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Abstract 

Metal Deposition (MD) is a method to build three dimensional metal geometries by welding using filler wire or 

powdered metal. NDT of a MD feature is required when the feature is located in an area of high stress or could 

be a potential hazard to the part. Ultrasonic testing (UT) can be used to detect pores, linear indications and lack 

of fusion in welds. This method has limitations when it comes to large parts with complex geometries with 

various shapes and sizes. A flexible method for inspecting complex geometries is to mount an ultrasonic water 

flow probe (squirter) on a robot. The robot can then follow a pre-programmed path to achieve full inspection of 

the feature. This paper shows results and functionality from a system where a squirter probe was used together 

with a standard industrial robot. Results from a scanning of a three-dimensional MD-structure are also presented. 
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1.  Introduction 
 

Non Destructive Testing (NDT) is a part of the verification process for parts manufactured for 

the aircraft industry. For structural parts in aircraft engines, Fluorescent Penetrant Inspection 

(FPI) and Radiographic Testing (RT or X-ray) are the most common inspection methods since 

they are cost efficient and in most cases provide adequate information to ensure that the parts 

meet the engineering requirements. This investigation focuses on NDT of Metal Deposition 

(MD) structures and is divided into two parts. The first part is to evaluate if a standard 6-axis 

robot could replace linear axis type OEM equipment [1] and the second part is to determine 

which inspection methods MD would require. MD is basically a welding method and even 

though RT will detect the majority of the potential defects within a feature, it will most likely 

not detect lack of fusion defects. Near surface cracks in highly stressed areas was also a 

concern and since FPI only detects defects that are open to the surface an alternative 

inspection method was necessary. For this reason Eddy Current testing was evaluated for near 

surface cracks. The most common solution for automated UT is to perform the inspection in 

an immersion tank with a linear axis OEM equipments. Once an inspection equipment is 

installed it will be time consuming and expensive to modify due to the linear axis system and 

the immersion tank. A common industrial 6-axis robot offers great flexibility, excellent 

support organization and the know-how about these equipments is also high. Another benefit 

is that the robot can carry several different inspection equipments.  

 

2.  Metal deposition 
 

Metal Deposition (MD) is a method to build three dimensional metal geometries by welding 

using filler wire or powdered metal [2]. A Tungsten Inert Gas (TIG) or Laser (Light 

Amplification by Stimulated Emission of Radiation) source is used to melt the metal. The 

desired shapes are created by guiding the melt pool and the filler material in a controlled path 

and build the feature by adding new layers. Figure 1 illustrates a feature built with MD. In 

Figure 1b the layers in the MD feature are clearly visible. MD is a versatile manufacturing 
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method and can be used for repairing worn out or damaged features or build features on 

optimized forgings and castings.  

 

   
 (a) (b) 

Figure 1. MD Feature made with Laser and filler wire. In (b) the welding layers are clearly visible 
 

Any inspection would ideally be performed close to or in direct conjunction with the MD 

process. Any indications found by the NDT methods would then be repaired or rejected early 

in the value stream. Inspection in direct conjunction to the MD process was not possible since 

the heat generated by the process would most likely destroy the inspection equipment. It may 

also be wise to perform the inspection at a point when the feature has reached room 

temperature since cracks might appear as the feature cools down. Inspection methods such as 

UT and ET often require machining prior to inspection. 

 

Since MD basically is a welding method, it will potentially contain defects like pores, cracks, 

inclusions and lack of fusion (LOF). Figure 2 shows a LOF and a Pore. Sub surface cracks in 

the transition between a MD feature and the substrate was also a concern. 

 

   
Figure 2. Lack of fusion, left, and a pore, right. This LOF was detected with UT but not with RT. The pore was 

detected both with RT and UT 

 

3.  NDT of Metal Deposition 
 

The experience from inspection of MD features as well as the manufacturing experience of 

the MD process and its capability was low when this investigation was started. The 

engineering requirements were also not yet defined at this point. Due to these facts a full 

evaluation of the available inspection methods for features manufactured with MD was 

conducted. Destructive testing had revealed the presence of pores and LOF which could be a 

concern. The LOF was oriented parallel with the MD layers and was basically two-

dimensional, i.e. very low volume. Figure 2 illustrates a typical LOF found during destructive 

testing. Table 1 shows how the available inspection methods were examined with regard to 



the known defects in MD. There are other inspection methods available but due to time 

constraints the only option was to evaluate approved inspection methods.  

 

Table 1. Available inspection methods and expected defects in MD 

 

Inspection method Pore Crack Inclusion Lack of fusion 

FPI
1
 √ √ — — 

MT
2
 — — — — 

ET
3
 √ √ √ √ 

RT √ √ √ √4
 

UT √ √5
 √ √ 

VIS
6
 √ √ — √ 

 

The use of MD was aimed towards structural parts within jet engines. A single part could 

potentially contain a number of MD features which have to be inspected. Due to expected 

production volumes of parts, any inspection had to be automated. However, the scope of work 

did not include automatic evaluation of the inspection results, i.e. Automatic Defect 

Recognition (ADR). The functionality of a proposed inspection solution also had to be equal 

or better than the current equipments installed at Volvo Aero.  

 

The main purpose was to evaluate if UT would be an option to RT since it was necessary to 

find an alternate volumetric inspection method due to the LOF defects found in the 

destructive testing. However, inspection of MD features requires a surface method as well. It 

was decided to perform tests with ET to evaluate the ability to detect near surface defects. UT 

and RT would be compared by performing destructive testing and evaluate indications found 

in the MD features. Volvo Aero has performed POD (Probability of detection) analyses on 

FPI and the knowledge about the inspection method is known and documented. Therefore 

there was no need to perform any tests with FPI. VIS (Visibility inspection) is primarily 

intended for surface defects such as nicks, dents and scratches.  

 

4. Experimental setup 
 

The setup of the tests described in this paper was very experimental in its setup and was not 

intended for a production environment. However, the overall purpose was to determine if the 

inspection methods and the automated setup would be a viable solution and have the potential 

to replace or augment existing inspection methods and equipments.  

 

4.1 Artifact used for UT and RT evaluation 

 

A step type artifact with flat bottom holes (FBH) was manufactured from a Ti 6Al-4V MD 

block. Three different sizes were machined. 0.4, 0.8 and 1.2 mm. The depth was 3 mm for all 

sizes. The material thickness from the top surface to the FBH became 2, 12, 22, 32 and 42 

mm. Figure 3 illustrate the artifact.  

                                                 
1 Only surface breaking defects 
2 Ti 6AL-4V is not magnetic. 
3 Only for defects open to or close to the surface 
4 The ability to detect a LOF depends on the position of the X-ray source 
5 The ability to detect cracks depends on the transducer position 
6 Only surface breaking defects. 



 
Figure 3. Step type calibration artifact. 

 

4.2 Tests with robotized UT 

 

Automated UT of machined parts is often performed in immersion systems which require a 

water tank large enough to fit the part being inspected. The positioning is often handled 

through a linear axis system with a gimbal setup for the transducer. By using a squirter 

transducer, the need for immersing the part in water is eliminated. A squirter type transducer 

is more suited for inspection of prismatic features compared to a bubbler transducer since the 

squirter transducer does not need to be in contact with the part or feature being inspected. The 

ultrasonic probe used was a squirter probe KK-H10 MP30 F. This is a 10 MHz probe with an 

element size of 5 mm and the length (-6 dB) of the focal region is about 35 mm.. The water 

flow nozzle in front of the probe has a diameter of 5 mm and a nozzle length of 25 mm. The 

US beam is focused 5 mm in front of the nozzle exit, and where the minimum focal diameter 

is about 0.9 mm.  

 

The ultrasonic system was a PC-based GE Inspection Technologies USPC-2100 system, . The 

UT system was guided by an ABB IRB 6400 robot. The GEIT system lacked C-scan 

presentation and in order to get C-scan it was necessary to transfer the Tool center point 

(TCP) coordinates from the robot and link them to the ultrasonic signal. The data acquisition 

and the connection between the signals were handled through DASYLab. The robot ran two 

different tasks. The first task is to follow the path and the second is to sending the actual 

XYZ-position for TCP on a RS-232 link to DASYLab. Four channels were used in 

DASYLab, the X, Y and Z position was recorded for the positioning of the robot and the 

fourth channel was used to record the ultrasonic signal. The values were transferred to Matlab 

for evaluation and C-scan presentation. 

 

The inspection setup with an industrial robot enables several inspection methods to be used 

simply by changing tool or in this case, changing from an ultrasonic transducer to an eddy 

current probe. Figure 4 illustrate the inspection setup 

 

The MD features being inspected were machined in order to enable UT. A grid pattern 

scanning was used to ensure full coverage of the feature, see Figure 5. The grid pattern was 

chosen since it is easy to program and modify by teach-in. The results indicated that it would 

have been beneficial to use an onion scanning pattern instead since the grid pattern disrupted 

the laminar flow from the squirter transducer when the feature was entered and exited.  

 



 
Figure 4. Automated inspection cell for UT and ET inspection of MD features.  

 

 
         (e) 

Figure5. Different scan patterns. Grid pattern, (a) and (b), onion path (c) and spiral path (d). The squirter probe is 

shown in (e). 

 

4.3 Inspection of complex geometries 

 

3D surfaces have also been tested with the same experimental set-up as for 2D surfaces. This 

requires the robot to follow a curved surface and still keep the transducer perpendicular to the 

surface all the times. It would be a challenge to program the robot online because of the 

difficulty of forming a path which the robot should follow with correct distance and angle to 

the surface. One solution to this problem is to make the robot path in a offline programming 

software as Robotstudio or Process Simulate and download it to the robot. This requires 

access to accurate models of the surface to be scanned otherwise the difference become too 

large. Offline software gives the possibility to create other patterns on the robot path such as 

Zigzag path, Onion path and spiral path pattern.  

 

4.4 Tests with RT 

 

Two set of trials were performed. The first trial was performed in a GEIT CR-Flex digital X-

ray with a Phoenix 225 kV micro focus tube. The GE equipment was only used for evaluation 



purposes and there were some differences compared to the production equipments used at 

Volvo Aero. The test was repeated in one of the production equipments. The trials were 

performed with an Yxlon MXR 320 kV tube. There were some significant differences in the 

results. The digital CR-flex system had significantly lower ability to detect defects as the 

material thickness increased and the limit for detecting a 0,4 mm FBH was at 22 mm material 

thickness material compared to the 42 mm material thickness for the production equipment. 

The main purpose was not to compare the different RT equipment but to compare RT with 

UT and evaluate their ability to detect pores and lack of fusion. The comparison was 

performed on the calibration artifact described in the next chapter.  

 

The biggest concern with RT was the risk of not detect lack of fusion defects. RT can detect 

such defects but the probability of detection depends on how the defect is oriented with 

respect to the x-ray source.  

 

4.5 Tests performed with ET  

 

Near surface cracks in the radius between the MD feature and the substrate was a potential 

concern and this was also an area where both UT and RT would be limited due to access 

and/or unfavorable defect orientation. Trials with ET were performed to evaluate if the 

method could augment RT or UT in those areas. For this purpose an artifact with two set of 

machined flaws were manufactured with electric discharge machining (EDM). The flaws 

were 1,5x0,05xMt mm (Notch #1) and 0,76x0,05xMt mm(Notch #2). ´Mt´ indicate the 

material thickness between the flaw and the surface which varied from 0,3 mm to 1.9 mm. 

The overall material thickness of the sheet was 2,1 mm. Inspection was performed from the 

opposite side in order to imitate near surface defects.   

 

The initial tests were focused on determine how increased material would affect the ability to 

locate and determine the size of a known defect. The test was performed on the 18 machined 

flaws. The next test was also performed on machined flaws in and close to the radius between 

the substrate and the MD feature. The test was necessary to perform since ET results will be 

affected by surface and part geometry. Even though this test was performed on defect open to 

the surface it still provided information about the effects from part geometry and surface 

roughness. Figures 6 illustrate the EDM defects. 

 

   
 (a) (b) 

Figure 6. EDM flaw, (a) an EDM flaw in sheet metal 1,5x0,05 (length x with) and (b) machined flaws in HAZ 

and MD feature substrate radius. 

 

Volvo Aero had performed tests with automated ET prior to the NDT for MD project. Those 

tests were also performed with a standard 6-axis robot. It was confirmed that the setup was a 



viable option to a linear axis setup. Therefore no results from the automated ET inspection 

will be presented in this paper. 

 

5.  Results and discussion 
 

5.1 Results UT 

 

The tests showed the possibility to robotize UT for MD inspection. In the set up the robot ran 

two different tasks. The first task was to follow the path and the second to sending the actual 

XYZ-position for TCP. This limited the communication speed which resulted in random 

XYZ-positions sent to DASYLab when the robot moved faster than a certain speed. A stable 

feed of positions was reached at 5 mm/sec which was enough for evaluation purposes but for 

an industrial setup an alternate communication setup should be considered. The H10MP30F 

transducer was able to detect the 0.4 mm in 42 mm material. 

 

During the tests it became obvious that the communication speed was limited between the 

robot and DASYLab. It was only possible to move the robot at very slow speeds in order to 

synchronize the XYZ-coordinates from the robot with the ultrasonic signal. This did not affect 

the test other than the test had to be ran at low speeds. 

 

The evaluations of the UT tests were performed by sending the ultrasonic signal and robot 

position into Matlab and calculate a C-scan image. The image was rough compared to the C-

scan from the IRT immersion system but it was sufficient enough for evaluation purposes. 

Figure 7 illustrates a C-scan obtained from the robot-squirter system and Matlab. 

 

 
Figure 7. C-scan calculated in Matlab. True indications are encircled 

 

Figure 7 may indicate that there were a lot of indications around the perimeter of the MD 

feature but the majority of the indications were due to the disruption of the laminar flow of 

water from the nozzle in front of the transducer as it entered and exited the feature. The 

disruption affected the ultrasonic beam and the result was false indications. The indications 

outside the perimeter are the most obvious proof of false indications since there was no 

material there. However, there were some true indications as well. The indications are 

encircled in Figure 7. The water jet disruption can be reduced if an onion or spiral scan 

pattern is used since such a pattern would keep the waterjet at the feature. Water pressure also 

needs to be considered. The pressure should be kept as low as possible since excessive 

pressure will increase the disruption problem and consequently the level of noise and false 

indications as well. 

 



The UT system is very sensitive to variations in the Z-direction. Any changes would have 

shifted the focal point as well as the A-scan on the screen. Even though a small variation was 

detectable it was found to be in an acceptable range. However, it is important to move the 

robot in a favorable position to prevent that the robot reaches an end position during a 

scanning motion. Another important test was to evaluate if the robot could keep the transducer 

in the normal direction from the surface. A variation within 10% in signal strength would be 

satisfactory. During the tests on flat machined surfaces the variation did not exceed the 10% 

limit. Table 2 shows a comparison between a linear axis system and a standard industrial 

robot. The table shows that the standard robot has several advantages compared to a linear 

axis system. The major advantages is the ease of expansion, payload capacity and transducer 

orientation. 

 

Table 2. Comparison between a linear axis system and a standard industrial robot[3]. 

 

Characteristic Linear 

Manipulator 

Standard Six-axis 

Industrial Robot 

Positional Repeatability 0.1 mm 0.05 mm 

Positional Accuracy 0.1 mm 0.15 mm 

Transducer orientation Spherical coordinates 

at end of manipulator 

Any orientation, any 

location 

Movement Speed 250 mm/ sec 2000mm/ sec 

Mean Time between Failure varies 50,000 hours 

Maintenance Replacement of 

bearings; rail 

alignment 

Change oil and battery 

annually 

Ease of Control Straight forward Complicated 

Payload Capacity 1 kg 10 kg 

Ease of Expansion Difficult – entire tank, 

manipulator changes 

Select next larger robot 

model 

Auto transducer Changing Very difficult Industry standard hardware 

 

5.2 Results RT 

 

During tests with the GEIT system the exposure time was varied between 30 to 180 seconds. 

At 90 seconds the 0,8 mm FBH was barely visible in 22 mm material. At 180 second 

exposure time the 0,4 mm FBH was detectable but would easily be missed. This was a 

significant difference compared to UT since the 0,4 mm FBH was easily detected at 42 mm 

material thickness. The GE equipment was only used for evaluation purposes and there were 

some differences compared to the production equipments used at VAC. The test was repeated 

in one of the production equipments Volvo Aero utilizes. The tests were performed with an 

Yxlon MXR 320 kV tube. The exposure time was 60 seconds. At this test it was possible to 

detect the 0,4 mm FBH at 42 mm material thickness as shown in Figure 8. However, the FBH 

represent a defect with a volume of 6 % of the material thickness, which is well above the 2% 

rule-of-thumb.  



 
Figure 8. RT 200 kV, 20 mA och 60 sek exp. Film: AGFA D4 6x24 

 

Previous experiences from laser welded parts in Titanium 6AL-4V had shown the presence of 

primarily pores when using RT for inspection. Laboratory analysis of MD features had 

revealed the presence of pores but also lack of fusion. The primary direction of the LOF was 

parallel to the MD layer direction. Figure 2 shows a LOF found in an MD feature. The LOF 

was located in an approximately 20 mm thick MD feature. As a rule of thumb, RT should be 

able to detect defects with a volume that exceeds 2% of the material thickness. The LOF in 

Figure 2 was not detected at all even though it is close to the 2% limit. If the x-ray source had 

been moved 90 degrees, the LOF would most likely have been detected since the primary 

direction of the rays would have been parallel to the main direction of the defect. There were 

other tests performed at MD features with RT and UT and the destructive testing confirmed 

that there is a risk that the LOF defects will not be detected if the primary direction of the 

defect is not parallel to the x-ray source. 

 

5.3 Results ET 

 

Two different probes were used in the test. One standard 350 kHz and one custom 100 kHz 

probe. The equipment and probes were calibrated with the 2.835.01-9301 UST (0,2 mm flaw) 

artifact. The tests were performed with an Elotest handheld equipment. The material thickness 

in Table 3 shall be interpreted as the distance between the surface and the flaw.  

 

Table 3. Amplitude in ET for detected defects 

 

Amplitude [V] 

Material thickness [mm] 0,4 0,6 0,8 1,0 1,2 1,4 1,6 1,9 2,0 

350 KHz #1 flaw 9,0 5,0 3,4 1,2 0,8 1,2 - - - 

350 KHz #2 flaw 4,0 1,8 0,9 0,4 - - - - - 

100 KHz #1 flaw 3,0 2,5 1,4 1,3 1,5 0,6 0,4 0,1 - 

100 KHz #2 flaw 1,0 0,8 0,5 0,6 0,5 0,3 0,1 0,1 - 

 

The 350 KHz probe was able to detect the #1 notch 1,4 mm below the surface and the #2 

notch 1,0 mm below the surface. The 0,1volt reading for the 100KHz probe was considered to 

be below the 3:1 signal to noise ratio (SNR) which adjusts the values to 1,6 mm for the #1 

flaw and 1,4 mm for the #2 flaw. 

 

The results indicate ET that has potential but further test on actual geometry needs to be 

performed. Since these test were performed several trials with ET has been performed 

successfully on welds detecting near surface defects missed by RT. However, surface 



geometry, surface preparation, selection of probes and the execution of the inspection are 

important factors that need to be considered prior to selecting ET as an inspection method.  

 

6.  Conclusions 
 

MD features will potentially contain pores and LOF and UT have advantages as well as 

limitations compared to RT. Since a LOF potentially (although not likely) could stretch 

throughout an entire MD layer in an feature and still be missed with RT, UT would be the 

better choice for NDT inspection. The problem could also be solved by moving the x-ray 

source to a more favourable position but it would lead to very cumbersome inspection.  

 

The tests with automated ET and UT through a standard robot have proved to be a viable 

option to a traditional linear axis system. The disadvantage with such a setup is the 

complexity involved in inspection of 3-D surfaces. The transducer must be kept normal to, or 

at a fixed angle to the surface during inspection. The problem can be solved by using an off-

line programming software or use a manipulator or rotary table to move the part instead of 

moving the transducer.  

 

The squirter transducer performed very well even though it does have a number of 

disadvantages compared to a immersion equipment. The most obvious disadvantage is the 

disruption of the laminar flow from the water jet as it enters and exits a feature. The shape of 

the feature and the water pressure will affect the water jet and scatter the ultrasonic beam at 

the edges of a feature. Careful planning of scan path as well as choosing a smaller nozzle 

might reduce the problem.   

 

The tests with ET have been successful even though more testing is required. Defects 1 mm 

below the surface can be detected but part geometry, surface roughness and access are 

limiting factors. So far several defects missed by RT have been detected with ET but further 

test are required. 

 

References 

 

1. Schwabe, M., A. Maurer, and R. Koch, 'Ultrasonic Testing Machines with Robot 

Mechanics - A New Approach to CFRP Component Testing', in 2nd Int. Symp. on NDT 

in Aerospace, Hamburg, Germany, 2010. 

2. Christiansson, A.-K., et al., 'Automation of a robotised metal deposition system using 

laser melting of wire', in 18th International Conference on Flexible Automation and 

Intelligent Manufacturing (FAIM 2008), Skövde, Sweden. pp 122-129, 2008. 

3. Stubbs, D., et al., 'An automated ultrasonic system for inspection of aircraft turbine 

engine components', Insight: Non-Destructive Testing and Condition Monitoring, Vol 

47, No 3, pp 157-162, 2005. 

 

 


