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Abstract. Material defects like shrinkage defects, dross, pores and chunky graphite 
are likely to occur in thick-walled castings and are a challenge for the foundries and 
their customers. Large and heavy nodular cast iron components are an essential part 
of wind energy turbines (WET) now and also in the future. The renewable energy 
market is also a growing area where reliable components and efficiency as an 
economic market aspect are core values. The further increase of the size of WET 
will require components of high strength, ductility and fatigue resistance. Due to the 
size and weight of thick-walled castings full-scale fatigue tests under realistic 
conditions are not possible in most cases. Therefore, flaw detection and materials 
characterization methods need to be improved for the assessment of WET 
components. With the help of X-ray analysis and the ultrasonic technique Sampling 
Phased Array (SPA) as well as conventional automated ultrasound techniques it is 
possible to get information about geometry and density as base for a numerical 
analysis of shrinkage defects in thick-walled castings concerning fatigue. For 
assessing the effect of shrinkage defects on the fatigue behavior, a method was 
developed for manufacturing hourglass specimens based on ultrasound results. 
Dross as another relevant material defect in thick-walled castings can be analyzed 
and characterized by non-destructive methods, too. Localization of dross and 
assessing its distribution and characteristic are the major tasks. Magnetic flux 
leakage and micromagnetic methods are used in order to localize and assess the type 
of dross close to the surface. Ultrasound techniques allow the assessment of the 
spatial structure of dross. Within the frame of this contribution the results of the 
non-destructive investigations will be presented and discussed. Special attention will 
be given to the assessment of size, location and severity of shrinkage defects and 
dross in thick-walled castings.  

1. Introduction  

Heavy components made of casted iron are currently and in the future elementary parts of 
wind energy turbines. Especially future offshore turbines with increasing rotor blade length 
require larger components of higher strength, ductility and fatigue resistance. Using full 
scale tests under realistic conditions for certifying these components is today often hardly 
possible. Getting prepared for future challenges non-destructive testing (NDT) and 
assessment methods have to be improved for large and thick walled components made of 
casted iron. Shrinkages in nodular cast iron represent a volumetric defect. Therefore, 
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ultrasound is the only testing method for heavy weight, large sized components [1]. Dross 
is a further relevant type of defect which is situated more closely to the surface but also of 
volumetric form. Here, besides ultrasound further methods like magnetic particle testing, 
magnetic flux leakage testing and micromagnetic methods can be applied [2-15].  

Due to design requirements especially for larger components these two types of 
defects cannot be completely avoided. The increasing size of wind energy turbines (WET) 
also requires the reduction of the amount of material, i.e. lightweight design concepts are 
needed. Otherwise the total weight of these systems would be too high for construction and 
durability. Nodular cast iron of higher strength offers the potential for lightweight design 
however due to increasing brittleness the number of load cycles between initial crack and 
failure is reduced compared to more ductile cast iron. Therefore, certification bodies 
request improved quality checks for these materials of higher strength [16]. 

The advantage of cast iron compared to welded designs is that geometry and 
thickness can be adapted to the acting forces [17] in a very efficient way. This allows 
weight reductions and resource efficient design. Therefore, welded constructions were 
already partly replaced by casted ones [18].  
So far, only X-ray inspection can be used to asses shrinkages in casted iron regarding the 
fatigue resistance. Therefore, a correlation approach with gray scale reference images is 
used [19]. The fatigue resistance [20] is determined on the base of level classification of the 
shrinkages. Especially thick walled components with a weight ranging from 10t to 250t 
cannot be assessed by X-ray testing. It is not possible to apply the mentioned assessment 
procedures [19] which currently lead to a high amount of junk caused by higher safety 
factors based on fracture mechanical approaches. Regarding dross no assessment 
procedures are available so far. The existence of dross which can be detected e.g. by 
ultrasound [21] leads to a full repair procedure and all dross has to be removed. Removing 
all the dross in a component often reduces the remaining wall thicknesses to a level where 
the component has to be treated as junk or repair welding is additionally required. In the 
current way of treatment both forms of defects lead to an inefficient and non-sustainable 
form of manufacturing. 

Regarding shrinkages ultrasound represents an accepted technique for inspecting 
thick walled components made of nodular casted iron where X-ray cannot be used. A 
general procedure to assess the fatigue resistance of casted iron based on results of 
ultrasonic testing is not available so far. The today available state of the art in ultrasonic 
technology allows imaging of volumetric defects. Therefore, automated measurement 
equipment has to be used since accurate positioning is required for high resolution 
reconstructions. The exact position of the probe as well as the A-scan has to be acquired 
and stored. In frame of the ultrasound investigation single angle probes as well as the 
sampling phased array technique which requires the use of phased array probes were used 
[22].  

The assessment of dross is so far not intensively studied compared to the 
experiences existing for shrinkages. Evidence for this fact is given through the very limited 
number of publications about this topic [23]. Dross clusters as a surface layer of up to 
several centimeters thickness. It can be detected by ultrasound thickness measurements 
from the backside. [21] e.g. describes the procedure for dross detection. It is so far only 
known that dross can reduce the fatigue resistance of a component significantly. However, 
NDT based fatigue life assessment is not yet possible.  

The methodological and qualified connection of NDT results with numerical design 
methods and fatigue life assessment offers the possibility to assess detected, classified and 
quantitatively characterized flaws regarding their influence on the fatigue life of a 
component. Regarding shrinkages and dross in nodular casted iron two projects were 
carried out on this objective. The NDT results of these two projects („Lunkerfest“, founded 
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by the German Federal Ministry for Economic Affairs and Energy ,Förderkennzeichen 
0325239A and „unverDROSSen“ founded by the German Federal Ministry for the 
Environment, Nature Conservation, Building and Nuclear Safety, Förderkennzeichen 
0325802A) are presented within this paper. 

Specified specimens showing the requested flaws were manufactured. Additionally, 
real components having dross flaws and shrinkages could be used in frame of both projects. 
The manufactured specimens were plates of sizes ranging from 1000x600x120 mm³ to 
1250x550x230 mm³ showing shrinkages and plates of the size 500x500x200 mm³ showing 
dross. The specimens were manufactured that different levels of severity of the requested 
flaws could be received according to DIN 12680 [21]. While for shrinkages EN-GJS-400, 
EN-GJS-700 and EN-GJS-450-18 were investigated dross was only characterized at 
specimens and components made of EN-GJS-400. Therefore, within this paper results only 
from the EN-GJS-400 material is presented. 

2. NDT based assessment of shrinkages in nodular casted iron 

The assessment of shrinkages requires information about size, geometric form and position 
of the flaws. State of the art ultrasonic techniques are able to deliver the requested 
information with sufficient resolution. Regarding the assessment of shrinkages a number of 
fatigue specimens are required. A concept for specifying the position of fatigue specimens 
based on the SPA results was developed. Since a certain amount of specimens for covering 
a statistical entity of shrinkage classes is needed the position of the specimens was selected 
according to the different densities of the shrinkages identified by ultrasound investigations. 
For verification X-ray CT was applied to every hourglass specimen for determining the true 
density since the density is a reference parameter for the porosity and will therefore be 
correlated to the shrinkage class according to [21].  

The ultrasonic inspection of the plates was performed from the backside of the 
plates to avoid disturbing influences from possible dross layers at the upper side. They were 
carried out with a 2D scanner system using probes of 1 MHz center frequency. Due to the 
casting process the shrinkages were concentrated in the center region of the plates. 

Shrinkages in casted iron are usually classified by X-ray analysis where the result is 
directly correlated to the density of the material. Due to the objective of the investigations 
to show that ultrasound investigations are able to deliver comparable results to X-ray 
analysis for thick walled casted iron the first step of this project was to prove that 
comparable results are received with both methods. Each plate was scanned with the 
sampling phased array technique and a 3D reconstruction of the ultrasound results was 
performed. After the NDT inspections the plates were cut into slices of 4 cm thickness for 
manufacturing the hourglass specimens for fatigue tests (Fig.1) and for correlating the 
position of the shrinkages to the NDT results.  
 

 
Fig. 1. Left: photo of plate MS-6 where the shrinkages are marked by a white square. Right: location of 

hourglass specimens for fatigue testing of MS-6 which is made of EN-GJS-400. 
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The shrinkages are of volumetric form as can be seen in the 3D ultrasound reconstruction 
(Fig. 2). The ultrasound results were reconstructed the way that for each slice of 4 cm 
thickness the corresponding B-, C- and D-scan was available. Each slice was additionally 
analyzed by X-ray (Fig. 3). The comparison of X-ray and ultrasound results shows that 
form and position of the shrinkages can be reconstructed by both methods of comparable 
quality. Therefore, based on the ultrasound results the position of the hourglass specimens 
for the fatigue tests could be determined as shown exemplarily in Fig. 1. When the plate 
was cut into the slices of 4 cm thickness the NDT based determination of the position of the 
shrinkages could also be verified (Fig. 1). Based on the ultrasound results the positioning of 
the hourglass specimens was performed for all other plates and components which were 
analyzed in frame of the Lunkerfest project. 
 

 

Fig. 2. 3D reconstruction of an ultrasound inspection using the sampling phased array technique of the plate 
made of EN-GJS-400. The center region shows the reconstructed shrinkages. 

 

 
Fig. 3. X-ray result (top) and B-scan of the SPA results (bottom) for slice MS-6. 

 
Before the slices of 4 cm thickness were manufactured each plate was also analyzed by X-
ray. Fig. 4 shows the ultrasound C-scan result of the plate made of EN-GJS-400 and the 
position of the films of the X-ray analysis as well as the position of the slices (MS-1 to MS-
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13) which were manufactured in the cross section plane of the plate. The C-scan (Fig. 4) as 
well as the 3D view (Fig.2) show that this shrinkage area includes flat structures which 
could not be resolved by the X-ray analysis of the whole plate (in analogous direction to the 
C-scan view). 

It could be shown that ultrasound is able to produce comparable results to the X-ray 
analysis. Even small flat shrinkage zones could be resolved with ultrasound performed as a 
2D scan of the surface of the plate. Regarding X-ray two planes of projection would be 
required for resolving all relevant flaws. When the hourglass specimens were manufactured 
it could be verified that the shrinkages can be fully reconstructed by automated ultrasound 
scanning using the SPA technique. Therefore, the manufacturing of further hourglass 
specimens totally relied on the ultrasound results.  
 

 
Fig. 4. Ultrasound C-scan (top view) of the SPA results of the plate made of EN-GJS-400. The area where 

shrinkages are present is situated in the center of the plate. The position of the X-ray films (F1 – F8) is 
marked as well as the 13 slices which were manufactured (MS-1 – MS-13). 

 
Each hourglass specimen was analyzed with X-ray computer tomography (CT) and the 
density of the zone which is under load during the fatigue tests was determined. Density 
and fatigue resistance show a strong correlation which was already shown by [19]. Due to 
the different resolution of the ultrasonic inspections compared to X-ray CT the correlation 
of ultrasound and density of the hourglass specimens is also less good. Nevertheless, the 
received correlation was sufficient to be usable for an assessment model for fatigue of thick 
walled casted iron [24, 25].  

2. NDT based assessment of dross in nodular casted iron 

Besides shrinkages dross is another type of flaw which can have a severe influence on the 
fatigue resistance of nodular casted iron. Dross usually forms a relative thin layer (up to a 
few centimeters) on the top side of a component. Today if dross is occurring the layer has 
to be removed completely since the fatigue resistance cannot be assessed. Within the 
project unverDROSSen ultrasound techniques and magnetic methods were applied to assess 
different dross layers. Therefore, in a first step 11 specimens showing layers of dross were 
manufactured. Each specimen had the dimension of 500 x 500 x 200 mm3 and was made of 
EN-GJS-400. 
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2.1 Ultrasound 

Ultrasound is usually applied from the backside of a component to check for possible dross 
layers [21]. If the backwall cannot be resolved this is an indication for the existence of a 
dross layer. Since the thickness of the component is known the thickness of the dross layer 
can be easily determined. Within the project unverDROSSen ultrasonic testing was also 
carried out from the side of the dross layer. Fig. 5 shows that it is also possible to perform 
ultrasonic testing through the dross layer. Therefore, automated scanning was carried out 
with a 1 MHz ultrasound probe. The advantage of an inspection from the side where the 
dross is close to the surface would be that heavy and large sized components would not 
have to be turned around anymore. Due to scattering effects the thickness of the dross layer 
is overestimated. Investigations are currently carried out to find a mathematical correction 
for this effect. Nevertheless, it has been shown that an ultrasound inspection through the 
dross layer is possible. The use of a scanner from the backside allows the detailed imaging 
of the horizontal and vertical distribution of the dross (Fig. 6). 

 
Fig. 5. Ultrasound C-scan (top view) derived from the side of the dross layer of plate number 8 made of EN-

GJS-400. The ultrasound inspection through the dross layer shows the distribution of the dross. 
 

 
Fig. 6. Ultrasound C- (top left), B- (top right) and D-scan (bottom) derived from the backside of plate number 

8 made of EN-GJS-400. The B and D scan indicate a maximum dross layer thickness of about 30 mm. 
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It is also obvious from the results that dross is uneven distributed. Areas of different 
thicknesses and density were formed. This is also a first indication that an uneven fatigue 
resistance might also be related to the varying characteristic. 

2.2 Micromagnetic Methods and Magnetic Flux Leakage 

Dross can be detected using magnetic particle testing. Therefore, magnetic flux leakage and 
micromagnetic methods should also be able to detect dross. This is shown in Fig. 7 and 8. 
Both methods allow only an assessment of the surface of the component or specimen. For 
both methods a scanner was used to scan the whole surfaces of the specimens from the side 
of the dross-layer. 

 

  
Fig. 7. Result of a magnetic flux leakage measurement using a scanner derived from the side of the dross-
layer of plate number 8 made of EN-GJS-400 (resolution: 1 x 0.1 mm2). The magnetic flux leakage testing 

shows the distribution of the dross. 
 

 
Fig. 8. Result of a micromagnetic surface scan (micromagnetic quantity Hcu which is an analogous quantity 
to the magnetic coercivity field strength Hc, derived from the incremental permeability analysis) of  the side 

of the dross-layer of plate number 8 made of EN-GJS-400 (resolution 40 x 46 measurements). The 
micromagnetic inspection shows the distribution of the dross. 

 
The first results of the micromagnetic and magnetic flux leakage investigations on the EN-
GJS-400 specimens shows good results for the characterization of the dross distribution. 
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This is demonstrated if the results from Fig 5 and Fig. 6 are compared to Fig. 7 and Fig 8 
derived from the same specimen number 8 where the surface was made flat and smooth by 
fly-cutting. The comparison shows that the dross distribution at the surface can be resolved 
with NDT methods like magnetic flux leakage and by measuring micromagnetic 
parameters. The ultrasound C-scan (Fig. 5, top left) can be used as a reference 
measurement. Using magentic flux leakage and micromagentic methods the detection of 
dross is possible even with a higher resolution than with ultrasound. It still has to be 
investigated if these results allow a correlation to the characterstic of the dross regarding its 
actual fatigue resistance. 

3. Conclusion  

Material defects like shrinkages, dross, pores and chunky graphite are likely to occur in 
thick-walled castings and are a challenge for the foundries and their customers. Heavy-
sized components of nodular cast iron are an essential part of wind energy turbines (WET) 
now and also in the future. The renewable energy market is also a growing area where 
reliable components and efficiency as an economic aspect are core values. The further 
increase of the size of WET will require components of high strength, ductility and fatigue 
resistance. Regarding the fatigue resistance of nodular cast iron position and geometric 
structure as well as size are required assessment factors which can today be received from 
NDT inspections. It was shown that shrinkages and pores of thick walled components can 
be reconstructed by ultrasound in comparable quality to X-ray testing whereas X-ray result 
based fatigue assessment is already developed [19]. Using X-ray computer tomography as a 
reference method ultrasound sampling phased array results were correlated to fatigue 
assessments.  

Dross was so far less investigated, but the first results from different NDT methods 
(ultrasound, magnetic flux leakage, micromagnetic methods) are promising. The ultrasonic 
testing from the side with the dross layer shows the detailed dross distribution. The 
magnetic measurements with both methods which were applied give comparable results to 
the investigations with ultrasound. These methods offer the potential of high resolution 
dross detection for surface inspection. The ultrasonic testing from the backside of the dross 
layer can determine the distribution and the thickness of the dross layer. 
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