.7 23.5 22.8 22.9 20.7 20.8 20.5
Ni 8.9 8.8 5.7 3.6 3.5 8.8 7.3 5.2 5.1 4.5 4.6 4.8
Mo 0.05 0.05 0.01 0.01 0.26 0.29 0.25 0.33 0.31 0.31 0.31 0.34
O 0.07 0.07 0.07 0.07 0.06 0.09 0.11 0.07 0.07 0.06 0.05 0.06
N 0.18 0.14 0.25 0.25 0.26 0.17 0.14 0.19 0.19 0.13 0.16 0.18

PREN 26.5 26.0 25.7 25.7 25.7 27.4 26.6 26.9 27.0 23.8 24.4 24.5
(PREN = Cr + 3.3Mo + 16N) 
 
Mechanical properties 
The tensile strength was well above 700 MPa for all weld metals with the highest level for those 
high in N and Mn (Table 3). Yield strength varied between 545 MPa and 805 MPa again with the 
highest level measured for a Mn-alloyed high-N variant. Impact toughness varied significantly 
with values ranging from 31 J to 106 J at room temperature and from 8 J to 58 J at -20°C (J).  
 
Table 3. Tensile properties and Charpy-V impact toughness of experimental lean duplex all-weld metals. 
 

Weld Property 1 2 3 4 5 6 7 8 9 10 11 12 
Rp0.2 (MPa) 545 599 - - 805 758 632 - 646 612 649 673
Rm (MPa) 716 777 773 810 820 779 788 798 807 774 809 807

A5 (%) 34 28 31 27 26 28 25 26 28 28 26 24

Kv at +20°C (J) 46 62 56 31 37 61 63 75 72 103 95 106
Kv at 0°C (J) - - - - - - 52 46 44 67 51 83

Kv at -20°C (J) 38 52 26 8 8 53 48 31 33 40 32 58
Kv at -40°C (J) - - - - - - 42 19 17 23 15 40

 
Microstructure  
The welds could be divided into two groups according to their microstructural morphology 
(Figure 2 and Table 4). Seven of the welds had a typical duplex weld metal microstructure 
throughout (Figure 2 a and b). The second group with five weld metals contained larger or 
smaller regions 
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with a morphology suggesting a mixed ferritic-austenitic solidification (Figure 2 c and d). It was 
noted that the ratio between the Cr- and Ni-equivalents from the WRC-92 diagram could be used 
to predict the solidification mode (Table 4) if weld metals with a Cr content below 22% and 
those with approximately 23%Cr or higher (Table 2) were treated separately. For the lower Cr 
weld metals the shift took place between Creq/Nieq=2.14 and a ratio of 2.18 whereas for the 
higher Cr level the change occurred between 1.83 and 1.89. All welds were free from significant 
amounts of nitrides and contained only minor amounts of secondary ferrite.  

Figure 2. (a and b) Reheated region microstructures of weld metal No. 12 with a typical duplex microstructure 
throughout although with a low ferrite content of approximately 22 FN.  
(c and d) A reheated region in weld metal No. 6 having a morphology with ferrite (α) located mainly 
interdendritically and forming an almost continuos network typical of mixed austenitic-ferritic solidification. The 
average ferrite content was 16 FN. 
 
Table 4. Predicted and measured ferrite number (Ferrite Number (FN)) and observed solidification modes of 
experimental lean duplex all-weld metals. 
 

Weld Property 1 2 3 4 5 6 7 8 9 10 11 12 
Measured FN, 

center 22 33 15 36 35 23 31 41 38 38 27 22 

Predicted FN* 19 25 16 29 21 23 29 45 50 50 33 26 

Creq/Nieq* 1.74 1.89 1.79 2.14 2.01 1.83 1.97 2.28 2.31 2.51 2.33 2.18 
Solidification 

mode* 
FA    
(+F) F FA 

(+F) 
FA + 

F 
F 

(+FA)
FA + 

F F F F F F F 

* According to the WRC-1992 diagram **F = fully ferritic, FA = Ferritic/austenitic 
 
Discussion 
Leaving weldability and cost aspects aside it is essential to design a lean duplex consumable in 
such a way that required mechanical properties and corrosion resistance can be guaranteed. 
 
Corrosion 
Corrosion resistance was estimated using the well established PREN = Cr + 3.3Mo + 16N 
formula. The three Mo-free LDSS steels in Table 1 have minimum PREN values of 20-24 and 

a 

b d

c
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typical values of 25 or less. The consumable should therefore be designed to have typically a 
higher PREN than 25 and a minimum value of 24. Although not reflected in the formula it is 
known that substituting Mn for Ni will lower corrosion resistance [7]. Ni-rich compositions can 
therefore be expected to perform better than Mn-rich compositions at similar PREN values. 
 
Strength and ductility 
The minimum required strength of lean duplex steel grades is in the range 400 MPa to 450 MPa 
in yield and 600-690 MPa in tensile strength depending on grade and product form according to 
ASTM/ASME standards. These levels were matched with a significant margin for all weld 
metals in the present study on MMA weld metals (Table 3) as well as those in a previous study 
on weld metals deposited with metal cored wires [5]. Elongation was in all cases at 24% or 
higher which is well above the requirement (EN and AWS) of 20% for standard 2209 type 
consumables.  
 
Impact toughness and microstructure  
Although LDSS are not designed or typically recommended for low temperature applications a 
reasonable aim is a minimum weld metal impact toughness of 27 J at –40ºC. Several factors, 
many of those interacting, are known to affect impact toughness. This makes it difficult to 
visualise effects in simple diagrams looking at one factor only. However, pooling data from the 
present MMA weld metals and the previous study on weld metals produced with metal cored 
wires [5] and plotting ferrite content against impact toughness (Figure 3) clearly illustrates that 
solidification mode and the resulting ferrite morphology has to be considered.  
 
Excluding weld metals with a mixed austenitic-ferritic solidification morphology (Figure 3b) 
decreases scatter, raise average levels both at –20ºC and at +20ºC and separate the two test 
series. There is however no clear tendency of increasing toughness with decreasing ferrite 
content as is normally expected [8]. 

Figure 3. Impact toughness of lean duplex MMA weld metals and MIG weld metals produced with metal-cored 
wires as a function of weld centre ferrite content. Diagram (a) includes all welds whereas those having a 
morphology with ferrite located mainly interdendritically and forming an almost continuos network typical of mixed 
austenitic-ferritic solidification are excluded in diagram (b). 
 
Another factor known to affect toughness is the inclusion content, mainly governed by oxygen 
content, but the oxygen variation between 0.05% and 0.11% could not clearly be correlated to 
properties. The same observation was made when simple correlations between individual 
alloying elements such as Mn and N where sought. However, there was a slight tendency that 
impact toughness decreased with increasing tensile strength which was generally higher for the 
high Mn + N alloys (e.g. weld metal 4, 5, 10 and 11 in Table 3). Consequently there was an 
indirect effect of these elements. Another related effect is illustrated in Figure 4 showing impact 
toughness at different temperatures as a function of Ni-content. Weld metals with a ferritic-

0

20

40

60

80

100

120

10 20 30 40 50 60
Ferrite content (FN)

Im
pa

ct
 to

ug
hn

es
s 

(J
)

+20ºC
-20ºC

a 

0

20

40

60

80

100

120

10 20 30 40 50 60
Ferrite content (FN)

Im
pa

ct
 to

ug
hn

es
s 

(J
)

+20ºC
-20ºC

b

821



I03-7 

austenitic solidification were again excluded to 
avoid confusing results. The low Ni weld metals 
are those with a higher Mn- and mostly also a 
higher N-content making it impossible to study 
the effect of Ni alone. It can be noted though that 
the temperature dependence becomes much more 
pronounced with decreasing Ni-content. A too low 
Ni-content is therefore not recommendable if 
reliable toughness properties are required at sub-
zero temperatures. 
 
Optimum weld metal composition 
Considering all the above aspects an optimum 
weld metal composition should be low in Mn, 
have a Ni content preferably above about 7% and 
have N-, Cr- and Mo-contents that assure a fully 
ferritic solidification and a PREN of about minimum 25. A proposed composition of 23-24%Cr, 
7-8%Ni, 0-0.3%Mo and 0.12-0.16%N will fulfil all these requirements. It might be appropriate, 
though, to add a requirement on a minimum ferrite content. If ferrite-forming elements are at 
their lower limits at the same time as austenite formers are close to their upper bounds it is 
otherwise possible to produce lower than normally desired ferrite contents.  
 
Conclusions 

- Microstructure and properties of lean duplex MMA weld metals were studied for selected 
combinations of Mn, Ni and N and Cr. 

- Two individual factors were found to be critical to produce acceptable impact toughness 
at room and sub-zero temperatures: 1) A fully ferritic solidification producing a “typical 
duplex” weld metal microstructure and 2) a sufficient Ni-content. 

- It was concluded that a composition of 23-24%Cr, 7-8%Ni, 0-0.3%Mo and 0.12-0.16%N 
was well suited to fulfil requirements on mechanical properties and corrosion resistance. 
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Abstract  
Strip welding is an efficient method for cladding structures such as pressure vessels in order to 
provide a corrosion resistant surface. The deposited weld metal thickness is typically 5-10 mm 
depending on the number of layers employed. This work focuses on welds with compositions 
around 18Cr 13Ni 3Mo, made with either a single layer, a dual layer or a single layer with 
alloying additions via the flux. The observed solidification structures show austenitic dendrites 
with around 5% interdendritic ferrite. Alloying element partitioning agrees with that predicted 
from equilibrium and Scheil-Gulliver calculations using the Thermo-Calc database. Pitting 
corrosion in NaCl and uniform corrosion in hydrochloric and sulphuric acids is concentrated in 
the austenite dendrite centres. This reflects the lower levels of chromium and molybdenum 
contents at these sites and can be correlated to the calculated Pitting Resistance Equivalent.  
 
Introduction  
Electroslag strip cladding (ESW) is an attractive method for rapid deposition of a higher alloyed, 
usually more expensive, protective surface layer on a less corrosion resistant load bearing bulk 
material [1]. The method developed from submerged arc welding (SAW) and involves feeding of 
a strip material with flux added as powder. The difference is that ESW is an arcless method 
which uses ohmic heating to melt strip, flux and parent material. Advantages compared to SAW 
include a 60-80% increase in deposition rate, less dilution from base material and 50-100% 
increased weld speed, giving a higher area cover and less flux consumption [2]. The principles of 
electroslag strip cladding are shown in Figure 1. Recent developments of fluxes [3] introduce the 
possibility to reduce the amount of strip materials to a standard repertoire and instead use 
different alloyed fluxes to meet customer demands regarding alloying grade for certain 
applications.  
 
 

 

 

Figure 1. Principles of electroslag strip cladding (ESW) [1]  
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Experimental  
Three strip welds of approximately 1 m length and 65 mm width were made on a C-Mn steel 
with a maximum C-content of 0.20%. The welding parameters were DC+ with 1200 A and 24 V, 
travel speed 15 cm/min and stick-out 25-30 mm. IM1 and IM3 were single layer welds with a 
maximum height of about 6 and 8 mm respectively. IM2 was a two layer weld made using a 
lower alloyed strip (309LMo) for the 1st pass and a higher alloyed (317L) for the 2nd pass, this 
resulted in a maximum weld height of about 11mm. A standard fluoride basic flux for electro 
slag strip cladding with austenitic strips was used for IM1 and IM2. For IM3 a modified flux 
with additions of Ni, FeCr and FeMo was used. Chemical composition of the strip materials is 
given in Table 1 and for and for welds in Table 2. The analyses were made by optical emission 
spectroscopy (OES) on top surface with a LECO technique for the nitrogen content.  
 
Table 1. Chemical composition of strip material, wt-% ,Fe balance 
 

 C Si Mn P S Cr Ni Mo Cu N 
309LMo 0.010 0.29 1.77 0.007 <0.001 20.4 14.1 2.9 0.09 0.037 

316L 0.017 0.64 1.86 0.030 0.004 17.2 12.8 2.6 0.44 0.027 
317L 0.017 0.38 1.54 0.014 0.012 18.9 13.5 3.4 0.12 0.046 

 
Table 2. Chemical composition of welds, wt-% ,Fe balance 
 

 Strip Flux C Si Mn P S Cr Ni Mo Cu N 
IM1 317L Standard 0.019 0.56 1.17 0.022 0.007 17.39 12.59 3.13 0.12 0.038 

IM2 (1) 309LMo Standard 1st weld pass not analysed!  
IM2 (2) 317L Standard 0.014 0.56 1.19 0.022 0.006 18.58 13.44 3.26 0.12 0.042 

IM3 316L Modified 0.021 0.20 0.94 0.038 0.003 18.31 13.20 3.28 0.43 0.032 
 
Uniform corrosion was assessed by weight loss of all-weld specimens after exposure to 5% HCl 
or 30% H2SO4 at 50°C for one week. Before testing specimens were wet ground to 600 mesh. 
After immersion in the test solution, the surface was activated by touching with a piece of zinc 
so that hydrogen was evolved on the specimen and the passive film removed [4]. CPT-testing 
was done according to ASTM G150 in 1M NaCl solution and are given as solution temperatures. 
The specimens were wet ground to 600 mesh at least 18 hours before testing. In order to identify 
the sites for pit initiation in the welds, immersion testing was done in solution of 15 g FeCl3,  
15 g AlCl3, 100 ml glycerol and 100 ml ethanol [5] at 40°C. Polished specimens were immersed 
for about 20-30s and then evaluated using LOM and SEM. This method usually gives selective 
attack, which reveals which phase or area of the microstructure has the lowest resistance to 
pitting corrosion.  
 
Microstructure  
The microstructure in all cases comprised a predominantly austenitic structure with a small 
amount of an interdendritic phase, Figure 2. The ferrite numbers were in the range 6-8 and 
agreed reasonably with the WRC-92 diagram [6] which predicted ferrite numbers in the range 4-
7. Imaging in SEM showed that the interdendritic phase was predominantly ferrite, but there was 
also a small amount of sigma phase present in all three welds; this was confirmed using EBSD. 
 
Equilibrium and Scheil calculations using Thermo-Calc [7,8] agreed well with the observed 
microstructures, and predicted ferrite and austenite to form from the melt and austenite to 
dominate on continued cooling. At lower temperatures small amounts of sigma and chi phases 
are predicted stable as are small amounts of carbides and nitrides. An example is given in  
Figure 3 for weld IM3 but there were no significant differences between the three welds.  
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IM1, FN=6  IM2, FN=7 IM3, FN=8 

 
Figure 2. Microstructure and ferrite numbers, measured with a Fischer MP30 Feritscope, after milling 2mm 
from the outer surface. Etchant 100 ml H2O, 100 ml HCl, 20 ml HNO3 . 
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Figure 3. Thermo-Calc equilibrium 
calculation showing stable phases [%] 
vs. temperature [°C] for weld IM3 

 
Analyses of weld chemical composition were made at start, centre and end position of each weld 
in a round robin manner at three laboratories. The observed deviations were within the margin of 
error for the analysis methods and confirmed experience from producers that the process is very 
stable. The variation in weld composition as a function of depth was analysed using EDS at a 
low magnification in SEM. The vertical field height was approximately 0.1 mm and analysis was 
performed on an area of 500x50 µm in the centre of each field. The results in Figure 4 show that 
there has been excellent mixing over the entire weld depth, with only slight deviations very close 
to the fusion line. For the two-layer weld IM2 there was a slight shift in molybdenum 
concentration at 5 mm depth which corresponds to the transition between 317L strip with  
3.4% Mo to 309LMo with 2.9%.  
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Microsegregation was quantified by making an array of EDS point analyses at a magnification of 
1000x on specimens which had been milled down to 2mm below the original weld surface. A 
total of 500 analysis points were made for each weld and the data is plotted on normal 
probability axes in Figure 5. In such a plot a higher standard deviation is manifested as a higher 
slope. Bimodal distributions were obtained because of the two phase structure. The upturn in 
chromium and downturn in nickel is due to the presence of ferrite, and it can be seen that this 
occurs at similar area fractions for all three welds, in agreement with the ferrite number 
measurements reported above.  
 
The absolute values of the Cr and Ni contents were highest for IM2 and lowest for IM1, but the 
curves for all three welds were parallel, indicating a similar degree of segregation. The 
maximum compositional variation within the austenite phase was approximately 2% Cr and  
3% Ni. Weld IM3 had the highest molybdenum content and also showed marginally higher 
degree of segregation. This was primarily manifested as a higher molybdenum content in the 
ferrite. The manganese and silicon distributions were very similar for welds IM1 and IM2, while 
for weld IM3 the absolute values were lower and the degree of segregation slightly higher.  
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Figure 5. Probability plots of EDS measurements on five fields of 10 x 10 points with a point spacing of 
approximately 5µm. The highest Cr and Mo levels, and lowest Ni levels, are from the ferrite phase.  
 
Corrosion properties  
The results from the uniform corrosion testing in acids are calculated in mm/year and given in 
Figure 6. In both solutions the weight loss was highest for IM1 and lowest for IM3. There are 
two factors which may contribute to this: firstly that the weight loss specimen of IM2 also 
included the lower alloyed 309L weld metal from the first pass, secondly that the slightly higher 
Cu content of IM3 may make a positive contribution to uniform corrosion resistance.  
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The results from CPT testing in 1M NaCl are summarised in Figure 7. Reproducibility was good 
and no difference in corrosion resistance was found between the positions start (1), centre (2) 
and end (3). Weld IM1 had a CPT of about 20°C, while that for IM2 and IM3 was about 25°C. 
These figures are lower than the values of 29ºC and 41ºC measured for the unwelded 316L and 
317L strip material [9] but are reasonable for welds. The difference between IM1 and IM2 or 
IM3 was significant at the 5% level, but there was no significant difference between IM2 and 
IM3. The CPT values correlate well to the PRE (Pitting Resistance Equivalent), which was 
calculated as PRE=Cr+3.3Mo+16N [10]. This yielded 28 for IM1 and 30 for IM2 and IM3.  
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Figure 7.Results from CPT-testing in 1M NaCl [°C] for welds IM1-3, figures 1-3 denotes start of weld (1), centre 
(2) and end (3).  
 
The immersion testing FeCl3+AlCl3+glycerol+ethanol gave clusters of small pits in the centres 
of austenite dendrites, Figure 8. This distribution shows that the compositional gradients within 
the austenite are sufficiently large to affect corrosion resistance. The pit location agrees with 
PRE-calculations from the Scheil-Gulliver calculations, which indicate the first formed austenite 
to be the least corrosion resistant component, Figure 9.  
 

  
 
 
 
 
 
 

 
Figure 8. SEM-BS images of pits in IM2 after 
immersion testing, showing clusters of pits in the 
austenite dendrite centres and no pitting adjacent 
to the ferrite phase.  
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Figure 9. Scheil-Gulliver PRE 
estimation for IM2, displaying the 
austenite (lower PRE) as the less 
pitting corrosion resistant phase. 

 
Summary and conclusions  
The aim of this work was to investigate microstructure and corrosion properties of electroslag 
strip cladding (ESW) weld metal of 316 type. The welds were a single layer weld with 317L 
strip, a standard two-layer weld with 309LMo+317L strip and a single-layer weld with 316L 
strip in combination with an alloyed flux.  
 
Results show no major differences in solidification mode, microstructure, segregation or 
interdendritic phases in the three welds. Ferrite contents were in the region 6-8 FN and there was 
a small amount of sigma phase present in the as-welded condition. The CPT and uniform 
corrosion resistance in H2SO4 and HCl at 50°C was lowest for the conventional single-layer weld 
with 317L strip. The dual-layer weld with 309LMo+317L strip and the single-layer weld with 
316L strip plus alloyed flux exhibited no significant difference in CPT.  
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