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Abstract. Lack of fusion is a very dangerous weld defect in a welded structure. 
Because of the notch effect, a crack may further propagate under the smallest load 
applied. This type of defect is very difficult to detect with non-destructive testing 
methods. 
 For the purpose of the present study, lack-of-fusion defects were artificially 
produced in a multi-pass welded joint. The aim was to find out how ultrasonic 
devices can sense this type of defect in a butt weld. In addition radiography was 
used to detect the occurrence of lack of fusion in the welded joint. In the ultrasonic 
examination 60° and 70° angle probes were applied. They showed lack of fusion at 
the opposite side-walls of the groove. A normal probe was then used to detect the 
occurrence of inter-run lack of fusion. The weld defects provided a multiple 
reflection of ultrasonic waves, which confirmed the presence of lack of fusion in a 
certain depth. This was additionally confirmed by an ultrasonic thickness measuring 
gage. Finally, micro sections of the weld were made to establish the actual location 
and shape of lack-of-fusion defects. 

1. Introduction  

Non-destructive testing of welded joints comprises several methods, i.e. visual testing 
(VT), liquid penetrant testing (PT), magnetic particle testing (MT), radiographic testing 
(RT), and ultrasonic testing (UT). The visual and liquid penetrant testing methods are 
employed for the detection of surface imperfections or those reaching to the surface (cracks 
or lack of fusion). The magnetic particle testing method is suitable for the detection of 
surface imperfections and those just below the surface. The radiographic and ultrasonic 
testing methods, however, are employed for testing the interior of a weld. [1,6,7] 

Imperfections in welded joints and acceptance criteria are defined in standards. 
Of all types of weld imperfections, cracks, lack of penetration and lack of fusion are 

the most dangerous ones. Cracks and lack of fusion can be quite reliably detected by the 
radiographic testing method whereas lack of fusion is hard to detect due to the nature of the 
imperfection itself and its location. 

2. Occurrence of Lack of Fusion  

Lack of fusion in the weld is lack of side-wall union between the parent metal and the filler 
material, lack of union between two runs or between two run layers. This means that lack of 
fusion may occur at a side wall (Fig. 1.a) where the parent material has not melted to a 
sufficient degree. A similar situation may occur between passes (Fig. 1.b) when a previous 
pass has not remelted so that no weld dilution occurs. A third case may be with the root 
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pass when, due to too narrow a gap, the root does not melt through (Fig. 1.c). The weld 
pool will simply flow through. 

The occurrence of the lack-of-fusion types described is characteristic of gas-
shielded arc welding processes. [11] In addition lack of fusion may also occur in gas 
welding and resistance welding. The main cause for the occurrence of lack of fusion is too 
low energy input at the weld area. This means that the parent metal in the weld groove or 
previous runs have not heated to the melting point to dilute and make a uniform joint. This 
is mainly affected by the groove preparation, the welding technology and welding 
parameters chosen. [4,5,8] 

                   
 

 
Fig. 1. Possible location of lack of fusion: (a) at side wall, (b )among runs, (c) in root. 

 
Lack of fusion most often results from the weld pool running ahead of the arc. An 

important influence is exerted also by the welding parameters, i.e. welding current, voltage, 
welding speed, wire feed speed, and wire extension length. The burner inclination, welding 
position, weld preparation and arc deflection are important too. [2] 

Lack-of-fusion defects are divided also with regard to oxide inclusions. There may 
be lack of fusion due to unmelted oxide inclusions (Fig. 2.a), i.e. between two joined faces 
hard-to-melt oxides or non-metallic inclusions are trapped. Oxides are arranged at the entire 
length of the lack-of-fusion defect in a form of a thin layer. When they melt or slag occurs 
in the lack-of-fusion defect, globular non-metallic inclusions will form. [3] 

There may also be lack of fusion due to melted oxide inclusions (Fig. 2.b). It occurs 
when the molten metal attaches to the parent metal that did not melt as it should. The joint 
formed is similar to that obtained in brazing. If under the effect of internal stresses 
occurring during weld solidification and cooling the two faces stuck together get separated, 
an open lack-of-fusion defect will be obtained (Fig. 3). 

 

 
Fig. 2. Micrographs of lack-of-fusion defect: (a) lack of fusion with unmelted oxide inclusions, (b) lack of 

fusion with melted oxide inclusions. [1] 

(a)    (b)

(c) 

a b 
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Fig. 3. Macrograph of open lack-of-fusion defect. 

3. Detection of Lack of Fusion  

As already mentioned the detection of lack-of-fusion defects is not easy since this is a 
planar defect. The radiographic examination may detect lack of fusion in the weld root and 
larger side-wall lack of fusion. Similar results are obtained in the ultrasonic examination. 
The inter-run lack of fusion, however, is difficult to detect with any of the non-destructive 
testing methods. The only reliable way of detecting lack-of-fusion defects is to employ 
destructive testing methods such as the bend test and macrographic examination. [9,10] 

Among the non-destructive testing methods available, the ultrasonic examination 
seems to be the most efficient; however, difficulties may occur with some geometrical 
shapes of lack of fusion. Consequently, only an angle probe may be used. It often happens, 
however, that the indication obtained is very weak and could be considered as acceptable, 
in comparison to other imperfections; therefore, any indication should be considered. If 
possible, the weld should be examined from different sides (Fig. 4) and with different angle 
probes so that an indication may be confirmed or rejected as appropriate. 

 
Fig. 4.  Ultrasonic examination of welded joints: (a) from both sides, (b) from one side only. [6] 
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In case the examination can be carried out from both sides, the normal orientation of 
ultrasonic waves shall be applied. If it can be carried out, due to inaccessibility, from one 
side only, the reflection technique shall be applied. In this case, however, it will be more 
difficult to achieve a correct and large enough indication. 

4. Experimental Procedure  

4.1 Production of Weld Specimens  

The purpose of the experiment was to find possibilities of detecting lack of fusion in the 
weld by using ultrasonic examinations. 

To this purpose a welded joint was produced containing artificial lack-of-fusion 
defects on a 12 mm thick unalloyed steel plate. This was a butt joint with a V groove. 
Welding was carried out on an automatic line using the MAG process. The filler material 
used was a wire alloyed with silicon and manganese, i.e. EN 439 – G3Si1. The shielding 
gas was a mixture of 18% of CO2 and 82% of argon. Welding comprised four filling runs 
and a back weld. The second run was produced with a very low welding speed in order to 
produce lack of fusion. After welding the weld face was ground to permit a better contact to 
for the normal probe and the weld root was ground to avoid false ultrasonic indications. 

In whole two weld specimens were produced. With the first one slag between the 
first and second filling run was not removed (weld 3) whereas with the second one it was 
removed (weld 4) 

Weld testing comprised three phases. First, a radiograph of the weld was made. 
Secondly, ultrasonic examinations were carried out, i.e. first with a 60° angle probe from 
both plate sides and then with a 70° angle probe from one side only. Finally, an ultrasonic 
thickness measuring gage was applied in order to find out in which depth lack of fusion 
occurred. 

 

4.2 Radiographic Examination  

The radiographic examination was carried out immediately after welding. It was meant to 
confirm the occurrence of lack of fusion. 

Figures 5 and 6 show radiographs indicating the occurrence of lack of fusion almost 
at the entire weld length. They show in a form of two parallel lines, i.e. "wheel tracks".  

It is evident from their geometry that this is side-wall lack of fusion, i.e. its 
projection. It is also evident that the shape of lack of fusion is changing and that it is 
interrupted at some points. The radiographs show plates 3 and 4 respectively. 

 
 

 
Fig. 5. Radiograph of inter-run lack of fusion due to low welding speed (no run cleaning). 
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Fig. 6. Radiograph of inter-run lack of fusion due to low welding speed (run cleaned). 

4.3 Ultrasonic Examination  

a) Angle probe 
When the occurrence of lack of fusion, i.e. side-wall lack of fusion, only, was 

confirmed, it was to be established what can be detected with the ultrasonic method. 
First, the ultrasonic examination with the 60° angle probe was carried out. The 

results obtained are given in Table 1. 

                                       Table 1. Indications of ultrasonic measurements  

Plate No.3 - 60° probe 
  x y S R D H (47 dB) 

left side of plate 
19 100 36 18 6 36 
6 101 35 17 6,5 33 

183 105 34 16 7 33 
            

225 109 28 11 10 42 
250 108 28 11 10 28 

right side of plate 
35 109 38 19 5 46 

160 110 36 17 6 54 
235 111 34 16 7 102 

 
Clear indications of imperfections were found in a depth of 5 to 7 mm. In this depth there is 
the second filling run. Here the occurrence of lack of fusion was suspected. Some 
indications appeared also in a greater depth (10 mm) towards the end of the plate, but only 
when the probe was at the right side of the plate. This was the location of the first run so 
that a side-wall lack-of-fusion defect might be suspected. When the probe was at the left 
side of the plate, the indication reached to 250 mm, then it was disappearing. This was in 
agreement with the radiograph taken (Fig. 5). A geometrical analysis indicated that the 
defect was located at the opposite sides of the groove. This indicated too that these were 
mainly side-wall lack-of-fusion defects (the groove angle was equal to the probe angle, i.e. 
60°). The wave path to the indication is shown in Fig. 7. 

 

 
Fig. 7. Probe location during detection of lack of fusion in welded joint. 
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The location of the indications was confirmed also by an examination from the backside of 
the plate using the 60° probe. When the 70° probe was used to examine the welded joint, 
fewer indications were obtained, i.e. there was a signal but much weaker. This was true of 
both plates examined. 
 
b) Ultrasonic thickness measuring gage 
The first step in the detection of inter-run lack of fusion was the application of the normal 
probe in the weld examination. This is schematically shown in Fig. 8. 
 

 
Fig. 8. Ultrasonic examination of weld using normal probe. 

 
The result obtained was a multiple reflection in the depth of the second run (Fig. 9). 

 

 
Fig. 9. Presentation of indication of defect obtained with normal probe (multiple reflection). 

 
Then the thickness measuring gage was used to obtain numerical values  for the location of 
lack of fusion. The values obtained are given in Table 2. 
 

Table 2. Ultrasonic thicknes measurment  

x (mm) 48 62 100 110 125 148 180 203 220 240 250 260 

D(mm) 6,7 7 7,5 7,4 7,9 7,3 7,2 7 6,6 6,8 7,1 6,8 

 

 
It was found that the values obtained indicated the location between the first and second 
filling run, which, in turn, clearly indicated that the inter-run lack of fusion occurred. 

LOF 
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4.4 Production of Macrographs  

The final step in the examinations performed was to make macro sections from the weld 
examined and to confirm the findings of the ultrasonic examinations. 
 
 (a) 105 mm away from weld beginning  (b) 120 mm away from weld beginning 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
           (c) 160 mm away from weld beginning  (d) 265 mm away from weld beginning 
 
 

 
     
     
 
 
 
 
 
 
 

Fig. 10. Presentation of macro sections of welded joints following from weld beginning to weld end. 
 
It can be seen from Fig. 10 that the lack-of-fusion defect runs along the entire welded joint. 
It is interesting that, in spite of an automatic welding technique and constant welding 
parameters, at different cross sections the lack of fusion is differently shaped. This means 
that the movement of the weld pool and thermal phenomena affect the shape and size of 
lack-of-fusion defects. 

Figures 10 (a), (b), (c) show a combination of lack-of-fusion defects, i.e. the side-
wall lack of fusion passes on to inter-run lack of fusion, at both groove faces. Fig. 10(d) 
shows the occurrence of lack of fusion only at the right side of the weld whereas the left 
side of the weld is clear, which was confirmed by ultrasonic and radiographic testing. It is 
interesting to see the occurrence of lack of fusion between the first run and the parent 
metal. It is possibly a result of a narrow groove. This lack-of-fusion defect cannot be seen 
in the radiograph, but it was confirmed several times by the ultrasonic examination 
(application of angle probes) in a depth of 8 to 10 mm (see Table 1). 

It is interesting that the central part between the runs does not show lack of fusion, 
which means that the heat input was sufficient to melt the subsequent run. Consequently, 
the most critical parts for the occurrence of lack of fusion are run corners since they are at 
the greatest distance from the arc. Such areas can be called "cold pockets". 
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It can be stated that the macrographs of the weld confirm the occurrence of weld 
defects detected by radiographic and ultrasonic testing. 

5. Conclusions  

• A suitable welding technology makes it possible to produce artificial lack-of-fusion 
defects in a butt welded joint. 

• The angle probes proved efficient in the detection of side-wall lack of fusion. 
• A normal probe is suitable for the detection of inter-run lack of fusion, the weld face 

being first ground. 
• An ultrasonic thickness measuring gage makes it possible to measure the depth in 

which lack of fusion occurs. 
• The radiographic examinations showed only projections of side-wall lack of fusion. The 

inter-run lack of fusion could not be detected in this way. 
• The macrographs clearly show lack-of-fusion defects. The ultrasonic and radiographic 

indications are in good agreement with the macrographs and micrographs obtained. 
• Research in this field will continue. The events during a welding process are to be 

related to the indications obtained in non-destructive testing. 
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