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Dissimilar welds are the integral part of design in chemical, nuclear and energy industries. One 
of the most common combinations is the joints between ferritic, austenitic and martensitic steels. 
These joints provide many advantages at the detriment of the worse weldability. Possible defects in 
dissimilar welds are caused by different physical properties of welded materials. Choice of electron 
beam welding (EBW) is achieved the reducing the amount of heat input into the weld and reduce the 
negative effects of the surrounding atmosphere. Suppression of defects can be done by the right 
settings of EBW parameters. Another way is right choice of the rolling direction of base materials 
against the orientation of weld joint, which is most occurs in a materials whose structure has grains 
with a large ratio length-to-width (e.g. extruded ODS steel). In this work were evaluated four 
heterogeneous welds of austenitic stainless steel, martensitic stainless steel and ODS ferritic steel, 
which vary in the used welding parameters and in the orientation of the base materials to the direction 
of welded joint. Optimization of welding conditions was performed on the basis of structural and 
hardness measurements. 

Електроннолъчево заваряване на неръждаема стомана и феритна стомана (П. 
Хавлик, П. Сохай, Й. Курил, Р. Форет, И. Длоухи). Заваръчните шевове на разнородни 
метали са интегрална част от конструирането на химични, ядрени и енергийни инсталации. 
Една от най-използваните комбинации е съединението между феритна, аустенитна и 
мартенситна стомана. Тези съединения обезпечават много  преимущества при 
затрудненията на лоша заваряемост. Възможните дефекти при несиметричните шевове са 
причинени от различните физически свойства на заваряваните материали. С изборът на 
електроннолъчево заваряване се постига намалено топло-влагане в шева и намаляват 
негативните ефекти от обкръжаващата среда. Редуциране на дефектите може да се 
постигне чрез правилният избор на параметрите на заваръчния процес. Друг подход е 
правилния избор на валцоване на основния материал по отношение на заваръчния шев, който 
най-често е в материал, структурата на който е със зърна с голямо отношение дължина към 
ширина (например екструдирана ОДС стомана). В тази работа са оценени четири шевове от 
аустенитна неръждаема стомана, които са направени с променящи се заваръчни параметри 
и ориентация на валцоване на базовия материал към направлението на шева. Оптимизация на 
заваръчните условия е направена  на основата на структурни анализи и измерване на 
твърдостта. 

 

Introduction 
Material use in applications for the chemical, 

nuclear and energy industry is determined by their 
behavior and resistance under operating conditions. 
These conditions may be varying in the different 
stages during process. Present trend in improving the 
efficiency of these processes is associated with 
increase in temperature leads to the simultaneous use 
of conventional and advanced materials. This creates 
the requirements for heterogeneous welded joints 
between materials having different chemical 
composition and physical properties. Disadvantage 

of these joints is the frequent presence of defects that 
may lead to weakening the weld joint and the entire 
structure [1]. 

As an example, the substitution of conventional 
heat resisting steels for advanced oxide dispersion 
strengthened (ODS) steels such as Fe-Cr-Al steel 
Incoloy MA 956 (chemical composition is given in 
Table 1). ODS steels exhibit excellent corrosion 
resistance at high temperatures due to Cr content 
above 16 wt. %. Al is added (about 5 wt. %) for 
further enhancement of high temperature corrosion 
resistance due to formation of the protective coating. 
Between other advantages of these alloys belongs 
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creep and radiation resistance. These properties are 
achieved by fine oxide dispersion (the most 
commonly is used Y2O3 with a diameter of several 
nm) inside the ferrite matrix. These oxides are still 
stable at 1330°C and creates obstacles for moving 
dislocations in the entire operating temperature range 
of ODS steels. The desired structure is achieved by 
the unconventional production method – by powder 
metallurgy. The production of these materials has 
been described in papers [2, 3]. The last step during 
production ODS steels is recrystallization annealing 
at temperatures between 1100°C and solidus 
temperature. The structure is formed by ferritic 
grains which are elongated in the direction of 
extrusion and characterized by the large length to 
width ratio of grains. Length to width ratio of grains 
varies from 10:1 to 100:1 [2, 3].  

Any intervention in the microstructure leads to 
the degradation of the above mentioned properties. 
This restricts weldability and applicability of these 
steels. Fusion welding causes coarsening of 
strengthening particles. Another undesirable effect 
during fusion welding which is associated with 
production and chemical composition is pore 
formation. Like most ferritic steels are the ODS 
steels susceptible for diffusion of hydrogen into the 
weldments, therefore must be welded under 
protective atmosphere. In heterogeneous welds is 
danger to the formation of inter-crystalline cracks 
due to differences in thermal conductivity and 
expansion. For these reasons it appear that the most 
advantageous method for joining of ODS steels is 
friction stir welding. This method is not suitable for 
welding of complex shaped parts. In such cases it is 
not possible to avoid the use to fusion welding 
methods [4, 5]. 

The most suitable method for fusion welding of 
homogeneous and heterogeneous welds of ODS 
steels are high-energy techniques – laser or electron 
beam welding (EBW). EBW due to its principle is a 
suitable method for preventing hydrogen diffusion in 
to the weld joint and reduced the amount of the heat 
affected base material (BM). The occurrence of 
defects and undesirable phases can partially limit the 
appropriate choice of EB parameters and welding 
procedure [4]. 

In this work were studied the influence of 
parameters settings and welding procedure on the 
resulting structure of the heterogeneous EB welds. 
Furthermore the effect of an orientation of the 
extruded BM structure relative to the orientation of 
weld on the cracks formation was evaluated. 

Experimental 
There were performed four heterogeneous EB 

welds among the ferritic ODS steel MA 956 and the 
austenitic steel 316Ti (sample 1) or the martensitic 
steel X4CrNiMo16-5-1 (samples 2-4) to evaluating 
the influence of settings of EB parameters on the 
resulting welds. Chemical composition of used steels 
is shown on Table 1. Sample 1 is formed by 
circumferential weld which was made without filler 
metal between cylindrical samples with 12 mm 
diameter. This sample was performed on device 
FOCUS MEBW-60/2 in collaboration with Institute of 
Scientific Instruments of the Academy of Sciences of 
Czech Republic. Weld is oriented perpendicular to the 
direction of extrusion of BM of ODS steel. On 
samples 2-4 were made butt welds without filler metal 
which were made by two pass of EB. Samples were 
rotated by 180°after first pass of EB. Samples 
thickness was 6-8 mm. In this case was used the 
universal chamber EB machine Pro-Beam type K26. 
Orientation of the BM structure in the sample 2-4 is 
parallel to the weld. Orientation change of structure of 
BM was chosen to reduce the occurrence of cracks at 
the boundaries of ferritic grains described in [4]. 
Different procedures and parameters of EBW were 
selected order to reduce the pores formation in weld 
metal (WM) and at the WM/BM interface. Selected 
EBW parameters are described in Table 2. The 
location of the weld on sample 4 was shifted by 0.2 
mm into the martensitic steel for the purpose of 
reducing the portion of melted ODS steel. Welds were 
evaluated in state after welding. 

Microstructure of welded joints was evaluated 
using the light microscope Olympus GX-51 for detect 
the presence of undesirable structures and defects. 
Analysis of chemical composition of resulting welds 
was performed by the scanning electron microscope 
Philips XL which is equipped by the energy dispersive 

Table 1. 

Chemical composition of the used steels (wt. %)                                                                                       

Steel grade C Cr Ni Al Mo Mn Si Y2O3 Ti V Nb N 
MA 956 0.016 20.00 - 4.50 - - - 0.50 0.50 - - - 
316Ti 0.02 17.10 11.80 - 2.25 1.83 0.60 - 0.19 0.14 0.02 0.06 

X4CrNiMo16-5-1 0.06 16.00 5.00 - 1.15 1.45 0.7 - - - - - 
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spectrometer (EDS) EDAX. The aim of EDS analysis 
was determine the chemical composition of WM and 
presence of secondary phases at the BM/WM 
interface. These results were compared with 
microhardness measurement across the weld joints. 
Microhardness measurements HV 0.1 were performed 
on semiautomatic hardness tester LECO LM 247 AT 
in perpendicular direction to the axis of the weld. 

Results  
ODS steel was welded in state after 

recrystallization annealing (sample 1-4). Structure 
contains coarse ferritic grains (Fig. 1) with 
microhardness among 275 and 290 HV 0.1. Grains are 
elongated in the direction of extrusion and with the 
length to width ratio which is approaching to 100:1 
(grains have width of the order 100 μm). Structure 
contains the entrapped gases originate from the 
production which leads to worse weldability. Structure 
of 316Ti steel is characterized by the fully austenitic 
structure (fig. 2) with average grain diameter around 
50 μm. Austenite grains contain twins from previous 
processing; further contain the carbides and nitrides. 
Value of microhardness of this steel was determined 
by 220 HV 0.1. Martensitic steel used in samples 2-4 
was welded in state after annealing in temperature 
range from 600 to 650°C. This heat treatment leads to 
the mixed structure of ferrite and tempered low-
carbon martensite (sorbite) (fig. 3) with the resulting 
microhardness value in range from 220 to 260 HV 0.1.  

EB welds exhibit classical nail-like appearance as 
well as in work [6] and their dimensions are shown in 
Table 3. Despite the smaller amount of energy 
delivered into the sample 1 is the head weld size 
comparable to the other samples. This is caused by 
lower thermal conductivity of steel 316Ti compared 
with ODS steel MA 956 and steel X4CrNiMo16-5-1. 
This is caused by lower thermal conductivity of 316Ti 
steel compared with MA 956 ODS steel and 
X4CrNiMo16-5-1 steel. This effect can be observed in 
the width of the weld joint. 

 
Fig. 1.  Structure of ODS alloy MA 956 

 
Fig. 2.   Structure of 316Ti steel 

The selected parameters for circumferential weld 
allow penetration of EB to a depth of more than 6 
mm, but did not allow escape of gases released during 
melting of ODS BM. At the same time there has been 
melting of aluminum protective coating and Y2O3 
contained in ODS steel and this leads to formation of 
the oxide slags in WM which are described in [2]. 
 

Table 2. 
Used parameters during EB welding  

 
Accelerating 
voltage [kV] 

Beam 
current 
[mA] 

Welding 
speed 

[mm/s] 

EB weld position 
relative to the interface 

[mm] 

Beam energy 
[kW/mm] 

Beam energy per 
unit of length 

[W/mm] 
Sample 1 55 15 10 0 0,825 82,5 
Sample 2 60 21 15 0 1.26 84 
Sample 3 80 15 15 0 1.2 80 

Sample 4 80 15 15 
0.2 into X4CrNiMo16-

5-1 
1.2 80 
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Differences in physical properties and in orientation of 
ODS BM led to formation of cracks along the 
boundaries of ferritic grains (fig. 4). 

 
 

 
Fig. 3.    Structure of X4CrNiMo16-5-1 steel. 

Butt welds on samples 2-4 were made by the using 
double pass of EB. This process was chosen for 
facilitate escape gases from WM and for reducing 
cooling rate. Parallel orientation of ODS BM was 
chosen for limitations formation cracks along the 
boundaries if ferritic grains. In the sample 2 was 
observed crack along the boundary of ferritic grains. 
This was due to the width weld head witch crosses 
with grain boundary. Removal of porosity and slag 
contained in WM was not reached (fig. 8). Reducing 
the size and number of pores was achieved in the 
sample 3. In WM was observed large spherical slag 
particles (fig. 12 and 13). 

Structure of WM of sample 1 is formed by the 
ferrite grains. Size of these grains is influenced by the 
cooling rate at a given location of the weld joint and 
by the structure at the BM/WM interface. Axis of 
weld with the slowest cooling rate is formed by the 
smallest grains. Vice versa the MA 956/WM interface 
is formed by large grains which continued in growth 
on grains of the original structure and were oriented in 
the direction of highest heat dissipation. Similar trend 

was observed at the WM/316Ti interface – grain size 
is determined by lower cooling rate due to lower heat 
conductivity and due to original structure of 316Ti 
steel. At this interface was observed thin layer of 
secondary phase (fig. 5) which passes in to the narrow 
heat affected zone in the 316Ti steel. HAZ is 
characterized by larger austenite grains with smaller 
amount of twins. HAZ in the austenitic BM was 
confirmed when measuring the hardness (fig. 6). 
Slight decrease in microhardness was also observed at 
the MA 956/WM which was caused by coarsening of 
the oxide particles during melting of ODS BM. 
Average microhardness of WM was 497 ± 12 HV 0,1. 
EDS analysis of the content of alloying elements (Cr, 
Ni, Ti, Mo, Al – fig. 7) confirmed that there was a 
dilution of the both BM in WM. 

 

 
Fig. 4.   Structure of weld metal of sample 1(MA 

956/316Ti). 

 
Fig. 5.   Structure at the WM/316Ti interface – sample 1. 

Table 3. 
Dimension of EB welds  

 Width head 
of weld [mm] 

Min. width in the 
weld centre [µm] 

Sample 1 1,3/1,5 600 
Sample 2 1,8/1,8 590 
Sample 3 1,5/1,6 503 
Sample 4 1,6/1,7 486 
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Fig. 6.   Microhardness measurements across EB weld of 

sample 1 

WM of sample 2 contained the ferritic grains with 
fine-grain structure in the axis of weld. At the 
WM/MA 956 interface was observed the formation of 
large ferritic grains which again follows the original 
structure of BM (fig. 8). The interface X4CrNiMo16-
5-1/WM was made up by grains which were elongated 
in the direction of highest heat dissipation (fig. 9). 
This is caused by higher cooling rate of 
X4CrNiMo16-5-1 steel in comparison with 316Ti 
steel. During microhardness measurement was 
observed the effect of second pass of EB (fig. 10) 
which is similar as well as effect of the post weld heat 
treatment [6]. The result was a decrease of 
microhardness in WM (values of microhardness were 
in range from 265 to 344 HV 0.1) in comparison with 
sample 1. The decrease in values of HV 0.1 was 
observed with increasing depth of weld. The 
significant change in values of microhardness was not 
observed at the X4CrNiMo16-5-1/WM interface that 
would describe the HAZ. At the WM/MA 956 
interface did not occur significant decrease in the 
microhardness because WM affected only a little 
amount of BM grain boundaries and thus causes a 
coarsening of smaller amount of oxide particles in 
comparison with sample 1.  

 
Fig. 7.   The concentrations profile of alloying elements 

across MA 956/316Ti weld (sample 1) 

 
Fig. 8  Structure of weld metal of sample 2 (MA 

956/X4CrNiMo16-5-1) 

 
Fig. 9.   Structure of weld head of sample 2 (MA 

956/X4CrNiMo16-5-1) 

 

 
Fig. 10.   Microhardness measurements across EB weld of 

sample 2 

EDS analysis excluded the presence of undesirable 
phases on both WM/BM interfaces (fig. 11). 
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Fig. 11.   Concentrations profile of alloying elements 

across MA 956/X4CrNiMo16-5-1 weld (sample 2) 

Structure of head of WM of sample 3 is 
comparable to structure of sample 2. During first pass 
of EB was occurred melting of higher amount of 
X4CrNiMo16-5-1 BM resulting in the formation of 
the belt in WM with structure formed by undesirable 
Widmannstätten morphology (fig. 12). At the 
WM/MA 956 interface was observed the fully ferritic 
structure which was created due to second pass of EB 
and allows resolution the structures after the 
individual passes of EB in the weld centre (fig. 13). 
Simultaneously, the annealing of WM due to second 
pass of EB did not remove the undesirable structure 
but was reduced microhardness (fig. 14). EDS 
analysis of chemical composition of sample 3 also 
excluded the presence of undesirable phases on both 
WM/BM interfaces (fig. 15).  

 

 
Fig. 12.   Structure of weld metal of sample 3 (MA 

956/X4CrNiMo16-5-1) 

The weld position of the sample 4 was shifted by 
0.2 mm from interface basic materials in order to 
reduce the proportion of melted ODS steel. This 
caused a significant change in the structure of the 
weld metal in compared to samples 1 to 3. 

 

 
Fig. 13.   WM structure of sample 3 which allows 

distinguished individual pass of EB  

 
Fig. 14.  Microhardness measurements across EB weld of 

sample 3 

 

 
Fig. 15.   Concentrations profile of alloying elements 

across MA 956/X4CrNiMo16-5-1 weld (sample 3) 

WM is predominantly composed by ferrite with 
undesirable Widmannstätten structure (fig. 16). Only 
in the weld head was partially observed fully ferritic 
structure in comparison with the rest of the weld joint 
(fig. 17). These grains were followed by original 
structure of BM. The second pass of EB did not 
remove the unwanted Widmannstätten structure only 
was reduced microhardness in WM (fig. 18).  
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EDS analysis confirmed the larger amount of melted 
X4CrNiMo16-5-1 steel – the chemical composition of 
WM is comparable with BM (fig. 19). This affected 
the resulting WM structure. 

 

 
Fig. 16.   Structure of the weld centre (sample 4) 

 
Fig. 17.   Structure of weld metal of sample 4 (MA 

956/X4CrNiMo16-5-1) 

 
Fig. 18.   Microhardness measurements across EB weld of 

sample 4 

 
Fig. 19.   Concentrations profile of alloying elements 

across MA 956/X4CrNiMo16-5-1 weld (sample 4) 

Conclusions 
In this work we studied the influence of settings 

parameters of EB and welding procedure to the 
resulting heterogeneous welded joints between MA 
956/316Ti and MA 956/X4CrNiMo16-5-1 steels and 
their microstructure: 

1) There was not observed effect of welding 
procedure (butt vs. circumferential weld) to the 
presence of pores and defects in the WM. By 
changing the orientation of the ODS BM was 
reduced presence of ferrite grains. Parallel 
orientation of ODS BM and weld joints 
reduces the number of grain boundaries which 
are interrupted by weld.  

2) Control energy in EB can be affected the width 
of the resulting joints. Here, however, must be 
also consider the thermal conductivity of the 
materials that can enable the production of 
martensitic/ferritic welds of the same width as 
the austenitic/ferritic welds made by when 
using higher energy of EB. Selected 
parameters of EB were not completely 
removed the porosity in weld of ODS steels. 

3) The double pass of EB in thinner samples can 
be used for annealing and to reduction the 
microhardness of weld metal but did not allow 
a better releasing of gases from WM during 
EBW.  

4) The resulting structure of the weld joint is 
controlled by a cooling rate at a given point of 
weld and chemical composition of WM which 
is influenced by the proportion of melted BM.  

5) During EBW of MA 956/316Ti and MA 
956/X4CrNiMo16-5-1 did not observed the 
formation of undesirable phases at the 
WM/BM interface which would result in 
weakening of weld.  EDS analysis of the 
chemical composition of WM of samples 1-4 
showed a higher content of elements 
supporting the ferrite formation (Cr, Mo, Al) 
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than content of elements supporting the 
austenite formation. This promoted the 
formation of the resulting ferrite structures in 
WM.  
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