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PREFACE 

This work has been carried out at the Production Technology Centre (PTC) at 
University West in Trollhättan, Sweden between 2009 and 2014. It started in 
2009 with a research project together with Volvo Aero Corporation (currently 
GKN Aerospace Sweden AB), Volvo Construction Equipment, Fuji Autotech 
AB, DEKRA, GE Inspection Technologies and Innovatum Teknikpark called 
“Automation of Non-Destructive Testing and Evaluation applied to joining” 
(ANDTE), which was financed by the KK-foundation. This project was the 
start-up of the research within non-destructive testing at University West. The 
goal of this project was to find a solution for automatic non-destructive 
inspection of welds. ANDTE ended in 2012 and resulted in a licentiate thesis 
with the title “Towards Automation of Non-Destructive Testing of Welds”. 
From 2012 to 2014 the continued research has been within thermography and 
ultrasound, owing to the results from the work in ANDTE. The main projects 
during this time have been MERLIN, 18-WeLdt and G5Demo. MERLIN has 
been a large EU-founded project with several companies and research institutes 
from within Europe. In this project work within laser ultrasonics was carried 
out together with TWI in the UK. 18-WeLdt and G5Demo are two projects 
where thermography is used for detecting defects. In these projects the main 
cooperation has been with GKN Aerospace Sweden AB. In 18-WeLdt there 
has also been a collaborations with the two Spanish companies IK4 Lortech 
and TecniTest NDT. 
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ABSTRACT 

All welding processes can give rise to defects, which weakens the joint and can 
eventually lead to the failure of the welded structure. In order to inspect welds 
for detects, without affecting the usability of the product, non-destructive 
testing (NDT) is needed. NDT includes a wide range of different techniques, 
based on different physical principles, each with its advantages and 
disadvantages. The testing is often performed manually by a skilled operator 
and in many cases only as spot-checks. Today the trend in industry is to move 
towards thinner material, in order to save weight for cost and for 
environmental reasons. The need for inspection of a larger portion of welds 
therefore increases and there is an increasing demand for fully automated 
inspection, including both the mechanised testing and the automatic analysis 
of the result. Compared to manual inspection, an automated solution has 
advantages when it comes to speed, cost and reliability. A comparison of 
several NDT methods was therefore first performed in order to determine 
which methods have most potential for automated weld inspection. 

Automated analysis of NDT data poses several difficulties compared to manual 
data evaluation. It is often possible for an operator to detect defects even in 
noisy data, through experience and knowledge about the part being tested. 
Automatic analysis algorithms on the other hand suffer greatly from both 
random noise as well as indications that originate from geometrical variations. 
The solution to this problem is not always obvious. Some NDT techniques 
might not be suitable for automated inspection and will have to be replaced by 
other, better adapted methods. One such method that has been developed 
during this work is thermography for the detection of surface cracks. This 
technique offers several advantages, in terms of automation, compared to 
existing methods. Some techniques on the other hand cannot be easily 
replaced. Here the focus is instead to prepare the data for automated analysis, 
using various pre-processing algorithms, in order to reduce noise and remove 
indications from sources other than defects. One such method is ultrasonic 
testing, which has a good ability for detecting internal defects but suffers from 
noisy signals with low spatial resolution. Work was here done in order to 
separate indications from corners from other indications. This can also help to 
improve positioning of the data and thereby classification of defects. The 
problem of low resolution was handled by using a deconvolution algorithm in 
order to reduce the effect of the spread of the beam. 
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The next step in an automated analysis system is to go beyond just detection 
and start characterising defects. Using knowledge of the physical principles 
behind the NDT method in question and how the properties of a defect affect 
the measurement, it is sometimes possible to develop methods for determining 
properties such as the size and shape of a defect. This kind of characterisation 
of a defect is often difficult to do in the raw data, and is therefore an area 
where automated analysis can go beyond what is possible for an operator 
during manual inspection. This was shown for flash thermography, where an 
analysis method was developed that could determine the size, shape and depth 
of a defect. Similarly for laser ultrasound, a method was developed for 
determining the size of a defect. 
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  INTRODUCTION 1.

Welding is a process that is of great importance when it comes to joining metal 
structures. Most welding processes joins metal pieces by locally melting them 
and thereby fusing them together as the weld solidifies during cooling. In 
many cases additional material is also added during this process. Due to the 
harsh environment during the welding process, which includes high 
temperatures, rapid heating and cooling, flowing liquid metal, as well as 
different gases that can influence the metal, it is not uncommon for defects to 
form in the weld. 

Since defects are by definition undesired, several methods for inspecting welds 
have been developed. Most defects can be detected using destructive testing, 
e.g. by cutting the weld into pieces or by loading it until it fractures. This type 
of testing works well if the manufactured part is cheap and only a few in a 
batch are to be tested. In many industries, such as the automotive or aerospace 
industry, the cost of a single product makes destructive testing too expensive. 
Today many industries move towards using thinner material in their products, 
in order to save weight and reduce cost. One downside with this is that the 
margin of error becomes smaller. To ensure the structural integrity of the 
finished product, there is therefore an increasing demand for inspection of a 
large portion, or all, of the welds. This means that non-destructive testing 
(NDT) often is a requirement when it comes to weld inspection. NDT includes 
a large range of different techniques, based on different physical principles, 
each with different advantages and disadvantages. What they all have in 
common though is that they make defect detection possible without 
influencing the future usability of the product. 

When it comes to weld inspection it is often performed manually by a skilled 
operator. But as more and more welds needs to be inspected this becomes 
impractical and there is an increasing demand for fully automated inspection, 
including both the mechanised testing and the automatic analysis of the result. 
Compared to manual inspection, an automated solution has advantages when 
it comes to speed, cost and reliability. 

Automated analysis of NDT data poses several difficulties compared to manual 
data evaluation. It is often possible for an operator to find defects even in 
noisy data, through experience and knowledge about the part being tested. 
Automatic analysis algorithms on the other hand suffer greatly from noise and 
are negatively affected by indications that originate from sound areas of a weld, 
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e.g. geometry variations. The solution to this problem is not always obvious. 
Some NDT techniques might not be suitable for automated inspection, in 
terms of the analysis as well as the mechanisation, and will have to be replaced 
by some other technique. Some techniques on the other hand cannot be easily 
replaced. Here the focus is instead to prepare the data for automated analysis 
by using various pre-processing algorithms in order to reduce noise and remove 
indications from sources other than defects. 

The next step in an automated analysis system is to go beyond just detection 
and focus on characterisation of defects. Using knowledge of the physical 
principles behind the NDT method in question and how the properties of a 
defect affect the measurement, it is sometimes possible to develop and improve 
existing methods for determining properties such as the size and shape of a 
defect. This kind of characterisation of a defect is often difficult to do in the 
raw data and is therefore an area where automated analysis can go beyond 
what is possible for an operator during manual inspection. 

With this background it is clear that there is a need for automated inspection 
of welds, including the analysis, and that this has several advantages compared 
to manual testing. The research questions that should be answered in this 
work are therefore: 

� Are there any non-destructive testing methods that are particularly 
suitable for automated inspection of welds? 

� How can the signal be analysed in order to automatically detect and 
classify defects? 

Since this area of research is very large it has to be limited. The focus has 
therefore been on the two methods found, in a comparison described in 
section 3, to be most suitable for automated weld inspection. The analysis 
methods used to process the signals and to extract more information were also 
limited to physically based methods, as described in subsection 4.2. 
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 WELDING AND WELD DEFECTS 2.

Presented here are the welding processes, joint types and weld defects that are 
of importance for this work. More details on these subjects are available from 
several sources, such as [1-5]. 

2.1 Welding 
Welding is a joining process which is commonly used for joining metals. The 
metal most often joint by welding is steel, but the process is also used on other 
metals and alloys such as aluminium, stainless steel, titanium, Inconel and 
copper. When two metal plates are welded together the procedure is most 
often as follows: The surfaces are prepared by removing oil, dirt and oxides, if 
necessary. For thicker material a bevelled edge is sometimes cut into one or 
both plates in order to increase the penetration depth of the weld. The plates 
are then assembled in the configuration they should be joined in, either edge 
to edge, overlapping or with one plate at an angle to the other. A high energy 
is applied to the area where the two pieces are to be joined using for example 
an electric current between an electrode and the work pieces, laser light or a 
burning flame. This high energy melts the two metal plates in the area where 
they should be joined and molten metal from both pieces are mixed in the 
weld pool. In some cases additional material is added to the molten metal in 
the weld pool. It is often necessary to shield the weld pool from contaminating 
agents, such as oxygen and hydrogen in the air, using shielding gas or flux, in 
order to avoid defects. While welding a continuous weld, the energy source is 
constantly moved in order to melt new metal along the seam. Once the energy 
source is removed the temperature drops and the metal begins to cool down 
and solidify. When the weld is completely solid the two plates have been 
joined together. It should be remarked that there are several other welding 
techniques that work in different ways, some without melting the material, but 
the procedure outlined above is the most common and the one used for the 
welds in this work. 

2.1.1 Welding Processes 
There are several welding processes in use today and they differ by their use of 
different energy sources, ways of shielding the molten metal and supply of filler 
material (or lack thereof). Which welding process is used will depend on the 
material, thickness, speed requirements, material geometries and cost 
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limitations. The welding processes used during this work, arc welding and laser 
welding, are presented briefly below. 
 

 
Figure 2.1: Gas metal arc welding (GMAW). 

 

Arc welding as a group is the most common welding process and uses an 
electric current to create a plasma arc between an electrode and the work piece. 
There are several different arc welding processes including gas metal arc 
welding (GMAW), gas tungsten arc welding (GTAW), shielded metal arc 
welding (SMAW) and submerged arc welding (SAW) [2]. GMAW uses a high 
current, flowing through a consumable electrode to the base material, to create 
a plasma arc, as can be seen schematically in Figure 2.1. The consumable metal 
wire is usually made out of a similar alloy as the welded metal, but often 
contains additional elements in order to prevent defect formation, or to attain 
certain properties. The plasma created melts the electrode, which is 
continuously and automatically fed through the plasma into the weld pool. 
The molten metal is protected from harmful gases in the air by a shielding gas, 
supplied alongside the electrode. The two main subgroups are metal inert gas 
(MIG) and metal active gas (MAG) which differ by the use of different 
shielding gas [1]. Another type of arc welding is GTAW, also known as 
tungsten inert gas (TIG), which uses, just as GMAW, a high current in order 
to create a plasma arc. The difference is that a tungsten electrode is used, 
which is not consumed in the process. An inert shielding gas flows around the 
electrode and is used to create the plasma and to protect the molten metal. If a 
filler material is used it is fed into the melt from the side, manually or 
automatically [1]. 

Laser welding differ from arc welding by the lack of an electric current for 
creating the plasma. The energy is in this case supplied by a focused, high 
power laser source. This process is only used for automatic welding due to the 
dangers of the laser light and difficulties of handling the laser. If any filler 
material is needed it is supplied automatically from the side into the melt. This 
welding process is commonly performed in a chamber of inert gas to prevent 
contaminations from atmospheric gases [1]. 
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2.1.2 Joint  Types 
Most welding processes can be used to join metals in different geometries. 
Which of the different types of joints are used depend on the application and 
each have their advantages and disadvantages. Some of the most common 
joints, and the ones used in this work are presented below. A full list of the 
different joint geometries is specified in ISO 2553 [6]. 

A bead on plate weld is commonly used for testing and is not a joint, but 
simply a weld on a metal plate. Since it simplifies the geometry of the plate, 
and thereby reduces the amount of unknown parameters, it is useful for tuning 
weld parameters, creating welds for testing and for comparing equipment. It 
can also be used for applying material to a surface to replace material lost 
through wear, to build up a structure or to protect the surface [2]. 

A butt weld consists of two plates that are placed side by side and are welded 
along the seam, as illustrated in Figure 2.2. If the plates are thick it is often 
necessary to machine a bevel into one or both of the plates in order to attain 
sufficient penetration depth. The bevel can have different shapes; which type is 
used depend on the thickness of the plates and welding process. However, the 
bevel is usually kept as simple and small as possible in order to reduce the 
amount of additional machining [2]. 
 

 
(a) 

 
(b) 

Figure 2.2: Two examples of butt welds. (a) Without a bevel. (b) With a 
bevel machined into the plates. 

 

Another type of weld is the fillet weld; it can be used when plates need to be 
joined at an angle or if they are overlapping, as shown in Figure 2.3. If the 
plates are thick, a bevel can be machined into one of the plates in the same 
way as for a butt weld. A common type of fillet weld is called a Tee joint (also 
known as T joint). This joint consists of two perpendicular plates, where the 
side of one is welded onto the other to form a T. One of the advantages with 
this joint, compared to an L shaped joint, is that it is possible to weld it from 
both sides, as might be necessary for thicker plates. It is also possible to make a 
bevel in the added plate in a similar way as with the butt weld in order to 
improve the penetration depth in the weld. Another type of fillet weld, which 
can be used if the two plates that are to be joined are overlapped, is a weld 
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called a lap joint. For a lap joint, the plates can either be welded on one side or 
both [2]. 
 

 
(a) 

 
(b) 

Figure 2.3: Two examples of fillet welds. (a) A Tee joint, also known as a 
T joint. (b) Lap joint of two overlapping plates. 

 

2.1.3 Addit ive Manufacturing 
One application of welding where the technique is not used for joining is 
additive manufacturing. In this application the welding process is used for 
adding material to a base material in order to build a new structure, repair the 
existing structure or add a layer of material with special properties (cladding). 
Additive manufacturing can be performed with several different welding 
techniques, including arc welding and laser welding, as long as filler material is 
added. Filler material can be added as a wire [7], as in welding, or as a powder, 
which is more common [8]. If a wire is used as the filler material the structure 
will consist of several strands of welded metal, as illustrated in Figure 2.4. 
 

 
Figure 2.4: Example of a structure built using additive manufacturing with 
wire. 

 

2.2 Weld Defects 
All welding processes can, and will, give rise to imperfections that, depending 
on their size and type, are classified as defects. Defects will act to weaken a 
weld and can lead to the failure of a joint. Several different types of defects 
exist and have different causes, severity and sometimes require different 
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methods to be detected [5]. Some of the most commonly discussed weld 
defects are pores and cracks, although there are many other types of defects. 
Both pores and cracks may in turn be divided into sub-groups depending on 
the shape, origin, position and size of the defect. 

To simplify the grouping of the defects they are here divided into the following 
four groups: volumetric defects, flat defects, surface defects and geometrical 
variations. This categorisation is based on the properties that are of most 
importance when the defects are to be detected. Volumetric defects are all 
defects that have a large volume compared to their surface area, such as pores. 
Flat defects are defects with a large surface area compared to their volume, 
such as cracks and lack of penetration. Surface defects are all defects that are 
open to the surface, even though some have a very narrow opening. 
Geometrical variations are when the outer dimensions of a weld deviates from 
its specified dimensions. It is possible for a defect to be in more than one 
category, but in that case it is placed in the group which is most suitable. 

It is common to use defects that have been artificially created in order to have 
known variations and positions of defects when methods and equipment are 
tested, compared and qualified. Often it is also both difficult and costly to 
produce real defects with the range of sizes that are needed. Artificial defects 
are designed to behave in a similar way as real defects for the testing method or 
methods that are being evaluated. It can, however, be difficult to design and 
produce artificial defects if they are to be used to compare several NDT 
methods, since they will then have to behave like the real defects in several 
different ways. Some artificial defects have been used in this work, including 
surface notches, artificial pores, internal flat defects, side drilled holes and flat 
bottom holes. The following subsections specify the different types of defects 
considered. 

2.2.1 Volumetric Defect s 
Volumetric defects include all defects that have a large volume compared to 
the surface area. This group includes defects such as pores, clusters of pores, 
wormholes and inclusions. Depending on the NDT method being used, these 
defects can be substituted by different artificial defects such as flat bottom 
holes, side drilled holes or artificially created pores. Volumetric defects are 
detectable by several of the more common methods including ultrasound and 
radiography, although the detectability is highly dependent on the size of the 
defect. 

Pores arise during cooling and solidification of the weld metal. The solubility 
of gas in the metal decreases and gas bubbles can form. If these bubbles cannot 
escape before solidification they get trapped in the weld and pores are created. 
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The main cause for pores is inadequate use of shielding gas, which means that 
gases like oxygen, nitrogen or hydrogen can come into contact with the molten 
weld metal. Pores weaken the weld by reducing the cross sectional area of the 
weld, as well as acting as crack initiation points. Individual pores can be 
created as well as clusters of several smaller pores, as shown schematically in 
Figure 2.5. 
 

 
(a) Single pore in a weld. 

 
(b) Cluster of pores in a weld. 

Figure 2.5: Schematic drawing showing a pore, as well as a cluster of smaller 
pores. 

 

Pores are usually close to spherical in shape but can also have the shape of a 
worm hole if it evolves progressively during the solidification of the weld [2]. 

Inclusions are a type of volumetric defect where the volume is filled with a 
solid instead of a gas, as is shown schematically in Figure 2.6. 
 

 
Figure 2.6: Schematic drawing of a weld with an inclusion. 

 

This type of defect comes in two main types, slag inclusions and tungsten 
inclusions. Slag inclusions are oxides and other non-metallic solids that are 
trapped in the weld or in the boundary between the weld and the base metal. 
During TIG welding some tungsten can melt and fall into the molten metal 
and will then form a tungsten inclusion [5]. 
Volumetric defects, in the form of pores, are difficult to produce in a 
controlled manner where the position and size is known. It is therefore 
common to use artificial defects. 
One type of artificial defect that is sometimes used is a flat bottom hole (FBH). 
This kind of defect consists of a hole, drilled from the back side of the test 
piece, with a flat bottom, as shown in Figure 2.7(a). The advantages of a FBH 
are that it is relatively easy to manufacture a defect of any size, depth and 
position. The drawbacks are that the usability is limited to a few techniques 
since the shape is so different from a real pore or other volumetric defects. A 
similar type of artificial defect is a side drilled hole (SDH). This defect is 
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created by drilling a hole through the side of the test piece, as seen in 
Figure 2.7(b). 
 

  

(a) Flat bottom holes. (b) Side drilled holes. 

Figure 2.7: Two test pieces with artificial volumetric defects. 
 

Similarly to a FBH, this type of artificial defect can be manufactured with any 
size and position of the hole, but is limited in use to some specific NDT 
techniques. This type of defect was used in Paper D [9] and Paper F [10].  
A method for producing artificial volumetric defects that more closely 
resembles pores was developed in Paper A [11] and involves closing off a 
drilled hole with a weld. The method is shown schematically in Figure 2.8. A 
hole is drilled into a premade weld and is then closed off using a second weld. 
This creates a cavity that is cylindrical in shape with the bottom shaped after 
the drill and where the top can be concave or convex depending on the 
welding process and the diameter of the hole. 
 

 
(a) 

 

(b) 

 

(c) 

Figure 2.8: Schematic description of how the artificial pores were produced. 
(a) In initial bead on plate weld were made to ensure that the pore would be 
in welded material. (b) A hole was drilled into the weld. (c) A second weld was 
made on top of the hole, closing it to a cavity. 

 

These artificial pores were successfully created using both MIG welding and 
laser welding without filler material. The sizes of the pores ranged from 0.3mm 
to 2mm. A cross section of two 2mm artificial pores, produced using MIG 
welding, is shown in Figure 2.9. The weld that caps off the hole can be seen as 
having a slightly different colour than the material that the hole was drilled 
into. The main difference between these artificial pores and real pores is the 
shape as the artificial ones are less spherical than real pores. 
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Figure 2.9: Micrograph taken by cutting open a cross section through two 
2mm artificial pores produced with MIG welding. 

 

2.2.2 Flat  Defects 
Flat defects are here defined as sub-surface defects that have a small volume 
compared to their surface area. Several different types of flat defects exist, such 
as cracks, lack of fusion and lack of penetration. These types of defects can be 
difficult to detect using some NDT techniques that can easily detect volumetric 
defects of the same size. Internal cracks can come in several different varieties 
but often they have a very small volume. A crack can either be formed during 
the welding process, cooling or later in the lifetime of the weld, since cracks 
can be created and grow if the weld is subjected to a mechanical load. A 
schematic drawing of an internal crack is seen in Figure 2.10. There are 
different types of cracks which can form during the welding process, such as: 
solidification cracks, lamellar tearing, cold cracks, liquation cracks and reheat 
cracks [5]. 
 

 
Figure 2.10: Schematic drawing of an internal crack. 

 

Cracks can occur in areas that are affected by the welding process such as in 
the weld itself, between the weld material and the base material and in the heat 
affected zone (HAZ). Due to the geometry of cracks they can be devastating for 
a weld since the sharp edges causes stress concentrations that can cause the 
crack to grow larger under load [3]. 

If the base metal does not melt during welding it can cause a lack of fusion 
defect, as shown in Figure 2.11. This type of defect is often caused by low 
temperature in the melt due to incorrect weld equipment settings or by a large 
heat transport away from the weld, which causes rapid cooling. It can also be 
caused by an unfavourable geometry or angle of the weld torch [1]. Lack of 
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fusion effectively lowers the area of the two plates that are joined and can also 
act as an initiation point for cracks. 
 

 
Figure 2.11: Schematic drawing of a lack of fusion defect. 

 

Another type of flat defect is the lack of penetration. This happens if the two 
plates in a butt joint configuration are not welded through to the required 
depth, as seen in Figure 2.12(a). 
 

 
(a) 

 
(b) 

Figure 2.12: Schematic drawing of a lack of penetration defect in (a) a butt 
weld, and (b) a fillet weld. 

 

When joining two plates the required penetration depth is often the same as, 
or close to, the thickness of the plates. If the plates are not welded together to 
the specified depth it is classified as a defect. A lack of penetration will weaken 
the joint due to an effective reduction in thickness at the weld and can act as a 
crack initiation point [5]. An equivalent defect exists for fillet welds and is 
shown in Figure 2.12(b). Lack of penetration defects in a butt weld can be 
created by welding two plates together with a low heat input, thereby not 
melting the plates all the way through. To achieve a certain depth of 
penetration the correct welding parameters must first be determined through 
destructive testing on a similar weld changing the weld parameters until the 
requested penetration depth was acquired. For the lack of penetration defects 
in Paper A [11] the welding speed was varied for laser welding and several 
welds were produced and sectioned to find the correct speed for the requested 
depth. Three different depths were created in one weld using this technique. 

A different method was used to create the lack of penetration in a fillet weld. 
Here the thickness of the material was thicker (15mm) than for the butt weld 
and the gap between the plates were wider. The defects were therefore 
produced as artificial defects by machining a steel beam to look like a fillet 
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weld. Grooves of different depths were then cut into the backside of the beam, 
were the gaps between the plates would normally be, as in Figure 2.13. 
 

 
Figure 2.13: Photograph of the artificial lack of penetration in a fillet weld. 
The grooves are cut to different depth into the backside. The weld is on the 
other side of the upright plate. 

 

The difference between this artificial and a real lack of penetration defect is 
the width of the gap and the shape of the edge, as real defects tend to be 
sharper than those machined. 

A defect called internal flat defect was created in order to have a defect which 
behaves similar to lack of fusion defects and internal cracks. This defect was 
created as in Figure 2.14. Two plates were first prepared and then joined with 
a double sided square butt weld. The defect was created by leaving a small area 
of the plates unconnected for a short section of the weld. 
 

 

(a) 
 

(b) 

Figure 2.14: Schematic description of how the internal flat defects were 
produced. (a) Two plates with smooth machined edges are placed next to each 
other as in a square butt weld. (b) The plates are welded on both sides leaving 
a small gap between the joined areas. 

 

These internal flat defects were created using both MIG welding and laser 
welding with dimensions down to 5mm long, 1mm high and width of about 
15μm. One example can be seen in Figure 2.15. The difference between these 
defects and internal cracks or lack of fusion is mainly the shape and 
orientation, but the width is similar to that found in cracks and lack of fusion 
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defects. Since these defects are in the base material and not a weld there can 
also be some differences in the material parameters compared to real defects. 
 

 
Figure 2.15: Micrograph of internal flat defect manufactured using the 
described method. In this case there is a real lack of fusion in the root of the 
upper weld due to low penetration. 

 

2.2.3 Surface Breaking Defects 
Surface breaking defects are defects that have an opening in the surface of the 
test piece. Some different types of surface defects exist, such as surface cracks 
and pores which are open to the surface. These types of defects can be hard to 
detect using some NDT methods due to their location, while they are easily 
detected with other methods. 

Surface cracks are cracks which originate from the surface, although they might 
be narrow enough that they cannot be detected easily. A schematic drawing of 
a surface crack is seen in Figure 2.16. These cracks can be created during the 
cooling of the weld or during its lifetime. 
 

 
Figure 2.16: Schematic drawing of a surface crack. 

 

Surface cracks are similar to internal cracks and also tends to grow under 
mechanical loading, which can lead to catastrophic failure of the welded part. 
This type of defect can be created using fatigue testing, although it is difficult 
to determine the exact size and position of the generated crack. Artificial 
cracks, such as notches, are therefore instead often used.
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Surface notches are made to be used instead of surface cracks. Notches are 
machined into the surface, often using electrical discharge machining (EDM) 
for small notches. A 1.3mm long and 0.15mm wide surface notch is shown in 
Figure 2.17 as a dark rectangular area. Notches with lengths as small as 
0.25mm and with widths under 0.1mm were created during this work and 
were used in Paper A [11] and Paper C [12]. 
 

 
Figure 2.17: Micrograph of a surface notch in a laser welded titanium plate. 
The notch is 1.3mm long and 0.15mm wide and the weld has a width of 
5mm. 

 

The main difference between notches and real cracks is the shape; real cracks 
can be narrower, deeper, have sharper ends and are often uneven. 

2.2.4 Geometrical Variat ions 
There are several types of geometrical variations of the weld that can be 
considered defects if they weaken the joint. One geometric variation that is 
considered in Paper A [11] is the toe radius, which is the radius of the circle 
that can be fitted at the toe of the weld, between the weld and the base metal, 
as in Figure 2.18. 
 

 
Figure 2.18: Schematic drawing showing the toe radius in a fillet weld. 
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A toe radius defect is a geometrical defect, which means that it is a fault in the 
shape or dimensions of the weld and is created by incorrect welding 
parameters. If the toe radius is too small it will give rise to stress concentrations 
when the weld is loaded, which can cause the joint to crack. Since all welds 
have a toe radius, and it is only considered a defect if it is too small, it needs to 
be measured, and not just detected, in order to determine if it is a defect [13]. 
Since the toe radius is a part of the outer shape of the weld it can be measured 
using methods that might not be useful for testing in an industrial application, 
due to low speed or sensitivity to vibrations, such as laser scanners. Several 
welds can therefore be manufactured until one with the required dimensions 
is found. This was done in Paper A [11] and the result was a fillet weld with 
one 1mm and one 6mm toe radius that can be seen in Figure 2.19. 
 

 
Figure 2.19: Photograph of the weld containing two different toe radii; the 
upper is 6mm and the lower 1mm. 
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 Non-Destructive Testing Methods 3.

There exist several non-destructive testing NDT methods [5, 14, 15], although 
not all are suitable for detecting defects in welds. The types of defects that can 
be detected also vary between the different methods. These inspection 
methods are based on a range of different physical principles, including sound 
waves, magnetism, electromagnetic waves, and heat conduction. Some NDT 
methods are more commonly used than others due to their ability to find a 
diversity of different defects in different types of materials. It should also be 
noted that these NDT methods are not static, but are continuously evolving 
and new variations are developed, tailored to specific problems. It is therefore 
often a difficult task to find the optimal NDT method for a specific task, 
especially if several different types of defects are to be detected. 

When it comes to automatic inspection of welds, the number of NDT 
methods that can be used is more limited, since some are not easily automated. 
Automation here includes both the mechanisation of the inspection as well as 
the automatic analysis. For automatic analysis, one important factor is the 
signal to noise ratio, since defects are more difficult to detect in noisy data. 
Inspection of a continuous weld requires scanning, and because of this it 
becomes more difficult to mechanise a method that requires contact with the 
surface of the test piece. Several other parameters are also of importance, such 
as the possibility to scan a wide area since this reduces the number of passes 
that are needed, as well as reduces the need for accurate positioning. The scan 
along the weld can in some cases be performed by moving the test piece while 
keeping the testing equipment stationary, as is the case for pipe inspection and 
other structures where the geometry is simple and the test piece can easily be 
moved and rotated. In the case of welds in geometrically complex structures, it 
is often preferred to have the test piece stationary while the inspection 
equipment is moving using, e.g. an industrial robot. 

A comparison was made in Paper A [11] of five different NDT methods, 
radiographic testing, ultrasonic testing, thermography, eddy current testing and 
shearography, to evaluate which methods were useful for detecting common 
weld defects, as well as to assess which methods produced results that could be 
automatically analysed by comparing the signal to noise ratio (SNR) of the 
contrast. This method, of using the SNR of the data, was used for comparing 
the NDT methods since one of the main difficulties in automatic analysis is to 
differentiate between defects and noise. The SNR was defined as  
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where the contrast , for the defect and background was defined as  

 

where  is the standard deviation in the area around the current point and  
the local average intensity in that point. The contrast was calculated for all 
points in the data set. A lower limit for the SNR was set as a level where 
defects should be able to be detected automatically. An example, for lack of 
penetration defects, from the comparison can be seen in Figure 3.1. With a 
detection threshold set to SNR=1.5 his type of defect was only detected by 
ultrasonic and radiographic testing and the SNR was higher for all defects 
using ultrasound. 
 

 
Figure 3.1: SNR for the inspections of the lack of penetration defects. A thick 
marker means that the defect was detected by the operator. 

 

The result of the comparison was that radiographic testing and ultrasound 
could detect the largest percentage of defects. Ultrasound was deemed to have 
the greatest possibilities for automatic analysis since the SNR of the ultrasound 
data was higher or about the same as for radiography for all defects, and was 
above the lower limit for a larger amount of defects. This comparison also 
showed the potential of thermography to detect surface cracks since it was the 
only method that was able to detect all surface notches. A more subjective 
comparison of the mechanisation possibilities of several NDT methods, for 
continuous welds as well as spot welds, has also been made [16]. Here 
thermography and ultrasound were deemed to have good automation 
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possibilities although ultrasound has some drawbacks due to the need for the 
probe to be in contact with the test piece. 

Based on the results from these comparisons, a decision was made to focus on 
ultrasound and thermography for automatic inspection of welds. Ultrasound is 
a well-developed inspection method for manual testing of welds [17, 18], with 
the ability to find most types of internal weld defects, but has some drawbacks, 
both when it comes to mechanisation and automated analysis. Thermography 
on the other hand is a relatively novel method, especially when it comes to 
weld inspection, with good possibilities for automation. This work is therefore 
focused on improving ultrasound analysis and to develop thermography as a 
method for detecting surface defects. 

Presented below are the most common NDT methods for weld inspection as 
well as the methods used in this work. A special focus is placed on ultrasound 
and thermography. 

3.1 Visual Inspection 
With visual inspection the surface of an object is inspected for defects visually. 
This technique can only be used for detecting surface breaking and geometrical 
defects such as lack of penetration, large cracks, pits and craters [5]. The 
inspection can sometimes be improved by the use of special lighting such as 
raking light which makes surface defects easier to detect. Visual inspection can 
sometimes be aided by the use of a microscope. In most cases the microscope 
can detect the same types of defects as unaided inspection with the difference 
that it can detect smaller defects [5]. The use of cameras makes it possible to 
view the inspected surface on a computer screen and to save images of the 
defects. This NDT technique is often the first step in a manual inspection but 
is also very limited in the types and sizes of defect that can be detected. 
Automation of visual inspection can be equated with a vision system but is not 
practical for general weld inspection since the range of detectable defects is 
limited. 

3.2 Liquid Penetrant Inspection 
Penetrant testing is an NDT method commonly used for detecting surface 
defects, especially cracks. With this method it is possible to detect cracks that 
are not visible with the naked eye, and also to ease the detection of visible 
cracks. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 3.2: The basic procedure for penetrant testing consists of several steps, 
where the most crucial are: (a) preparing and cleaning the surface, (b) applying 
penetrant, (c) penetrant dwell, (d) excess penetrant removal, (e) applying 
developer and (f) interpreting indications. 

 

The steps for penetrant testing can be seen in Figure 3.2. Before starting with 
penetrant testing the surface must be cleaned so that the penetrant can easily 
enter the discontinuity. When the surface is clean the penetrant, in the form 
of a dye, can be applied to the surface. There are two main types of dyes, a 
visible (usually red) and a fluorescent dye. After the penetrant has been applied 
it is left for a specific dwell time, during which it seeps into cracks and 
discontinuities. After this time the excess dye is removed. A developer, which 
can be in the form of a white powder, is then applied to the surface to draw 
out the penetrant left in discontinuities. With visual penetrant the 
discontinuities shows up as coloured spots against a constant background. 
Fluorescent penetrant is usually yellow-green against a blue-black background 
when viewed under a fluorescent light. This process makes the presence, 
location, size and nature of the defect known [5, 19]. 

Liquid penetrant inspection offers low cost, relatively fast inspection times and 
can be very sensitive to surface defects if used correctly. One of the biggest 
disadvantages with the method, when it comes to inspection of welds, is that it 
is sensitive to surface irregularities, where dye can easily be trapped, resulting 
in false positives. The method also has disadvantages when it comes to 
automation since the application and removal of dye and developer can be 
difficult to mechanise in a flexible and controlled way. Automated analysis 
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requires additional steps since the surface needs to be digitised with a camera 
before analysis. 

3.3 Magnetic Particle Testing 
Magnetic particle testing is a method that can be used for detecting defects in 
or near the surface of a ferromagnetic material. During testing a magnetic field 
is passed through the object. This magnetic field is generated either by passing 
an electric current through the test piece or by applying an external magnetic 
field, usually with an electromagnet. The magnetic field can be generated with 
either a direct or alternating current, depending on the application. If a 
discontinuity such as a crack cuts the magnetic field lines in the test piece, 
close to the surface, it makes the magnetic field diverge out from the material. 
Areas where the magnetic field diverges can be detected by applying iron 
particles, usually suspended in a liquid, to the surface. These particles will be 
attracted by the magnetic field and makes it visible, as shown in Figure 3.3. 
The magnetic particles can have different colours; if the inspection is 
performed in visual light they are generally black, but to ease detection 
fluorescent particles are often used together with ultraviolet (UV) light [5, 15]. 
One disadvantage with magnetic particle inspection is that the discontinuity 
needs to cut the magnetic field lines and the field therefore needs to be applied 
in several different directions for all detectable defects to be found. If the 
surface is too rough, movement of the magnetic particles on the surface will 
decrease and some defects might therefore be missed. 
 

 
Figure 3.3: A magnetic field is applied to the test piece and the magnetic 
particles collect where the magnetic field deviates due to defects. 

 

Magnetic particle testing suffers from the same type of disadvantages as liquid 
penetrant testing when it comes to automation. Due to the application and 
removal of liquids this method is not ideal for automated inspection of general 
welds, but could be useful in some special cases. Automated analysis of the 
results would also require the surface to be first digitised with a camera. 
Magnetic particle testing is sensitive to uneven surfaces as the particles can get 
trapped and cause false indications. These indications can be difficult to 
differentiate from real indications in an automated analysis.
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3.4 Radiographic Testing 
Radiographic testing is a technique that is particularly useful for detecting 
volumetric defects. The method is based on the fact that the absorption of 
ionizing radiation (X-rays or γ-rays) in a material depends on the thickness as 
well as the material properties. If there is a defect in a material, there will be a 
difference in absorption between the defect and the base material, thereby 
making the defect visible in a radiographic test [5, 15, 19]. A schematic 
description of a typical radiography setup can be seen in Figure 3.4. X-rays and 
γ-rays are both electromagnetic radiation with very short wavelength, the 
difference is the source of the radiation; γ-rays are emitted from the decay of a 
radioactive material while X-rays are produced in an X-ray tube by accelerating 
electrons into a metal target. 
 

 
Figure 3.4: Schematic description of radiography; the rays from the source on 
top passes through the test object and depending on the thickness and material, 
a portion of it gets absorbed before hitting the detector on the bottom. 

 

Some of the advantages with using γ-rays compared to X-rays are that the γ-ray 
source does not need any electricity and can be made lighter and cheaper than 
an X-ray machine. The disadvantages are that the output and energy of the 
source is predetermined and cannot be changed without changing the γ-ray 
source and that the source decay with time. X-rays on the other hand can be 
generated in a more controlled way with higher energies. 

There exist different types of detectors that are used within radiographic 
testing. Traditionally radiographic film is used. This film is similar to a 
photographic film but is sensitive to X-ray radiation instead of visible light and 
produces a negative image after it has been developed. Newer, more modern 
methods have been developed that simplifies and speeds up the process of 
producing an image of the radiation. Fluorescent screens that are made of 
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materials which radiates in visible or ultraviolet when exposed to radiation can 
be used in order to make it possible to see the radiation, as well as to record it 
using a camera. Scintillators can also be used to convert the X-rays to visible 
light that can be recorded and processed in a computer. There are also several 
types of semiconductor detectors. These detectors work in a similar way as the 
detector in a digital camera and converts X-ray photons directly into an electric 
charge that is read out digitally to create an image. This image is then directly 
transferred to a computer where is can be analysed and saved. Another 
technique used is computed radiography where a screen made from 
photostimulable phosphor is used that captures the radiation in a quasi-stable 
state. When the plate is illuminated with laser-light it emits luminescent 
radiation with an intensity that depends on the X-ray radiation. This 
luminescent radiation is then measured, digitized and transferred to a 
computer where it can be processed. 

Radiographic testing offers some advantages, when it comes to automation, 
compared to other methods since it offers non-contact, image generating, 
measurements. This technique has some disadvantages as well. Since the 
transmitted radiation is measured it requires access to both sides of the test 
piece, which is not always possible. For thick plates the time needed to acquire 
an image can be several minutes, which means that scanning a large structure 
can take a long time. Radiographic testing also requires a shielded 
environment in order to block dangerous radiation. 

3.5 Shearography 
Shearography is a testing technique that is used mainly on composites and 
plastics for finding defects such as delaminations [20]. In shearography a test 
object is illuminated with coherent laser light to create a speckle pattern. The 
light reflected of the object is focused into a Michelson interferometer where it 
is split into two beams. One of these beams is sheared, here using a slanted 
mirror, and is then combined with the second beam onto the camera detector 
[19, 21]. The speckle pattern formed on the detector is then the result of 
interference of light from two different areas of the object surface, which 
makes the technique sensitive to slope changes in the direction of the shear. 
This setup is shown schematically in Figure 3.5. In this setup the second beam 
in the Michelson interferometer is phase-shifted using a piezoelectric mirror 
that isolates the interference term and increase the sensitivity. 
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Figure 3.5: Schematic view of a shearography setup. The laser is made to 
diverge using a lens in order to illuminate the whole test piece. The reflected 
light is collected by a lens and made to interfere in a Michelson interferometer 
before it is imaged by a camera connected to a computer where it is processed. 

 

During testing a reference image is first acquired. The object is then excited 
and a new image is captured. Using these two images it is possible to calculate 
the derivative of the change between the images in the direction of the shear in 
the interferometer. The test object can be excited in several different ways 
depending on the type of defect and material. Common types of excitation are 
mechanical load, heat, vibrations or vacuum [21]. Defects can be detected if 
they make the test piece expand or bend differently at the location of the 
defect. Since shearography is a non-contact method capable of inspecting a 
large area at the time it is suitable for automation, though it is sensitive to 
vibrations.  

3.6 Eddy Current Testing 
Eddy current is a technique that is used for detecting defects close to the 
surface, mainly surface breaking cracks. The method is based on the principles 
of induction and uses the fact that an alternating current gives rise to an 
alternating magnetic field and vice versa [19, 22]. During an eddy current 
inspection a probe containing a small coil is passed over the surface of the test 
object. An alternating current is passed through the coil, which gives rise to an 
alternating magnetic field around the coil. If an electrically conductive material 
is close to the coil, a current will be induced in that object that has the 
opposite direction of the coils current, see Figure 3.6. This induced current in 
the test piece creates a magnetic field of its own that can be detected in the coil 
as it affects the inductance, or in a secondary coil which is sometimes used. If a 
defect that influences the induced current is present in the material, as for 
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example surface cracks perpendicular to the current, this can be sensed in the 
coil as a change in the inductance. 
 

 
Figure 3.6: Schematic description of eddy current testing. An alternating 
current in a coil on the top induces a magnetic field in a conducting material. 
The strength of the induced magnetic field decreases deeper into the material. 

 

Due to the skin effect, the maximum depth where a defect can be detected is 
limited by the frequency that is used; lower frequencies give larger depth but 
less sensitivity [5, 15]. The signal response is also dependent on the distance 
between the probe and the material. This can give rise to errors in the 
inspection if the distance is changed during testing, although different coil 
configurations exist to reduce the effects of this problem. Two common coil 
configurations are the absolute probe that uses one coil and a differential setup 
using two coils. The result of an eddy current test is usually a phase plot 
showing the phase of the impedance of the coil. In case there is a defect, the 
phase will change and this will be seen in the measurement result. Another 
way of displaying the results is an amplitude-time plot which is useful when the 
probe is scanned along a line [5]. 

Eddy current testing has some disadvantages when it comes to automated 
inspection of welds. Eddy current probes are only sensitive to defects within a 
small area and to cover a larger area the probe needs to be scanned over the 
whole surface. Due to the dependence on the distance from the surface, the 
probe needs to, in practice, be in contact with the surface, which can cause 
problems while scanning irregular welds. 

3.7 Ultrasonic Testing 
Ultrasonic testing is an inspection method which uses high frequency sound 
waves to detect internal defects. During inspection, sound waves are 
transmitted from a transducer into the test piece where some are reflected. 
These reflected waves are picked up by a transducer, which converts them to 
electrical signals that can be analysed. Reflections from defects can be 
separated from other reflection by their time of arrival [18]. 
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3.7.1 Theory  
Ultrasound waves are stress waves with a frequency above the audible range. A 
1-dimensional, monochromatic, plane wave, , can be written as  

 

where  is the amplitude,  the wavelength,  the spatial coordinate,  the 
frequency,  the time and  the phase. For NDT applications the frequency 
starts at around 50kHz and can be as high as several GHz [19], although a 
common range is 1-25MHz. In practice a short sound pulse is often used, 
which can be regarded as a sum of harmonic waves with several different 
frequencies and phases. The choice of frequency to be used during an 
inspection is of importance since it affects which defects can be detected. The 
frequency is related to the wavelength and sound velocity, , as in  

 

If the wavelength of the wave is increased so that it is larger than a defect, the 
amplitude of the reflected wave quickly decreases and the defect will no longer 
be detected. If the frequency is increased the wavelength can become smaller 
than the structure of the material (for metals, the grain size) and the scattering 
and reflections in the material will increase, which increases the noise. 

There exist different modes of propagation for ultrasonic waves, which differ 
by how the particles in the material vibrate. The two basic modes are 
longitudinal (pressure) waves, where the particles vibrate parallel to the wave 
propagation direction, and transverse (shear) waves, where the particles 
vibrates perpendicular to the wave propagation direction. A combination of 
these modes is also possible. Solids can support both of these different modes 
due to the strong connection between the atoms. Gases and liquids on the 
other hand can only support longitudinal waves; transverse waves quickly die 
out. When a wave encounters an interface between two materials with 
different acoustic impedances it is partly reflected and partly transmitted. The 
acoustic impedance, , is defined as  

 

where  is the density of the material. The fraction of energy reflected when a 
wave goes from a material with acoustic impedance  to one with impedance 

 at normal incidence is  
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The reflected wave will have a phase which differs from the incoming wave by 
180° if . When the incoming wave has an angle that is not 
perpendicular to the interface between the two materials, such as in Figure 3.7, 
the angle of the transmitted wave and the incoming wave will differ.  
 

 
Figure 3.7: The resulting waves from a longitudinal wave hitting an interface 
at an angle. 

 

In this case the energy of the incoming wave will be mode converted and both 
longitudinal and transverse waves will be created. The angles, , of these waves 
are related to the sound velocity of the transverse and longitudinal waves in the 
materials,  and  respectively, according to Snell’s law. For the incoming 
longitudinal wave in Figure 3.7 the angles for the reflected and transmitted 
waves are 

 

The amplitude of these waves can be calculated using the Fresnel equations 
[19]. 

There are several other modes of wave propagation which are used in NDT, 
e.g. Lamb and Love waves which only exists in thin plates and Rayleigh waves 
[23] which moves along the surface of a test piece. These surface waves can be 
created when a longitudinal wave hits an interface between two materials, 
where the second has a higher sound velocity. If the angle is such that the 
transmitted transverse wave has an angle of 90° (the second critical angle) a 
Rayleigh wave will be generated. These waves are a combination of 
longitudinal and transverse waves where the particles move in ellipses. The 
energy of the wave is largely confined to within one wavelength from the 
surface and the propagation of the wave is only along the surface, in 2 
dimensions. This means that the decrease in amplitude with distance is less 
than for longitudinal and transverse waves which spreads out in 3 dimensions 
and Rayleigh waves can therefore be used over larger distances. 
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Ultrasonic transducers have a finite size and are often assumed to behave like 
pistons, which compress and uncompress the material in front of it, to create 
compression waves. The beam will therefore have a certain width and a profile 
that changes with distance due to diffraction. An example of this for an angled 
transducer can be seen in Figure 3.8. 
 

 
Figure 3.8: Simulated beam spread from an angled probe. The beam also 
changes angle as it moves from the probe into the test piece. 

 

Because of the beam spread the resolution of the image resulting from a scan 
will be reduced. This can make detection, sizing and classification of defects 
more difficult. By using an acoustic lens it is possible to focus the beam at a 
certain distance in order to improve the resolution in that point, at the cost of 
reduced resolution at other points. This can also be done using phased array 
ultrasound, as discussed in subsection 3.7.3. 

3.7.2 Ultrasonic Inspect ion 
In ultrasonic testing a transmitter and a receiver is used to generate and receive 
the sound waves, respectively. Often one transducer is used as both the sender 
and receiver, although some situations require them to be at separate 
positions. Transducers are constructed using a piezoelectric material which 
deforms when an electric potential is applied and vice versa, i.e. an electric 
potential is created when the material is deformed. This means that the same 
transducer can be used first for sending an ultrasound pulse, and can then be 
switched to act as a receiver, as shown in Figure 3.9. Most transducers generate 
longitudinal waves, although transverse wave transducers exist. It is also 
common, during weld inspection, to use angled probes. These probes can 
generate both longitudinal and transverse waves, depending on angle, due to 
mode conversion when the wave is refracted. 

Due to the large difference in acoustic impedance between metal and air, a 
large percentage of the energy will be lost due to reflections in the interface 
between the transducer and the metal surface, in accordance with 
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Equation 3.6. In order to improve the acoustic coupling, a liquid is often used 
in-between the transducer and the metal surface to reduce the difference in 
impedance. There are two basic ways of doing this [24]. Either the probe is in 
contact with the material with a thin layer of couplant applied in-between, or 
both the transducer and the object are immersed in a tank, which is usually 
filled with water. 
 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 3.9: The principles of ultrasonic testing. (a) The transducer generates 
an ultrasonic pulse. (b) The pulse hits an area with deviating acoustic 
impedance and parts of the pulse is reflected back. (c) The pulse continues into 
the material while the reflected pulse travels towards the transducer. (d) The 
reflected signal from the defect hits the transducer and is converted to an 
electric signal. 

 

All acoustic impedance variations in the material will cause reflection of the 
ultrasonic wave [5, 15]. The amplitude of the wave that is picked up by the 
receiver will depend on the impedance difference, size and angle of the 
reflector. The result from an ultrasonic inspection is a record of the amplitude 
of the received sound pulse, over a certain time period. In practise the signal 
always contains a strong reflection from the interface between the transducer 
and the test piece due to the difference in acoustic impedance. This makes 
defects near the surface difficult to detect. It is also common to have a 
reflection from the back wall or from corners of the test piece. Any reflection 
in-between these extremes will come from within the test piece that defines the 
measurement window. 

The signal from an ultrasonic measurement can be presented in different ways 
depending on the application and equipment. The simplest way of presenting 
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ultrasound data is what is called an A-scan. Here the data is plotted as it is 
received for each pulse, with the amplitude as a function of time. The signal is 
sometimes rectified and low pass filtered before it is displayed. The time scale 
can also be converted into distance if the sound velocity of the material is 
known. If the transducer is moved from a homogenous area to an area 
containing a defect, a new reflection will appear in the A-scan. When the 
transducer is moved along a line on the test piece it is possible to plot the 
signal as a 2-dimensional image, with time on one axis and position on the 
other. The amplitude of the signal is then shown as different colours in the 
image. The result, called a B-scan, will then show a cross section of the test 
specimen and the depth of defects can be determined [5]. In a C-scan the 
probe is scanned over the whole surface of the test piece and the receiver 
listens for echoes within a predefined space of time, e.g. between the reflection 
from the surface and the back wall. The amplitude of the signal received in this 
time window is plotted in an x-y plot and the depth of defects are therefore lost 
in this method [5]. 

There are several different ultrasound techniques which use the signal received 
from the transducer in a special way, as well as different transducer types, this 
together makes ultrasonic testing a very wide field. Two of the more commonly 
used techniques are time of flight diffraction (TOFD) and synthetic aperture 
focusing technique (SAFT). TOFD usually use one transmitter and one 
receiver. A pulse is sent from the transmitter at an angle and if there is a crack 
in the way of the pulse, some of it will be reflected and some will be 
transmitted. At the tips of the crack the pulse will be diffracted and will spread 
in all directions, these diffracted pulses are picked up by the receiver together 
with a reflection from the back wall. By measuring the time it takes the 
diffracted pulses to reach the receiver it is possible to calculate the positions of 
the tips and thereby the size and position of the crack. When using TOFD for 
detecting cracks in welds it is possible to have the transmitter on one side of 
the weld and the receiver on the other while still being able to detect and 
position all cracks in the weld without the need to raster scan the weld. This 
makes TOFD a fast technique for detecting cracks in welds [25]. SAFT is a 
technique for improving the lateral resolution of ultrasound by reflections 
from several positions. As the transducer is scanned in a line over the surface 
of the test piece it receives reflections from a defect not only when it is 
precisely over it, but also at the positions close by. This makes defects appear as 
arcs when the signals are plotted as a B-scan. Using post-processing algorithms 
it is possible to calculate the depth of the defect more precisely, as well as to 
reduce the noise in the image [24]. 

One transducer type which is gaining acceptance for NDT is the phased array 
which uses several small transducers, mounted in an array, in order to steer 
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and focus the beam. Another special type of ultrasonic testing is laser 
ultrasound where the ultrasound is generated and detected using optical 
methods in order to avoid contact with the surface. These two methods are 
presented in more detail below. 

3.7.3 Phased Array  Ult rasound 
Phased array ultrasound uses a transducer that is made from several small 
piezoelectric elements close together that can be set off in a specific sequence. 
The waves from each element will interact and form one large wave, in 
accordance with the Huygens–Fresnel principle [26]. By applying a specific 
phase delay and amplitude to each element it is possible to change the shape of 
the wave generated from the transducer. This allows the operator to steer, scan 
and focus the beam, as shown in Figure 3.10. Using the ability to steer the 
beam, this type of transducer can inspect a cross section of the weld without 
moving the probe [27, 28]. This is done by changing the angle of the beam in a 
number of steps, while recording the signal received from each angle. This set 
of signals is then used to produce a sector-scan. 
 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 3.10: Different working modes for phased array ultrasound. (a) 
Unfocused beam. (b) Steering of the beam. (c) Focus of the beam. (d) Steering 
and focus of the beam. 

 

In the case where the beam is steered or focused, a phase delay is calculated for 
each element in order to achieve that specific focus depth or angle. An 
individual amplification to each element can also be applied. A similar phase 
delay and amplification is used when the transducer act as a receiver, in order 
to line up the signals received by each element before they are added together. 
The ability to focus and steer the beam makes this method more flexible than 
traditional ultrasound and the ability to scan a sector without moving the 
probe can speed up inspection. 

3.7.4 Laser Ult rasonics 
Laser ultrasonics is a technique which makes non-contact ultrasound possible 
without the large loss of signal that result from the acoustic impedance 
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mismatch if a piezoelectric transducer is used as a non-contact probe [29]. In 
laser ultrasonics the ultrasound pulse is generated using a laser pulse and 
detected using a second laser [30, 31]. With this system it is possible to 
generate several different types of waves including longitudinal [32], Rayleigh 
waves and lamb waves [30]. Owing to the non-contact nature of this method it 
is possible to perform inspections that would otherwise not be possible with 
ultrasound, such as on hot surfaces [33]. The disadvantages with laser 
ultrasonics are that it is less flexible and more sensitive to vibrations than 
conventional ultrasound transducers. 
 

 
Figure 3.11: Schematic description of a typical laser ultrasonics setup. 

 

A typical laser ultrasonics system is set up as in Figure 3.11. The ultrasonic 
wave is generated when a focused laser pulse hits the surface of the test piece. 
There are two different modes of generation possible depending on the energy 
density of the laser pulse, either thermoelastic or ablation [33]. In the 
thermoelastic region, the material in a small area is quickly heated and the 
ultrasound wave is created by the quick expansion of the material. If the energy 
density is increased it is possible to evaporate a small amount of material, 
which creates a shockwave through the test piece. This is called ablation. The 
detection of the ultrasound pulse is typically performed using a vibrometer, 
which detects the vibrations of the test piece at one point using a continuous 
laser. This type of vibrometer is based on an interferometer and a detector that 
can detect the changes in the fringe pattern from the interferometer. 

The amplitude of the generated ultrasound pulse is dependent on the energy 
output of the generation laser, as well as the pulse length and spot size. Unlike 
conventional ultrasound, where most of the energy is focused in a narrow 
frequency band, it is possible to create an ultrasound pulse, using laser 
ultrasonics, which contains a wide spectrum of frequencies. The maximum 
frequency of the ultrasound pulse is limited by the spot size and pulse length. 
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3.7.5 Mechanisat ion of Ultrasonic Test ing 
The transducers used for automated NDT are the same as those used during 
manual inspection, with the difference that they are attached to a manipulator 
and have an automated system for supplying the couplant. During manual 
inspection the couplant, which can for example be a water based gel or oil, is 
applied as a thin layer in between the probe and test piece. This method is not 
used for automated inspection since the probe can get stuck, it is sensitive to 
surface imperfections and air can get trapped under the probe. According to 
Wolfram [34] there are four common ways of supplying the couplant for 
automated inspection, immersion testing, partial immersion, gap coupling and 
water jet. There are also non-contact ultrasonic testing methods that does not 
use any couplant, and therefore has advantages when it comes to automation, 
such as laser ultrasonics [35, 36] and electro-magnetic acoustic transducers 
(EMAT) [37]. 

3.8 Thermography 
Thermography is an inspection method that uses an infrared (IR) camera to 
observe the thermal radiation from an object. Thermography can be either 
passive or active, depending on if any energy is supplied from an external 
source. In passive thermography only natural variations in temperature are 
detected, often due to internal heat sources. This is often used for inspecting 
buildings and electrical appliances for faults. Passive thermography is therefore 
not useful for weld inspection, unless it is performed immediately after 
welding, and will not be dealt with here. In industrial applications it is more 
common to use active thermography, where the test piece is excited using an 
external heat source and the IR camera monitors how the surface temperature 
changes with time [38, 39]. Thermography is today used in industry mainly on 
composites and ceramics to detect delaminations, large pores, debondings and 
thickness variations [20]. There are several types of active thermography 
techniques in use which differ by the method of supplying the heat and have 
different applications. The advantage with thermography, compared to other 
methods, is that it is a non-contact NDT method with the possibility to inspect 
a large section in a short time. 

3.8.1 Theory  
In thermography the temperature on the surface of the test piece is monitored 
during the inspection time using an IR camera. Defects typically appear as 
temperature variations after the test piece has been excited to increase its 
temperature. 
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All objects, with a temperature above absolute zero, emit electromagnetic 
radiation. If an object, at thermal equilibrium, absorbs all radiation that falls 
on it, it is called a black body and will have , where  is the 
absorptivity and  the emissivity. The spectral radiance, , for a black 
body at absolute temperature , is given by Planck’s law, 

 

where  is the Planck constant,  the speed of light,  the wavelength and  
the Boltzmann constant. Figure 3.12 shows the spectral radiance as a function 
of wavelength at four different temperatures. 
 

 
Figure 3.12: Spectral radiance from a black body at different temperature, as 
a function of wavelength. The wavelength of the maximum spectral radiance, 
given by Wien’s displacement law, is also indicated. The spectral range of the 
IR camera used here (2.5-5.1μm) is marked in grey. 

 

As can be seen, almost all of the energy, for objects at and just above room 
temperature, is radiated in the infrared region. The spectral range of the IR 
camera that has been used in this work (2.5-5.1μm) is marked as a grey area in 
the figure. It is seen that for temperatures around room temperature, only a 
small fraction of the energy is detected. The wavelength of the maximum 
spectral radiance of Equation 3.8 is given by Wien’s displacement law 
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where  is Wien's displacement constant [40]. The total emitted power per 
unit surface area, , is given by Stefan-Boltzmann law 

 

where  is the Stefan–Boltzmann constant [40]. 

In practise, objects are not black bodies since they reflect parts of the incoming 
radiation. An exact value of the emissivity and absorptivity for an object is 
difficult to determine since it depends on the material, surface texture as well 
as the presence and thickness of any oxides on the surface. For a given surface 
the emissivity and absorptivity is also dependent on the wavelength, angle and 
temperature. It is therefore common practice to assume that a surface is a grey 
body, e.g. that the emissivity is constant and less than unity, within the spectral 
window used. For metals the emissivity typically decreases in the infrared 
spectrum as the wavelength increases [12]. Low emissivity becomes a problem 
for thermography since it means that the reflectivity is large and that the hot 
excitation source and other warm objects are reflected in the surface, which 
might interfere with the inspection. It is therefore common to apply a surface 
coating such as matt black paint or carbon black, in order to increase the 
emissivity [39]. 

In active thermography it is common to only heat parts of the test piece, most 
often the surface. Heat is then spread into the material in accordance with the 
heat equation 

 

where  is the energy density and  the thermal diffusivity, defined as  

 

where  is the thermal conductivity,  the density and  the specific heat 
capacity [41]. If the test piece is excited on one side, the heat will diffuse into 
the material. If any area with abnormal thermal diffusivity exists inside the test 
piece, it will cause heat to be conducted faster or slower through that region. 
This will in turn make the area in front and behind this abnormality differ in 
temperature from the surrounding area, where the material is homogeneous. If 
this area with abnormal thermal diffusivity is close to a surface, the variation in 
temperature will be visible as either a hot or cold spot on the surface, 
compared to the surroundings. The IR camera can record the surface 
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temperature on either the same side as the excitation, or on the opposite side, 
e.g. either in reflection or transmission mode. 

In thermography the surface temperature is imaged by an IR camera with 
either a cooled or uncooled detector. The detector consists of an array of 
sensors which are sensitive to IR radiation. The cameras with uncooled 
detectors are slower, less sensitive and typically have lower resolution than the 
cooled cameras, but are also less expensive. The uncooled cameras are often 
based on microbolometer detectors, which vary in resistance as they are heated 
by the incoming radiation. Cooled cameras have photodetectors where 
incoming photons are converted directly into an electric charge. These 
detectors require a low temperature in order to operate and are typically cooled 
to below 100K with a sterling cooler. There are several different materials 
available that are used for detectors, such as InSb (indium antimonide) and 
MCT (mercury cadmium telluride). The IR camera used in this work had an 
InSb detector with a spectral range of 2.5-5.1μm, as shown in Figure 3.12. 
These different materials are sensitive to radiation in different wavelength 
ranges. They also differ in quantum efficiency, the ratio between incoming 
photons and electrons that are generated in the detector. All of these detectors 
measure the amount of radiation coming from the test piece, within the 
detectors wavelength range, and not the temperature. The radiated energy 
from the surface is related to temperature according to Equation 3.10 and is 
also dependant on the emissivity. This means that careful calibration of the 
camera and good knowledge about the material and surrounding is needed in 
order to measure the absolute temperature of a surface with an IR camera. 

3.8.2 Excitat ion Methods 
In active thermography an external energy source is used for heating the test 
piece. The energy for heating can be supplied in different ways, either by 
heating defects locally such as with induction and vibrations or by global 
heating, usually through electromagnetic radiation. Induction and vibrations 
are mainly used for detecting surface breaking defects such as cracks and 
requires the energy source to be close, or in contact with the test piece. 
Electromagnetic radiation, usually in the form of IR or visible light, heats the 
surface globally and is usually used for detecting internal defects. The 
advantage with this energy source is that it does not need to be close to the test 
piece. 

Induction heating uses a strong magnetic field for inducing eddy currents in a 
metal test piece. These currents heat the test piece through Joule heating. If the 
currents are cut by a crack, or similar defect, the increased resistance will cause 
the currents to flow around the defect, causing increased heating at the tips of 
the crack and decreased heating at the centre [42-45]. Since a large current 



37 
 

 

need to be induced in the test piece, it requires the coil that produces the 
magnetic field to be close to the surface, as well as large enough to handle the 
large current. This means that the coil often needs to be designed for a specific 
application and a coil for general weld inspection might be difficult to realise. 

Vibration heating causes defects to heat up due to local stress concentrations 
during the periodic loading [38, 46]. This type of heating requires the test 
piece to be vibrated at a high frequency, up to 25kHz [38], which is commonly 
achieved by using a piezoelectric shaker. Good acoustic coupling for the 
vibrations is necessary in order to avoid losing too much of the energy. This 
type of testing therefore requires a mechanic connection between the test piece 
and shaker. 

The excitation source most commonly used for detecting internal defects is 
electromagnetic radiation in the form of IR and visible light. To be able to 
heat the test piece sufficiently it is necessary to use high intensity sources, such 
as flash lamps, lasers or halogen lamps. The length and amplitude of the 
excitation varies depending on application and excitation source. The three 
ways of exciting a test piece, which are commonly used, are a short pulse, a step 
function (or long pulse) or a sine wave [38]. Due to high reflectivity in metals it 
is often necessary to use either a short pulse or a wavelength not detectable by 
the camera, in order to avoid reflections that interfere with the inspection. 
Several different inspection techniques have been developed that use 
electromagnetic radiation for excitation, the most common ones are presented 
here. Flash thermography and thermography for surface defect detection are 
presented in more detail below. 

Step heating uses a long pulse with relatively low intensity, such as a halogen 
lamp [47]. The length of the heating time is in the same order as the 
inspection time. With a low intensity during a long time, it is possible to 
observe how the test piece is heated and defects under the surface will show up 
due to a difference in thermal conductivity. This type of heating is often used 
for transmission mode testing. The back side of the test piece is then heated 
during the duration of the inspection [38]. Step heating is commonly used on 
materials with low thermal diffusivity, such as plastics and ceramics, while a 
shorter pulse is used for metals. 

In lock-in thermography, the heat is applied with a varying intensity, usually as 
a sine wave. Because of this varying intensity, the surface temperature of the 
specimen will vary with the same frequency as the heat source, but with a 
different phase. The phase delay depends on the material properties, and by 
calculating the delay for all pixels in an image sequence it is possible to detect 
defects by looking for areas with a different phase [38]. It can be necessary to 
use several different frequencies since defects at different depth behaves 
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differently depending on frequency [48]. Since this technique is not dependent 
on the amplitude of the signal it is less sensitive to variations in emissivity than 
many other thermography techniques. 

One way of using localised heating is utilised in flying spot thermography [49]. 
Here a small area is heated for a short time with a laser and the thermal wave 
propagation along the surface is observed. Any defect that is close to the 
surface will disturb the wave enough to be visible at the surface. This technique 
is used for detecting surface breaking cracks. 

3.8.3 Flash Thermography  
In flash (or pulsed) thermography a short, high intensity pulse, from a laser or 
flash lamp, is used to heat the surface of the test piece. A typical experimental 
setup is shown schematically in Figure 3.13. 
 

 
Figure 3.13: Schematic view of pulsed thermography using a flash lamp. 

 

This heat then diffuses from the surface into the test piece. If any area with 
lower thermal diffusivity, such as a pore, exists under the surface it will block 
the heat conduction and a build-up of heat will be created in front of this area. 
This build-up of heat can be perceived as a reflection of the heat wave in the 
defect [50, 51]. The time of arrival of the reflection, at the surface, depends on 
the depth of the defect and thermal diffusivity of the material, and is generally 
short for metals. In reflection mode flash thermography it is therefore 
important for the pulse to be short if the excitation source is in the wavelength 
range of the IR camera, to avoid reflections of the source to interfere with the 
inspection. The length of the pulse is typically from a few microseconds for 
metals to a few seconds for materials with low thermal conductivity such as 
plastics, polymer composite materials and wood. 

As is shown in Paper E [52], the temperature of the surface, after the pulse, is 
proportional to , which means that the cooling curve will be linear with a 

 slope if the logarithm of the temperature is plotted against the logarithm 
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of time. If any defects exist under the surface, a deviation from this slope can 
be seen. 

3.8.4 Surface Defect  Detect ion 
A novel thermography method for detecting surface breaking cracks was 
developed in Paper A [11]. This method was further investigated in Paper C 
[12]. The advantage with this method, when it comes to automation, is that it 
is relatively fast, non-contact and gives information about the size and shape of 
the defect, since a camera is used for detection. 

Metals in general have low absorptivity and emissivity, especially in the IR 
region. A large portion of the radiation that hits a metal surface is therefore 
reflected and only a fraction of the energy is deposited into the test piece. If 
there is a crack in the material which is open to the surface, light will enter it 
and be reflected multiple times, similar to a black body cavity [53]. For each 
reflection it will deposit a portion of its energy. The result of this is that cracks 
will have higher absorptivity and will heat up more than the surrounding when 
illuminated by radiation. This is shown schematically in Figure 3.14. 
 

 
Figure 3.14: A crack absorbs more of the incoming radiation due to multiple 
reflections. 

 

Different excitation sources can be used for this method as long as they 
provide sufficient energy to heat the defect. In Paper C [12] a flash lamp and a 
pulsed Nd-YAG laser was used. Both of these sources provide a short pulse of 
radiation and an IR camera is used for recording the temperature distribution 
shortly after the heating. After the pulse, the heat trapped in a defect quickly 
disappears due to heat conduction. With a pulsed excitation source the 
inspection should therefore be performed as soon after the excitation as 
possible, while the temperature difference between the defect and the 
background is large. 
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The flash lamp is able to illuminate a large area at the time. It provides a short 
pulse over a very wide range of wavelengths through an electric discharge in a 
flash bulb. Since the lamp heats up during the flash it continues to radiate IR 
radiation for a relatively long time after the flash. This radiation is reflected in 
the test piece and will overpower the radiation from the defect if care is not 
taken. A pulsed Nd-YAG laser with a wavelength of 1064μm was also used. 
This source can only excite a small area at the time but since the wavelength 
used is not detected by the IR camera it does not give any detectable 
reflections. Using a high power laser also has some disadvantages in terms of 
safety and cost. The result from excitation with laser, on two notches, can be 
seen in Figure 3.15. 
 

 
Figure 3.15: Two notches heated using laser excitation; the notch on the left 
is 1.3mm long and 150μm wide while the one on the right is 260μm long and 
140μm wide. 

 

If the wavelength of the excitation source is not detected by the camera it is 
possible to use a continuous source. With a continuous source a surface defect 
will heat up more quickly, and to a higher temperature, than the surroundings. 
It is therefore advantageous to analyse the time derivative of the heating, since 
it will be close to zero for the stationary background and larger for a defect. 
One possible excitation source is an UV lamp, where the IR light from the 
lamp is removed by a filter [54]. It should also be possible to use light emitting 
diodes in the visible or near infrared region since these emit light within a 
narrow wavelength band. The advantage with using a continuous source, 
compared to a pulsed, is that the power can be lower which means that the 
source can be made smaller and cheaper. In addition the safety increases. 
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In order to detect defects with a non-destructive testing method it is necessary 
to analyse the measurement data. This can be done during or after inspection. 
In the case of manual inspection it is often performed simply by looking for 
possible indications of defects on a screen during the inspection. When the 
data is interpreted by the operator, defects can be detected, and sometimes 
classified according to type and size. Through experience and knowledge about 
the test object, it is often possible for the operator to detect defects even in 
noisy data. In many cases not only the size of the indication is of importance 
for determining if a signal is a defect, part of the test piece or noise. Properties 
such as size, shape and location are all used together. This makes the analysis 
more difficult to perform automatically. Operators sometimes miss defects due 
to human error, and because of the repetitive work in analysing data they can 
suffer from fatigue and become less accurate with time. 

Automated inspection presents advantages such as good repeatability, high 
speed and stability over a long time period. Carvalho et al. [55] showed, using 
three types of artificial weld defects in a pipeline, that automated ultrasound 
inspection, with an artificial neural network, gave superior result for detecting 
the defects when compared to manual ultrasound and radiography. They also 
noted that it was faster, the probability of detection was higher and the sizing 
of defects more accurate. The disadvantages with automatic analysis algorithms 
is that they suffer from random noise as well as from false indications, e.g. 
from geometrical variations and surface conditions. 

Some NDT methods suffer more from noise than others and the signal from 
these are therefore more difficult to analyse automatically. These methods 
might have to be replaced by others if the analysis is to be performed 
automatically. If the inspection method cannot easily be replaced it might be 
possible to improve the signal to noise ratio by pre-processing the data. During 
automated inspection, the data can be recorded during an entire scan of a test 
piece together with additional information, such as the position of the test 
piece or equipment. This opens for the possibility of using more advanced 
analysis methods than would be possible during manual inspection since more 
data is available. Using knowledge of the physical principles behind the NDT 
method in question, and how the properties of a defect affect the 
measurement, it is sometimes possible to develop methods for determining 
properties of a defect such as the size, location and shape. This kind of 
characterisation of a defect is often difficult to do in the raw data and is 
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therefore an area where automated analysis can go beyond what is possible for 
an operator during manual inspection. 

A general system for automatic analysis can be split into smaller areas that can 
be handled individually, but which are all important in order to have a reliable 
system. The way that the problem has been split up during this work is as 
follows: The data is first pre-processed in order to improve the quality. Signals 
of interest are then segmented out from the background and detected. The 
detected defects are then sized, positioned and finally classified [16]. 
Sometimes in an automatic analysis, the unprocessed data is used directly 
together with a method for detecting defects. If the signal is processed before 
defect detection and further analysed after, the detection rate could be 
improved and more information about the defect can possibly be acquired. 

In this work the main focus has been on pre-processing the signal as well as 
sizing and positioning. The techniques used for this are presented below. Each 
part of the automated analysis is then described and the work performed in 
each area is presented. 

4.1 Analysis Methods 
The two main techniques that have been used during the analysis are 
deconvolution and modelling. These techniques will therefore be presented in 
more detail below. In a measurement system the signal can often be regarded 
as the object signal convolved with a point spread function (PSF). A PSF is a 
function which defines how a point shaped object is detected by the 
measurement system. The PSF is affected by the measurement method as well 
as the measurement system, and is often a low pass filter due to the limited 
bandwidth of the measurement systems. It is sometimes difficult to measure 
the PSF of a system, but an approximate function can often be acquired 
through modelling. In order to improve the signal a method called 
deconvolution has been used in this work, to remove the effect of the PSF on 
the signal. 

4.1.1 Deconvolut ion 
Deconvolution is used for removing the effect of a transfer function on the 
true signal, such as removing blurring from an image. A convolution is an 
operation that appears in all linear systems including most measurement 
systems. The reason is that all measurement systems are limited in the 
frequencies they can detect, which in general results in a smearing of the true 
signal. To remove the effect of the measurement system a technique called 
deconvolution is used, which is the inverse of a convolution. Deconvolution is 
today commonly used in various fields such as medical ultrasound [56] and 
astronomy [57]. 
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A convolution between two functions  and  is defined as 

 

where  is the measured signal,  a filter or the PSF and  the real 
object signal. In many cases the filter is a low pass filter which dampens high 
frequencies and makes the measured signal less well defined than the real 
object. In the Fourier (frequency) domain a convolution transforms into a 
multiplication in accordance with the convolution theorem, as in 

 

where  is the Fourier transform of  and  is the angular 
frequency.  

A deconvolution is a technique for solving the convolution equation. In the 
case where all functions are known exactly and no noise is present this can be 
done through a division in the Fourier domain, as in 

 

In reality there will be an addition of noise, modelled as , during the 
measurement, which gives the detected signal 

 

In the common case where  is a low pass filter, the use of Equation (4.3) 
to solve Equation (4.4) will lead to a large amplification of the high frequencies 
in , which will drown  in noise. 

Several deconvolution algorithms have been developed to solve the problem 
with amplification of noise, while at the same time acquire an as good estimate 
of  as possible [57]. One solution that is used in Paper D [9] is a Wiener 
deconvolution [56], which can be written as  

 

where  is an estimate of ,  is the complex conjugate of  
and  is the ratio between the power spectral density of the noise  and the 
power spectral density of the signal . This technique is fast but requires an 
estimate of the noise and the signal. Further the use of Fourier transforms can 
cause oscillations in the results. 

Another deconvolution algorithm, used in Paper E [52], is called Richardson-
Lucy deconvolution [58]. This is an iterative procedure that works by first 
convolving an estimate of the real object, , with the PSF, . The result 
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is then compared with the measured signal  and the difference is used to 
make a new estimate of  for the next iteration. The estimated value of 

 converges to the most likely solution for . This technique is more 
computationally expensive than the Wiener deconvolution but is more stable, 
less sensitive to noise and does not require prior knowledge of the signal or 
noise. 

Both of these deconvolution techniques requires knowledge about the PSF of 
the system. There exists methods called blind deconvolution where the PSF is 
assumed to be unknown and is estimated during the deconvolution [59, 60]. 
In this work the PSF have been acquired through analytical solutions and by 
modelling. 

4.1.2 Modelling 
Modelling is a powerful tool which is used as a complement to experiments 
and to gain a deeper understanding about a system. In NDT it is used for 
simulating measurement systems in order to evaluate the capability of 
detecting a certain defect, without performing experiments. It can also be used 
as a way of assessing how an inspection is best performed. The advantage is 
that it is possible to see how the measurement equipment interacts with the 
test piece and defect in a way that is often not possible during an experiment. 
Another reason for using modelling is in order to understand how the 
measurement system in itself works, e. g. to find the shape of the beam from 
an ultrasound transducer. Here it has been used in order to better understand 
how an ultrasonic pulse interacts with a defect, for estimating the PSF of a 
phased array ultrasound transducer and for estimating the PSF of a pulsed 
thermography system. These PSFs were used in order to reduce the blurring of 
the signal with deconvolution, as described above. 

Two different types of modelling have been used in this work, one based on 
finite elements and one based on analytical solutions. There are several 
varieties of modelling methods that are based on finite elements. These 
methods are used for solving differential equations approximately by dividing 
the object into finite sized elements with simple geometries. Each individual 
element can then be described by a set of simple equations which connects it 
to neighbouring elements. In an analytical model the equation or equations in 
question are solved for the geometry of the object, either exactly or 
approximately. This solution is then used for modelling this object. The 
advantage with an analytical solution is that it is fast and can be used for 
calculating the response at any resolution, without a loss of accuracy. The 
disadvantage is that it might only be possible to find a solution to a simple 
geometry and that this solution might not be valid if the geometry changes. 
Finite element methods can often handle complex geometries, but are 
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computationally heavy and an accurate solution requires the resolution to be 
high enough. 

To gain knowledge about the behaviour of ultrasonic waves as they pass a 
defect close to the surface, a simulation was performed based on a finite 
element model. To reduce the complexity and computational time, the 
simulation was done in 2-dimensions, the defect was modelled as a perfect 
absorber and no mode conversion was considered. The result, when the wave 
has passed the defect is shown in Figure 4.1. 
 

 
Figure 4.1: Simulation of a wave as it encounters a side drilled hole. 

 

This simplified model was able to show that the frequency contents of the 
wave changed as the wave passed the defect, which was later used in order to 
size a hole in Paper F [10]. 

To acquire the PSFs used in Paper D [9] and Paper E [52], two different 
analytical models were used. In Paper D [9] the PSF for an angled phased array 
transducer was acquired by modelling the ultrasound beam from the 
transducer, using the angular spectrum solution to the diffraction equation 
[61]. Each element of the transducer was modelled as an individual transmitter 
of ultrasonic waves, with an individual phase. In this way the resulting beam 
could be steered to different angles. The PSF was acquired by sweeping the 
beam through the same range of angles as during the inspection with the real 
transducer, while monitoring the response from each individual point within 
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the measurement range. The result of this was a PSF, which is plotted in 
Cartesian coordinates in Figure 4.2. 
 

 
Figure 4.2: PSF for the steering angle zero degrees, acquired through 
simulation of the beam from a phased array ultrasound transducer. 

 

An analytical model of the heat equation was used for obtaining the PSF in 
Paper E [52], at different times during an inspection with flash thermography. 
 

 
Figure 4.3: Comparison between the model and experimental data for a flat 
bottom hole. Both the cross section of the hole, 180ms after the initial heat 
pulse, and the amplitude in the middle of the hole at different times is shown. 
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The heat equation was first solved, in the Fourier domain, for a simplified 
geometry where the defect was seen as a perfect reflector of heat. The solution 
showed that the heat reflected in the defect was a convolution between the 
shape of the defect and a PSF. This PSF is a 2-dimensional Gaussian function, 
which depend on the thermal diffusivity of the material and increase in width 
as time is increased. It could therefore be calculated for each point in time 
after the initial pulse, if the material parameters were known. The PSF was 
used for reducing the blurring of defects in pulsed thermography data with 
deconvolution. With this solution it was also possible to model the response 
from a sub-surface defect. An example of this is seen in Figure 4.3, and shows 
the model compared to experimental data for a flat bottom hole with a 
diameter of 9.3mm, at a depth of 0.8mm, in a steel plate. Only the response 
from the defect is shown, the background heat has been removed from both 
the model and the experimental data. 

4.2 Automatic Analysis 
The automatic analysis of NDT data is here separated into six different areas: 
pre-processing, segmentation, detection, sizing, positioning and classification 
[16]. Pre-processing is performed in order to improve the signal and prepare it 
for the subsequent steps. Segmentation is then performed to define all areas of 
interest in the signal. This can be either a defect or some other indication. 
During detection the defects has to be sorted from these other indications. 
The detected defects are then sized and their position is determined. In the 
end all known information is used in order to determine what type of defect it 
is. Some authors separate the problem into slightly different parts, such as 
D’Orazio et al. [62], which combines segmentation and detection as well as 
sizing, positioning and classification.  

Within each area there are several methods that are used; some are specific to 
one NDT method while others are more general. These methods can be 
divided into two categories, those that are based on physical principles, and 
those that are not. A physical based method here means that it uses knowledge 
about the measurement system and how the signal was formed from the real 
test object. With this knowledge it is sometimes possible to use the signal to 
calculate properties of the real object or to remove the deterioration caused by 
the measurement system from the signal. Methods which are not based on 
physical principles are also common and can for example be based on practical 
experience or empirical relations. In this work the focus is on physical based 
methods. 
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4.2.1 Pre-processing 
Pre-processing is used in order to remove negative influences from the 
measurement system, to improve the signal to noise ratio (SNR) and to prepare 
the data for the following analysis steps [63]. Some measurement systems will 
for example cause blurring of the data, in one or more of the spatial directions, 
due to the way it operates. This effect can be reduced by the use of filters, 
which are commonly used in signal and image processing, in order to sharpen 
the signal and improve contrast. 

One technique which can be used for improving the SNR is to combine 
several measurements covering the same area. If the measurement is performed 
from the same position, over the same area, the signals can be averaged in 
order to reduce random noise. If the position has changed it can still be 
possible to average the signals in the overlapping parts. This was done in this 
work using images acquired using phased array ultrasound. The SNR of the 
resulting image, as a function of the number of images, , used, is shown in 
Figure 4.4. It is seen that this curve in large follows , which is typical for 
random noise. 
 

 
Figure 4.4: SNR as a function of the number of images used for phased array 
ultrasound imaging. The standard deviation in each point is also indicated. 

 

A more physical approach to overlapping signals, measured from different 
positions, is to use a tomographic reconstruction algorithm to obtain a more 



49 
 

 

detailed image of the object, as is done with X-ray images in computed 
tomography. 

The blurring of a signal can often be regarded as a convolution between the 
measured object and the PSF of the measurement system. The physical 
approach to pre-processing is therefore to remove the blurring through 
deconvolution. This was done in Paper D [9] for a phased array ultrasound 
signal, in order to reduce the effects of the beam spread. Simulations of the 
ultrasound beam, with the transducer used, were first performed for every 
angle of the ultrasound beam, using a method based on diffraction theory. An 
example of the results from these simulations can be seen in Figure 3.8. With 
these simulations it was possible to calculate the PSF of the beam. Data was 
acquired from a test piece that contained one side drilled hole. Wiener 
deconvolution was then used to evaluate if deconvolution could be used, 
together with a simulated PSF, for reducing the effects of the spread of the 
beam. The results of the deconvolution can be seen in Figure 4.5. 
 

(a) (b) 

Figure 4.5: Results from the deconvolution of phased array ultrasound data 
using a simulated PSF. (a) Signal received from a side drilled hole. (b) Results 
after the deconvolution. 

 

It can be seen in Figure 4.5(b) that there is a reduction in the spatial blurring 
of the response from the side drilled hole, compared to Figure 4.5(a). It can 
also be noted that some additional artefacts are present in the results, due to 
the deconvolution method used. 

The same approach of using deconvolution together with a PSF acquired 
through modelling was used for flash thermography to reduce the blurring 
caused by the propagating heat pulse. The heat equation was first solved for a 
simplified geometry containing a sub-surface defect with a pulsed heat source. 
To be able to do this, the heat flow in the test piece was first separated into 
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two parts, the background heat and the reflected heat from the defect. The 
resulting expression for the reflected heat could be written as a convolution 
between the shape of the defect and a Gaussian shaped PSF which increased in 
width with time. This simplified model was compared to experimental data 
from a flat bottom hole and showed good agreement. With this expression it 
was possible to calculate the PSF and use it in a deconvolution to reduce the 
blurring of defects. The deconvolution method used in this case was the 
Richardson-Lucy deconvolution since it is less sensitive to noise than the 
Wiener deconvolution and gave superior results. As can be seen in Figure 4.6 
the shape of the flat bottom hole is more well-defined after the deconvolution. 
 

 
Figure 4.6: Response from a flat bottom hole and the shape estimated using 
deconvolution with a calculated PSF. 

 

4.2.2 Segmentat ion 
After the pre-processing step any potential defect needs to be identified and 
have its limits defined as a step towards detection. Here it is important that the 
signal has a high SNR in order to avoid false positives. Well defined defects 
make defining the contour and separation of adjacent defects easier. This is 
why it is of importance to reduce the blurring which is present in signals from 
several NDT methods, such as thermography and ultrasonic testing. 
Segmentation, in its simplest form can be performed by using a threshold 
value on the amplitude of the signal, within the area of interest. 
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4.2.3 Detect ion 
Defects can be detected in the unprocessed signal, or by analysing the areas 
that were found during the segmentation. The difficulty here is to separate a 
defect from an indication that originates from other sources, such as variations 
in the surface or geometry. This can sometimes be done in several different 
ways using properties of the indication such as the amplitude, size, shape and 
location. Methods that are used for automatic detection includes linear 
classifiers [64], decision trees [65] and artificial neural networks [62, 65-67]. 

4.2.4 Siz ing 
Sizing of defects is important since small defects can be acceptable in some 
cases and an accurate sizing can prevent oversized defects to pass the inspection 
as well as reducing the number of products that needs to be discarded. If a 
product is inspected several times during its lifetime, accurate sizing can also 
show if a defect has grown and might pose a risk to the structural integrity. 

In the case for spherical pores the size is the same in all directions. For other 
defects, where this is not the case, determining the size includes determining 
the shape of the defect. The size of a defect can sometimes be determined 
directly from the signal once the defect has been detected, as is often the case 
in radiographic testing. In other cases, the size of the defect cannot be found 
directly from the indication. This is the case for ultrasonic testing, where the 
size and amplitude of the reflected wave is not only dependent on the size of 
the defect but also on the angle of the defect and the frequency. Cracks can be 
sized with ultrasound using the TOFD method, where the distance between 
the diffraction echoes from the tips of the crack are measured [5]. 

In Paper F [10] the size of a side drilled hole in a thin wall was determined 
from a signal acquired using laser ultrasonics. This was done by comparing the 
frequency contents of the transmitted wave to a reference wave close to the 
point of generation, using deconvolution. This gives the filter function of the 
hole, which is shown in Figure 4.7 for one hole. It was shown that as the wave 
passes a hole, a new wave is created around the hole, which interfere with the 
original wave at wavelengths corresponding to multiples of the holes 
circumference. When this relation was known it was possible to calculate the 
diameter of the hole from the spectrum of the filter, using the value of the 
wavelengths where it could be seen that the waves interfered. 
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Figure 4.7: Normalised spectra of the filter created by a 500 μm hole at 200 
μm depth. 

 

For holes close to the surface it was shown that the surface interfered with the 
wave around the hole. Two possible solutions to this were suggested. Either the 
depth is estimated or two measurements are made with an additional layer of 
material, with a known thickness, added to the surface in between. The result 
from nine holes with five different sizes and two different depths can be seen 
in Table 4.1. It is here assumed that the depth is known to solve the problem 
with holes close to the surface. 
 

Depth [μm] Diameter [μm] Calculated diameter and one 
standard deviation [μm] 

100 77 77 ± 7 
100 100 99 ± 9 
100 150 148 ± 15 
100 250 257 ± 33 
100 500 497 ± 50 
200 100 103 ± 10 
200 150 145 ± 9 
200 250 270 ± 32 
200 500 444 ± 59 

Table 4.1: Calculated diameter, for holes with known depth, compared to the 
real diameter. 

 

It can be seen that there is a good correlation between values of the calculated 
and real diameter. The size limit of this method is dependent on the frequency 
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contents of the ultrasound pulse, since smaller holes require higher 
frequencies. For smaller holes the comparison of the transmitted wave to the 
reference wave is more difficult since the influence of the hole is smaller and 
the deconvolution algorithm needs to calculate the difference for higher 
frequencies. 

4.2.5 Posit ioning 
The position of a defect can be used when the defect is classified, since some 
types of defects can only occur in certain areas of the weld. A lack of fusion 
defect for example is always positioned between the weld and the base metal, 
or between two welds. Depending on the NDT method used, accurate 
positioning of defects, in three dimensions, can be difficult. When the testing 
is mechanised the position of the inspection system, in relation to the test 
piece, can be recorded together with the signal. Due to variations between test 
pieces and inaccuracies in the positioning of the NDT equipment, the exact 
position cannot be known. It is therefore important to have methods for 
improving the accuracy of the positioning, if it is to be used for classifying 
defects. 

An attempt to improve the positioning was made in Paper B [68], where a 
method for detecting corners in a test piece, using ultrasonic testing, was 
developed. In the case where the plates in a butt weld are not completely 
welded through, there will be a corner created by the bottom and side of the 
plate. The method that was developed was to calculate the phase of the 
ultrasound wave and use it to detect corners. Since the phase of a sound wave 
changes by 180° when it is reflected at an interface to an area with lower 
acoustic impedance, it will change by 360° as it is reflected twice at a corner. 
When the phase of the received wave was calculated, it could be seen that the 
phase change in reflections from corners differed by 180° from other 
reflections, as in Figure 4.8. Using this method the reflection from a corner 
can be singled out from others and can be used as a fix point to determine the 
position of the ultrasound transducer in relation to the joint. It was also noted 
that the corner could be more accurately defined using the phase than the 
amplitude of the reflection. In the figure the 10% and 90% points are 
indicated and the distance between them is 0.9mm, compared to 1.9mm if the 
amplitude was used. 
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Figure 4.8: Calculated phase of an ultrasound signal. A 180° phase jump 
can be seen at 42.5mm. The 10% and 90% points are indicated by crosses. 

 

In thermography the position of a defect, in the plane of the test piece, is often 
well known since the texture of the surface can be seen with the IR camera. 
The position in depth on the other hand is not given directly from the 
sequence of images. In Paper E [52] the heat equation was solved analytically 
for a simplified case of flash thermography. Using this solution it was possible 
to derive an expression for the depth of a defect, which depends on the time of 
arrival of the maximum in the response from a defect. This maximum could be 
found from a sequence of images after they had been deconvolved to remove 
the effect of spatial blurring on the amplitude of the response. 

4.2.6 Classificat ion 
Classification of defects is the last step in automatic analysis and aims at 
determining which type of defect that has been detected, using knowledge 
from previous steps. Classification of defects is important since different types 
of defects affect the structural integrity differently; small pores are for example 
sometimes accepted while cracks are generally not, especially not surface 
breaking cracks. Several properties of the defect are important for 
classification, including size, position, and shape [63]. Similar methods to 
those used during detection can be used for classification, such as linear 
classifiers [64] and artificial neural networks [62]. 
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 Conclusions and Future Work 5.

All welding processes can produce weld defects. Due to a progress in industry 
towards thinner and lighter products, the margin of error decreases. This leads 
to an increased need for defect free welds. To be able to ensure the structural 
integrity, there is an increased need for inspection of, preferably all, welds. It is 
desirable that the inspection is performed automatically in order to increase 
reliability, quality, efficiency and speed. This presents problems, both in terms 
of mechanisation of the testing and automation of the analysis. 

In order to determine which testing methods were suitable for automatic 
inspection, a comparison was made, in Paper A, of five different methods 
using six different weld defects. The signal to noise ratio of the contrast was 
used as a measure to decide what methods were suitable for automatic analysis. 
The results showed that ultrasound was the method that could detect the most 
defects, with a high signal to noise ratio. Thermography was shown to be the 
method best suited for detecting surface breaking defects, something which 
ultrasound have difficulties with. Ultrasound and thermography could 
therefore be used together and in that way be able to detect most of the 
defects. The focus in this work has therefore been to develop thermography as 
an inspection method for surface defects and to develop methods for 
automated analysis of ultrasound and thermography. 

Since thermography is fast, non-contact and image generating it is suitable for 
automatic inspection. A method for detecting surface breaking defects with 
thermography was developed in Paper C. With this method it was possible to 
detect all defects used in the study down to a typical length scale of 0.1mm, 
which was the approximate size of one pixel. 

Since automation of non-destructive testing of welds is a very wide research 
area, the scope needed to be limited and the problem split into smaller areas 
that could be solved individually. Automation was first split into 
mechanisation and automatic analysis, with the focus of this work being on the 
second part. Automatic analysis was then split into the following areas: pre-
processing, segmentation, detection, sizing, positioning and classification. The 
focus of this work has been on pre-processing, sizing and positioning. It has 
also been limited to physical based methods, which uses knowledge about the 
measurement system and how it interacts with the test piece to improve the 
signal and gain more knowledge about a defect. 
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Work on pre-processing of the signal was done in both ultrasonic testing and 
thermography. In Paper D a sector scan was acquired with a phased array 
ultrasound transducer. The beam from the transducer was modelled for all 
angles to acquire the point spread function of the transducer. This was in turn 
used in a deconvolution to reduce the effect of the spread of the beam on the 
signal. The result showed an improvement in the spatial blurring of the defect. 
A similar approach was used for thermography in Paper E. Here the point 
spread function was calculated, using an analytical solution to the heat 
equation for a simplified geometry. The deconvolution was then performed 
using a Richardson-Lucy deconvolution with the result that the defect became 
more well defined. The analytical solution could also be used to calculate the 
depth of the defect. 

An attempt at improving the positioning of defects in ultrasonic testing was 
proposed in Paper B. In this paper the phase of the signal was used to find 
corners in ultrasound signals. This method can be used to locate the weld if a 
corner is created by the bottom and side of the plate and will then help in the 
classification of defects. This possibility was however not further investigated 
in this thesis. 

In Paper F it was shown that the frequency contents of an ultrasonic wave 
could be used for sizing sub surface holes in a thin wall. An ultrasonic pulse 
was generated using a pulsed laser and measured at several positions along the 
wall using a laser vibrometer. By comparing the measured signals to a reference 
using deconvolution it was possible to estimate the filter created by a hole close 
to the surface. This filter was then compared to a model where a wave traveling 
around the hole interfered with the original wave and the diameter of the hole 
could in this way be calculated. 

Several problems remain to be solved in order to have a fully automated non-
destructive testing system for weld inspection. Thermography shows promise 
for the detection of surface breaking defects but still needs to be further 
developed. In this work both pulsed and continuous excitation sources have 
been used for the detection of surface defects, but it has not been shown which 
gives the best results. This can be evaluated by comparing the signal to noise 
ratio for two excitation sources, with the same spectrum, where one is pulsed 
and one continuous. An excitation source with continuous ultraviolet 
radiation has shown potential as an excitation source since it does not emit 
any radiation that is detected by the IR camera. Likewise light emitting diodes 
should be evaluated as a continuous excitation source outside the spectral 
range of the IR camera. 

Since the lower limit for the size of defects that can be detected is ultimately 
limited by the wavelength of the excitation source, a short wavelength is 



57 
 

 

preferred. But since the reflectivity for metals is high in the IR region and 
relatively low in the UV, the contrast between a defect and the surrounding 
will be larger if IR radiation is used for excitation. It should therefore be 
examined which wavelength should be used to give high contrast and be able 
to detect a small defect. 

Thermography has been shown empirically to be capable of detecting surface 
breaking defects, but there are still unknowns in how the inspection is best 
performed and which defects that can be detected. A numerical or analytical 
model will be useful for studying this without the need for a large number of 
test pieces and experiments. 

A pre-processing technique for continuous excitation has been developed 
which uses the temporal derivative of the heating to remove the stationary 
background and amplify the signal from a defect. This method should be 
further developed with the aim of supressing the background further and 
reducing noise. This could possibly be done if the derivative of the whole 
image sequence is used and not only at an image at one point in time. 

The pre-processing techniques proposed for ultrasonic testing and 
thermography can be developed further. The point spread function used in the 
deconvolution was acquired using modelling. The models used were simplified 
and it is likely that a more detailed model would improve the results, 
particularly if the model can be continuously optimized during the processing. 
It is also possible to use a simplified model and an iterative method like blind 
deconvolution to improve the accuracy of the point spread function. The 
deconvolution algorithms that were used were partly chosen for their low 
complexity, and were used to show the possibilities of the method. It is likely 
that the results can be improved by choosing an algorithm which is better 
suited for handling this type of noisy data. For thermography the 
deconvolution was performed in 2-dimensions, one image at the time. 
Expanding the deconvolution to 3-dimensions and using the whole image 
sequence could lead to improved results and the method being less sensitive to 
noise. This hypothesis however needs to be investigated further. 

The phase analysis used for detecting corners in ultrasonic testing is based on a 
rough method for calculating the phase. There are other methods, such as 
those used for demodulating phase modulated signals, which could make this 
method more robust. If the sensitivity of the phase calculation could be 
improved it might be possible to detect small changes in the phase caused by 
varying sound velocity in the weld compared to the base metal. This could, in 
that case, be used for defining the welded area and give a more exact 
positioning. 
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The sizing of side drilled holes using the frequency contents of a laser 
generated ultrasound pulse was shown to be affected by the distance from the 
surface. Two possible solutions to this was proposed but were not evaluated. It 
was also suggested that this method could be used for sizing pores although 
this was not shown. A study should therefore be performed to show if this is 
possible and if there is any differences in sizing pores compared to side drilled 
holes. 
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 SUMMARY OF APPENDED PAPERS 6.

Paper A: Comparison of NDT-methods for automatic inspection of 
weld defects [11] 

By: Patrik Broberg, Mikael Sjödahl and Anna Runnemalm 

Summary: Five different non-destructive testing methods were 
compared, using the signal to noise ratio, for their ability to 
be used for automated inspection of welds using real and 
artificial weld defects. 

Conclusions: The method most suitable for automated analysis of welds 
was found to be phased array ultrasound. Thermography 
was found to be the best method for detecting surface 
notches. 

Contributions: Broberg: Developed the defects, experimental planning, 
some of the testing, analysed results, main author. 

 Sjödahl: Signal to noise ratio comparison method, 
contributed to writing.  

 Runnemalm: Idea for article, Ideas for defects, helped with 
experimental planning, contributed to writing. 

Paper B: Improved corner detection by ultrasonic testing using phase 
analysis [68] 

By: Patrik Broberg, Anna Runnemalm and Mikael Sjödahl 

Summary: The phase of a sound wave changes when it is reflected. At 
a corner the wave is reflected twice. This effect was to 
distinguish corners from other echoes. 

Conclusions: The ability to find and accurately position a corner is 
improved by using the phase instead of the amplitude of 
the signal. 

Contributions: Broberg: Idea for article and method, data gathering, 
implemented method, main author. 

 Runnemalm: Contributed to writing, supported in 
developing the method. 

 Sjödahl: Idea for method, supported in interpreting results.  
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Paper C: Surface crack detection in welds using thermography [12] 

By: Patrik Broberg 

Summary: A method for detecting surface cracks in welds was 
developed. This method is based on the fact that cracks 
have higher absorptivity than the surrounding metal, and 
therefore heat up more when illuminated with high 
intensity light. An Nd-YAG laser and flash lamp was used 
for detecting notches and real cracks respectively. 

Conclusions: It was shown that thermography can be used for detecting 
surface cracks. Since it offers fast, non-contact inspection, 
with the ability to detect even small cracks, it is suitable for 
automated inspection. 

Contributions: Broberg: Idea for method, implementation, experiments, 
author of article. 

Paper D: Improved image quality in phased array ultrasound by 
deconvolution [9] 

By: Patrik Broberg, Mikael Sjödahl and Anna Runnemalm 

Summary: The point spread function of a phased array ultrasound 
probe was calculated. Experimental data were deconvolved 
with this point spread function in order to reduce the 
blurring of the ultrasound image. 

Conclusions: Using deconvolution, with a calculated point spread 
function, it was possible to improve the resolution in 
phased array ultrasound images by reducing the blurring 
caused by the width of the ultrasound pulse. 

Contributions: Broberg: Data gathering, implemented method, main 
author. 

 Sjödahl: Idea for method, supported in interpreting results. 

 Runnemalm: Contributed to writing.  
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Paper E: Analysis method for pulsed thermography based on an 
analytical solution of the heat equation [52] 

By: Patrik Broberg 

Summary: The heat equation was solved for a simplified case of pulsed 
thermography. Using this solution an analysis method was 
developed based on deconvolution. This method was 
evaluated on experimental data. A way of calculating the 
depth of a defect was also developed. 

Conclusions: When the analysis method was used to evaluate 
experimental data it made the edges of the defects more 
well-defined, which improves sizing. It was also possible to 
calculate the depth of the defect. 

Contributions: Broberg: Idea for method, implementation, experiments, 
analysis of data, author of article. 

Paper F: Sizing of subsurface defects in thin walls using laser 
ultrasonics [10] 

By: Patrik Broberg and Simon Garner 

Summary: The data from a laser ultrasonics inspection of a thin wall 
containing a side drilled hole, was analysed in order to 
determine the size of the hole. Deconvolution was used to 
determine the filter created by the hole, which agrees with 
theory based on interference. The diameter of the hole 
could then be calculated using the wavelengths 
corresponding to destructive and constructive interference. 

Conclusions: The diameter of a hole in a thin wall can be determined 
using the frequency spectra of the transmitted wave. 

Contributions: Broberg: Idea for article, theory, analysis method, 
implementation of method and main author. 

 Garner: Experiments, contributed to writing.  
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Abstract: The purpose of this study is to investigate different NDT-methods 
for weld inspection in an objective manner. Test objects are produced with 
known variation of flaws: internal pores, surface and internal cracks, toe radius 
and weld depth. The NDT-methods compared are: phased array ultrasound, 
radiography, eddy current, thermography and shearography. The results show 
that radiography is the better method for volumetric defects in thin plates while 
ultrasound is better for flat defects and thicker, non-flat plates. The 
thermography was shown to have good surface defect detection abilities. A 
combination of ultrasound and thermography results in a detection of all the 
non-geometrical defects investigated in this study. 
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1 Introduction 

This study is the first part of a project aimed at building an automatic inspection cell for 
continuous welds. In order to define the Non-destructive testing, NDT method(s) to be 
used in the inspection cell, an evaluation of five different methods was carried out. 

Automatic inspection of weld quality has become an important issue in order to 
ensure high quality and low manufacturing costs of welded products. It is a well-known 
fact that all NDT techniques have their limitations when it comes to detecting different 
types of defects and the method(s) used is therefore usually chosen with the expected 
defects in mind. In a fully automatic inspection cell, the inspection technique is fixed, 
even though different types of defects are supposed to be detected with high enough 
probability to ensure the quality of the product. 

Only a few comparisons of different NDT methods have been found in the literature. 
Often these comparisons cover only two or three techniques and are sometimes 
performed on different test pieces. Carvalho et al. (2008) compared radiography, manual 
ultrasound and automatic ultrasound testing on three types of artificial weld defects to 
evaluate the reliability of NDT techniques for the inspection of pipeline welds. Their 
comparison showed automatic ultrasonic inspection to be superior to the other methods. 
Hung et al. (2009) compared and reviewed thermography and shearography using various 
samples with artificial and real flaws. Only some of their test pieces were inspected using 
both techniques and all the artificial defects were detected with both methods. Reigert  
et al. (2006) reviewed different techniques for the inspection of composite structures, 
including air coupled ultrasound, light, ultrasound and eddy current excited thermography 
and electronic speckle pattern interferometry using real and artificial defects. In their 
review, they inspected each defect with only one or two methods. All methods studied 
were found to be useful for detecting defects, such as delaminations, in composite 
materials, something that can be difficult with conventional techniques such as ultrasound 
and radiography. Another way of comparing different NDT techniques was used by Scott 
and Scala (1982). They reviewed different NDT techniques frequently used on composite 
materials by making a literature study using a large number of articles that each studied 
one specific method. This approach is also used in some books where different 
techniques are discussed. From such comparisons (Halmshaw, 1991; Maldague, 2001; 
Raj et al., 2000; Shull, 2002), radiography and ultrasound are found to be useful for 
volumetric defects such as pores, ultrasound is preferable for internal cracks and eddy 
current, penetrant and magnetic particle testing are preferable for surface cracks. 

One way of categorising different NDT methods is to use probability of detection 
(POD) curves (Georgiou, 2006). The POD curves are generated by determining the 
probability of detecting a certain type of defect using a certain NDT technique as a 
function of the defect size and can be produced experimentally or theoretically using 
simulations (Bullough et al., 2007). When using POD curves to compare different 
techniques for their ability to find a certain defect, one has to take into consideration how 
and when the curves have been produced. POD curves are often produced by different 
people on different test pieces and these differences influence the results. Some of the 
POD curves available are produced decades ago and the development of better equipment 
renders the old curves obsolete. 

In this study we compare five different NDT methods using the same six test pieces 
containing different types of defects. The study includes both steel and titanium plates 
and covers defects in bead on plate welds, butt welds, and T-joints with material 
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thickness from 3 mm to 15 mm. The NDT methods used are phased array ultrasound, 
radiography, eddy current, thermography and shearography. This study used both real 
and artificial defects. The decision whether to use a real defect or an artificial one was 
based on the possibility of producing the defect in a controlled manner with respect to 
size, position, shape and reproducibility. The criteria for the evaluation in this study are 
the ability of the method to detect the different defects used, and also the possibility to 
automatically evaluate the results. 

This article is divided into the following sections: defects, experimental procedures, 
results and discussion and conclusions. First a description of the different defects, the 
sizes used and how they were produced is presented. In the section Experimental 
procedures, information about the different NDT techniques is found. This includes the 
equipment used, the experimental setup, including the settings of the equipment, how the 
tests were performed and some examples of experimental data. Finally the Results and 
discussion section contains the analysis and comparison of the data and the Conclusions 
section sums up the most important results. 

Figure 1 Schematic drawings of the six different weld defects, (a) pore (b) surface notch  
(c) internal flat defect (d) lack of penetration (e) toe radius (f) lack of penetration in  
T-joint 

  
(a)     (b) 

  
(c)     (d) 

  
(e)     (f) 

2 Defects 

The six types of defects used in this study are shown in Figure 1. Four of the defects were 
produced in an artificial way, and two of them were real defects. The artificial defects 
were pores (a), surface notches (b), internal flat defects (c) and lack of penetration in  
T-joints (f). The real defects used were lack of penetration (d) and varying toe radius (e). 
A presentation of the different defects and how they were produced are found below. The 
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defects were chosen to cover a wide variety of common weld defects in the mechanical 
production industry. In cases (a) to (c) in Figure 1, the primary goal is to detect the defect 
in the weld, while in cases (d) to (f) there is a weld parameter that needs to be measured 
to determine if the weld is good or not with respect to strength and fatigue. 

2.1 Artificial pores 

When comparing different methods using artificial pores, it is important that the defects 
have a predetermined size and position and that their shape is as close as possible to a 
real pore. One way to achieve this is suggested in Figure 2. 

Figure 2 The artificial pores were made by, (a) preparing the plate for the weld (b) welding an 
initial weld bead (c) drilling a hole into the weld (d) welding a second weld bead ontop 
of the hole, closing it to form a cavity 

  
(a)     (b) 

  
(c)     (d) 

First a plate is prepared for the weld. In this study, a bead on plate weld was used and the 
plate only needed to be cleaned, see Figure 2(a). Secondly, Figure 2(b), an initial weld 
bead was produced on the plate to ensure that the cavity would be inside a welded 
material. Holes, that later become pores, were then drilled into the weld to a depth 
dependent on the required position of the pore, see Figure 2(c). Finally, the holes were 
covered up to become cavities with a second weld bead, Figure 2(d). The settings for the 
second weld were determined in advance to make sure the penetration was not deeper 
than the holes and that the holes were not left open. 

The resulting cavity had a bottom that is shaped like the tip of the drill and a top that 
was flat, curving inwards or outwards, depending on the size of the hole and the welding 
parameters. Artificial pores produced in this way tend to be cylindrical in shape with a 
spherical or conical bottom, compared to real pores that are more spherical. 

The defects used in this study were produced in a 3 mm steel plate with diameters  
0.3 mm, 0.6 mm and 1.2 mm using laser welding without adding any material during the 
welding process. All pores were produced on the same plate in one weld at a depth of  
1 mm. There were a total of nine artificial pores, three of each size. 

2.2 Surface notches 

Surface notches were used as a substitute for surface cracks since notches can be made 
with predetermined geometries and positions as opposed to real cracks that are hard to 
specify in size, shape and position. The notches were produced using electrical discharge 
machining in a butt weld on a 3 mm thick titanium plate. The notches were 0.1 mm in 
width and between 0.25 mm and 1.5 mm long with a depth corresponding to half the 
length. A total of 12 notches were produced in one weld, with sizes 0.25 mm, 0.5 mm, 
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0.75 mm, 1.0 mm, 1.25 mm and 1.5 mm, two of each size. The notches were situated 
lengthwise along the side of the weld and in the region between the weld and the heat 
affected zone, one of each size in each position. 

Notches differ from cracks in shape. Many cracks are narrower than the notches and 
have sharper ends. Although notches are not cracks, they are long, narrow and surface 
breaking. Just like real cracks, notches are generally easier to find with NDT techniques 
that are suitable for detecting surface defects. 

Figure 3 How the internal flat defects were made, (a) 3D view (b) cross section A-A before 
welding (c) cross section B-B before welding (d) cross section A-A after welding  
(e) cross section B-B after welding 

 
(a) 

  
(b)     (c) 

  
(d)     (e) 

Notes: (a) Shows a schematic 3D view of the welded plate where the cross sections  
(A-A) and (B-B) shown in (b) to (e) are drawn as dotted lines. (b), (c) The plates 
were milled to give two smooth planar sides. (d), (e) The plates were welded 
together and the power of the laser was lowered momentarily to produce an area 
without joining. 

2.3 Internal flat defects 

To emulate internal cracks, internal flat defects were used. The production of the internal 
flat defects is described in Figure 3. Two steel plates with milled sides were welded 
together (butt weld) from both sides using a high power laser without filler. The 
schematic 3D view in Figure 3(a) shows the resulting welded plate with two cross 
sections marked. The cross sections before and after the welding are seen in Figure 3(b) 
to Figure 3(d). Figure 3(b) and Figure 3(d) show the cross section (A-A) perpendicular to 
the weld and Figure 3(c) and Figure 3(e) the cross section (B-B) along the weld. By 
controlling the power output of the laser, an area where the plates are not joined was 
produced; this is called an internal flat defect. The final internal flat defect is shown in 
Figure 3(e). The size and position of this internal defect are controlled by changing the 
welding parameters. The distance between the plates was measured to be about 15 m 
using destructive testing on early samples. The flat defects were made in one butt welded 
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3 mm thick steel plate and were 5 mm, 10 mm and 15 mm long, 1 mm high and located 
in the centre of the weld. 

2.4 Lack of penetration 

A real lack of penetration defect was created since the defect was considered 
reproducible to a high enough accuracy. The lack of penetration was formed in a butt 
welded, 3 mm thick, steel plate using laser welding. The penetration depth was controlled 
by changing the power of the laser. First one plate was made and the penetration depth 
measured with destructive testing before the final one was made. The final weld was 
produced with three different penetration depths: 2.8 mm, 2.5 mm and 2.2 mm. 

2.5 Toe radius 

Toe radius is not a traditional defect, but a measure of strength and fatigue. Some 
industries tend to use toe radius as a measure of weld quality. In a weld inspection cell, a 
method having the capability to measure both traditional defects and the toe radius can be 
essential. 

Test plates with different toe radii were produced on MIG welded T-joints in 15 mm 
steel plates. The toe radius was measured using a mechanical measuring method. A weld 
with a toe radius of 1 mm on one side and 6 mm on the other was chosen for this study. 

2.6 Lack of penetration in T-joints 

To simulate lack of penetration in a T-joint, the defects were made completely artificially 
without welding. A steel block was milled into the T-shape with the shape of a weld on 
one side. On the opposite side of the weld, a thin groove was cut to emulate the lack of 
penetration in the weld. 

The resulting test piece had a thickness of 14 mm and the grooves were 2 mm wide, 
between 7 mm and 11 mm long and 4 mm, 7 mm, 11 mm and 15 mm deep. 
Table 1 Summary of defects and test pieces 

Defect type Artificial 
pores Surface notches Internal 

flat defects
Lack of 

penetration 
Toe 

radius 

Lack of 
penetration 
in T-joints 

Defect sizes 0.3, 0.6 and 
1.2 mm in 
diameter 

0.25, 0.5, 0.75, 
1.0, 1.25 and 

1.5 mm in 
length 

5, 10 and 
15 mm in 

length 

2.2, 2.5 and 
2.8 mm in 

depth 

1 and 
6 mm 

4, 7, 11 and 
15 mm in 

depth 

Number of 
defects 

9 12 3 3 2 4 

Weld shape Bead on plate Bead on plate Butt weld Butt weld T-joint T-joint 
Material Steel Titanium Steel Steel Steel Steel 
Plate 
thickness 

3 mm 3 mm 3 mm 3 mm 15 mm 14 mm 
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2.7 Summary of defects 

Table 1 shows a summary of the test pieces and defects used in this study. In total the 
study covers 33 defects in bead on plate welds, butt welds and T-joints. The materials in 
the tested plates were either steel or titanium and the plate thickness varied from 3 to  
15 mm. 

3 Experimental procedures 

Five different NDT methods were used in this study: phased array ultrasound, 
radiography, eddy current, flash thermography and shearography. Below is a short 
introduction to these techniques and a description of the equipment used and settings. 

All six different defects described above were inspected using the five NDT 
techniques to give a fair comparison of the possibilities of each method. To ensure that 
the inspections were performed as correctly as possible, all experiments were carried out 
by, or with, experienced operators using modern equipment. To ensure that the 
inspections were executed under conditions as close to a real test as possible, all 
experiments were blind tests. The operators did not know the distribution or number of 
defects beforehand, but they were given information concerning the type of defect and 
the span of sizes in order to be able to use the equipment that is best suited for finding the 
specific type of defect. 

Of the five NDT techniques used, three are commonly used in inspection of welds: 
phased array ultrasound, radiography and eddy current. There are many other NDT 
techniques that are used on welds, e.g., penetrant testing and magnetic particle testing. 
The reason that these techniques were not included in this comparison was because they 
have a limited area of application and low ability to be automated. The other two 
techniques included in this study, flash thermography and shearography, are not normally 
used as NDT methods for welds. Both techniques are non-destructive and non-contact 
that are used mainly for composites and ceramics. They were included in this comparison 
because they are non-contact and have a potential for automatic inspection. 

3.1 Phased array ultrasound 

Ultrasound in NDT of welds usually means sound waves in the frequency range of 
several MHz. An ultrasound system might have one transmitter and one receiver or, as is 
often the case, one transducer that both sends out a pulse and listens for the echoes (Shull, 
2002). A phased array probe consists of several ultrasound elements close together that 
can be set off in sequence, allowing the operator to steer, scan and focus the beam. 
Because of the ability to steer the beam, the method can produce a cross section of the 
weld without moving the probe (Azar et al., 2000; Drinkwater and Wilcox, 2006). 

The equipment used in this investigation was a “Phasor XS portable phased array 
ultrasonic flaw detector” built by “GE Sensing & Inspection Technologies” with three 
different probes. The inspection of the butt welds and bead on plate welds was performed 
with an angled 16 element, 0.31 mm pitch probe operating at 10 MHz (which 
corresponds to a wavelength of 0.6 mm in steel). The probes used for the T-welds were 
vertical, one with 64 elements, 1 mm pitch operating at 5 MHz and one with 32 elements, 
0.5 mm pitch operating at 7.5 MHz. 
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The phased array ultrasound tests were carried out by scanning the ultrasound 
transducer by hand along the weld. An ultrasound gel was used to get good acoustic 
coupling between the probe and the test piece. Defects were marked on the test piece by 
the operator and the data at that point were stored for later analysis together with a scan 
of the whole test piece. The thick T-joints were scanned with a vertical array probe and 
the scan was recorded. The scanning of the probe was done on the top side of plates (a) to 
(d) in Figure 1 with the probe next to the weld, and from the back side on test pieces (e) 
and (f) with the probe just below the weld. 

Figure 4 shows a typical result from a phased array ultrasound sector scan. The scan 
was made by sweeping the angle of the beam by 20° and plotting the time-amplitude 
signals for the different angles in a sector. Time is plotted in the radial direction and 
larger amplitude is shown as a darker colour. The dark line in the middle of this figure 
indicated by the arrow is the response from a 1.2 mm pore. 

Figure 4 Phased array ultrasound sector scan showing an artificial pore 

 

3.2 Radiography 

Radiography uses an X-ray or -ray source to generate high energy photons. These rays 
irradiate onto the object under inspection and, depending on the thickness and the 
material, some will pass through the object to be detected by a detector placed behind the 
object. The detector is usually a 2D detector that converts the X-rays into an optical or 
digital image (Shull, 2002). 

The detector type used in this survey was high resolution photo stimulable phosphor 
plates made by AGFA with sizes 20 cm by 25 cm and 35 cm by 43 cm. These plates were 
scanned using a GE CRx-flex scanner resulting in 16-bit greyscale images with a size of 
4,656 × 3,456 pixels or 8,496 × 6,960 pixels. The X-ray source used was a Phoenix 225D 
micro focus source operated between 10 kV – 225 kV and up to 3 mA. The exposure time 
used was between 60 to 300 s depending on the thickness and the material. 

During the radiographic tests, the test object was placed at a distance of about 1.5 m 
from the X-ray source with the detector plate directly behind the object. The thin plates 
were parallel to the detector while the thin T-joints were angled 45° to reduce the amount 
of material the photons had to penetrate before reaching the defects. The welded plates 
were equipped with standard image quality indicators to ensure that the result was of 
sufficient quality. 
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An image from the plate with artificial pores is seen in Figure 5. Artificial pores of 
three sizes are visible in this figure as white dots. If the artificial pores were to be 
compared with real pores, it can be seen that the edges of the two largest pores are 
sharper than they would be for real pores. 

Figure 5 Radiographic image showing three artificial pores with the sizes 0.3 mm, 0.6 mm  
and 1.2 mm 

 

3.3 Eddy current 

Eddy current testing uses the fact that an alternating current will give rise to an 
alternating magnetic field and vice versa (Buckley, 1994). During an eddy current 
inspection, a probe containing a coil with an alternating current is passed over the surface 
of the test object, giving rise to eddy currents on the surface of the object due to magnetic 
induction. This induced current will also create a magnetic field that may be detected in 
the coil as a change in inductance or in a secondary coil. If there is a defect that 
influences the induced current in the material, for example a surface crack perpendicular 
to the current, this will be sensed as a change in the signal (Raj et al., 2000). 

The equipment used in this investigation was a Zetec MS5800 using frequencies 
between 100 kHz and 800 kHz. The probe used was an absolute probe with a 3 mm coil 
that was scanned along the welds collecting 20 samples/mm. 

The eddy current testing was performed by scanning the probe along the surface of 
the welds while the signal was monitored for possible defects. The weld containing 
surface notches was also scanned using a mechanised system that recorded the data 
during the scan. 

Figure 6 Result from one of the scans along the weld with surface notches 

 

Note: The magnitude of the signal is shown along the weld, and the arrows indicate 
detected defects. 



  
 

  

  

 

  

  10 P. Broberg et al.   
 

   
 
 

  

    

One result from the eddy current testing of the plate with surface notches can be seen in 
Figure 6. This is one of several scans that were made of the weld since the probe did not 
cover the whole weld. The peaks in the amplitude indicate the presence of a defect and it 
can be seen that the amplitude decreases to the left were the defects gets smaller. The 
reason for every second peak having a lower amplitude is that the defects were situated 
both in the weld and in the region between the weld and the heat affected zone. The 
surface notches that were not directly underneath the probe gave a weaker response. 

3.4 Flash thermography 

There are multiple types of thermographic techniques in use (Maldague, 2001) and they 
are usually categorised by the method of supplying the heat. Various ways of analysing 
the resulting data to increase the sensitivity of the technique are also in use (González  
et al., 2006; Omar and Zhou, 2008). In flash thermography, a short, high intensity light 
pulse, such as a laser or flash lamp, is used to heat the specimen as shown in Figure 7. 
The length of the pulse can be anywhere from a couple of seconds for materials with low 
thermal conductivity such as plastics, polymer composite materials and wood, down to a 
few microseconds for metals. The pulse will heat the surface of the specimen and a high 
speed IR camera is used to observe how the temperature at the surface varies with time. 

Figure 7 Experimental set-up of the thermography testing 

 

The difficulties in using this method on metals relates to the difficulty to couple enough 
energy into the inspected material and to be able to detect the weak signal generated from 
a defect. In this test, high power pulsed infrared lasers were used to heat the surface of 
the welds. The difference in the cooling speed between an area with and without defects 
was detected. One of the major problems with using lasers as a heat source is that the 
absorption coefficient varies on the weld surface due to oxides and other contaminants. 
An alternative technique that can be used to supply energy is to use strong eddy currents, 
which have been shown to be able to detect sub-surface cracks (Tsopelas and Siakavellas, 
2006; Zenzinger et al., 2005). However, that technique is not tested in this study. 

The equipment used in this comparison was a FLIR SC 4000 infrared camera 
sensitive between 3 m and 5 m with a resolution of 160 × 120 pixels when run at  
800 Hz. The heat source was an Nd:YAG laser with a wavelength of 1,064 nm, pulse 
length of 1–20 ms and a pulse energy of 1–20 J. The focus of the laser was adjusted to 
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give a spot size on the test piece with a diameter of 1 cm. In front of the camera was an 
optical filter used to block out direct reflections from the laser that could otherwise 
damage the detector in the camera. 

The setup for the thermography testing can be seen in Figure 7. The distance between 
the camera and the test object was 0.3 m and the angle between the laser beam and the 
camera was 30°. The plates and T-joints were angled to get the normal of the weld 
pointing between the camera and the laser. The welded plate was mounted to make it 
possible to move along the direction of the weld between the firing of the laser. Before 
heating the test piece, it was ensured that nothing was in contact with the backside of the 
weld to avoid the heat being transported through the contact points. The laser heated the 
test piece with one pulse when triggered and at the same time the thermal camera started 
recording the temperature on the surface of the weld. 

A thermographic image of one of the smaller surface notches can be seen in Figure 8. 
The defect is shown as a lighter area in the bottom centre of the image. The larger light 
grey area that covers almost the whole image is the area irradiated by the laser pulse. The 
diffuse horizontal line in the middle of the image is the centre of the weld. The width of 
the weld is approximately the same as the height of the image. 

Figure 8 A thermographic image showing a 0.5 mm long and <0.1 mm wide notch, the weld 
covers the entire image and is 6 mm in width 

 

Note: The image is taken approximately 70 ms after the laser pulse. 

3.5 Shearography 

Shearography is a coherent optical method used, among other things, for detecting flaws 
in composite materials (Hung and Ho, 2005). The set-up used in this study is shown in 
Figure 9. The object is illuminated by a continuous wave frequency doubled Nd:YAG 
laser. The light reflected off the object is imaged by an objective lens and split into two 
arms in a Michelson interferometer. One of the arms is sheared using a tilted mirror and 
is then recombined with the light from the arm with the phase stepping mirror to form an 
interference pattern that is detected using a charge couple device (CCD) camera. The 
object is then disturbed and a new image is captured. Using these two images, a phase 
image showing the derivative in the shear direction of the out-of-plane displacement 
caused by the disturbance is produced. The test object needs to be disturbed in a way that 
makes the defects visible by the shearography system, for example with a mechanical 
load, heat, vibrations or vacuum. 
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Figure 9 Schematic setup of the shearography experiment 

 

In this study, the test piece was heated using hot air from a heat gun for approximately  
30s in between the two images to make the plate expand and reveal the defects as a 
disturbance in the expansion due to different thermal and mechanical properties. The 
angle between the incoming laser light and the reflected light going to the detector was 
about 30°. The plates and T-joints were tilted to make the angle for the incoming and 
reflected light as close to equal as possible. The test piece was fastened in one of the 
corners and was heated from behind using hot air, which increased the temperature in the 
test piece by approximately 10°C. 

Figure 10 shows filtered data from the shearographic test of the weld with the internal 
flat defects. The shearing direction was set to vertical. The different greyscales show the 
derivative of the movement of the plate due to thermal expansion. The internal flat defect, 
indicated by the arrow, can be seen as an interruption of the horizontal pattern crossing 
the image. 

Figure 10 Shearographic image showing one of the internal flat defects as a change in thermal 
expansion compared to the rest of the weld 

 

4 Results and discussion 

The results from the investigation were analysed both qualitatively based on the 
statements of the operators and quantitatively based on the quality of the images 
produced. The results from the operators are summarised in Table 2, where a filled 
rectangle indicates a successful detection of the defects summarised in Table 1. 
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Table 2 Results showing the number of defects detected by each method 
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A general trend was found in the results; if any defects were not detected it was almost 
always the smallest defects. This is due to the fact that the POD for defects decreases as 
the size of the defect decreases, with all other variables held constant. 

Figure 11 Signal-to-noise ratio for the inspections of the artificial pores 

 

Note: A thick marker means that the defects of that size were detected by the operator. 

One way of making a quantitative comparison of the ability of the different techniques to 
automatically detect defects is to compare the signal-to-noise ratio (SNR) from each 
defect. Here the SNR is defined as the contrast of the defects compared to the contrast of 
the background noise according to equations (1) to (3). It is assumed that a larger value 
for the SNR makes the defects easier to detect. Mathematically, the SNR is defined as 

,Defect

Background

C
SNR

C
 (1) 

where 

IC
I

 (2) 

is the calculated contrast for each data point where I  is the local standard deviation and 
<I> the local average intensity. The calculations were done using a square moving  
sub-window of width 2N+1 centred around the current value. The standard deviation was 
calculated according to 

2

2

ˆ

,
(2 1) 1

N N

ij ij
i N j N

I

I I

N
 (3) 

where îjI  is the pixel value of an inclined plane fitted to the intensity values Iij within the 

sub-window. The average intensity in equation (2) is taken to be 00
ˆ .I I  CBackground 

and was calculated once from an area with no defects with as large value of N as possible 
while the sub-window size used to calculate CDefect varied between 7 and 25 pixels 
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depending on the technique used. The actual sub-window size was chosen manually as a 
compromise between spatial resolution and reliability. Since the eddy current testing did 
not generate images, a one-dimensional version of equation (3) was used to calculate the 
contrast for that data. In the results presented in Figure 11 to Figure 15 the maximum 
contrast value within the defect was used to plot the curves. 

4.1 Artificial pores 

As can be seen in Table 2, the operators only detected the pores with radiography and 
ultrasound. Eddy current, thermography and shearography all failed to detect the pores 
because they were too small and located too deeply into the material. All pores were 
detected using radiography and with ultrasound the smallest pores detected by the 
operator were 0.6 mm in diameter (which equals the wavelength). The 0.3 mm pores 
were not detected by the operator using ultrasound. 

Figure 11 shows the calculated SNR curves for the different techniques as a function 
of the pore diameter. It is seen that the response of the radiography images drop off 
rapidly as the size of the defect decreases, while the response for the ultrasound remains 
relatively unaffected by the pore size. It is also seen that the SNR for the other techniques 
are undistinguishable from noise independent of defect size. Even though the SNR for the 
smallest pores is relatively large in the ultrasound results, they were missed by the 
operator during the inspection. The reason why the smallest pores were not found during 
the inspection is probably because the amplitude of the signal response from these pores 
was close to the background. The smallest pores were found when the time of flight data 
was analysed; although the amplitude of the signal was close to the background noise it 
arrived earlier than the background and could therefore be identified as a defect. The SNR 
curve is made from a merge of the time of flight data and the amplitude data. 

4.2 Surface cracks 

Returning to the operator results in Table 2 and the surface notches rows, it is seen that 
surface cracks were detected using all techniques except shearography, but only 
thermography was able to detect all the cracks. The ultrasound inspection detected about 
half of the defects with the smaller ones being missed. Radiography could not detect the 
smallest notch due to the size and shallow depth. The smallest detected notch was  
0.5 mm long and according to the operator, it was only detected because it was expected 
to be there. Eddy current was able to detect all the notches except the smallest ones due to 
the shallow depth. 

Figure 12 shows the calculated SNR curves for the different techniques as a function 
of the notch length. It is seen that the SNR for the thermography data is always at least 
twice as high as for any other technique, independent of notch size. The SNR for the eddy 
current technique is also relatively high but drops off rapidly for the smaller notches. The 
reason for this drop is the sensitivity of the technique to notch depth. In contrast, the 
sensitivity of the thermography technique is more sensitive to notch width. As the width 
was kept constant during the tests, the result is a less dramatic drop towards smaller 
notches for the thermography technique as seen in Figure 12. All of the other techniques 
show relatively poor performance, although both radiography and ultrasound give a 
significant response for the largest notch. The SNR for ultrasound is low because it is 
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difficult to detect defects close to the surface using this technique, especially when the 
defects are small. 

Figure 12 SNR for the inspections of the surface notches 

 

Note: A thick marker means that the defects of that size were detected by the operator. 

4.3 Internal flat defects 

All of the internal flat defects were detected by the operators using ultrasound, eddy 
current and shearography during the inspection. The 10 mm long defect was wider than 
the others and this defect could therefore also be detected using radiography. Just like 
real cracks, the fabricated internal flat defects are very narrow and are therefore generally 
difficult to detect using techniques such as radiography. No defect of this type was 
detected using thermography. 

Figure 13 shows the SNR curves for the inspections of the internal flat defects as a 
function of the defect length. It can be seen that the SNR values for eddy current and 
ultrasound are almost identical over the set of defect lengths, while the SNR values for 
shearography are significantly lower despite its detection success. The reason for this 
discrepancy is that a defect will show up as an interruption in a pattern using 
shearography rather than a contrast, as is obvious from Figure 10. This interruption is 
rather easily detected by an experienced operator but will cause no significant change in 
the contrast image. During the tests the 10 mm defect was slightly wider than the others 
resulting in larger values for that defect for most techniques. For the radiography image, 
the increase is dramatic. This indicates, as expected, that the SNR value is related to not 
only the length, but also the width of the defect. 
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Figure 13 SNR for the inspections of the internal flat defects 

 

Note: A thick marker means that the defect was detected by the operator. 

4.4 Lack of penetration 

All three lack of penetration defects were found and measured using radiography and two 
of the defects were detected using ultrasound, but the depth could not be determined by 
the operator due to the thin plate and the small differences in penetration depth. With 
some modifications of the method used, it is likely that an estimate of the depth could be 
determined. The other three NDT techniques could not detect the lack of penetration in 
the weld. 

Figure 14 SNR for the inspections of the lack of penetration defects 

 

Note: A thick marker means that the defect was detected by the operator. 

Figure 14 shows the SNR for the lack of penetration defects as a function of defect depth. 
Even though the SNR for the ultrasound inspection is larger than for the radiography 
inspection, it was only possible to detect the defects, not measure them. It is also seen 
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that the values for the radiography technique all are low and only just undistinguishable 
from noise. The reason is that the technique is more sensitive to the defect width than its 
length and since the width was kept constant, the variation with length becomes small. 
The situation is similar to that of the internal cracks discussed above. 

4.5 Toe radius 

Measurement of the toe radius was not possible with any of the compared methods. The 
toe radius is a geometric surface property that is preferably measured using a mechanical 
or optical system, such as stereo vision (Eriksson, 2008). Measuring the toe radius using 
radiography is thought to be possible but due to the thickness of the material, and the fact 
that the weld was angled towards the X-ray source with the plates 45° away from the 
source, the weld and its radii is not visible in the images. If the plates in the T-joint were 
perpendicular to the rays, it might be possible to image one toe radius at the time and 
possibly be able to measure them. This method may not be practical in some production 
lines as the exposure time for one image is 300s. 

Figure 15 SNR for the inspections of the lack of root penetration 

 

Note: A thick marker means that the defect was detected by the operator. 

4.6 Lack of penetration in T-joint 

For finding the lack of penetration defects in T-joints, ultrasound was shown to have the 
highest rate of detection as it was able to find all the defects. Radiography was only able 
to detect the two largest defects due to the thickness of the plate and the geometry. The 
other three methods could not detect any of the defects due to the thickness of the 
material. The detected defects could be measured in both the ultrasound and radiography 
data as long as the thickness and geometry of the welded plates were known. The SNR 
curves are shown in Figure 15 as a function of defect depth. It is seen that ultrasound is 
the only technique with an SNR significantly different from noise for all the defects. The 
SNR for ultrasound is lower in the two largest defects because the edges are not as well 
defined in the data which results in lower contrast and also a less exact measure of the 
depth. With reference to Table 2, it is seen that the operator was able to detect a defect for 
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the two largest defects using radiography although the SNR values differ only slightly 
from the noise level. Although this investigation was performed as a blind test, is it 
doubtful that such a performance could be repeated with a high reliability in a production 
environment. 

5 Conclusions 

The aim of this comparison was to find one or several NDT methods that could be used 
for automated NDT of welds. Blind tests of six different defects were used as an 
evaluation of five different NDT methods. These methods were phased array ultrasound, 
radiography, eddy current, flash thermography and shearography. The measure used to 
compare the different techniques were the SNR for the contrast in the data. The result 
from this comparison is close to the result that was expected from literature, although the 
thermography result for surface defects was not expected. The experiments were 
performed by or with experienced operators. 

The test objects were produced with known defects: internal pores, surface notches, 
internal flat defects, toe radii and lack of penetration in two different weld types. 
According to the operators, the artificial defects gave results that were comparable with 
real defects, although some differences were observed. The edges of the artificial pores 
were sharper than the edges of real pores. The surface notches were wider than some real 
surface cracks, which meant that they were easier to find with radiography. The internal 
flat defects were meant to emulate internal cracks, and just like the cracks they were hard 
to find with radiography due to their width. They were however detectable with other 
techniques that could find cracks of a similar size. The defects used are therefore 
assumed to be good enough for this type of comparison as long as the difference from 
real defects is known. 

The techniques that are the most versatile and able to detect most defects are 
radiography and phased array ultrasound. The SNR-values were used to determine which 
of these techniques are most suitable for automated analysis of the results. Ultrasound 
was found to give the same or higher SNR than radiography for all defects except for 
large pores. 

Neither radiography nor ultrasound was particularly suitable for detecting surface 
notches; the SNR values were low for all but the largest defects. Thermography and eddy 
current were found to be suitable for detecting surface defects. The SNR for 
thermography was on average 3 times as large as that for eddy current and only 
thermography was able to detect the smallest defects. The use of thermography to detect 
cracks in concrete structures has been reported before (Sham et al., 2008). Due to the 
large difference in absorption and emission between metal and a crack when using 
infrared light, the technique should give better results for cracks in metal than in concrete. 
The tests with thermography on surface notches show promising results but the technique 
also needs to be tested on real cracks that differ from notches mainly in width. The 
investigation concludes that the use of both ultrasound and thermography during the 
inspection would detect most of the defect types in this study. 

No clear lower SNR limit between what was detected and not detected by the 
operators could be found. At a manual inspection the defects are sorted from the 
background noise not only by SNR but also by their size, geometry and position. During 
an automated analysis, a threshold value could be set on the SNR to find defects; the 
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threshold would have to be larger than the variations in the background but small enough 
to include most defects. A threshold value of 2 for an automated inspection of the 
ultrasound SNR data in this study would result in the detection of 22 defects as compared 
with 25 during manual inspection. The defects that would be missed are the surface 
notches that could instead be detected by thermography were all surface defects had a 
SNR larger than 2. The same amount of defects that were found by the operators using 
ultrasound combined with thermography could be detected automatically using a SNR 
threshold of 2. However, further work needs to be performed to find a suitable SNR 
threshold value and the correct size of the window for calculating the contrast. 
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a b s t r a c t

In ultrasonic testing, corners are used for sensitivity calibration in the form of notches, for measuring the
sound velocity in the material, and as known reference points during testing. A 90� corner will always
reflect incoming waves in the opposite direction due to a double reflection and therefore give a strong
echo. This article presents a method for separating the echo from a corner from other echoes and more
accurately find the position of the corner. The method is based on analysing the phase of the reflected
signal. The proposed method was tested on a steel calibration block and the width of the indication
was reduced by up to 50% compared to the amplitude signal. This results in a more accurate positioning
of the corner. Using the phase instead of the amplitude will also improve the reliability, since reflections
other than from corners will disappear.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

Ultrasonic testing is a technique that is commonly used in
industry to find internal defects and for thickness measurements
[1]. During calibration of ultrasound equipment for non-destruc-
tive testing, corners are used in the form of notches for sensitivity
calibration [2], and in some cases for measuring the speed of sound
in the material if an angled probe is used. Corners can also be use-
ful during testing; when inspecting for example a weld, a corner
can be used as a known reference point to locate the weld in the
results and thereby help classifying defects by their location. Some
defects, such as lack of penetration in welds, will also create a cor-
ner due to their geometry. Improving the response from corners
would result in a more accurate measure of the sound speed and
the possibility of detecting, classifying and determining the size
of certain defects will increase. The possibility to distinguish
between reflections from corners and other reflections would also
make it easier to use corners as reference points during testing and
evaluation of the results. An important issue when it comes to
automatic inspection and evaluation of weld defects.

Normally only the amplitude of the ultrasound wave is consid-
ered, but in some cases the phase can provide additional informa-
tion and therefore be of use. The phase of the signal have
previously been used in medical imaging with ultrasound for edge
detection [3] and as a step in a method to improve images of bones
[4]. The phase of the reflected wave is also used in some industrial
applications, especially in flight diffraction (TOFD), since it will dif-

fer by 180� between the echoes received from the two tips of a crack
[5].

In this paper we investigate the possibilities of using the phase
of the received ultrasonic pulse for determining the origin of the
echo, in particular if the echo is from a single reflection or a double
reflection that will occur at a 90� corner. The theory behind the
corner reflection and phase shift is first presented, together with
a method for calculating the phase. The experimental setup used
for the validation experiment is then shown and after that the
results from the experiment are presented. Finally, the most
important conclusions are presented and discussed.

2. Theory

The reflection of a wave at an interface follows Snelĺs law. As
can be seen in Fig. 1, a wave propagating against a 90� corner will
always reflect back in the same direction as it came from. Since ai
= ar and bi = br and the corner is 90�, ar + bi = 90� and ai + ar + bi +
br = 180�, where ai and ar are the inclination and reflection angle
of the incoming beam and bi and br are the inclination and reflec-
tion angle at the second reflection.

The returning wave will be shifted laterally by a distance d at
the surface of the block, which can be calculated from the geome-
try to

d ¼ 2a; ð1Þ

where a is the lateral distance between the corner and the point
where the beam hits the bottom, see Fig. 1. a and d are always
positive since only the magnitude of the shift is of interest.
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A pressure wave propagating in a medium, with acoustic
impedance Z1, that encounters a second medium perpendicular
to the beam with lower acoustic impedance, Z2, will be partly
reflected with a 180� phase change, as is the case of a sound wave
propagating from metal into air. The reflection coefficient is given
by

R ¼ ðZ2 � Z1Þ=ðZ2 þ Z1Þ; ð2Þ

for normal incident. If Z2 < Z1, Eq. (2) becomes negative, which is
attributed with a phase change by 180�. The same change of phase
happens when the surface is not perpendicular to the beam, but
since mode conversion is involved the equation gets more compli-
cated. A wave that encounters a corner will be reflected twice, as
opposed to a wave originating from a defect or other flat reflectors
that has been reflected only ones, see Fig. 2. Accordingly the corner
reflection will change the phase by 360� which is a 180� difference
compared to a single reflection. Because of this, it will be possible to

find echoes that originate from 90� corners using only the phase of
the received ultrasound signal.

The ultrasound signal that is sampled by the receiver contains
not only the fundamental frequency of the transmitted pulse but
also frequencies covering the whole spectra up to the limit set by
the response profile of the detector. The signal can be seen as a
phase modulated signal overlaid with noise and the problem is
reduced to demodulating the signal in order to acquire the phase.
Given a transmitted harmonic signal with centre frequency xc, the
received signal y(tn) may then be expressed as

yðtnÞ ¼ AðtnÞ cosðxctn þ hðtnÞÞ þ rðtnÞ; ð3Þ
where tn is the discrete time, A(tn) is the time varying amplitude,
h(tn) is the time varying phase and r(tn) is additive noise. The dis-
crete time is

tn þ n � Dt;
n ¼ 1;2; . . . N;

T ¼ N � Dt;
ð4Þ

where Dt is the sampling interval, N the number of samples and T is
the total sample time. The phase term, h(tn), will give rise to a
spread of the central frequency in the Fourier domain and the noise
term, r(tn), is assumed to contribute to all frequencies with an
unknown amount.

For our purposes it is necessary to separate the phase h(tn) from
the other terms in Eq. (3). Determining the variation of the phase of
a harmonic signal is a problem that has been studied extensively
for dealing with phase modulated signals [6]. It involves moving
the carrier frequency towards the zero frequency in order to
remove the oscillations, and thereby making it possible to directly
measure the phase change. Here we will deal with the demodula-
tion by directly shifting the frequency in the Fourier domain.

The discrete Fourier transform of the wave in Eq. (3) is
described by

YðxÞ ¼
XN�1

n¼0

yðtnÞe�ixn
T : ð5Þ

To remove lower frequencies, a high pass filter is used, as is
shown In Fig. 3. All frequencies higher than the fundamental fre-
quency xc are thereby kept intact, since they can contain informa-
tion about the phase shift. The filter used is a high pass brick-wall
filter implemented as a multiplication with a Heaviside function,
H(x �xc),

Yf ðxÞ ¼ YðxÞHðx�xcÞ: ð6Þ

Fig. 1. A sound wave reflected from a 90� corner will reflect back in the same
direction as it came from independent of the inclination angle, ai. The distance a is
the distance from the corner to the point where the beam hits the bottom, and d is
the lateral shift parallel to the surface.

(a)

(b)

Fig. 2. An ultrasound wave is transmitted from the probe A into the calibration
block B. (a) A sound wave reflected at a 90� corner returns after two reflections.
(b) A wave reflected from a side drilled hole, or a flats surface, with only one
reflection.
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The filtered Fourier signal is shifted in the frequency plane in
order to get the central frequency at origin and to sort out the
phase term,

YsðxÞ ¼ Yf ðx�xcÞ: ð7Þ
The inverse Fourier transform of the frequency shifted signal Ys(x)
returns the signal to discrete time,

YsðtnÞ ¼ 1
N

XN�1

n¼0

YsðxÞeixn
N ; ð8Þ

which will give a complex signal. The phase can then be acquired by
calculating the argument of the complex values,

uðtnÞ ¼ argðysðtnÞÞ: ð9Þ
uðtnÞ is a combination of the phase of the signal, h(tn) and a noise
term r0(tn) that is due to the noise r(tn) in the original signal.
uðtnÞ gives the phase variations from the central frequency xc of
the original signal y(tn) as a function of time and can be plotted in
a similar way as the original signal, as a function of time or distance.

3. Experiment

The experimental setup is shown in Fig. 4; A is the probe, B is a
steel calibration block, h is the thickness of the block and b is the
beam angle. The probe is part of a phased array ultrasound system

that was used to acquire signals to evaluate the method. Two sets
of ultrasound equipment from different manufacturers were used
to test the theory. The equipment primarily used was a Phasor
XS from GE Inspection Technologies with an ultrasound frequency
of 4 MHz from a 16 element probe, angled at 36�. The system was
set up without focusing and with the beam scanning from a = 45�
to a = 70� with a 0.5� step. The steel calibration block had a thick-
ness of h = 25.4 mm and the front of the probe was located 31 mm
from the edge. The distance l depends on the distance between the
front of the probe and the edge, the size of the edge and the angle
of the beam. Using the measures from Fig. 4, Eq. (1) can be re-writ-
ten as

d ¼ j2ðl � h � tanðaÞÞj: ð10Þ
The signal was recorded for a time corresponding to the dis-

tance from the surface to the bottom of the test block for the sound
wave at a = 70� and was sampled with 512 samples per scan angle.
This gave a sample rate of just over 16 MHz or about four samples
per wavelength at the central frequency. The phase was calculated
using Eq. (9) for each angle individually, resulting in a 2D image of
the phase.

A second ultrasound equipment, an OmniScan from Olympus,
was used to corroborate the results from the Phasor XS. This ultra-
sound equipment used the same settings as the previous, except
that it had a 5 MHz probe, the beam was scanned with a 0.2� step
and each scan angle was sampled with 640 samples. The calibra-
tion block used with this equipment was 23.5 mm thick and the
probe was placed at several different distances from the corner.
Using this equipment and setup the sample rate achieved was just
over 25 MHz or about five samples per wavelength at the central
frequency.

Equipment used for ultrasonic testing (with the exception for
TOFD) is often set up to only show the amplitude of the acquired
wave to ease the interpretation. This is done by filtering and recti-
fying the wave, which destroys the phase information. To be able
to use the method presented here, the equipment was set up to
record the full unfiltered wave.

Fig. 4. Experimental setup for evaluating the method presented above, A is the
probe, la the lateral distance fromwhere the beam enters the material to the corner,
a the beam angle and h the thickness of the calibration block, B.
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Fig. 5. Comparison between the amplitude response (a) and the phase response (b) of a wave being reflected at a corner, captured by the Phasor XS. The crosses show the
start and stop of the signal, indicating the width of the corner location as being 1.9 mm in the amplitude map and 0.9 mm in the phase map. The amplitude response (c) and
the phase response (d) from the OmniScan equipment give values of 1.4 and 0.8 mm for the width of the corner location from the amplitude and phase respectively.
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4. Results

In Fig. 5, both the amplitude and the phase from two different
waves are shown. Fig. 5a and b is acquired using the Phasor XS with
a 50� beam angle and Fig. 5c and d using the OmniScan with a 46�
beam angle. It can be seen that the phase of the wave changes by
180� where the amplitude of the signal increases due to the corner
echo. Because of a limited sampling rate, and thereby a loss of the
higher frequencies in the signal, the phase jump is less well defined
and contains ripple at the transition, known as Gibbs phenomenon.

The spread of the corner location can be compared for the total
width of the amplitude variation and the phase jump. For the wave
from the first equipment, the width of the phase jump is 0.9 mm in
Fig. 5b, compared to 1.9 mm for the amplitude in Fig. 5a. The dif-
ference between the width of the indication for the amplitude
and phase is more than 50%, which shows that there is a potential
that the phase can be used to better locate corners. The width of
the amplitude variation is defined as the distance from 10% of total
amplitude until it is back at 10% again. The width of the phase
jump is defined as the rise time from 10% to 90% of the total
180�. The middle point in the phase shift in this case is located at
a distance of 42.44 mm in the beam direction, which is near the
peak in the amplitude plot at 42.35 mm.

The test was repeated using both different equipment and a dif-
ferent calibration block with results that were equivalent to the
earlier results, as can be seen in Fig. 5c and d. The width of the indi-
cation, using the amplitude, was 1.4 mm, while it was 0.8 mm
using the phase. The distance between the probe and the top end
of the calibration block was then varied using the same equipment
and setup. When the probe position was changed it changed the
distance between the probe and the corner, as well as the beam
angle. This gave rise to different measurement conditions and
made it possible to test how well this method preformed when
the conditions were changed. Four additional measurements were
made in this way with different distances. The results of this were
consistent with the earlier result and showed that the width of the
phase jump was consistently less than the width measured with
the amplitude, with the difference between the two measurements
varying from 0.2 to 0.6 mm.

If the whole set of angles in the phased array image are pro-
cessed (using the same parameters), a 2-dimensional map of the
scanned region is acquired as in Fig. 6 (shown together with the
amplitude for comparison). The location of the corner is seen as a
sharp line in Fig. 6b, where the phase is changed by 180�. In some
areas the phase passes the upper or lower limit of ±180� and is
therefore wrapped by 360�. In other regions the phase quickly
changes by 360� back to the same value as before, typical for a sig-
nal with low signal to noise ratio.

5. Conclusions and discussion

A method for locating a 90� corner from an ultrasound echo uti-
lizing the phase of the signal was presented and tested using a
phased array ultrasound system. By studying the phase of the
reflected wave it is possible to detect reflections from corners
and to sort them from other types of reflections. The results also
show that the signal response from the phase image gives a more
clearly defined response from the corner than the amplitude signal,
and the width of the indication was reduced by up to 50%. By using
the phase instead of the amplitude the reliability is improved
because reflections from corners will differ in phase by 180� from
other reflections. The sampling frequency of the ultrasound system
will affect the width of the phase jump. The loss of higher frequen-
cies in the signal will result in a more reclined step and will add
ripples before and after the step.

Phase images often contain areas where the phase is wrapped
by 360�. This happens when the phase reaches the maximum or
minimum value of ±180� and can be corrected using one of several
available unwrapping algorithms. We have chosen to avoid doing
so and present un-manipulated data in this paper.

In Fig. 6b it can be seen that the phase for the larger angles are
offset compared to the smaller angles by about 180�. This is most
likely due to the large angle causing the twice reflected beam to
miss the transducer because of a large lateral shift as described
by Eq. (10). The signal will thereby only contain sound scattered
from the first reflection. This effect can also be seen in the ampli-
tude plot in Fig. 6a where the reflection from the corner is not vis-
ible at those angles. With the experimental setup used for Fig. 6,
the 70� beam can be calculated to miss the probe by 78 mm using
Eq. (10).

The spectrum in Fig. 3 shows a second peak at about 6.5 MHz.
This peak is most likely a second harmonics from the probe (at
8 MHz) that has been cut off by a conditioning filter when the sig-
nal was being sampled. Since these frequencies originate from the
same place as the fundamental frequencies they contain the same
sort of information. If they are removed from the spectrum using a
hamming filter around the fundamental frequency the resulting
phase signal will be smoother but the phase jump less distinct.

0 50 100 150 200 250 300 350 400

−150 −100 −50 0 50 100 150

(a)

(b)

Fig. 6. Comparison of the amplitude and phase for all angles of the phased array
ultrasound. (a) Amplitude. (b) Calculated phase map.
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Finally a small discussion about the choice of filter used to
extract the phase information of interest. The objective of the filter
should be to isolate the interesting phase information. Extracting
the phase by turning it to an analytical signal by cancelling the
negative components in the spectral domain is a standard tech-
nique used in many applications. Removal of an uninteresting car-
rier frequency by a spectral shift is likewise standard procedure.
When it comes to the problem to pick out the interesting phase
signal that highlights the sudden jump in phase, however, the
choice in approach is not that obvious. One approach is to filter
out the peak seen in Fig. 3 around the fundamental frequency
4 MHz using a Hamming window to reduce edge effects. Then in
principle the original signal would have been recovered on analyt-
ical form. This approach, however, turned out to be less successful.
Best result was obtained with the simple brick-wall filter shown in
Fig. 3. Any approaches to smoothening out the sharp edges
resulted in less distinct results. One way of explaining the success
of this particular choice of filter to detect sudden phase jumps in a
signal is to compare it with phase contrast techniques used in
optics. In the technique known as Schlieren, for example, almost
half of the spatial spectrum is cancelled by blocking it in the Fou-
rier space of the imaging system. The same effect is obtained here
by putting a sharp filter at the carrier frequency.
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a b s t r a c t

Thermography is today used within non-destructive testing for detecting several different types of
defects. The possibility for using thermography for detecting surface cracks in welded metal plates has
here been investigated. During testing the weld is illuminated using a high power infrared light source.
Due to surface cracks acting like black bodies, they will absorb more energy than the surrounding metal
and can be identified as a warmer area when imaged using an infrared camera. Notches as well as real
longitudinal cold cracks in a weld are investigated using the presented method. The results show that
thermography is promising as a method for detection cracks open to the surface.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Cracks are one of the most serious defects in welds since they
tend to grow under stress and can eventually lead to the failure of
the weld. It is common for cracks to originate at the surface. Even
so, they can still be difficult to detect visually if the opening is very
small, which is often the case. Common non-destructive testing
(NDT) methods can also have difficulties detecting surface cracks;
radiography due to the small volume and ultrasound can have
difficulties detecting defects close to the surface. Methods such as
eddy current, magnetic particle testing and penetrant testing are
instead used for surface defects such as cracks. These NDT
methods have their disadvantages. Eddy current, for example,
requires the probe to be very close to the surface and is sensitive
to surface roughness. Magnetic particle testing and penetrant
testing both involves liquids and both the testing procedure and
the interpretation are difficult to automate.

Thermography is a relatively novel method within NDT and has
the advantages that it is fast, non-contact and provides full field
information. It is currently used mainly for detecting defects with a
large area perpendicular to the surface, such as delaminations and
debonding, in ceramics, plastics and composites [1,2], but is also used
for other types of defects and materials, including metals [3]. In these
applications, defects are detected because they affect the thermal
conductivity within the material which gives rise to temperature
variations on the surface some time after the surface has been
heated. The detection of surface cracks using thermography has been
studied earlier by observing how the crack affects the heat conduc-
tion along the surface [4,5] using a scanning laser to heat the surface.

Other ways of exciting cracks to make them detectable are by using
either eddy currents [6,7] or by vibrations [8].

Here we investigate another way of using thermography for
detecting surface cracks in welds. The method used is not based on
heat conduction, but instead on the variations in absorption
of radiation caused by cracks acting like black-bodies. This
method has been used earlier to detect cracks in concrete using
a flashlamp [9]. The effect used in this method has also been
reported for metals earlier. When a scanning laser was used to
detect surface cracks in metals, an increase in the absorbed energy
was detected when the laser spot passed a crack [4,10,11]. This is
often seen as a disturbance in this type of inspection. The method
used here for exciting the surface cracks is by pulsed infrared (IR)
radiation using either an IR laser or a flashlamp. Parts of this work
have been presented earlier [12] but is here extended and
discussed in greater depth.

The structure of this paper is as follows: first the theory of the
method is presented followed by the experimental setup that is
used to test it. The subsequent chapters show the results from the
tests followed by a discussion and conclusions.

2. Theory

The absorption of electromagnetic radiation in an opaque
material, such as a metal, is equal to the emissivity according to
Kirchhoff's law for a system at thermal equilibrium, as shown in
Eq. (1) where ελ and αλ is the wavelength dependent emissivity
and absorptivity, respectively,

ελ ¼ αλ: ð1Þ
The emissivity of IR light perpendicular to the surface in metals

can for long wavelength be modelled by the Hagen-Rubens
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relation [13,14],

ε∟;λ ¼ 2√ð2ωε0ρÞ ð2Þ
where ω is the angular frequency, ε0 the electric constant and ρ the
electric resistivity. This relation can be used to model the approx-
imate behaviour of the emissivity (and therefore the absorptivity)
for long wavelengths and can give a general idea about the
behaviour of the emissivity as the wavelength is increased.
This shows that the absorption of IR radiation in metals is relatively
small and will generally decrease with increased wavelength. Most of
the IR radiation is therefore reflected at the surface. When light
enters a crack on the other hand it is reflected multiple times inside
the crack and will deposit a larger amount of energy than at a single
reflection, in a similar way as in a black-body cavity, and the apparent
absorption coefficient of the crack will be

αc ¼ Σðαmð1−αmÞk−1Þ k¼ 1…n ð3Þ
which has the solution

αc ¼ 1−ð1−αmÞn ð4Þ
where αm is the absorption coefficient of the metal and n the
number of reflections within the crack. It can be seen that the
absorption in the crack approaches 1 as the number of reflections
increases. This can also be seen schematically in Fig. 1. Due to
these factors, a crack in a metal plate that is illuminated by high
intensity IR light will absorb and emit more energy than the
surroundings and will be visible as a hot-spot if imaged by an IR
camera. Other effects also contribute toward making cracks visible
after they have been illuminated with IR light. The edges of a crack
will absorb light from the top as well as from the side. This will
heat the edges of a crack more than the surrounding material
which is only illuminated from the top; although the temperature
increases due to this effect will be small compared to the black-
body effect when the absorptivity is low. If a crack is illuminated
with a short pulse of IR radiation it needs to be inspected shortly
after since the temperature will decay quickly as heat conduction
transports heat from the crack into the material. The heat
conduction at the edges of a crack will be lower than in a flat
surface since heat cannot be conducted in the direction of the
crack due to the air gap.

The size limit of cracks that can be detected depends on several
factors. To be visible the crack needs to absorb enough energy to
raise the temperature compared to the background so that the IR
camera can differentiate them as two different temperatures.
The temperature difference needed is increased due to noise in
the camera and variations in the background because of differ-
ences in emissivity. How much energy that can be absorbed

depends on the width of the crack since a wider crack has a larger
area where light can enter. The width also affects the wavelengths
that can be absorbed in the crack. The width of the crack will act as
the cut-off wavelength that governs which wavelengths that can
enter the crack. Light with a wavelength that is longer than the
crack is wide will quickly decay in intensity as it enters the crack
and will in practice not enter the crack. The inclination of the crack
will also affect the amount of radiation that falls into the crack and
therefore the amount of energy absorbed.

Although the wavelength of the radiation will set a limit for
which cracks that are detectable, it should in general be as long as
possible since that will increase the contrast in absorption
between a crack and the surrounding surface. A practical limit to
the size of cracks that can be detected also depends on the IR
camera. The resolution of the camera together with the choice of
lens will limit how small objects that can be imaged by the
camera. The choice of lens is a balance between resolution and
field of view. Only the smallest dimension of the crack is of
importance when it comes to detection; the length of the crack
does not affect the ability of this methods to detect it, other than
affecting the total amount of energy absorbed.

3. Experimental setup

The theory presented above was tested experimentally using a
setup that can be seen in Fig. 2. Two types of IR sources were
tested, a laser, as in Fig. 2a, and a flashlamp, as in Fig. 2b. The laser
was used, because it is a good source of easily focused, high energy
monochromatic light, to evaluate the method. A flashlamp illumi-
nates a wider area with a larger spectrum of wavelengths and has
advantages, compared to the laser, in terms of portability, cost and
safety. Experiments were therefore carried out to evaluate the
flashlamp as an IR source. To avoid direct reflections from the IR
source in the weld, that would obscure the heat from the crack,
both the flashlamp and the laser were pulsed and the camera was
triggered to start just after the pulse. A continuous source can be
used if a wavelength is chosen that is not detected by the camera.
The laser was a pulsed Nd:YAG laser with a wavelength of
1064 nm. This laser delivered pulses with an energy of 1.54 J for
2 ms and the beam was spread using a lens so that the spot on the
plate had a diameter of about 6 mm. The flashlamp used delivered
a 10 ms, broadband pulse with a total energy of 6 kJ (although not
all of the energy was directed towards the plate). A square
4.5�4.5 cm2 aperture was mounted in front of the lamp. When
the flashlamp was mounted at a distance of about 20 cm from the
weld it heated an area with a diameter of about 10 cm.

Most of the light from a flash lamp is in the visual spectra with
a smaller part of it in the IR. The IR light can interfere with the
testing when it is reflected into the IR camera and is therefore
often removed with a filter. In this case the IR part of the spectra
was desired and the reflections therefore had to be handled in a
different way. In this work it was done by setting up both the
camera and flash lamp at a large angle to the normal of the welded
plate, as can be seen in Fig. 2b. The problem occurs because the
pulse from the flashlamp is longer than that from the laser and it
takes a comparably long time for it to cool down. This long cool
down time causes reflections of the lamp in the weld to obstruct
the radiation from the crack even after the flash. By placing both
the camera and flashlamp at a large angle, the glow from the
flashlamp, after the pulse, is reflected away from the camera, thus
reducing its effect.

A high speed, cooled, IR camera was used to observe the
temperature distribution just after the heat pulse. The camera
had a 14 bit detector with a resolution of up to 640�512 pixels
and a temperature sensitivity of less than 20 mK. The camera was

Fig. 1. Due to multiple reflections of light in a crack, a larger portion of the energy
is absorbed compared to a single reflection at the surface.
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mounted at a distance of 10–20 cm from the test piece which gave
a spatial resolution of about 0.1–0.2 mm/pixel.

Two different types of defects were used in this test, artificial
defects, in the form of notches, and real surface cracks, as can be
seen in Fig. 3. All defects used in this work were produced in welds
in order to have conditions more relevant to industrial applica-
tions; however the method presented will also work on cracks in
non-welded homogenous materials. 12 notches were used in the
test with sizes between 0.25 and 1.7 mm long, the depth were
about half the length and the width varied from 80 to 400 μm.
All notches were manufactured in, or at the root of, the weld bead
of a laser welded titanium plate using EDM (Electrical Discharge
Machining), and one of them can be seen in Fig. 3a. To be able to
evaluate this method for detecting real cracks in welds it was also
tested on two long cracks in MIG (Metal Inert Gas) welded steel
plates. These cracks had widths ranging from 5 and 330 μm,
measured using an optical microscope. The width of these cracks
varies over their length and a detail of one crack can be seen in
Fig. 3b. The notches were tested using the Nd-YAG laser as a source
and the cracks using the flashlamp.

4. Results

The method presented was first tested using 12 notches in a
laser welded titanium plate with a Nd:YAG laser as the IR source
and some results are presented in Fig. 4. It was possible to detect
all 12 notches that were manufactured in the weld using this
method, as can be seen in Table 1. The larger notches were visible

in the IR image even without excitation, as faint marks in the weld,
because of reflections in the surface, but those with a length
shorter than 0.5 mm were not because the small size and depth
made them indistinguishable from the background noise. It can be
seen in this table that there is a good correlation between the
measured length of the notch and the real length. The temperature
difference between the notch and the surrounding metal for the
notches in the weld increases with increased notch length because
the depth of the notch was here dependent on the length and a
larger depth means more reflections of the light inside the notch.
The temperature in the 1 mm long notch in the weld and the area
surrounding that notch during testing can be seen in Fig. 5.
The temperature difference is largest immediately after the laser
pulse and decreases as the material cools down.

The result also shows that a small area around the notch had an
elevated temperature because of heat conduction from the notch.
The apparent size of a notch with a real width of 150 μm was
about 400 μm in this test. The temperature difference for the
notches at the root of the weld is less than for those in the weld
because the laser was aimed at the centre of the weld and had an
energy profile where most of the energy was focused in the centre
of the laser. For the shortest of the notches in the root of the weld
the laser was realigned and centred over the notch, which is why
the temperature difference is greater than for the other notches.

The real cracks were tested using a flashlamp instead of a laser
to evaluate the flashlamp as a source of infrared radiation for this
method. Results from the tests on real cracks are shown in Fig. 6.
In this figure the cracks can be seen as a line in the middle of the
weld and this demonstrates that a flashlamp can be a viable IR

Fig. 2. Schematic illustration of the experimental setup. (a) Weld crack excited by laser perpendicular to the surface. (b) Weld crack excited by flashlamp at a large angle
perpendicular to the surface.

Fig. 3. Two types of test objects were used to test the method: (a) notches in a laser welded titanium plate and (b) a real crack in a MIG welded steel plate.
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source for this type of testing. In the images above some hot spots
can be seen, these are oxides on the weld that are good absorbers
of IR radiation and therefore increase significantly in temperature
due to the flash. The results from this test showed a size limit for
detecting surface cracks at about 5–10 μm, using this setup and
equipment. The contrast between the crack and the weld in Fig. 6
is not as large compared to the notches in Fig. 4. This can be
attributed to the longer pulse length from the flashlamp compared
to the laser causing reflections in the surrounding weld. The
reflections can be seen in Fig. 6 as hot areas around the crack
and makes the crack harder to detect. It was also affected by the
surface of the MIG weld being more uneven than the laser weld.

5. Discussion

The temperature values for the notches in the root of the weld
in Table 1 show that the shortest notch had the largest tempera-
ture increase. This was due to the laser being realigned so that it
was aimed at the notch and since most of the energy was in the
centre of the laser beam it could absorb more energy. This shows
the importance of properly illuminating the notches or cracks with
the IR source. For weld inspection the whole width of the weld

needs to be properly illuminated to make sure that no defects are
overlooked.

Since only the surface of the plate and surfaces inside the crack
are heated, the measured temperature will quickly decrease as the
heat spreads into the material. Because of this the material needs
to be inspected immediately after the heat is applied, the time it
takes for the crack to cool down depends on the amount of energy
applied. The IR source therefore needs to completely shut off
within this time to avoid direct reflections of the source being seen
in the metal instead of the surface temperature, alternatively
operate at a wavelength not visible to the camera. A pulsed high
power IR laser is therefore the ideal IR source since the pulse can
be very short and it can be turned off quickly. Since the flashlamp
radiates as a blackbody due to a high temperature it takes a
relatively long time to cool down and, in this case, the glow of the
lamp lasted about 1 s and obscured the heat from the cracks. In
order to make this method work with a flashlamp it was necessary
to aim both the camera and the lamp in a way that minimised the
refection from the lamp in the weld that could be seen by the
camera. One way of shortening the pulse length from the flash-
lamp, that would increase its usability, could be by using a
mechanical shutter, LCD shutter or a rotating mirror that blocks
all radiation after the main pulse. There also exists cooled
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Fig. 4. Results from two of the notches in a laser welded titanium plate with a Nd:YAG laser being used as the IR source. The notch on the left is 1.3 mm long and 150 μm
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Table 1
Data from the test on 12 notches in the weld, 100 ms after the laser pulse.
The results show a good correlation between the measured length and the real
length. The temperature difference is the difference between the notch and the
surrounding material.

Length
[μm]

Width
[μm]

Length in
thermal
image [μm]

Width in
thermal
image [μm]

Temperature
difference
[1C]

Notches in
the weld

1690 170 1600 400 9.1
1290 150 1200 400 7.0
1030 260 1000 500 6.6
760 400 700 700 7.2
500 80 500 300 4.4
250 110 300 300 3.5

Notches in
the root of
the weld

1500 200 1400 400 5.0
1260 110 1200 400 2.5
1000 150 900 400 1.8
720 220 600 400 0.8
530 90 400 400 0.7
260 140 300 300 9.6
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Fig. 5. Temperature in and around one of the notches. The laser pulse is triggered
during the first 30 ms, between the first and second data point.
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flashlamps that have a shorter cool down time, thus minimising
this problem.

By changing the wavelengths it could be possible to improve the
signal to noise ratio. In order to increase the difference in absorp-
tion of energy between one reflection in the surrounding metal and
several in a crack, the wavelength of the IR radiation used to excite
the cracks should be long. The wavelength used by the IR camera
should not be in the same area as the IR source to reduce the
problem of reflections, but should still be as close to the peak of the
black body radiation curve for the temperature in the cracks. A filter
can be used, if a laser is used as a source, to block that wavelength
from being detected in the camera. A continuous laser source can be
used if the laser light is not detected by the IR camera due to its
wavelength, this could increase the inspection speed.

There are also other defects in welds that could possibly be
detected, such as surface pores and cold laps, but this has not been
tested. It can be seen in the results that there is also a slight
temperature increase at sharp corners such as in the root of the
weld. This can be due to multiple reflections or oxides on the
surface which causes increased absorption of radiation.

6. Conclusions

It was shown that thermography can be used for detecting
surface cracks in welds. Tests were performed using both notches
and real cracks with either a laser or a flashlamp as the IR source.
The smallest crack width that could be detected was about
5–10 μm. The preferred IR source for this method is a laser since
it can be easily controlled in terms of size of the area that is heated
and the pulse length. A drawback with using laser light is that high
power lasers are large, expensive and the laser beam can be hard
to direct if the wavelength is long and an optical fibre cannot be
used. Flashlamps are smaller and easier to move around but suffer
from long pulse lengths that will negatively affect the inspection if
it is not treated properly. A flashlamp can be used if precautions
are taken in order to avoid reflections after the main pulse.

Since thermography offers non-contact, fast inspection with a
good ability for finding even small surface cracks it is suitable for
automated inspection and could be used as an alternative to eddy
current, penetrant and magnetic particle testing.
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Abstract 
High contrast and resolution in phased array ultrasonic images are of importance for accurate evaluation. The 
spread of the ultrasonic beam is one cause of the images being unsharp. One technique for reducing the influence 
of the beam spread, and thereby improving the image quality, is by deconvolving the data with the point spread 
function of the ultrasonic beam. By assuming that the material is homogeneous, the point spread function of the 
beam can be simulated using diffraction theory. Results from a deconvolution performed on data acquired from a 
side drilled hole in a steel calibration block are presented. It is shown that a significant improvement in sharpness 
and contrast can be achieved. 
 
Keywords: ultrasound, phased array, image quality, deconvolution, point spread function 
 
1.  Introduction 
 
In non-destructive testing (NDT) using ultrasound, the result is negatively affected by the 
width of the beam. This is made evident during inspection using a phased array ultrasound 
system where the spread of the beam can be seen as a blur in the image and the response from 
detected defects will be spread perpendicular to the beam. This effect can be reduced by 
focusing the beam; however focusing is usually only used at one distance and it can result in 
poor results at other distances. The consequence of the spread is that the shape of defects and 
details will be obscured. It can also result in the echo from two adjacent defects being 
misinterpreted as if it originated from one larger defect or defects close to larger reflections, 
such as corners being overlooked. 
 
Images affected by the beam spread can be improved by using deconvolution if the point 
spread function (PSF) of the beam in the material is known [1]. One technique used in 
medical imaging with ultrasound, for acquiring the PSF, is blind deconvolution [2-4], where 
the PSF is estimated from the measured data. In this paper we instead acquire the PSF by 
simulating the beam with the assumption that the material is homogeneous. Data from a 
phased array ultrasound sector scan of a steel block with a side drilled hole is deconvolved 
with the simulated PSF. The results show that the width of echoes, caused by the spread of the 
ultrasound beam, is reduced and echoes will become more distinct and easier to separate. 
 
2.  Theory 
 
A 2D image acquired using a phased array ultrasound, g(x,y), by varying the angle of the 
beam, can be seen as a convolution between the point spread function (PSF), h(x,y), of the 
sound beam and the sound reflecting surfaces in the material, f(x,y) [5]. If the noise is 
represented by e(x,y), the image is described by the equation 
 
                                                    ),(),(),( yxeyxhyxfy)g(x, .                                    (1) 
  
Only the tangential spread caused by the ultrasound pulse will be treated here and Equation 
(1) is therefore reduced to 
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It is convenient to deal with the signal in the frequency domain and Equation (2) then 
transforms into  
 
                                                    )()()( kekhkfg(k) .                                                      (3) 
 
If the PSF of the ultrasound beam and the noise is known, it is possible to calculate the shape 
of the object that caused the reflection. Since the PSF of an ultrasound pulse has a shape that 
is close to a Gaussian distribution, it will greatly increase the high frequency noise if Equation 
(3) is used to calculate f(k). A Wiener filter is commonly used to suppress noise when 
working with deconvolution. The Wiener filter is given by  
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where  is the ratio between the noise spectrum squared and the squared signal spectrum [4] 
and * is the complex conjugate. Replacing 1/h(k) in Equation (3) with H(k) from Equation (4) 
gives 
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which, with the noise term omitted, is used for the deconvolution of the ultrasound images. 
 
The PSF used in the convolution was calculated numerically for the ultrasound beam in the 
material using an exact numerical solution to the diffraction equation. The material was 
assumed to be homogeneous and the reflected wave was assumed to travel back to the 
transducer with only a loss in amplitude and no change in direction or scattering in the 
material. The PSF was calculated for the same coordinates as the data in the images, with the 
same resolution and one PSF was acquired for each angle in the scan. 

 
The deconvolution was performed in Cartesian coordinates by plotting the radial coordinate 
on the y-axis and the angular coordinate on the x-axis. The data had to be sheared to 
compensate for the different length that the beams had to travel in the wedge, for different 
angles, before entering the material, as shown in Figure 1. Since the deconvolution is 
performed in the Fourier domain, it is sensitive to discontinuities, such as those found at the 
borders of the data. Due to this, all data was extrapolated by fitting a Gaussian curve to the 
edges, thereby removing the discontinuity.  
 
The noise reduction term  in Equation 5 was calculated using averages from data containing 
only noise and from an area containing a large echo.  
 



Figure 1. All data from the sector scans were transformed into a Cartesian coordinate system, sheared and 
extrapolated to prepare it for the deconvolution. 

 
3.  Experimental Setup 
 
Data was collected from a test block containing a side drilled hole in order to test the method 
presented above. The experimental setup is shown in Figure 2, where A is the phased array 
ultrasound probe and B is the test block. The thickness h of the test block was 25.4mm and 
the side drilled whole was positioned in the middle of the block. The phased array system 
used was a GE Phasor XS with a 4MHz, unfocused, 16 element probe, that was scanned with 
a scanning angle , from 45° to 70° with a 0.5° step. 
 

 
 Figure 2. Experimental setup showing the probe, B, and the test block, A, with a side drilled hole. 
 
The data collected was 512 samples in length with 51 angles in width and was rectified to 
remove the 4MHz oscillations.  
 
4.  Results 
 
The ultrasound beam was simulated for different angles using a diffraction equation and the 
result is shown in Figure 3a. Since the reflected signal was assumed to travel back to the 
transducer with only a loss in amplitude, the intensity of the beam, at the same coordinates as 
in the data, was used as the PSF. In order to perform the deconvolution the PSF was 

 

a) Unmodified sector scan b) Data in Cartesian coordinates 

 
 

c) Sheared data to straighten echoes d) Extrapolation of the sector was performed to 
remove sharp edges in the data 



transformed to a Cartesian coordinate system in the same way as with the data, compare 
Figure 1, and the result can be seen in Figure 3b. 

Figure 3. Simulated ultrasound beam that were plotted in the same coordinate system as the data in order to be 
used as a PSF in the deconvolution. 

 
The deconvolution was calculated in the angular direction through the whole data set and the 
result was transformed back to a polar coordinate system. The original and deconvolved 
images are shown in Figure 4.  
 

  
a) Image before the deconvolution b) Image after the deconvolution 

Figure 4. Images showing the same side drilled hole, before and after the deconvolution. 
 
A comparison of the width of the echo from the side drilled hole shows that the width at 50% 
amplitude has decreased by about 35%, making the echo more distinct. The two echoes, close 
to each other, on the bottom right side have become more distinct and easier to separate in the 
deconvolved image. It can also be seen that the deconvolved image contains more speckle 
noise. 
 
5.  Conclusions and Discussion 
 
A phased array ultrasound sector scan has been deconvolved using a PSF obtained by 
simulating the ultrasound beam. The results show the width of echoes, caused by the spread 
of the ultrasound beam, is reduced and echoes become more distinct and easier to separate. 
Due to the imperfections in, among other things, the PSF and noise reduction term, there is an 
amplification of the noise in the image.  
 
Figure 5b shows some improvements in comparison to Figure 5a in terms of the width of the 
echo from the side drilled hole, but also more noise. There are several things that could be 

 
a) Simulation of an ultrasound beam with the wedge 

marked with a black line 
b) Simulated beam plotted in Cartesian coordinates 



changed in order to improve on the results. The PSF is an approximation of the real PSF and 
will be improved if more material properties are added, such as scattering. The noise 
reduction term in the deconvolution has not been optimised but tests have shown that this 
term greatly affects the results, if it is too large there will be no improvement on the size of 
echoes, and if it is too small the deconvolution will greatly enhance noise and add oscillations 
around large echoes. The extrapolation of the data is needed to remove the discontinuity at the 
borders. This extrapolation was performed by fitting a Gaussian curve to the borders but did 
not always produce a completely smooth transition and did thereby give rise to additional 
noise. The deconvolution in itself uses a Wiener filter; several other methods have been 
developed that gives better results and is less sensitive to noise, such as in [5]. Deconvolution 
in medical imaging is most often performed using blind deconvolution; similar algorithms 
could possibly be used to fine-tune the PSF in order to take inhomogeneities in the material 
into account.  
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An analytical solution to the heat equation is presented, using a simplified 
physical model of pulsed thermography. This solution was compared to 
experimental data and showed good correlation, with r=0.97. An analysis method 
for sizing and determining the depth of a defect was developed using this 
analytical solution. The shape of the defect was estimated using deconvolution. 
Results from thermography tests on flat bottom holes show the possibilities of the 
method to determine the size, shape and depth of the defect, if the physical 
properties of the material are known. 
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1. Introduction 

Thermography is a relatively novel method, used for non-destructive testing of a wide 
range of products in different materials, including plastics [1], ceramics [2], composites 
[3-5] and metals [1, 2, 4]. During a thermography inspection, the test object is heated 
using one of several available heat sources, and the temperature distribution is recorded 
during the heating, the subsequent cooling, or both, with an infrared (IR) camera [6]. 
The acquired sequence of images is then analysed for variations in the heat flow on the 
surface of the test piece that are a result of an inhomogeneity within the material. 

The heat flow within the material is dispersive and is governed by the heat 
equation. This means that an inhomogeneous heat distribution inside the material, due 
to a defect, will disperse in all directions before it can be detected on the surface of the 
test piece. This behaviour negatively affects the detectability of small defects, as well as 
defects at a large depth inside the material. The dispersion of heat also affects the 
possibility to determine the size and shape of a defect, as it becomes progressively less 
well defined with time. 

By solving the heat equation it is possible to gain an understanding of how the 
surface temperature is affected by a sub-surface defect, and a method for analysing the 
image sequence acquired by an IR camera can be developed. The aim of this work is to 
be able to calculate the shape and depth of a defect from a series of images acquired 
with an IR camera during pulsed thermography. The shape of the defect is estimated 
using deconvolution, a technique used in other fields, such as astronomy [7], ultrasound 
[8] among others, to improve image and signal quality. Similar techniques has also been 
used for thermography to estimate the shape of defects in 1D using simulated data [9] or 
2D on lock-in thermography [10] and pulsed thermography [11] using a point spread 
function from an analytical solution. Lugin et al. on the other hand used an iterative 
method based on finite element modelling to reconstruct the defect shape in 3D [12]. 



 

 

The model presented here is based only on heat conduction. Radiation and convection, 
which also affects the temperature of the test piece, are omitted from the model. 

The paper is divided into the following sections. First the theory is presented and 
an analytical solution to the heat equation is formulated by solving the equation in the 
Fourier domain for a semi-infinite space. This solution is then used to develop a method 
for estimating the shape of a defect and calculating the depth. Experiments, which are 
conducted in order to validate the theory, are then described under experimental setup. 
Results from these experiments are shown, as well as results from the analysis method 
that is based on the theory under results and discussion. Finally conclusions from these 
results are presented. 

2. Theory 

The experimental setup used for the theoretical study is shown in Figure 1. The initial 
heating is a short heat pulse (modelled as a Dirac delta pulse in time at ) which 
heats the whole surface evenly. The material of the test piece is semi-infinite and 
homogenous except for a defect at depth .  are the thermal diffusivity for the 
material and the defect respectively. The defect, as well as the air above the surface, are 
modelled as perfect insulators with  and are therefore perfect reflectors of heat. 
The heat distribution is measured on the surface, on the same side as the initial heating, 
at .  

 
Figure 1: Experimental setup used in the heat conduction model. 

The heat equation is as follows 

 

for .  in equation (1) is the energy density and  is the thermal diffusivity, 
defined as  

 

where  is the thermal conductivity,  the density and  the specific heat capacity. The 
initial conditions are  

 

where  is the energy density distribution at time  and  is the spatial 
coordinate.  contains both the amplitude of the initial heating and, as will be shown 
further on, information about the shape of any sub-surface defects. The spatial Fourier 
transform of equation (1) gives the first order ordinary differential equation 



 

 

 

where  is the spatial Fourier transform of  and  the spatial frequency. 
Using the initial condition in equation (3), equation (4) has the following solution, 

 

The inverse Fourier transform of equation (5) for a semi-infinite, 3-dimensional space, 
gives an expression of the energy distribution, , when , as a 
convolution between the initial heat distribution and a function dependant on time, 
spatial coordinates and the thermal diffusivity, according to; 

 

where  and . The amplitude of equation (6) is twice that of a 
solution for an infinite space. An interpretation of this is that the heat in the area  
is reflected in the surface at  and added to that at , doubling the amplitude. 
Equation (6) can be compared to a Gaussian filter with variance  and is 
separable in the spatial dimensions. It can be seen that when  then . This 
happens because the heating is modelled as an infinitely short pulse and the energy 
density will therefore go to infinity on the surface when . In reality the pulse 
length is usually several milliseconds and this problem is avoided. A second problem 
with this solution is that  (although extremely small) when , where  is an 
infinitely small time. This would mean that information from a defect could travel at 
infinite speed, which is not possible. The reason for this is simplifications in the model 
and that the heating is assumed to be an infinite short pulse. These two problems are 
extreme cases and do not affect the usefulness of the model. 

This solution given by equation (6) is valid as long as the material is 
homogenous. When the initial heat is applied from the same side as the heat distribution 
is recorded, the thermal diffusivity parameter for the entire volume will be 
inhomogeneous due to the defect, and equation (6) will no longer be valid. To overcome 
this problem the model needs to be separated into two homogeneous parts. The defect 
can be viewed as a reflector of heat [12, 13] and since it is modelled as a perfect 
insulator it will also be a perfect reflector. This means that the heat distribution in the 
material can be separated into two parts, as shown in Figure 2, where the material, for 
each individual part, is homogenous. The total heat distribution down to the defect is 
then , where  is the background heat distribution and  is the heat 
from the defect. The heat pulse will be reflected between the top surface and the defect 
several times [14]. Here only the first reflection in the defect is considered, as a first 
order approximation to the infinite sum. This since the amplitude quickly decreases with 
time and depth of the defect and the effect of the following reflections is small, unless 
the defect is large and close to the surface.  

 

 
(a) 

 
(b) 

 
(c) 

Figure 2: The heat distribution in the test piece, , in the presence of a defect (a) 
can be separated into two parts, the heat distribution without the presence of a defect, 

, (b) and the heat that is reflected in the surface of the defect, , (c). 



 

 

The first contribution, , is shown schematically in Figure 2(b) and is the heat from 
the initial heat pulse as it diffuses into the material without the presence of any defect. 
This part is considered as the background since it does not contain any information 
about the defect. Since the initial heat distribution before the heat pulse is uniform there 
is no heat conduction in the x-y direction and one-dimensional heat conduction is to be 
considered. Only the heat at the surface is considered, and since the heat source is also 
at the surface,  and equation (6) reduces to

 

for the background surface heat. Since  is constant over the surface, with amplitude 
 on the surface and zero inside the material at time , equation (7) can be 

rewritten as 

 

which gives a line of -0.5 slope if  is plotted against , as has previously 
been reported [2, 15]. 

The second contribution, , is the heat distribution which is affected by the 
presence of a sub-surface defect, as in Figure 2(c). This contribution is here seen as a 
reflection of the surface heating in the surface of the defect. The heat conduction from 
the surface to the defect is 1-dimensional since the surface is heated evenly and the heat 
will only diffuse in the z-direction. After the reflection the heat will continue to diffuse 
in this direction, as well as in the x- and y-direction, since the heat distribution has 
assimilated the shape of the surface of the defect at the reflection. This means that  
will have the same spatial distribution (shape) as the defect in the x-y-direction but the 
distance in the z-direction will be twice the depth of the defect due to the reflection, i.e. 

. The convolution in the z-direction in equation (6) can be rewritten as well, 
since  is modelled as an infinite short pulse, which means 

.The initial heating , reflected in the 
defect is thus separated into two parts,  which is the amplitude of the heating, and 

 which is the normalised spatial distribution of the defect. The heat distribution 
on the surface due to the defect is then given by 

 

Equation (9) describes the contribution to the surface heat distribution which is of most 
interest since it contains information about the shape of subsurface defects in  as well 
as the depth in . Since equation (9) is linear and the blurring of the defect shape, 
caused by the convolution, is not dependent on depth, the contribution from sources at 
different depths can be added. This also means that it can be used to calculate the 
response from defects with surfaces that are not flat. In [14] it is suggested that heat also 
dissipates by diffusion around the edges of the defect, which is the case for planar 
defects, but here only volumetric defects are considered and diffusion around the edges 
is therefore neglected. 

The response given by equation (9) can be separated into two parts, one 
dependent on the spatial coordinates  and , and one on the depth .  It is here re-
written as  

 



 

 

reflecting the contribution of the different parts to the solution. These two parts can then 
be analysed separately. The first part, which is the signal with the effect of the defect 
depth removed,    

 

describes the spatial response at the surface due to the presence of the defect. The 
exponential in this expression can be regarded as a filter kernel or a point spread 
function (PSF), that low pass filters the shape of the defect, making it more difficult to 
distinguish. Since the PSF is a Gaussian function, the full-width at half-maximum of 

, for a flat bottom hole, will approximately give the width of , as 
has previously been reported [3, 16, 17], as long as the defect is wide compared to the 
PSF. When , ,  and  are known, the PSF can be calculated and the shape of the 
defect, , can be estimated from the measured heat distribution using 
deconvolution. 

The second part, equation (12), describes the temporal response at the surface 
due to the presence of a defect at depth, , after the spatial blurring, described in 
equation (11), is removed by deconvolution. 

 

The depth of the defect affects the acquired signal by scaling it, which shifts the peak in 
time, and by reducing its amplitude, as can be seen in Figure 3.  

 

Figure 3:  in equation (12) plotted for defects at 1.0, 1.2, 1.4 and 1.6mm 
depth, without the effect of the spatial blurring in equation (11). The dotted line shows 
how the maximum value is shifted in time and decreased in amplitude as the depth 
increases.  

The amplitude of the signal is generally not a good measure of the depth since the exact 
amplitude of the initial heat pulse often is not known and can vary from one 
measurement to the next. A value of  can instead be acquired in one of several ways. 



 

 

One way is by fitting equation (12) to experimental data, minimising the error by 
varying the depth of the defect and the amplitude of the excitation. Another is by using 
the peak value of equation (12), which shifts in time as  is changed. At the peak of the 
curve the derivative will be zero and have a root which is given by  

 

This expression can be used for calculating the depth of a defect if the time at which the 
peak in the signal occurs is known.  It should be noted that this expression is valid only 
after the effect of the spatial blurring has been removed by deconvolution. It can be seen 
in Figure 3 that the peak value of  becomes less well defined as the depth of the 
defect is increased. With the addition of noise this means that the error in the calculated 
depth increases for deeper defects. 

The model in equation (9) gives a measure of energy density at the surface and 
not absolute temperature. The energy density relates to temperature as in 

 

For calculating the shape and depth of a defect the absolute amplitude is not important, 
only how it changes with time, and since the temperature and energy density are linearly 
dependant, either can be used. It is also important that the IR camera is calibrated to 
measure temperature and not light intensity, since temperature and light intensity are not 
linearly dependant to each other. 

In this section, an analytic model for the response from a defect in pulsed 
thermography, equation (9), has been developed. In the subsequent sections this model 
will be tested using data from the experiment described below. Equations (11) and (12) 
will also be used to estimate the shape and depth of three flat bottom holes. 

3. Experimental setup 

Experiments were performed to evaluate the analysis method presented above. The 
experimental setup is presented schematically in Figure 4. 

 

Figure 4: Experimental setup used for validation of the presented analysis method. 

To generate the pulsed initial heating, a 6kJ flashlamp was used, which heats the whole 
surface relatively evenly. Most of the energy was released within 10ms, making it a 



 

 

good approximation to a pulse. The IR camera used to record the surface temperature 
was a FLIR SC5650 and the image sequence recorded had a resolution of 640 by 512 
pixels and a frame rate of 100 images per second. The IR camera was triggered to start 
recording when the flash was set off. Two different test pieces were used. The first one 
was a 4mm thick low carbon steel plate that contained one flat bottom hole (FBH) with 
a diameter of 9.3mm and a depth such that the bottom of the hole was 0.8mm below the 
surface facing the camera. The second test piece was a 5mm thick low carbon steel plate 
that contained two FBH. The first hole had a diameter of 6.3mm and a depth so that the 
bottom was 2.0mm from the surface facing the camera. The second hole was 4.0mm in 
diameter with 1.9mm from the surface to the bottom of the hole. The distance between 
the holes was large enough for the responses from the holes not to interfere with each 
other. The resolution in the acquired data was approximately 0.1mm/pixel. 

To improve the emissivity and to have a uniform surface, the test pieces were 
painted with a matt black paint. The material parameters used to calculate the thermal 
diffusivity in equation (2) were not known exactly for the two test pieces used in the 
experiments. To acquire a value of the thermal diffusivity for the materials in question, 
an iterative method was used, where an approximate value from a table was used as the 
start value. This value was then adjusted in order to minimise the error between the 
measured data from a known FBH and the calculated response from a hole with the 
same geometry. It should be noted that the thermal diffusivity is the only variable in 
equation (9) that can be changed when minimising the error between calculated data and 
measured data, for a known FBH. For the error to be as small as possible, the two data 
sets need to match in the spatial dimension for each time step in the data sets. 

Since the background signal is not of interest, it was removed from all images in 
the data set. This was performed by fitting a 2-dimensional, second order polynomial to 
each image and then subtracting this polynomial. Care was taken not to affect the signal 
from the FBH when the background was removed. A second order polynomial was 
deemed necessary for these data sets since the heating was not perfectly even. 

4. Results and discussion 

A comparison between the model and experimental data is shown in Figure 5. Figure 
5(a) shows a cross section through the centre of the FBH, 180ms after the initial heating 
and Figure 5(b) shows the amplitude in the centre of the FBH as a function of time. It 
can be seen that there is a good correlation between the experimental data and the 
model. For the data shown in Figure 5(a) the correlation coefficient was , for 
the entire image sequence the correlation is slightly lower, . This is due to a 
lower signal to noise ratio as the signal decreases with increasing time. 



 

 

 

Figure 5: Comparison between the model and experimental data for a FBH. a) Cross 
section of the FBH 180ms after the initial heat pulse. b) Amplitude in the middle of the 
FBH for different times. 

Using equation (12) the PSF was calculated for different times, corresponding to 
the times of the images in the data set, using the material properties of the test piece. 
With the PSF it is possible to estimate the shape of the defect  using 
deconvolution. Even though a convolution is a multiplication in the Fourier domain, 

 can in general not be calculated using a simple division of the Fourier 
transforms of the measured heat distribution and the PSF. In this case the PSF is a low 
pass filter and the inverse, which is used in the deconvolution, is a high pass filter with a 
large gain. This operation will, for those reasons, greatly amplify all high frequency 
noise in the measured heat distribution. Several algorithms have been developed that 
reduces the sensitivity to noise [7]. These deconvolution methods have different 
advantages and disadvantages when it comes to computation time, complexity and 
accuracy of the result. The deconvolution of equation (11) can be performed in two 
dimensions or in one at the time, since the equation is separable. The deconvolution 
algorithm used here was a 2-dimensional Richardson-Lucy deconvolution [18] with 200 
iterations. The result of the deconvolution for a cross section through the FBH can be 
seen in Figure 6. 



 

 

 

Figure 6: Comparison between experimental data and the calculated defect shape, 
180ms after the initial heating. 

The amplitude of the estimated shape, as well as original data, has been normalised in 
order to ease the comparison. It can be seen that the edges of the defect are more 
sharply defined. The high frequency noise has also been reduced although some lower 
frequency ripples have been introduced. In the perfect case the estimated shape, in 
Figure 6, should have been a square pulse, for any time in the data set, since the defect 
is a flat bottom hole. A defect like this is generally difficult to reconstruct since it 
contains sharp edges and therefore high spatial frequencies. Higher frequencies are 
more difficult to recover since they are dampened to a higher degree, especially as time 
increases. Due to noise and a loss of higher frequencies with time, the estimated shape 
is not perfect. In the perfect case the entire data set should, after deconvolution, differ 
only by the amplitude of the defect and can then be reduced to one image by averaging 
all images. 

The depth was here calculated by fitting equation (12) to the data. This can be 
calculated for the entire data set, although the value where there are no defects will have 
no meaning. The depth was calculated for data from three different FBH and the results 
can be seen in Table 1.  
Diameter of defect 

[mm] 
Measured depth 

[mm] 
Calculated depth 
(full width)[mm] 

Calculated depth 
(half width)[mm] 

9.3 0.75 0.56±0.23 0.74±0.07 
6.3 2.0 1.69±0.43 1.83±0.18 
4.0 1.9 1.46±0.60 1.68±0.27 

Table 1: Comparison between the actual and calculated depth for FBH of different sizes 
and depths. The calculated values shown are the mean values plus, minus one standard 
deviation. 
Since the defects used had a square profile, the edges are more difficult to reconstruct. 
This is reflected in the depth calculation as well, since it is based on the reconstructed 
data. Values for the calculated depth are therefore presented using all the data within the 
area of the FBH, as well as values using data from only the centre of the FBH, from an 
area with a diameter half that of the FBH. The values of the depth are the mean values 



 

 

within these areas, and the errors are one standard deviation. As can be seen there is 
good correlation between the calculated value of the depth and the measured value. For 
defects at a larger depth, and for smaller defects, the signal to noise ratio is generally 
lower and the calculated depth is less accurate. It can also be seen that the values from 
the centre of the FBH are more accurate than when the whole area is used. All 
calculated values of the depth are within one standard deviation from the real values. 

The effect of radiation and convection has been neglected in this study. This 
effect is largest when the surface temperature is high, as is the case during the initial 
heating before the surface quickly cools down. During this time the surface temperature 
is almost even since the effect of defects takes time to show up. Because of this the 
effect of radiation and convection will be the same over the whole surface and will be 
removed as the background is subtracted. 

5. Conclusions 

Here an analytic solution to the heat equation was used to develop an analysis method 
for pulsed thermography data. To validate the solution, it was used to model the 
response from a flat bottom hole. This model was then compared with experimental 
data and the correlation was shown to be high, with a correlation coefficient  
for the entire image sequence. It was shown that deconvolution of thermography data 
with a calculated point spread function can be used to estimate the shape of a defect. 
Results were shown using flat bottom holes. These holes contain high spatial 
frequencies, which is hard to reconstruct since they are heavily damped. Deconvolution 
of defect shapes with limited frequency contents will result in more accurate 
estimations. Since the edges of each defect becomes more well defined after the 
deconvolution, this analysis method can be used in order to separate several small 
defects which are close to each other and could in the raw data be interpreted as one 
defect. The depths of three defects were calculated and it was seen that the calculated 
values conformed to the real values within one standard deviation. The errors in the 
calculated depth were larger for small defects and for defects at a larger depth. The 
deviations from the true value were attributed to noise and errors in the deconvolution 
and could possibly be improved if a less noise sensitive deconvolution algorithm was 
used. 

It was seen that the time of the maximum response from a defect is proportional 
to the square of the depth of the defect and is also dependant on the material properties. 
The depth at which a defect can be detected is therefore limited by the energy of the 
pulse. Since the response from a defect quickly decreases with increased depth, more 
energy is needed for the response to have a signal to noise ratio where the defect can be 
detected. 

Using the solutions to the heat equation for the background and defect heat 
distribution which have been presented, i.e. equations (8) and (9), it is possible to model 
the pulsed thermography response from defects in a test plate. This type of analytic 
modelling can be faster than finite element methods and can be used for evaluating 
pulsed thermography for different materials and defects, as well as to compare different 
analysis methods. 
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Abstract  
Laser ultrasonics is a non-destructive testing technique where a focused laser is used for 
generating an ultrasound pulse and a second laser is used for detection. This ultrasound pulse 
is used for detecting surface or near surface defects. A defect will not only reflect the incoming 
surface wave, but also alter the frequency contents of the transmitted wave. When the 
detection laser was scanned along the surface, changes in frequency contents of the sound 
pulse were detected and could be analysed to give information about the diameter of the 
defect. 

Keywords: laser ultrasonics, Rayleigh waves, additive manufacturing, defect sizing 

1. Introduction 
Laser metal deposition (LMD) is a novel additive manufacturing process that can be used for 
building complex parts and has seen use in several industries in recent years, typically for 
cladding and repairing of titanium alloy surfaces [1, 2]. The process builds structures layer by 
layer, using a high power laser to create a melt pool on the surface of a metal substrate, onto 
which a powder stream of the same material is blown. The LMD nozzle is in constant motion, 
such that a new layer forms as the melt pool cools down and the added material fusion bonds 
to the existing surface. By this process, complex geometries can be built rapidly with 
properties similar to those of conventionally processed material [3]. Current research is 
focussing on the development of LMD for manufacturing aero engine parts. Here the process 
was used for building thin walls.  The quality of deposited components must be assessed to 
determine whether it meets the requirements of the end-use. Inter-layer and intra-layer 
defects are often seen; porosity is a common defect type in LMD, the formation of which is a 
complex process and can depend on many factors including initial powder grain size and 
uniformity, laser power, mass flow rate, and deposition speed. In a study of pore diameter in 
laser-deposited Ti-6Al-4V samples, the highest frequency of sizes was typically around 50 m 
[4]. The method of defect detection was computed tomography, which is non-destructive but 
can only be used to assess the quality of a component after the manufacturing process is 
complete. Currently there exists no commercially available method of non-destructive, on-line 
defect detection in the LMD process. On-line inspection could allow for more accurate 
identification of the causes of defect formation and immediate rectification of non-desired 
features before a component is complete, thus increasing efficiency of LMD as a 



manufacturing process and improving the quality of manufactured components. There have 
been a few studies into this subject in recent years, where potential inspection methods have 
included eddy current, laser thermography, and laser ultrasonic testing (LUT) in particular [5, 
6]. LUT is a technique that can be used for non-destructive testing when non-contact 
inspection is needed – both the generation and detection of ultrasonic waves are carried out 
remotely and the laser beams can be focused to a small spot size. This is ideal for integration 
into an LMD environment; the component being constructed has a hot surface and may have a 
complex form, where the surface can be uneven with a small surface area. In LUT, the 
generation laser beam irradiates the surface of the component being tested in a short pulse, 
generating both surface and bulk ultrasonic waves in a thermal-mechanical interaction. The 
surface wave, or Rayleigh wave, is of particular interest in this study as it can be generated 
with a controlled wavelength depending mainly on the laser beam spot size and pulse duration 
[7]. The Rayleigh wave penetrates the material to a depth equal to its wavelength, and is 
therefore potentially useful in detecting defects which exist at the depth of a single powder-
LMD layer, which typically have a thickness of 200 – 300 m [3]. The Rayleigh wave propagates 
along the surface of a thin wall until it reaches a corner, where it is reflected in the opposite 
direction. The use of the Rayleigh wave as an indicator of the presence of surface-breaking and 
sub-surface defects has been investigated in previous work, with measured changes in wave 
amplitude due to reflection from or transmission over a defect, as well as a delay in the arrival 
time of the wave [8, 9]. A more difficult task is to be able to measure the depth and diameter 
of sub-surface defects. For sizing defects the amplitude of the reflected and transmitted pulse 
is not as useful since the amplitude of the generated sound wave is not always constant. 
Instead the frequency content of the wave can be used; recent work has shown that the 
Rayleigh wave transmitted over an artificial surface notch decreases in its maximum frequency 
component [10]. The laser pulse creates a Rayleigh wave which has a broad frequency 
spectrum, in contrast to conventional ultrasound, which usually operates within a narrow 
frequency band [7]. This can be useful for sizing defects, since sound waves interact with the 
material differently at different frequencies. If the sound pulse is measured at several points 
along the surface, sudden variation in the spectrum indicates a defect between the 
measurement points. This can also be used for defect detection as well as for sizing, since the 
diameter of a defect affects which frequencies are affected and how.  

2.  Theory 
In laser ultrasound a short laser pulse is used to generate an ultrasound pulse in a material. 
This sound pulse will have a wide frequency spectrum, as oppose to conventional ultrasound 
which has one main frequency and a narrow frequency band. The laser pulse creates sound 
waves of all types, but the one of interest here is the Rayleigh wave. This type of wave has 
both longitudinal and transverse movements and travels along the surface of the test piece 
with a velocity slightly lower than a shear wave. The amplitude of the Rayleigh wave quickly 
decays with depth and it is typically confined to within one wavelength from the surface [11]. 
Higher frequency components of the pulse, which have shorter wavelengths, therefore 
penetrate to a smaller depth than those with longer wavelengths. This affects which defects 



can be detected, and at which depths, since defects much smaller than the wavelength (and 
therefore the depth) does not interact with the wave. 

Since Rayleigh waves are confined to the surface they propagate radially, in two dimensions, 
when generated by a point source. The in-plane amplitude therefore decays as  where  
is the radial distance from the centre. In the case where the test piece is a thin wall, the wave 
propagation is approximately one dimensional and there will be no amplitude decay due to 
wave propagation, only due to damping by the material. This damping will affect the amplitude 
of certain frequencies of the pulse differently dependant on the properties of the material and 
the presence of any defects. This means that the material, from the point of generation (G) to 
measurement (M), can be seen as a frequency dependant filter, . The measured 
pulse, , is thus a result of the generated pulse, , multiplied by this filter, in the 
frequency domain. 

 

For small distances the defect free material can be seen as homogeneous with no damping, 
and therefore as an all-pass filter, . A defect on the other hand affects the wave 
strongly, usually as a low-pass filter, and is therefore the largest contributor to changes in the 
frequency contents of the wave. In the time domain Eq. (1) is will be a convolution  
between the generated pulse and the filter. In a practical case there will also be an addition of 
noise, , in all measurements and Eq. (1) becomes 

 

The measurement point can be in the end of the test piece, or at several points along the test 
piece, which will give a more complete image of the test piece. The generated pulse is 
generally not known exactly, but can be measured close to the point of generation. Here the 
Rayleigh wave was measured at 1mm intervals along the test piece and the measurement 
2mm from the point of generation was used as a reference for calculating the material filter. 

From Eq. (2) the material filter, , can be estimated. This filter will give an image of the 
material properties between a reference point and the point of measurement, and large 
deviation from an all-pass filter will indicate a possible defect. Due to noise and limitations in 
the measurement this cannot be done simply by solving Eq. (1). Instead one of several 
available deconvolution algorithms [12], which are less noise sensitive, can be used. 
Deconvolution is a technique that is used for solving inverse problems within a wide variety of 
fields including medical and industrial ultrasound [13, 14]. Here it can be used for estimating 
the filter when both the input and the output are known. Since there will always be some 
noise in the measurement, and due to the limited sampling frequency, the filter can only be 
estimated approximately and not determined exactly. The deconvolution method used here 
was the Richardson-Lucy algorithm [15], since it is relatively fast and noise insensitive. This 
algorithm uses an iterative procedure that converges towards the most likely solution by 
minimising the error in temporal space, instead of operating in frequency space as some 
algorithms do. To get a filter which is dependent on wavelength instead of time, the material 



filter  then needs to be Fourier transformed into  and converted to a filter which is 
dependent on wavelength using 

 

where  is the sound velocity of the Rayleigh wave. Here care needs to be taken to avoid 
division with zero. 

When the filter function, , is known, it can be used to determine if any defects exist and 
to estimate their size. If the wavelength of the ultrasound wave is much larger than the 
diameter of the hole it will pass largely unaffected, with some losses due to scattering. If the 
wavelength is much shorter than the wavelength of the hole it will be reflected. For 
wavelengths in the same order of size as the hole there will be interference between the wave 
and a Rayleigh wave which is created on the surface of the hole, similar to Mie scattering for 
electromagnetic radiation[16]. The Rayleigh wave, which is induced on the surface of the hole, 
will be a standing wave, which travels around the circumference of the hole when the 
circumference equals an integer multiple of the wavelength of the wave, as in 

 

were  is the diameter of the hole. This wave will travel in both directions around the hole 
since it is induced on the bottom of the hole as well as on the top. These waves will interfere 
with the surrounding Rayleigh wave in a constructive or destructive way. When the diameter 
equals an uneven number of wavelengths ( ) the waves created on the top and 
bottom side will cancel the surrounding wave on the opposite side. When the diameter instead 
equals an even number of wavelengths ( ) the interference will be constructive 
since the polarity of the wave on the top and bottom side of the hole will be the same as the 
surrounding wave. This behaviour is shown schematically in Figure 1.  

 

Figure 1: Interference between surface wave around the hole and surrounding wave for n = 
1,2,3. 

The result of this is strong absorption of frequencies corresponding to the wavelengths that 
give destructive interference, by the hole. Waves with frequencies corresponding to 



wavelengths which give constructive interference, on the other hand, will pass the hole more 
easily. This can be seen as ripples in the spectra for a band of wavelengths in the same order of 
size as the hole, if the material filter is calculated.  

Eq. (4) is only valid if the hole is not close to the surface since the surface will interfere with 
the standing wave around the hole if the distance between the hole and the surface is less 
than the diameter of the hole. The result of this interference is that the apparent size of the 
hole will be smaller than the real size. In this case, where Rayleigh waves are used, only defects 
within a close proximity to the surface can be detected and Eq. (4) therefore needs to be 
changed to  

 

where  is a correction factor which is dependent on the ratio between the depth and 
the diameter.   is on the other hand not dependent on  since the waves that make up 
the pulse are phase-locked. An empirical expression for  will later be formulated. Eq. (5) 
gives an expression for  as 

 

This expression can be used for calculating the diameter of a hole, using the wavelengths of 
the peaks and valleys in the ripple in the filter. Since  is dependent on both the depth of 
the defect, as well as the diameter, this equation has no unique solution. One way of solving 
this problem is by approximating  to a constant, , as in 

 

3.  Method 
A surface ultrasonic wave was created in a thin walled test piece using a Q-switched Nd:YAG 
laser with wavelength 1064 nm, pulse length 10 ns, repetition rate 20 Hz, and focused  
diameter approximately equal to the width of the top surface of the wall. Ultrasonic waves 
were generated in the thermo-elastic regime, whereby stresses parallel to the surface are 
created by sudden thermal expansion [11]. Detection was carried out using a constant-wave 
diode-pumped solid state (DPSS) laser with wavelength 532 nm, power 600 mW, and focused 
diameter approximately 200 m. The detection beam reflects from the test surface and then 
propagates back into the optics and is compared to a reference beam in a wave-mixing 
interferometer, which outputs an AC signal proportional to measured surface displacement. In 
the experiment, the generation laser remained focused at a fixed position while the detection 
laser was scanned along the thin wall in steps of 1 mm, passing over a side-drilled sub-surface 
hole. This made it possible to create a B-scan image out of the acquired signals.  

A schematic drawing of the experimental setup can be seen in Figure 2. 



 

Figure 2: Experimental setup used for the laser ultrasound inspection of a thin wall.  is the 
distance between the surface and the top of the side drilled hole and  is the diameter of the 

hole.  

The test pieces used were machined blocks made from Inconel, with a thin wall section of 
width 0.5 mm, length 20 mm, and depth 5 mm. The wall had a thick base of depth 6 mm for 
the purpose of removing reflections of ultrasonic bulk waves which could have interfered with 
the measurements if a stand-alone wall was used. The walls contained one side-drilled hole in 
the middle of the test piece, close to the surface – this represents a defect occurring around 
the depth of a single deposited layer in the LMD process. A selection of samples was chosen, 
with depth of the holes, , of 100 m or 200 m and the diameter, , 77, 100, 150, 250 or 500 

m. The diameter of 77 m was at the limit of laser-based side-drilling techniques at the time 
of manufacture, and approaches the size of porosity seen in previous investigations of LMD 
defects [4]. For the minimum diameter explored, the surface ultrasonic wave should have a 
wavelength, R, no more than double that of the diameter – 154 m. The elastic theory of 
materials allows us to calculate the speed of the Rayleigh surface wave in Inconel as 

. Thus, the generated ultrasonic waves are required to have a maximum 
frequency of at least  in order to be able to detect the smallest 
diameter hole.  

An A-scan measured 7 mm into the test piece is shown in Figure 3a. Here the surface wave was 
created at a position 3 mm from one of the edges and can be seen after 1 s. Several of these 
A-scans, measured at 1 mm increments, were used to create the B-scan seen in Figure 3b. In 
this figure it is possible to make out several different waves that are not easily distinguishable 
in in an individual A-scan, since waves make a trace in the B-scan with a certain angle. The 
main Rayleigh wave can be seen as a black diagonal line and reflections from the hole at 10mm
and the end of the test piece can be seen as faint diagonal lines with angles opposite to that of 
the main pulse. By displaying the raw data in this way it is possible to detect defects by 
analysing the image for waves that travels in a certain direction. 



  
Figure 3: Example of experimental data from test piece with 500 m hole at 200 m depth. 

Ultrasound pulse is generated 3mm into the wall. (a) A-scan measured 7mm into the test piece. 
The main surface wave can be seen after 2 s. (b) B-scan constructed from several A-scans. The 

surface wave is here seen as a diagonal black line.  

To calculate how the material filter changed along the test piece, the following method was 
used. Starting with an A-scan similar to the one shown in Figure 3a, a Gaussian window was 
applied around the main pulse in order to remove noise and other waves, which is not of 
interest here. This was done for all A-scans acquired from the test piece. A pulse measured 2 
mm from the point of generation was then chosen as the reference pulse. At this position 
waves of other types had moved far enough from the Rayleigh wave not to interfere. The 
difference in spectra between this reference pulse and all other pulses were then estimated, 
one at the time using the Richardson-Lucy deconvolution algorithm. The spectra for all pulses 
were then normalized and the wavelength calculated using Eq. (3). 

4.  Results and discussion 
Using the method presented above, the material filter was calculated for all measurement 
points except for those before the reference point. Figure 4 shows the lower frequency part of 
the spectra, plotted in the same way as the data in Figure 3b.  



 

Figure 4: Part of spectrum of the estimated material filter at several positions in the test piece 
with a 500 m hole at 200 m depth. The signal measured at 5 mm was used as the reference. 

It can be seen that there is a clear change in frequency contents after the hole at 10 mm. It is 
also seen that there is some ripples in the spectrum after the hole, which is due to the Rayleigh 
wave interfering with the hole. Due to the way the testing was performed, with measurements 
being recorded at one position at the time and with a new Rayleigh wave being created for 
each measurement, the frequency contents of the generated wave is not completely constant. 
This can be seen in Figure 4 as variations in the frequency and amplitude of the peaks and 
valleys in the ripple. These variations are also affected by noise, limitations in the 
measurement and by the way the filter is calculated. The wave reflected in the hole should 
contain most of the wavelengths that are missing from the pulse after the hole, although the 
amplitude of this wave is often smaller and it is therefore more difficult to separate it from 
noise. 

Figure 5 shows the spectra of the filter in one position before and one after the hole as a 
function of wavelength instead of frequency. It can be seen that after the hole there is a 
change in the spectra and ripples can be seen with peaks at certain wavelengths. The lack of 
short wavelengths (high frequencies), both before and after the hole, can be attributed to the 
deconvolution algorithm since these are more difficult to calculate. The wavelengths of the 
peaks and valleys in Figure 5b correspond to frequencies which give destructive and 
constructive interference between the wave that goes around the hole and the surrounding 
wave. This pattern can be compared to that given by Mie scattering of electromagnetic 
radiation from electrically conductive spheres [16]. 



  
Figure 5: Normalised spectra, as a function of wavelength, of the filter (a) 3mm before and (b) 

4 mm after a 500 m hole at 200 m depth. 

If the wavelengths for the peaks and valleys are compared to those calculated with the model 
in Eq. (5), for several test pieces with different hole diameters and depths, it is possible to 
calculate  for different ratios of . The result of this is shown in Figure 6. Here about 
15 to 20 different measurements, from different excitation and measurement points, were 
used for each ratio to calculate the mean value and standard deviation. It can be seen in Figure 
6 that the value of the correction factor is 1 when the ratio depth/diameter is larger than 1. 
This means that when the depth of a hole is larger than the diameter it is no longer affected by 
the surface, and Eq. (4) is valid. For holes close to the surface with a smaller ratio, the value 
decreases approximately linearly and approaches 0.63 for holes at the surface. This gives a 
final expression for the wavelengths where the waves interfere as  

 



 

Figure 6: Correction factor  as a function of the ratio depth/diameter. The points 
correspond to average values of several measurements, with bars displaying one standard 

deviation. 

If the model in Eq. (8) is used instead of Eq. (5), the error, when calculating the diameter for 
holes close to the surface, will be reduced. Figure 7 shows that there is a good correlation 
between the model in Eq. (8) and experimental values. 

  
Figure 7: Comparison between the model and experimental data for holes of different sizes. (a) 

shows the results from holes at 100 m depth and (b) from holes at 200 m depth. 

Since Eq. (8) is dependent on both the depth and diameter of the hole it is not possible to 
calculate both of these properties if one is not known, which means that the diameter cannot 
be calculated without additional knowledge. One way of solving this is by approximating 

 to a constant , as in Eq. (7). In these experiments only surface waves were used, 
which are in practice confined to a depth of one wavelength. This means that in the ratio 



depth/diameter should be between 0 and 1 and the value of  between 0.63 and 1. If 
this value is set to the mean value,  in Eq. (7), and the diameter can be estimated. In 
the case were the thin wall is built using additive manufacturing and tested between each 
layer, a different approach can be used. If the added layer is thin, and the thickness known, a 
defect can be detected two times at different depths. This means that a system of two 
equations with two unknown can be set up and both the depth and diameter can be 
calculated. 

Using the values for the peaks and valleys of the spectra for the different holes, the diameter 
was calculated. The result of this is shown in Table 1. Here the average values are shown 
together with the values of one standard deviation, for the cases where the depth of the hole 
is known and Eq. (8) could be used, and when the depth is assumed to be unknown and Eq. (7) 
was used with . 

Depth [ m] Diameter [ m] Calculated 
diameter if depth 

is known, with 
one standard 

deviation [ m] 

Calculated 
diameter using 

, with 
one standard 

deviation [ m] 
100 77 77 ± 7 94 ± 9 
100 100 99 ± 9 121 ± 11 
100 150 148 ± 15 158 ± 12 
100 250 257 ± 33 242 ± 26 
100 500 497 ± 50 425 ± 38 
200 100 103 ± 10 125 ± 12 
200 150 145 ± 9 177 ± 10 
200 250 270 ± 32 298 ± 25 
200 500 444 ± 59 430 ± 45 

Table 1: Calculated diameters of 9 different holes using Eq. (8), assuming a known depth, as 
well as Eq. (7) with K approximated to 0.82. 

It can be seen that the diameter of small holes are exaggerated, while for large holes it is 
understated, if an approximated value of  is used instead of . If the depth of the hole 
is known, the calculated diameters correspond well to the real value. 

In a the case where the defect is a spherical pore instead of a cylindrical hole, the results 
should be similar to that presented above since the surface waves created around a sphere will 
be similar to those around a cylinder, although the amplitude of the ripples will be lower since 
the cross-section of the sphere is smaller. If the hole is not perfectly round the calculated value 
will give the equivalent diameter, as if it was round. 

5.  Conclusions 
Laser ultrasonics was used for detecting defects, in the form of side drilled holes, in thin walls. 
The detection laser was scanned with 1 mm steps over the surface of the test piece. This made 
it possible to construct a B-scan from the recorded A-scans, which shows the sound pulse 



move along the surface. The B-scan also shows how that a portion of the pulse is reflected at 
the defect, which means that this type of data representation can be used to ease detection of 
defects.  

When the change in frequency contents between the generated and measured pulses was 
calculated, using a deconvolution algorithm, a ripple pattern was found in the frequency 
spectra after the pulse had passed a hole. This showed that the hole could be seen as a filter 
which acts on the ultrasound pulse, and can be used for sizing of the hole since the filter 
function is dependent on the diameter of the hole. A model was developed based on 
interference between the surface wave and a standing wave that was induced on the surface 
of the hole. With this model it was possible to accurately size holes that had a depth under the 
surface that was larger than the diameter. For holes closer to the surface than the diameter of 
the hole it was shown that the surface interfered with the wave which was induced on the 
surface of the hole. An empiric expression, dependent on the ratio between the depth and 
diameter, was developed which took the influence of the surface into account. An 
approximate expression was also developed which could give a good estimate of the diameter 
of a hole when the depth is unknown. Using prior knowledge about the depth, all hole 
diameters could be determined with a good agreement, within one standard deviation, to the 
real values.  

Acknowledgements 
The research leading to these results has received funding from the European Community´s 
Seventh framework Programme FP7 2007-2013 under grant agreement 266271. 

References 
[1] Dey NK, Liou FW, Nedic C. Additive Manufacturing Laser Deposition of Ti-6Al-4V for 
Aerospace Repair Applications.  International SFF Symposium. Austin, Texas: University of 
Texas at Austin; 2013. p. 853-8. 
[2] Graf B, Gumenyuk A, Ruethmeier M. Laser Metal Deposition as Repair Technology for 
Stainless Steel and Titanium Alloys. Physics Procedia. 2012;39:376–81. 
[3] Lewis G, K., Schlienger E. Practical considerations and capabilities for laser assisted direct 
metal deposition. Materials & Design. 2000;21:417-23. 
[4] Ahsan MN, Bradley R, Pinkerton AJ. Microcomputed tomography analysis of intralayer 
porosity generation in laser direct metal deposition and its causes Journal of Laser 
Applications. 2011;23. 
[5] Cerniglia D, Scafidi M, Pantano A, Lopatka R. Laser Ultrasonic Technique for Laser Powder 
Deposition Inspection.  13th International Symposium on Nondestructive Characterization of 
Materials (NDCM-XIII) Le Mans, France2013. 
[6] Clark D, Sharples SD, Wright DC. Development of online inspection for additive 
manufacturing products. Insight - Non-Destructive Testing and Condition Monitoring. 
2011;53:610-4. 
[7] Scruby CB, Drain LE. Laser Ultrasonics Techniques and Applications. New York, NY: Taylor & 
Francis Group; 1990. 
[8] Dutton B, Clough AR, Rosli MH, Edwards RS. Non-contact ultrasonic detection of angled 
surface defects. NDT&E International. 2011;44:353-60. 



[9] Yan Z, Zhonghua S, Jian L, Yiping C. Numerical Simulation of Laser-Induced Rayleigh Wave 
and Its Interaction with Sub-Surface Void in Solid.  2010 Symposium on Photonics and 
Optoelectronic (SOPO). Chengdu, China2010. p. 1-6. 
[10] Guan J, Shen Z, Lu J, Ni X, Wang J, Xu B. Finite Element Analysis of the Scanning Laser Line 
Source Technique. Japanese Journal of Applied Physics. 2006;45:5046-50. 
[11] Achenbach JB. Wave propagation in elastic solids. Fifth ed. Amsterdam, The Netherlands: 
Elsevier science publishers B.V.; 1987. 
[12] Starck JL, Pantin E, Murtagh F. Deconvolution in Astronomy: A Review. Publications of the 
Astronomical Society of the Pacific. 2002;114:1051-69. 
[13] Broberg P, Sjödahl M, Runnemalm A. Improved Image Quality in Phased Array Ultrasound 
by Deconvolution.  18th World Conference on Nondestructive Testing. Durban, South 
Africa2012. 
[14] Taxt T, Strand J. Two-Dimensional Noise-Robust Blind Deconvolution of Ultrasound 
Images. IEEE transactions on ultrasonics, ferroelectrics, and frequency control. 2001;48:861-6. 
[15] Richardson WH. Bayesian-Based Iterative Method of Image Restoration. Journal of the 
optical society of america. 1972;62:55-9. 
[16] Born M, Wolf E. Diffraction by a conducting sphere; theory of Mie.  Principles of optics. 
Seventh ed: Cambridge university press; 1999. p. 759-89. 
 
  
 





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Impact
    /LucidaConsole
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


