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Abstract. Within the scope of the CRC 675 "Production of high strength metallic 
structures and joints by specifically setting local properties”, particularly in the sub 
project C4 "Calibrating graded material properties and assessing the quality of high 
strength 3D NVEB-welded joints", the properties of components are individually 
adapted to correspond to the loading profile. For this assigned task, it is necessary to 
adapt and improve the beam position, the process control as well as the defect 
inspection of the weld seam with respect to high quality welded joints.  

Introduction 

The relatively new and very powerful non-vacuum electron beam welding (NVEB-
welding) provides excellent welding properties with respect to gap-bridging ability and the 
heat affect zone and is characterised by its favourable qualities for welding both thick as 
well as thin walled plate and sheet material. A distinct advantage of this process over 
vacuum electron beam welding is working at atmospheric pressure whereby a time-
consuming evacuation of the weld-region is eliminated. The energy input together with the 
formation of the weld-pool are particularly important with regard to the formation of the 
microstructure, zero-defect tolerance and the material condition adjacent to the weld-seam 
and its heat affected zone.  

Within this research project, methods and processes for controlling quality during 
NVEB welding are investigated and developed with respect to the high standards of 
modern welding processes concerning economic efficiency and the quality of high strength 
welded joints.  Currently, actual quality assurance procedures neither provide sufficient 
definition nor even retrospectively intervene in the process. For this reason, the aim of this 
work is to recognise and specifically eliminate possible faults prior to or during the welding 
process by means of intervening in the process control. 

For this purpose, a method is presented which traces the weld seam contour in 
advance of the processing which utilises eddy-current sensors, detectors for recording the 
process-intrinsic scatter-beam reflections and X-ray bremsstrahlung as well as analyses the 
energy conversion and the weld-pool dynamics. By combining these two methods, an 
effective quality assurance is established for NVEB welding. 
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1. State of the technology prior to project's commencement 

1.1 Manufacturing high quality welded joints  

NEVB welding is an established welding method for manufacturing high quality welded 
joints. In contrast to other methods, thick and thin plate material as well as dissimilar parent 
materials can be welded together without difficulty. Another advantage compared to other 
welding technologies; for instance laser technology, is the good overall efficiency of 
approx. 40 - 50 % [1]. The high joining rates and the high process tolerances attainable by 
using a widened electron beam are further favourable characteristics which clearly 
underline the qualification of the NVEB welding method. 

1.2 Tracing the welding-gap's contour 

The most frequently used method to recognise the weld-gap during electron-beam welding 
is based on the beam's deflection and the measurement of the occurring electron and X-ray 
scattered radiation. The first investigations of this were described by Eichhorn [2]. Bolmsjö 
[3] described an online inspection technology which also made use of the electron-beam's 
deflection and the evaluation of the reflected electron-scattering However, these results are 
only applicable to vacuum electron beam welding. 

The application of optical and laser optical systems, which are also described in [3], 
to recognise joints also provide insufficient results. Owing to the continuously changing 
surface and thus its fluctuating reflective characteristics as well as the various geometric 
ratios at the section's edge, these investigations only resulted in insufficient positioning 
precision.  

In addition to this, optical systems have the disadvantage that they tend to soil, due 
to the frequently harsh welding environment, and consequently can not provide consistent 
results. 

Different materials to be welded, residual stress conditions, edge misalignment and 
chamfering exclude the application of ultrasonic techniques since here, as mentioned in [4], 
it was not possible to obtain acceptably precise measurements. 

In the sources [5] and [6], detectors were investigated for recording  reflected 
electron-scattering. A prerequisite for this method is very precise control of the process. 
Owing to the use of an electron-beam as the energy source, this system has a significant 
time-lag and thus can not be considered for online quality assurance. 

A very detailed overview of the electron-beam welding's implementation and 
assessment is presented in [7]. Unfortunately, the evaluation is related exclusively to 
welded joints in aluminium where errors in the seam's profile were not considered. 

1.3 Process monitoring 

The discussions of [8] refer exclusively to the temperature measurements during conductive 
laser-welding, whereas [9] describes the application of digital image processing for TIG 
welding. It was not possible to demonstrate the use of these two procedures to NVEB 
welding.  

Exploiting the process-intrinsic effects for radiographically analysing weld-pools as 
a possibility for characterising welding processes is described in [10] and [11]. These 
discussions are related to vacuum electron-beam welding and can not be easily transferred 
to NVEB welding owing to the widened electron beam. Recording radiation emissions 
from the weld pool in lightweight metal components is considered in [12]. The objective is 
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to characterise the welding process by means of the infrared radiation which is emitted 
from the keyhole. Here, the weld seams are produced under vacuum by means of electron-
beam or laser-beam welding. By correlating the infrared sensor's measured results as well 
as the penetration current, it was then possible to retrospectively discern the weld seam's 
irregularities in the process. These investigations form a good basis for further research in 
this field.  

2. Results from the project 

3.1 Positioning of the beam's head to the weld gap  

In order to produce a weld seam which is as defect-free as possible and to avoid one-sided 
fusion defects, it is necessary for the electron beam to precisely follow the weld gap. For 
this reason, an online weld-gap tracing system based on eddy-current inspection technology 
was developed which is described in detail in the following. 
 

 
Fig. 1. Separation of the useful and the spurious signal components EC-phase separation 

 
In developing the eddy-current (EC) sensors, several fundamental characteristics 

must be observed: high sensitivity of the measurements regarding the weld gap, good signal 
to noise ratio and robustness in relation to different spurious influences. Owing to these 
problematical requirements, an EC-differential sensor with a T-configuration was tested. 
The gap's position induces a distortion of the magnetic field orthogonal to the gap's 
direction on which the measuring effect of this type of sensor is mainly based.  By varying 
the test frequency, the useful signal can be separated from the interference signal via the 
phase selection procedure [13]. 

In order to obtain a rotation of the phase between useful (y-components) and 
interference (x-components) signals, an optimum test frequency of 50 kHz results for the 
sensor used here.   

Since this is a non-contact method, different separation distances were employed 
and their effects on the eddy current signal were documented. Decreasing amplitudes can 
be observed with increasing working-distances between the sensor and the component's 
surface. However, for a working-distance of up to 2.5 mm, this has no decisive effect on the 
positional accuracy which, within this range, is ± 50 µm.  
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Edge misalignment and chamfering have a significant influence on the eddy-
current's signals. By means of compensating for the spurious variables, this change is 
shown only in the x-components; that is, in the interference signals and thereby, similar to 
the distance effect, has only a slight influence on the useful signal [14]. 
 

 
Fig. 2. EC-T-sensor testing system for gap tracking and gap positioning 

 
A data processing computer including an eddy-current card and the testing software ECGT 
(eddy-current based gap tracing) is required for implementing the EC sensor online. This 
enables the electron-beam to be automatically tracked along the weld joint. The eddy-
current sensor is positioned during the weld pool's forward movement with the aid of a 
linear axis.  

After extensive parameter testing, the following settings have been proven as 
expedient for the testing task. Test frequency 20 - 200 kHz with a digital control signal 
cycle rate of 2 kHz [13]. 
 

3.2 Weld-pool monitoring using radiation detectors 

Monitoring the weld pool during NVEB welding is based on measuring the process-
intrinsic radiation. On processing materials using an electron-beam, an interaction occurs in 
the material in which reflected electron-scattering and x-ray bremsstrahlung arise. These 
effects can be recorded using appropriate detectors and are evaluated by means of the 
associated software. In order to realise this, NaI-detectors (sodium iodide, doped with 
thallium) and YAP-detectors (yttrium aluminium perovskite, doped with cerium) are 
employed to record the x-ray bremsstrahlung and reflected electron-scattering, respectively. 
To position the detectors, a support was designed which can be directly adapted to the 
NVEB equipment and accommodates up to 9 detectors. In this way, the detectors are 
directly focused at the weld pool. Owing to the extremely intense radiation which is 
generated during the welding process, it is necessary to shield the detectors against 
scattered radiation by using a leaded bronze sheath. In order to enable specific weld pool 
regions to be monitored and to adjust the counting rate to the maximum measurable counts 
per second, an additional collimating system was integrated into the sheath. The detector's 
adaptation to the equipment as well as its sheathing is schematically depicted in Fig. 3. 
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Fig. 3. NaI- and YAP-detector and weld-pool monitoring and analysis 

 
The detectors were calibrated with the aid of radioactive sources. An Am241-source was 
employed to determine the discrete energy lines in the decisive energy ranges. As an 
example, two energy spectra are depicted in Fig. 4 for the NaI and the YAP detectors [15]. 
 

 
Fig. 4. Energy spectra to calibrate the detectors 

 
The Institute of Materials Science's NVEB equipment at the Leibniz University Hanover 
(LUH) was used for the welding tests. This operates using an electron current of 1 to 
140 mA, a maximum beam power of 25 kW and a maximum accelerating voltage of 
175 kV. During the initial tests, the measuring system's dead times were too high for 
detecting measured values owing to the too high x-ray beam emission in the weld pool and 
radiation scatter. For this reason, it was necessary to furnish the detector with an additional 
9 mm thick lead sheath. 
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The welding tests were carried out on plate material having artificially introduced 
defects. The artificial manipulations include drilled holes of differing diameters as well as 
varying depths into the plate's surface, locally and conically widened joint gaps. These 
defects lead to local reductions in the interaction between the electron-beam and the 
material. As a consequence, the count rate falls in these regions. These drops in count rate 
are measurable and are evaluated with the aid of the software [15]. 

As an example, several graphs are depicted of the described drop in impulse owing 
to defects in the component.  
 

 

 
Fig. 5. Radiation detection of irregularities in the weld gap – boreholes in the gap and local gap widening 

 
During welding of thick walled plate material, the keyhole effect plays an important role. 
Here the stability of the keyhole along the entire length of the weld’s seam is decisive for 
the weld seam's zero-defect tolerance. Initial tests to monitor the keyhole's stability were 
performed on 4 mm thick plate possessing blind-holes of differing depths which were 
introduced into the plate's proximal and distal sides. For these tests, one detector was 
focused on the component's upper surface (proximal), a second on its underside (distal). As 
a consequence of the different holes, various radiation shielding effects occurred due to the 
component. The deeper the introduced defect, the greater the measurable impulse rate 
increased on the component's distal side. Corresponding to this, a drop in the impulse rate 
occurred which was measured on the component's proximal side. A correlation of the 
measured values from both detectors admits the possibility of determining the depth and 
thus making an assertion about the keyhole effect [13]. Specific changes in the count rate 
must be investigated in further tests. 
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3. Summary and prospects 

In order to fulfil the high quality standards of welded joints even for new joining methods, 
new technologies must be developed and adapted to the already existing systems. Adequate 
avoidance of defects and zero-defect tolerance can only be obtained by combining various 
testing techniques.   

By means of applying an eddy-current T-sensor in advance of the process, precise 
positioning of the electron-beam can be attained for welding seam joints. With the aid of 
suitable evaluation and control software, the welding beam can trace the seam's profile and 
thereby fusion defects can be avoided caused by weld-seam misalignment.  
By means of employing suitable detectors to register the process-intrinsic X-ray 
bremsstrahlung and the secondary electrons, the irregularities in the welding process can be 
detected. Evaluating the impulse rate indicates possible variations in the process during the 
welding and provides information directly from the weld pool. By processing the signal 
chronologically with respect to the impulse rate, critical regions of the component can be 
directly determined from correlations with the feed rate. With regard to continuing research 
in this field, a new NaI detector will be tested. In doing this, a thinner crystal will be 
employed by means of which it should be possible to measure the x-ray bremsstrahlung at 
higher powers. The preliminary fundamental investigations provide very promising results. 

All things considered, NVEB welding harbours great potential compared to other 
welding methods owing to its high overall efficiency, the narrow heat affected zone as well 
as the high attainable feed rates. According to this, suitable quality assurance provisions 
must be developed in order to measure process deviations and to implement suitable 
measures to control the process.  
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