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Abstract

In this paper we demonstrate how advanced ultrasonic imaging methods can improve

non-destructive quality evaluation of automotive spot welds. It is well known that standard

ultrasonic inspection may not produce accurate results for certain types of stick and under-

sized welds. The increased usage of high strength steel in automotive industry limits the

scope of other inspection methods. For example, pry chisel testing of high strength steel is

often times not allowed according to the existing standards. Therefore improvements in spot

weld quality evaluation are extremely beneficial for the industrial application of ultrasound.

We present a new imaging algorithm that significantly improves the accuracy of ultrasonic

spot weld visualization. This method has been implemented on a portable Tessonics Resis-

tance Spot Weld Analyzer platform using a matrix ultrasonic transducer. We also present

the results of testing the new algorithm on welded coupons and production parts.
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1 Introduction

The main goal of this work was to improve non-destructive evaluation of automotive resistance

spot welds with the Tessonics Resistance Spot Weld Analyzer tool. The Resistance Spot Weld

Analyzer (RSWA) is a portable ultrasonic device that uses a matrix transducer for visualization

of the internal weld structure. The matrix transducer is a non-phased array of 52 independent

elements, where each element works separately in a pulse-echo mode to acquire A-scans.

The original algorithm that was used in RSWA prior to this study is based on detecting the

amplitude of internal reflection between welded metal plates. This amplitude then is compared

to the amplitude of the reflection from the surface of the metal to compensate for various surface

conditions and the resulting C-scan image is built based on the obtained numbers.

In practical implementation we found, however, that certain types of stick welds can not be

reliably detected using this approach because the amplitudes of internal reflections are often

small compared to noise levels.
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Figure 1: Cross section of a weld

Consider the schematic representation of a weld shown in figure 1. The nugget in the middle

is an area where the metal was melted. It provides most of the weld strength and the majority

of industrial specifications are based on the diameter of this area. Right outside of the nugget

lies the heat affected zone. The heat in this area was not high enough to melt the metal, but the

changes in metal structure are sufficient to make it visible on a cross section. The contact area

between the two metal plates in this zone may have some fusion, but it is not as strong as the

nugget, acoustical reflections at this part of the interface normally are smaller. The steel that is

used in automotive industry is typically coated with zinc-based material to improve corrosion

resistance. This coating has lower melting temperature compared to steel. Due to the pressure

applied by welding electrodes, the melted coating is pushed to the periphery of the weld, thus

forming a ring around it which is also known as a corona. This ring is also almost transparent

for ultrasound.

The presence of the zones with low reflectivity around the nugget increases the effective acous-

tical size of the weld. For many stick welds, the nugget may be very small, or not present at all.

The entire fusion area in this case can be filled with coating. Additional efforts were required

to provide more accurate C-scan imaging and, consecutively, better detection of stick and un-

dersized welds. In our study we have focused on two areas: processing secondary reflections to

fight bad signal-to-noise ratio, and improving amplitude detection to provide more stable C-scan

images.

2 Processing Secondary Reflections

Consider a simple model that calculates an effective reflection factor from a flat layer. The

results for zinc layer embedded in between two steel plates are shown in figure 2.

In automotive steels, typical coating thickness does not exceed 7‒8 microns. The maximum

thickness of the coating layer between two welded plates, therefore, is up to 15 microns (shown

as gray area in figure 2). This corresponds to the 13% reflection factor.

Inside the heat affected zone, in addition to residual coating, there are other factors, such as

partial fusion and micro porosity, that may also cause reflection at the interface. We found that

bare steel and aluminum samples, despite the absence of the coating layer, may show similar

partial reflection outside of the nugget zone.

When the reflection at an interface is not strong enough, the standard peak detection fails. How-

ever, we found that the relative amplitude of secondary reflections often has better signal-to-
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Figure 2: Reflection factor at the coating layer

noise ratio compared to first internal reflection.

Consider, for example twometal plates with a very good fusion. The interface between the plates

is transparent for the sound wave and we only receive reflections from the back wall of the entire

stack (figure 3). Most of the incoming wave is reflected at the surface. The part of the wave that

propagated inside the material reflects on a back wall and then hits the surface interface. At this

point, again, most of the signal is reflected back inside the plate, only a small portion of the signal

is transmitted outside where it gets detected by the transducer. With each following reflection,

the amplitude of the bouncing wave decreases due to attenuation, scattering, and because some

part of it is carried away every time at the surface.
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Figure 3: Back wall reflections

Then, we introduce an interface that has a small reflection factor between the two plates. Figure 4

shows an imaginary case where the interface is reflecting a very small part of the wave when the

sound passes from front plate to back plate. The first reflection from the internal interface after

bouncing once inside the plate coincides in time with the second reflection from the back wall

when it passes the second time through the same interface. The acoustical paths are exactly the

same and the effective back wall signal accumulates amplitude with each following bounce due

to a constructive interference.

Figure 5 shows an opposite case when the interface is only reflecting the sound traveling from

back plate to front plate.
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Figure 4: Internal reflections (front-to-back plate only)
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Figure 5: Internal reflections (back-to-front plate only)

The resulting picture is a combination of the two cases. We found, however that in practice

the second case typically has lower contribution and can be ignored. These signals are more

subjected to scattering and diversion at rough and uneven surfaces that are typical for production

welds.

The implementation of secondary reflection detection is quite straightforward (see figure 6). As

in standard C-scan imaging, we position signal detection gates at a depth that corresponds to the

thickness of the front plate. In addition to these primary gates, we define secondary, tertiary,

etc. gates. The distance between the gates corresponds to the total stack thickness. The number

of additional gates can be determined experimentally. For RSWA, for example, we found that

processing two additional gates produces best results.
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Figure 6: Detecting secondary reflections



To provide a visual feedback in a C-scan form, the results of signal detection in all the gates

must be combined and converted to quasi-color or gray-scale value. In RSWA implementa-

tion, the effective C-scan amplitude is obtained as a maximum of effective amplitudes within

the three gated areas. The maximum value is calculated after all adjustments, corrections, and

compensations are applied to the measured amplitudes.

This algorithm requires precise location of surface and back wall reflections which is done au-

tomatically by analyzing surface topology and back wall reflections. When a weld has deep

surface indentation, this method is likely to fail because the signals are more scattered and di-

verted inside the material and the second reflection may not reach the surface. This is not a big

limitation, however, because typical production stick welds have small indentations. To com-

pensate for indentation influence, we modulate the sensitivity of our algorithm making it less

sensitive for deeper reflections.

3 Improving Amplitude Detection

In classical ultrasonic imaging building a C-scan image from A-scan data is performed by de-

tecting a maximum amplitude within a gated area. The obtained value is then transformed to

brightness or a quasi color for each raster location. In this simple implementation, the resulting

image quality is highly influenced by conditions on the surface of the material.

The surface geometry of the resistance spot welds demands more advanced procedures, other-

wise the obtained C-scan image is not good enough for visualizing a weld structure.

In RSWA software we are using surface topology compensation technique. The surface profile

is obtained by tracking location and amplitude of the surface reflection for each A-scan. The

A-scans then are shifted in time domain to compensate for the difference of sound velocities in

immersion and in metal. Each A-scan is also digitally amplified reversely proportional to its

surface reflection amplitude. This makes A-scan appearance more uniform on the screen.

In the original version of the algorithm used in RSWA, the standard C-scan detection then would

be taking place using the transformed A-scans. Compared to simple amplitude-based pulse

detection, this method produces more stable C-scans which are less influenced by surface shape

and roughness. Indeed, since the amplitude of each scan was modulated reversely proportional

to its surface reflection amplitude, this approximation effectively assumes that the losses in

internal reflections are proportional to losses in the surface signal.

Figure 7 shows theoretical calculations of surface and back wall reflections for different trans-

ducer tilts [1]. The red line is the surface reflection normalized to 100% at 0º tilt. The green line

is the back wall reflection using the same normalization. The dashed green line is the back wall

reflection scaled to match the surface reflection to make it easier to see the linearity of the an-

gular dependence. From this plot, for example, we can see that for 6º tilt, the surface reflection

drops down to 36% while the relative change in the internal reflection amplitude is 30%.

In this simplified flat-parallel approximation, normalizing internal and back wall reflections

based on surface reflection amplitude makes perfect sense. However, if we take additional fac-

tors into account e. g. surface roughness, and complex shape, the behavior of internal reflections

becomesmore complex and amore refined approach is required to provide further improvement.

In our new version of the C-scan detection algorithm, we extrapolate amplitudes of back wall

echoes bw1, bw2, . . . to obtain a reference value r1 at the position of the internal reflection i1.
The ratio of amplitudes i1/r1 is then used in building the C-scan image.
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Figure 7: Surface and back wall reflections vs. transducer tilt for RSWA transducer shooting into 1 mm
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Figure 8: Adaptive amplitude correction

This method also works in combination with secondary echoes. Reference amplitudes are cal-

culated at points r2 and r3 and relative contributions of secondary internal reflections then can
be calculated as i2/r2 and i3/r3.

Overall, the C-scan amplitude is calculated as

c = max

(
1, α

i1
r1
, β

i2
r2
, β

i3
r3

)
where α is the gain applied to the first internal reflection and β is the gain applied to secondary

reflections. As was mentioned in the previous section, the sensitivity to secondary echoes β is

changed depending on the measured surface indentation. These dependencies have been estab-

lished experimentally. We found, for example, that for aluminum welds, β factors are in general

smaller compared to those used for steel welds.



4 Testing Coupons and Production Parts

The new algorithms discussed in this paper have been tuned and tested with welded coupons and

with production parts in the lab and at BMW production facilities. Most of the tuning involved

adjusting the sensitivity to primary and secondary reflection amplitudes so that the obtained

C-scans match results of destructive testing.

Figure 9: Mild steel weld, 2T, 0.8‒0.8 mm

Figure 9 shows two C-scan images obtained from the same data set. The green area in C-scans

corresponds to good fusion, the red area corresponds to bad or no fusion. The C-scan image on

the left is obtained using an older version of our algorithm. The C-scan in themiddle is processed

with secondary echoes using the adaptive amplitude correction. The image on the right shows

an A-scan for one of the elements with partial fusion. It is quite clear that the reflection inside

the primary gates (shown as two green vertical bars) can not be detected. During the second and

the third bounce, however, this signal is already detectable and the corresponding C-scan color

changed from green to red indicating bad/partial fusion.

Another example demonstrates more dramatic change in C-scan using the new algorithm (fig-

ure 10). With an older version of algorithm, an inspector would likely have passed this weld as

good, while the new version clearly indicates that this weld is bad.

Figure 10: Usibor steel weld, 2T, 0.8‒0.8 mm

Finally we demonstrate the results of applying the algorithm to an aluminum spot weld in fig-

ure 11. Because the aluminum has lower acoustic impedance, the transmission factor on the

immersion‒aluminum interface is higher compared to steel samples. Therefore, the amplitude

of internal and back wall reflections is larger relative to the surface reflection amplitude. Also,

the amplitudes of secondary back wall and internal reflections drop faster.



Figure 11: Aluminum weld, 2T, 1.0‒1.0 mm

5 Conclusions

The new algorithms have been implemented, tuned, and tested on the Tessonics RSWA plat-

form. The secondary echo processing effectively increases sensitivity to weak internal reflec-

tions while the adaptive amplitude detection produces more stable C-scans. We have achieved

a significant improvement in correlations with destructive testing. In addition, an average time

to inspect one weld has decreased. Previously, a recommended practice of detecting stick welds

was tapping around a weld with hammer to break the corona. With the new algorithm in place

it is no longer necessary.

The methods described in this paper are not limited to spot-weld imaging. In general, any ap-

plication that involves inspection of defects inside flat samples may benefit from improvements

in A-scan processing and C-scan imaging. This technique may also be applied to low-aperture

focused applications.
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