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  1 Introduction 

Duplex stainless steels are characterised by a two-phase 
austenite-ferrite microstructure which exhibits a combina-
tion of the properties of ferritic stainless steels and aus-
tenitic stainless steels. Optimum metallurgical and tech-
nological properties are achieved when the ferritic/aus-
tenitic microstructure consists of approximately 40-60 % 
ferrite [1]. In this case, such steels exhibit high strength, 
good pitting and crevice corrosion resistance and very 
good toughness values, even at low temperatures.

When the duplex stainless steels are electron beam (EB-)
welded, matching chemical composition or higher alloyed 
chemical composition fi ller materials are used in the form 
of a preplaced nickel foil or wire in order to achieve the 
base material properties [2]. A better means of guaran-
teeing the weld seam properties is a subsequent solution 
heat treatment and water quenching, as specifi ed in the 
pertinent standards for tubing production, for example, 
ASTM standards A 928, A 312 and A 358. According to 
[3], proportions of ferrite of up to 65 % are permissible 
for such weld seams. Higher values not only potentially 
reduce the impact toughness, but can lead to a greater 
susceptibility to hydrogen assisted cracking presuming an 
increasing hydrogen supply [4]. [5] also note that corro-
sion resistance may be reduced.

Current positive results from using EB-welding in the 
manufacture of longitudinal welded thick-walled pipes 
[6, 7] from duplex stainless steels has logically led to its 
expansion to other thick-walled components, such as 
centrifuge rotors, separators, etc., in other branches 
of industry. In such instances, avoiding expensive fi ller 
materials and costly post-weld heat treatment would be of 
considerable economic interest.

Conventional single-beam technology has yet to pro-
vide any economically feasible solutions for enabling the 
EB-welding of thick-walled duplex stainless steels with-
out a fi ller metal or post-weld heat treatment as docu-
mented by the problems listed below.

Previous tests conducted by [8, 9, 10] involving single-
beam EB-welding in a vacuum have shown that from 
a metallurgical perspective unacceptably strong ferriti-
sation occurs in the weld metal (Figure 1) due to the 
process-related rapid heating and cooling and the vac-
uum-related effusion of nitrogen. As a result of the low 
ambient pressure in the vacuum chamber (10-3 mbar), 
Sievert’s law causes a signifi cant reduction in the nitro-
gen content of the weld metal. This reduces the δ-γ-
transformation temperature [11] which, together with the 
high cooling rates of the EBW process, leads to unac-
ceptably high proportions of ferrite in the weld metal of 
greater than 90 %.
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35Nitrogen is also directly linked to the pitting corrosion 
resistance and the strength of the weld seam. This is mir-
rored in the Pitting Resistance Equivalent (PREN) among 
others.

PREN = % Cr + 3.3 × % Mo + (16-30) × % N

A promising approach to electron beam welding thick-
walled duplex stainless steels without a fi ller metal or post-
weld heat treatment is provided by using the EB multi-pro-
cess technologies developed in recent years. These tech-
nologies allow EB-welding to simultaneously generate 
multiple electron beams with different power distribution 
and focus position. This is realised by the quasi inertialess, 
high-frequency 3-dimensional defl ection of the electron 
beam. The beam defl ection is so quick that, for example, 
the vapour capillary remains intact while the beam is 
absent and does not collapse [12]. In addition to genera-
ting multiple weld pools, it is also possible to combine 
process stages such as preheating, welding and post-
heating or smoothing of the seam. Thus, it is possible to 
considerably affect and optimise the thermal welding cycle.

  2 Test material 

This paper examines standard duplex stainless steel 
X2CrNiMoN22-5-3 (1.4462). The chemical composi-
tion and material properties are   provided in Tables 1 and 
2. The ferrite content of the base metal is measured by 
magnetic induction and via image analysis and amounts 
to approximately 55 FN or 48 % (Figure 2).

  3 Experimental 

To develop a multi-process technology for the quality 
assured manufacture of weld seams without using fi ller 
metal and/or subsequent heat treatment, it was fi rst 
necessary to determine the cooling times (time between 
1200 °C and 800 °C (Δt12/8)) for guaranteeing the 
necessary mechanical and technological quality require-
ments and corrosion resistance.

For this reason, bead on plate welding was used on 16 mm-
thick plates of 1.4462 with the specifi cation that the seams 
had the minimum width of 5 mm technologically required 
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Figure 1 –   Conventional single-beam EB-weld of a GX2CrNiMoN22-5-3 (1.4470) 
with a ferrite content of approximately 97 % in weld metal (measured via image analysis)

Figure 2 – Base metal microstructure of X2CrNiMo22-5-3; 
Etchant: Beraha II (austenite: white)
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for butt-welding and that their internal seam irregularities 
met quality level B (as per DIN EN ISO 13919-1 [15]). 
The occurrence of extreme geometric irregularities in the 
weld cap and weld root was tolerated, however. An elec-
tron beam welding facility with an acceleration voltage of 
150 kV, a maximum output of 15 kW and an operating 
pressure of 10-3 mbar was used to conduct the tests. The 
pressure in the electron gun was 10-5 mbar.

The cooling times were varied with respect to the use 
of the multiple-beam technique with repeated drive over 
(1-6 drive overs) and the associated preheating caused 
by the process heat (Table 3). All welds (drive overs) were 
carried out as full penetration welds with constant welding 
parameters. Additionally, the specimens were preheated 
before the fi rst drive over with a defocused beam up to 
400 °C. The time between two drive overs was app. 25 s. 
Such welding enabled a correlation between the propor-
tions of ferrite, nitrogen content and mechanical and tech-
nological properties of the weld metals resulting from the 
various cooling times.

The cooling curves were recorded using 0.3 mm thick 
NiCr-Ni-thermocouples (Type K) which were resistance 
spot welded on the surface of the base metal. As the heat 
affected zone of an EB-weld is very narrow, the distance 
between the thermocouples and the fusion line was less 
than 1 mm.

Due to the narrow width of the bead on the plate, the pro-
portion of ferrite was metallographically determined along 
the seam cross section. Mean values of the ap  proximately 
10 measurements each in the upper, middle and lower 
seam areas were calculated and compared.

The nitrogen content was measured by taking melt-
extraction samples from the pure EB-weld metal.

The impact toughness at −40 °C was served as mechani-
cal and technological quality parameter. It was determined 
by using Charpy VWT-specimens from the centre of the 
weld seam with a notched area perpendicular to the sur-
face. This test temperature represents the lower service 
temperature of the duplex qualities, whereby the testing 
of the impact toughness at this temperature is required 
by various certifi cation bodies. The MMA-welded samples 
listed in Table 4 were tested analogously as reference 
values.

The critical pitting temperature (CPT) was used to evalu-
ate the pitting corrosion resistance of the weld metals 
and was determined by analysing the electrochemical 
noise (ECN) during the dynamic tempering of the test 
solution. The used measurement parameter was the 
current noise (IECN) between two identical specimens 
resulting from local dissolution of one of the two sam-
ples. Integrating the IECN values over the sample rate 
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Table 2 – Chemical composition (wt.-%) of the test material

Material C Si Mn P S Cr Ni Mo N Fe

1.4462 [14] ≤ 0.030 ≤ 1.00 ≤ 2.00 ≤ 0.035 ≤ 0.015
21.00 -
23.00

4.50 -
6.50

2.50 - 
3.50

0.10 -
0.22

Bal.

1.4462 
(test certifi cate)

0.018 0.56 1.40 0.022 0.001 22.4 5.66 3.10 0.19 Bal.

Table 3 – Welding parameters for electron beam welding

No. BM FM
s

[mm]
preheating 

[ºC]
U 

[kV]
I 

[mA]
v 

[m/min]
Δt12/8 

[s]
note

EB-1 1.4462 - 16.8 395 150 42 0.5 4.5 1 drive over

EB-2 1.4462 - 16.8 340 150 43 0.5 7.4 2 drive overs

EB-3 1.4462 - 16.8 435 150 40 0.5 17.7 3 drive overs

EB-4 1.4462 - 16.8 370 150 35 0.5 30.3 4 drive overs

EB-5 1.4462 - 16.8 370 150 35 0.5 46.6 5 drive overs

EB-6 1.4462 - 16.8 370 150 34 0.5 48.7 6 drive overs

Table 1 – Mechanical properties of the test material

Material
s

[mm]
Rm

[MPa]
Rp0,2

[MPa]
A5

[%]
KVtrans. (−40 °C)

[J]

1.4462
[13]

≤ 20 680-880 480 25 40

1.4462
(test certifi cate)

16.8 774 535 35 261
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periods generated the characteristic load curves over 
the temperature profi le. Compared to standard testing 
as per ASTM G48, this method has the advantage of 
being more objective when evaluating the load curves 
than the purely visual evaluations of the standard test 
procedure. Moreover, dynamic tempering means that 
the time and material intensive iterative method can be 
omitted. [16, 17]

Figure 3 (right) provides an example of the resulting 
charge-temperature curve and the linear regression that 
is used to determine the critical pitting temperatures.

A 6 % FeCl3 solution as per ASTM G48-A was used 
for the test solution. Three specimens were taken from 
the upper area of each weld seam. The specimens were 
grinded on all sides (180 grit), pickled (30 min with 
Antox-pickling paste) and passivated (24 h desiccator at 
84 % relative humidity). The CPTtheor was determined as 
a theoretical reference value using the formula as given 
in ASTM G48:

CPTtheor [°C] = 2.5 × % Cr + 7.6 × % Mo + 31.9 × % N – 41

  4 Results and  discussion 

Having optimised the welding parameters, it was possible 
to create seams according to the requirements listed above.

The determined Δt12/8-times could be controlled by 
repeated drive over the seams within a range of between 
4 s and 50 s (cf. Table 3). In the case of 6-time drive over 
a short-term preheating of approximately 850 °C was 
achieved in the narrow weld zone. Due to the preheating 
the Δt12/8 increased signifi cant.

The short cooling times of 4.5 s (EB-1) and 7.4 s (EB-
2) caused an unfavourable austenite-ferrite ratio in the 
primary ferritic solidifying weld metals (Figure 4). This is 
due to the suppression of the diffusion-controlled trans-
formation of the ferrite into austenite. Thus, only small pro-
portions of grain boundary austenite allotriomorphs are 
formed in the weld metal (Figure 4). The ferrite content in 
these EB-weld metals were 86 % or 82 % (mean values).

The best results in the series of tests with respect to the 
austenite-ferrite ratio were exhibited by the EB-weld with 
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Figure 3 – General procedure for the evaluation of  the electrochemical noise measurements [15]

Figure 4 – Weld cross-section and the microstructure of the EB-welds EB-1, EB-2 and  EB-3; Etchant: Beraha II (austenite: white)
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a Δt12/8-time of 17.7 s (EB-3). This one only consisted of 
70 % ferrite and an even precipitation of austenite was 
evident in a partially Widmanstätten structure (Figure 4  ).

Despite the clearly higher Δt12/8-times, the weld seams 
created by 4 to 6 drive overs once again exhibited an 
increase in the ferrite content of more than 80 %. This 
fact may be further explained by measuring the nitrogen 
content of the weld metal. The melt-extraction analysis of 
the nitrogen content of the generated weld metals indi-
cated a clear reduction in nitrogen as the number of drive 
overs increased (Figure 5). With six drive overs, the nitro-
gen content of the weld metal was only 0.06 %, which 
equates to a threefold reduction in nitrogen compared to 
the base material. This explains the increase in the pro-
portion of ferrite in the weld with 4 to 6 drive overs despite 
the longer cooling period.

For these welds, signifi cant greater cooling times would 
be needed to achieve lower proportions of ferrite. 
Figure 6 clearly illustrates that weld EB-3 exhibited the 
most favourable austenite-ferrite ratio in the series of 
tests with a suffi ciently long cooling time and a suffi -
ciently high nitrogen content in the weld metal.

Impact toughness was determined using the EB-weld 
with the highest cooling rate (EB-1), the EB-weld with the 
most favourable austenite-ferrite ratio (EB-3), the base 
metal and the MMA-weld listed in Table 4.

As expected,  weld EB-1 exhibited the poorest results 
due to the high ferrite content. EB-3 and the MMA-welds 
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Figure 5 – Nitrogen content of the electron beam welds 
compared to that of base metal  (1.4462)

Figure 7 – Impact toughness of weld 
and base metal at -40°C (Charpy VWT)

Figure 6 – Combination of ferrite content and nitrogen 
content in relation to Δt12/8- time

  Table 4 – Welding parameters for MMA-welding

No. BM FM
s

[mm]
preheating 

[ºC]
U 

[V]
I 

[A]
v 

[m/min]
Δt12/8

[s]
note

MMA 1.4462
E 22 9 3 N L R 32
(AROSTA 4462)

16.8 100-120 - 160-210 - - 8 layers

both achieved comparable values of approximately 40 J 
(Figure 7). This is an acceptable result as this value is 
suffi cient for a number of applications. For example, it 
complies with the impact toughness for 1.4462 of 40 J 
at a test temperature of -40 °C as specifi ed by VdTÜV 
Material Sheet 418 [13].

The preheating temperatures within the test series clearly 
exceeded the recommended preheating and service tem-
peratures of the base metal, even if it is just for a short-term 
[13]. According to [18] a variety of undesirable secondary 
phases can form when welding duplex stainless steels 
and exceeding the time in the critical temperature range. 
Due to this fact, every specimen was examined metallo-
graphically and by hardness measurements. As expected, 
the results showed no formation of undesirable secondary 
phases in the weld zone.
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The analysis of the corrosion specimens clearly shows 
that pitting corrosion is obviously associated with the weld 
metal (Figure 8). This can be identifi ed in all the analysed 
specimens. Table 5 compares the results determined by 
ECN of the CPT of the base metal and EB-welded speci-
mens with 1, 3 and 6 drive overs (EB-1, EB-3, EB-6) in 
relation to the nitrogen content of the weld metals.

These series of  tests clearly illustrate the effect of nitro-
gen on the CPT. However, as it was already expected from 
the calculated values CPTtheor, the decrease in the CPT is 
low and does not affect the possible applications of the 
weld joint.

  5 Summary and outlook 

The initial results show that it is possible to increase 
the t12/8 time signifi cantly due to repeated remelting of 
the weld seams by multiple drive over of the electron 
beam. However, with increasing number of drive overs, a 
signifi cant loss of nitrogen content in the weld metal was 
observed. Despite longer cooling times a further reduction 
of ferrite content in the weld seams was not possible. The 
current results show that with 70 % ferrite and 0.093 % 
nitrogen, three is the optimum number of drive overs. The 
weld with three drive overs achieved impact toughness 
values comparable to those of MMA-welds with the same 
type of fi ller metal.

The investigation to determine the corrosion behaviour 
using electrochemical noise measurements revealed a 

signifi cant infl uence of nitrogen on the critical pitting tem-
perature. Due to the nitrogen degassing during welding 
a drop of the critical pitting temperature was observed. 
As expected the critical pitting temperature is only slightly 
lower than that of the base metal, which does not affect 
the fi eld of application of the weld joint.

Within the next investigations a transfer of the results to 
the multi-beam technique will be performed with the aim 
of further reduction the ferrite content in the weld metal 
and to guarantee high process reliability.
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