Economical joining of tubular steel towers for wind turbines employing non-vacuum electron beam welding for high-strength steels
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[bookmark: _GoBack]Owing to restricted energy resources and the worldwide ambitions to reduce CO2-emissions, renewable energy sources are gaining economical interest and investment. Wind energy is a major technology to increase renewable energy production and still promises great growth potential in terms of market share.
This is closely connected with the increase of plant unit sizes. The wall thickness of the tower construction is rising accordingly and leads to increasing costs for the joining technology. The rising number of weld passes for submerged arc welding (SAW) leads to rising process times as well as a greater heat input. 
The employment of Non-vacuum electron beam welding (NVEBW) can significantly reduce the number of passes and the heat input as will be shown in this contribution. A substantial aspect of the control of the welding process is the formation of solidification cracks. Formation mechanisms and solutions will be presented and experimentally backed up.
An additional aim of current research is the overall reduction of the wall thickness of wind turbine towers applying high strength steels. Here it is of chief concern to preserve the advantages of the novel material especially in dynamic stress scenarios. Strategies and their mechanisms are presented and experimentally supported.
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1	Introduction

High performance processes have become accepted in the production of towers for wind energy plants which possess conventional seam lengths and forms for submerged arc welding. However, with increasing plate thicknesses of the individual tower segments, the weld seams' working processes and quality assurance are significantly more time consuming. The seam prepartion becomes more intricate, the seam's volume considerably larger and the implementation of the required tolerances and quality also become more time-consuming. The construction‘s throughput times increase drastically.
For this reason, a key objective is to reduce the number of weld passes and thereby the production time. Along with this, the heat input and the consumption of filling material is also reduced. Fig. 1 depicts the considerable reduction in the joint preparation and the number of weld passes for a plate thickness of 30 mm. Here, an attempt is made to increase the seam's web width of the double Y butt weld from the current 5 mm to 18 - 20 mm.
[bookmark: _Ref312226081]
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Fig.1 Comparison of the joint preparation, weld passes and welding sequence

In order to be able to implement the objective of increasing the web width, it is necessary to employ new joining technologies. Tremedous potential is offered by non-vacuum electron beam processes (NVEBW) in the field of high performance welding techniques. The technical equipment for this is already available at the Institute of Materials Science in Hanover and provides the possibility of investigating the NVEBW process with regard to its application for welding thick plate [1, 2].

Another approach is to reduce the plate thickness by means of employing high strength, thermomechanically rolled or water quenched fine grained structural steels. With their very good welding properties and elevated strengths, these steels provide the possibility of reducing cross-sectional dimensions and thereby lowering the plate thickness. In order not to impair the positive material properties by means of high energy inputs, the requirements of the heat control significantly increases during the welding. For this reason, high performance joining processes, such as NVEBW, also provide a targeted and decidedly reduced heat input in contrast to SAW.

2	SAW of tubular steel towers of wind energy converters

As an electric arc welding process, submerged arc welding belongs to the high performance processes which have a long tradition and a wealth of experience in being employed for joining bulky components possessing large cross-sectional joints. For this reason, the welding of long, straight and circumferential seams belong to the main field of application of this process. In particular, this process is employed in the steel construction, bridge and ship building, pressure vessel and pipe manufacturing industries as well as in mechanical and automotive engineering and in the offshore industries. High performance processes have also become accepted in the production of towers for wind energy plants which possess conventional seam lengths and forms for submerged arc welding.
[bookmark: _Ref312232255][image: Beschreibung: Stahlrohrturm_ENG.jpg]
Fig. 2 Tubular steel tower with nomenclature

Self-supporting, solid-walled, tubular steel towers, such as that depicted in Fig. 2 are the currently preferred construction for wind energy plants. The advantages of this type of construction lie in the consistently high factory manufactured quality and the rapid on-site assembly.  
SAW belongs to those welding processes in which the welding zone and the solidifying seam are protected beneath of a layer of mineral fusible powder. By means of the protecting powder, or molten slag which is thereby formed, a closed welding chamber is created and it is therefore possible to produce a stable welding process which is protected from the atmosphere. In this way, the welding current strength, voltage and velocity can be widely varied. The diverse applications can be further enhanced by process options using multi-wire combinations.
The current strength for 3 to 5 mm diameter conventional wire electrodes depend on the chosen process option and lie between about 300 and 1,200 A for welding voltages between 25 and 40 V. Using these parameters, deposition rates of up to about 15 kg/h and welding velocities from 30 to 120 cm/min can be obtained for multi wire applications. For example, 20 mm thick plates with a V butt weld can be joined in 8 passes using an average welding velocity of 0.6 m/s, a current strength of 450 to 600 A and a voltage of 27--32 V.
To summarise, the following basic requirements can be derived for the NVEBW:
· lower number of passes and thereby an increase in the throughput time and reduction of the seam volume
· good mechanical properties (hardness, toughness, fatigue strength) for high dynamic load carrying ability
· lower heat input to lower the weld distortions
· good gap-bridging ability owing to the achievable tolerances of the cutting processes 
· simple to integrate into the production of large components

In order to establish a comparative basis for further investigations, comprehensive welding tests were carried out by the tower manufacturer SIAG Tube & Tower GmbH. Three 500 x 700 mm weld-specimen plates of the steel grade S355 J2+N each having thicknesses of t = 20 mm, 30 mm and 40 mm were welded as double Y butt joints using the available multi-wire submerged arc welding technology.  In order to weld each of the three specimens as reproducible as possible, welding instructions were issued by the tower manufacturer SIAG. The tests were performed during manufacturing operations on SAW-equipment used for welding long seams.
The joint preparation was produced by means of flame cutting and subsequently smooth grinding. The root bead was, as a rule, welded using the single-wire process. The tandem process was, as far as possible, employed for the filler and covering beads. The specimens were initially measured in order to determine typical manufacturing tolerances.
During the welding, the welding parameters; voltage and current strength as well as the welding velocity and time, were measured and documented. To record the temperature cycle times during the welding, thermocouples of type K, I with d= 0.5 mm are located at various intervals from the seam's chamfer, starting with a distance of 15 mm. The specimens having t = 20 mm were also furnished with strain gauges; 0°/90° T-rosettes, for measuring the strain components in the x and y directions. 
As an example, the measured data from the specimens having 20 and 30 mm plate thicknesses, are respectively shown in Tab. 1  and Tab. 2. Polished sections of specimens 20.2 and 30.1 are depicted in Fig. 3.
[bookmark: _Ref312236210]Generally, it should be noted that it is difficult to reproduce the welding tests, even for plates having the same thickness. The specimens widely differ with respect to their geometric boundary conditions; gap dimension, off-set and opening angle, such that they have to react differently to the given situation during welding. In Tab. 2, this is demonstrated for each internal and external pass, particularly regarding the number of passes and the maximum temperatures at the 15 mm distance to the seam's chamfer.
Tab. 1 Summary of the test data for the 20 mm thick plate specimens of material S355 J2+N
[image: D:\02 Daten\00 Projekte\001 OPTIWELD (604 50 325)\0017 Konferenzen, Veröffentlichungen\06 IEBW 2012\Beitrag Rudolf\Schweißung t=20mm.jpg]

Tab. 2 Summary of the test data for the 30 mm thick plate specimens of material S355 J2+N
[image: Beschreibung: Schweißung.jpg]
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Fig. 3	Macrosections of specimens 20.2, top and 30.1, bottom

3	State of the art of NVEBW

NVEBW is a type of electron beam welding process in which the beam is also produced in a high vacuum but the welding is performed in air. The electron beam is transferred from the vacuum in the beam generating chamber to the atmosphere via a pressure stage system through several pressure stages. Thus, the need to transfer the component to a vacuum chamber is eliminated for NVEBW. Owing to this, the process can be easily integrated into the production of large components.
The atmospheric conditions influence the electron beam during welding. The major influence is the electron beam's scattering due to the elastic impact with atmosphere's atoms and molecules. This results in two important properties for NVEBW. Owing to the electron beam's broadening, the energy density in the beam sinks by which the achievable welding depth is reduced in comparison to electron beam welding in a vacuum. 
By means of using the welding depth effect and depending on the power and working distance, 30 mm penetration depths can be obtained. A further effect of the electron beam's broadening is that large process tolerances can be generally accepted for beam welding processes; for example, for gaps in butt joints or edge off-sets [6, 7].
The application of NVEBW for joining high strength steels (S960QL, S1100QL, S1300QL) has been investigated for plate thicknesses from 6 mm to 11 mm [8, 9]. Laser-cut edges were employed for the joint preparation. For all the tests, the welding velocity was 2.5 - 3 m/min and the beam current lay in the range 100 - 130 mA  (17.5 - 22.75 kW). A 1.2 mm cold wire (X90 / GMn4Ni2CrMo) was employed as the filler material with which it was possible to weld 2 mm gap widths using a single pass.

Tab. 3 Mechanical tensile tests 6 mm welded joints (filler wire X90 / S960QL and without filler wire) [9]
	Material
	Vs [m/min]
	σt
[MPa]
	σ0.2
[MPa]
	Character of fracture

	Parent material

	S960QL
	-
	980-1150
	960
	-

	S1100QL
	-
	1200-1500
	1100
	-

	S1300QL
	-
	1400-1700
	1300
	-

	Welded joints

	S960QL
	3.0
	1190
	1037
	Parent metal

	S1100QL
	2.5
	1485
	1420
	HAZ

	S1300QL
	2.5
	1440
	1385
	HAZ



Results for the 6 mm plates are listed in Tab. 2. The fracture location in the heat affected zone (HAZ) for S1100QL and S1300QL was attributed to a drop in hardness value in the HAZ, in which the strength of the parent material was obtained. Summarising; it was possible to produce high quality weld seams in 11 mm thick high strength steel plates using the NVEBW process.
In addition to this, up to 20 mm thick plates of the ship construction steel D36 were investigated in [9]. Here, droplet formation occurs at the weld seam's root without supporting the weld pool for plate thicknesses above 10 mm. To avoid defects in full penetration welds, weld pool support is recommended for large plate thicknesses.

4	NVEBW of tubular steel towers of wind energy converters

The primary objective in applying NVEBW is to reduce the required number of welding passes by means of raising the web widths from 5 mm to 18 - 20 mm for 30 mm thick plates.
Plates (t = 20 mm) having 14 mm web widths were joined. The results and welding data without heat treating and without using filler material are presented in Tab. 3 and Fig. 4. Current work concerns plate thicknesses of 30 mm.
The welding sequence is specified as follows: Firstly, the SAW root bead is welded. The web was then subsequently welded using NVEBW such that SAW root bead is welded in. Finally, another SAW pass follows as a covering bead. Here, the initial SAW root bead acts as a weld pool support for the NVEBW seam thus preventing the melt flowing out during the web's joining process for widths above 10 mm. If large or varying gap dimensions exist, then the final SAW covering bead can be used to completely fill the lacking seam volume and to avoid seam sinkage. This is necessary if the NVEBW seam is to be joined without filler material. 

Tab. 4 Summary of the test data for a NVEBW seam with SAW root and coving beads for 20 mm thick plate specimens of S355 J2+N material
	SAW

	Number of passes (-)
	2

	Welding velocity (mm/min)
	350

	Welding voltage (V)
	28,5
	Welding current (A)
	330

	Total heat input (kJ/mm)
	3,2

	NVEBW

	Number of passes (-)
	1

	Welding velocity (mm/min)
	1000

	Acceleration voltage (kV)
	175
	Beam current (mA)
	100

	Total heat input (kJ/mm)
	1,1

	SAW+NVEBW

	Total heat input (kJ/mm)
	4,3



[image: NVEBW Mittelrippendefekt]
Fig. 4. Macrosection for the parameters listed in Tab. 3, with 14 mm web widths and solidification crack in the region of the NVEBW seam

If one compares the total energy input between SAW (Tab. 1) and SAW+NVEBW (Tab. 4), then one clearly discerns the lower heat input for the SAW+NVEBW combination as 4.3 kJ/mm and approx. 14 kJ/mm for just SAW. This is accompanied by a significantly lower seam volume and therefore consumption of filler material. In addition to this, the number of passes can be reduced from 6 to 3 beads for the 20 mm thick plate.  This gain in advantage is increased still further for 30 mm plate thicknesses since here the number of passes remains at 3 whilst those for SAW increase to 10 - 12.
Welding of thick plates made of fine-grained steels and high strength steels with the non-vacuum electron beam needs to respond to the following challenges:
· solidification cracking
· pore formation
· fluctuation of welding depth
· influence of seam gap
· root formation
· fatigue restistance
Fatigue resistance is a particular difficulty for high strengtg steel and will be addressed separately in chapter 6. Chapter 5 will deal with solidification cracking.
Pore formation can be present in the lower section of NVEB-weld seams. Preheating to improve the degassing of the weld pool as well as providing a clean and dry welding atmosphere are both suitable to significantly reduce pore formation. This could be comprehensively shown for a preheating temperature of 200°C and subsequent NVEB-welding.
[image: ]
Fig. 5. a) regular and steady penetration depth and weld seam formation, material: S690, DY butt joint with filler, gap width 0.7 mm. b) fluctuating penetration depth and weld seam, material: S460, bead on plate weld.

A fluctuation of penetration depth with an amplitude of 1.5 to 2.5 mm can occur. This effect is accompanied by a periodic fluctuation of weld seam width, see Fig. 5 b). In Fig. 5 a) a weld seam without these imperfections is shown. The welding was done as a DY butt joint with a 0.7 mm gap using filler material. No fluctuation of penetration depth or weld seam width is present. It can be suspected that the main influence is due to the presence of the weld gap. Welding of towers for wind turbines is an application with highly varying weld gap widths, see tables 1 and 2. This can critically influence penetration depth. To allow for a stable seam formation some measures have to be met. A web width of more than 10 mm can lead to an outflow of molten material. To address this it is favourable to leave a few millimetres of extra web width to act as backing for the melt pool. Alternativly it is possible to provide a SAW root layer first and use NVEBW as a second step.

5	Solidification cracking during NVEBW

A typical defect formed during the welding of larger plate thicknesses can be seen in Fig. 4. In order to establish the type of defect, such as a hot crack, cold crack or pores, scanning electron microscope images were taken of the crack’s surface. For this purpose, a sample containing the defect was cut from the defect's region and was fractured by bending so that one can directly observe the defect's surface using the scanning electron microscope (Fig. 6). 
[image: REM-Aufnahme eines Erstarrungsrisses]Fig. 6. SEM image of the defect's surface

Here, the crack’s surface shows the formation of dendrites without any discernible deformation. 
This indicates that no contact with the opposite dendrites occurred during the solidification process. It follows from this that the crack arose during solidification [12].
After determining the type of defect, suitable measures must be implemented for its avoidance.
Basically, these preventive measures against solidification cracking can be divided into three groups. This includes lowering the loading on the weld seam during cooling by means of reducing the welding stresses; for example, by controlling the temperature profile via pre- or post heating. Another possibility lies in influencing the melts solidification in order to avoid the unfavourable, crack forming growth of dendrites. This can, for instance, be acheived by producing a fine grained microstructure. A fine grained structure is promoted by means of introducing suitable alloying elements or nucleating agents. This leads to the third possibility of either alloying via the filler material in order to avoid low melting point eutectics or influencing the grain boundary wetting (dihedral angle) in order to avoid the formation of solidification cracks.
In order to avoid the formation of solidification cracking during the welding of S355 by means of preheating, our investigations demonstrate a marked effect. Both weld beads on plates as well as butt welds have been investigated for the same parameters with and without preheating to 200 °C. Longitudinal, polished samples were used in order to be able to evaluate the formation of cracks along the length of the weld seam. The results are depicted in Fig. 7.
[image: Einfluss Vorwärmung auf Risse]Fig. 7. Longitudinal, polished samples for solidification cracking with and without preheating

The test showed that the tendency to form solidification cracks can be significantly reduced or totally eliminated by means of preheating to 200 °C. Using the example in Fig. 7, it was possible to observe isolated solidification cracks in specimen w38 but no cracks could be established in specimen w39.

In other investigations, filler materials were investigated for eliminating the formation of solidification cracks. One important aspect is the assessment of the blending of bulk material and filler. Weldments using solid wire G 18 8 Mn as filler material were produced and then analysed by EDX and macrograph. Comparing the concentration of specific alloy materials from the filler wire, chromium, nickel and manganese show a clear drop of concentration from top of the weld to bottom, see Tab. 5.

Tab. 5: Concentration of specific alloy metals from the filler material
	Position
	Concentration [w%]

	
	Cr
	Ni
	Mn

	Bulk material
	0.33
	0.04
	1.53

	Top weld
	3.9
	1.6
	2.3

	Centre weld
	4.6
	2.0
	2.5

	Weld root
	2.5
	1.0
	1.8



Further investigations will look further into the distribution of S, P and O2, which aggravate solidification cracking, as well as Mn, which counteracts crack formation [12]. 


6	High strength steels

On employing high strength steels in dynamically loaded structures, a problem arises in that the elevated strength is not synonymous with an increased fatigue strength. If it is established that fatigue is decisive for dimensioning, then the advantage of higher strength can not be gained owing to the elevated notch sensitivity (Fig. 8). Here, welded joints are regions of central importance. The weld's transition region represent a geometrical notch at which additional crack promoting tensile residual stresses exist due to the welding process.
Suitable methods are resorted to for post-working weld seams, such as the hammering processes PIT or UIT. On the one hand, these procedures induce compressive residual stresses and, on the other, form the seam's transition region in order to markedly delay fatigue crack initiation in these critical regions of a weld seam [13, 14].
[image: Beschreibung: Kerbempfindlichkeit.jpg]
Fig. 8. Fatigue strength of steels possessing high strength and differently notched specimens [15]

Steel tube towers of wind energy plants are also severely fatigue loaded structures with high numbers of loading cycles.  Based on this necessity and in order to be able to exploit the advantages of high strength steels, the PIT procedure; a high frequency hammering process, is employed in order to treat the manufactured joint connections. The joint connections involved here are the NVEBW seams with SAW covering and root beads. Owing to the favourable seam transition regions for SAW, these also have an alleviating effect on the notch sharpness.
Cyclic loading fatigue tests will be subsequently carried out on these connections in order to evaluate their suitability. In addition to this, toughness proof testing will be performed using Charpy V-notch impact tests.

7	Conclusions

Increasing sizes of wind energy plants also lead to higher supporting structures. This is also accompanied by increasing wall thicknesses and rising demands on the joining technology, these factors are associated with growing costs.
To counter this, two possibilities have been presented. On the one hand, employing a high performance joining process  (NVEBW) which can be used to significantly reduce the necessary number of weld passes, the weld seam's volume and the heat input. One challenge of employing the NVEBW, as well as other beam welding processes, is the formation of solidification cracks in the middle of the seam. It has been shown that it is possible to significantly reduce or completely eliminate these under the given boundary conditions by means of a suitable preheating. Further investigations will be performed on using filler material in order to avoid, for example, low melting point eutectics.
Another possibility is to employ high strength steels which provide the potential for reducing the wall thicknesses. In doing this, it should be taken into account that the advantages of high strength steels are not automatically gained for dynamically loaded structures. Notch effects and tensile residual stresses in the seam's region have unfavourable effects on the fatigue life or the attainable number of load reversals.
For this reason, a method for post-treating weld seams (PIT) will be employed in order to smooth out the seam’s transition regions as well as to introduce compressive residual stresses at these regions which are critical to cracking.
A combination of high strength steels and NVEBW with SAW root and covering beads will be subsequently evaluated in cyclic loading fatigue tests and Charpy V-notch impact tests.
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20.1 20.2 20.3
Geometry
Thickness (mm) 20
Width (mm) 200
Length (mm) 700
Opening angle (°) 100
Weld gap (mm) 0.8 1.3 0.8
Welding parameters
Number of passes (-) 6 6 6
Welding voltage (V) 28-35 28-35 28-33
Welding current (A) 520-620 | 510-605 | 520-600
Welding velocity (mm/min) | 500-650 | 500-690 | 500-720
Total heat input (kJ/mm) 13.9 14.2 14.5
Temperature at x =15 mm
Temperature inside (°C) 487 447 512
Temperature outside (°C) 320 439 458
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30.1 30.2 30.3
Geometry
Thickness (mm) 30
Width (mm) 200
Length (mm) 700
Opening angle (°) 100
Weld gap (mm) 0.6 1.4 1.6
Welding parameters
Number of passes (-) 10 12 1
Welding voltage (V) 28-33 28-31 28-32
Welding current (A) 520-620 | 480-650 | 500-680
Welding velocity (mm/min) | 540-800 | 530-750 | 560-750
Total heat input (kJ/mm) 29 31 31
Temperature at x = 15 mm
Temperature inside (°C) 468 500 423
Temperature outside (°C) 570 553 535
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