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1 Abstract 
 
Among the NDT methods, the ultrasonic (UT) method of SpotWeld inspection in the automotive 
industry is known to be very efficient and highly reliable. Results obtained using conventional 
UT solutions, which have been in use for decades, have proved highly comparable with those 
obtained using traditional destructive methods.  
 
In the past few years use of advanced methods, such as multi-element inspection and Phased 
Array, has dramatically increased. These methods can analyse the quality of the weld based on 
measurement of weld nugget diameter. But in some cases, the weld diameter is insufficient 
information for full judgment of the weld quality.  
 
ScanMaster Systems, a leading vendor of SpotWeld inspection equipment, has invested much 
effort in developing new advanced capabilities for its existing products. Our latest development 
utilizes the most advanced Phased Array hardware, propriety data collection and cutting edge 
analysis methods. These enhancements enable dramatically improved detection of bad spots and 
provide more accurate classification of SpotWeld quality and geometry, in terms of both nugget 
diameter and the overlooked area dimension. Real-time data analysis not only reduces inspection 
time, but also provides simple and intuitive tools for the operator, allowing the inspection 
procedure to be performed by novice operators.  
 
 
2 Introduction 
 
Traditionally, car manufacturers sought to replace the destructive and semi-destructive spot weld 
inspection using chisel and hummer. Single-element UT instruments were sufficiently reliable 
and reduced the need for costly and less effective destructive methods.  
 
Although the conventional UT considered a reliable method, customers were always chasing to 
get additional weld characteristics which conventional UT could not extract, namely the nugget 
diameter. Nugget diameter property could be only implied-on with conventional single element 
UT. Nugget diameter, as the "ultimate indication for weld strength", assumed to be most desired 
nugget characteristics: "... different diameter of nugget would shows different tensile strength" 
(Walther Jenis (2009)). Since "weld strength - nugget diameter" single dimension was believed 
to be the obvious, significant commercial efforts were made to develop inspection methods 
which will be able to extract the nugget diameter.  
 
Over time, more advanced multi-element and Phased Array methods become the obvious choice 
for covering the nugget surface. These methods, and the products using them, presented the 
estimated nugget diameter, which was believed to be the most relevant factor for nugget 
strength. 
 
"Based on previous studies (Zhou, M., Zhang, H., and Hu, S. J. (1999)), a weld’s strength can be 
fully expressed by its peak load and corresponding energy and displacement at peak load under 
tensile-shear testing. Intuitively, they can be expressed as functions of the joint geometry and 
material properties…" (M. ZHOU, H. ZHANG, AND S. J. HU, April (2003)). 
 
According to M. Zhou and co., nugget diameter is only one narrow aspect of the overall welding 
strength. Relevant geometric dimensions determining the welding strength are: "Sheet thickness, 
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specimen length, specimen width, sheet overlap, nugget diameter, HAZ size, indentation, sheet 
separation, and so on." 
 
 
3 Theory 
 
Non-round welds may be caused by electrode wear, issues with tip alignment, or dirty 
workpieces. 
 
It is assumed that the joint strength of a plate is determined by nugget diameter and nugget total 
area. This assumption is based on the idea that a non-symmetrical, non-rounded weld might 
generate equal or better strength than smaller round welds. In other words, a weld generating a 
certain nugget diameter result may be weaker than a weld that generates a smaller nugget 
diameter but has a larger total weld area. However, as pointed out by Dickinson (Dickinson, D. 
(1981)), a correlation between strength and weld diameter does not always exist. 
 

 
 

Figure 1: Non-Symetrical Nugget 

 
Figure 3 illustrates the possible detected maximal nugget diameter, which ignores the additional 
welded area outside the nugget diameter (marked in red). 
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Figure 2: Nugget Shape 

 
Figure 3: Measured Nugget Diameter 

 
Figure 4: Ignored Welded Area (in 

red) is 20%-33% of the Total Welded 
Area 

 
 
 
4 Method 
 
First, a set of main classifications was chosen. Table 1 lists the possible automatic classification 
determined by the single-element algorithm. 
 
# Classification Name Physical Property 

1 Good Weld Nugget size falls in the accepted TH* 

2 No Weld No nugget is presented 

3 Undersize Nugget size smaller than the accepted TH but higher than 
Discrepant TH 

4 Discrepant Nugget size smaller than the Discrepant TH but higher than 
No Weld TH 

5 Thin Spot Indentation of the weld is higher than the allowed TH 

6 Burnt Spot Nugget is burnt, over-welded and sometimes has cracks 
and/or strong indentation in the weld 

 
Table 1: Classification and Physical Property 

* TH – Threshold  
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Today these classifications are achieved by using a field-proven detection and classification 
algorithm based on a single-element solution (see ref. 6). This algorithm has been successfully 
used for over 25 years in the automotive industry for high levels of UT-destructive correlations 
of up to 98%-100%. 
 
It was theorized that applying such a proven algorithm in a multi-element environment would 
allow not only provision of the nugget diameter and nugget area, but could also use its ultra-
accurate detection capabilities to allow high precision using matrix Phased Array probes. 
 
As the classifications may be relevant for single-element detection, they can be also used by 
multiple virtual probes (VPs) so nugget characteristics would be determined by data fusion from 
multiple sources. The coverage area of a virtual probe in a matrix Phased array probe is smaller 
than the coverage of a single-element (see, for example, Table 5: Phased Array Element 
Representation). Therefore, the selected main parameters gathered by each virtual probe were: 

- Surface condition 
- Plate thickness 
- Material discontinuities 

 
 
Combining the information acquired by each virtual probe correctly is the key for data fusion 
and accurate presentation of the nugget condition, classification, and, of course, nugget diameter 
and total area. 
 
Every A-scan reading from each virtual probe in the matrix PA probe was analysed using a 
reduced algorithm.  
Each VP's color on the screen represented a specific algorithm result, regardless of position, in 
the following manner: 
 
Element Color On Screen 

Representation 
UT (Decision) 

Green  Good 

Blue  T1 ToF (no weld) 

Orange  Actual TT < Nominal TT 

Red  Algorithm reject (discrepant)  

Grey   Measurement reject 

 
Table 2: PA Element Color Distribution 

 
Automatic classification was applied as a function of percentage and count of detected elements 
in a group/color, and in relation to the predefined nugget diameter. This statistical information 
collection and analysis was done to ensure that the area was taken into account, as opposed to 
only the diameter. 
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The relevant data fusion results of the above three parameters are detailed in Table 3. 
 
Decision Condition 

No Weld # blue elements exceeding "no weld" TH 

Good weld # of green elements exceeding "good weld" TH 

Undersized  # of green elements exceeding "undersize" TH AND lower than "good weld" TH 

Discrepant # of green elements lower than "undersize" TH 

Thin spot # of orange elements exceeding "thin spot" TH 

 
Table 3: Automatic Decision and TH Condition 

 

 
 

Figure 5: Element Coloring Example 

 
Test Specimen  
 
The test was done with a Phased-Array matrix probe, using 2 sets of 2mm-2mm steel coupons, 
with the following controlled spots: 
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Figure 6: Controlled Welds in the Test Specimen 

 
Each coupon includes 3 controlled spots with the following characteristics: 
 

Coupon #, Point # Controlled Spot 

1, A Good nugget 

1, B  Cold nugget / no weld 

1, C Burnt spot / over weld  

2, D Undersize spot / small nugget 

2, E Stick weld / discrepant 

2, F Thin weld / strong indentation 

 
Table 4: List of Weld Classification in Coupons 

 
Quality of data acquisition 

No less than 20 different measurements were made for each and every spot, to ensure 
repeatability of results. The measurements were done in a blinded-experiment method, where the 
nature of the spot was hidden from the tester. 

 
5 Results 
 
The results were recorded and a representative selection of the main categories is displayed 
below. 
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Coupon 
#, Point # 

Controlled 
Spot 

Phased Array VP’s 
Representation 

Automatic Algorithm 
Classification 

Element 
Distribution 
Statistics* 

1, A Good 
nugget 

 

Good Green =>30 

Blue<30 

Orange=<40 

Red<5 

2, D Undersize 
spot / small 
nugget 

 

Undersize Green=>20 

Green=<29 

Blue=>31 

Blue=<40 

Orange>20 

Red<5 

2, E Stick weld 
/ 
discrepant 

 

Discrepant Green=<20 

Blue>45 

Orange>22 

 

1, B Cold 
nugget / no 
weld 

 

No weld Green<5 

Blue=>80 

2, F Thin weld / 
strong 
indentation 

 

Thin Spot Green=<10 

Blue=>15 

Orange=>55 

 

 
Table 5: Phased Array Element Representation 

* Element count 
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6 Discussion 
 
It was demonstrated that using the proposed method to map the nugget area can provide 
additional information on the weld area, such as nugget diameter and area analysis. This study 
focused on area analysis, rather than limiting itself to a single-dimension factor, such as the 
diameter. 
 
As clearly seen in Table 5, spot 2D did not demonstrate a clean-edge rounded border for its weld 
area. Nevertheless, it was classified as "undersize" (as opposed to "discrepant") based on the 
percentage of elements from each category. 
 
 
 
7 Footnotes 
The authors of this article are aware of the possible weakening of the joint in non-symmetrical 
welds. This weakness, however, can depend on nugget shape and peel direction. For example, in 
peel testing, when the nugget shape is oval, the nugget may demonstrate weaker resistance if  a 
peeling force is applied to the narrow oval shape. However, resistance to peeling on the oval’s 
wider dimension might be the same or even higher than that of a rounded nugget with a smaller 
total area. 
 
Standards such as ISO 10447:2015(en)  'Peel and chisel testing of resistance spot and projection 
welds' describe the procedure for destructive testing and measurement of resistance spot welds 
(The German equivalent is DIN EN ISO 10447:2007-09.) 
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