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Abstract

Resistance spot welding (RSW) is a widely employed technique for joining metallic components in different sectors of various
industries. However, the quality of the weld joints has a significant influence on the mechanical properties of the joints. This
paper presents an innovative non-destructive inspection technology based on active thermography for assessing the welding
quality as a function of the peak load. By employing a frequency-modulated laser heat source, we analyze the thermal signal
that traverses the weld joint section. Then, we establish a correlation between welding quality and the information derived
from spot size and internal uniformity analysis. Furthermore, the proposed methodology shows potential for in-line testing
of resistance spot welding, offering easy automation and enabling the classification of spot-welded joints.

Keywords Resistance spot weld - NDT - Thermography - Frequency response

1 Introduction

Resistance spot welding (RSW) is a widely employed tech-
nique for joining metallic components in different sectors due
to its efficiency and cost-effectiveness. The mechanical prop-
erties of spot welds play a crucial role in determining joint
structural integrity and overall performance. Traditionally,
weld quality is monitored through destructive testing, such
as peel and chisel tests, and the measures of weld attributes,
such as the shape and size of the weld nugget. These analyses
are the only reliable methods to measure the welding quality
accurately.

Studies show some relations between the welding pro-
cess parameters and the joint quality. For example, in [44],
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the authors have studied the effect of electrode pressure on
nugget size, showing how the nugget size and metallurgi-
cal composition influence the tensile-shear strength of the
joint. In [25], the influences of the microstructural changes,
when welded by RSW, and nugget dimension on the DP600
mechanical properties are shown. Under certain conditions,
the so-called expulsion occurs. In [42] and [43], a deep study
is presented, where the authors demonstrate how this influ-
ences the mechanical properties of the joint. Indeed, in [56], a
review of resistance spot weld quality assessment techniques
is presented, showing how the nugget diameter is one of the
main indicators of weld quality, but it cannot give an ultimate
criterion for mechanical quality assessment. The standards
AWS DS8.1M:2013 [2] and AWS D8.9M:2022 [4] indicate
several inspection methods to define the weld quality. Not all
methods need to be applied. The most appropriate to define
the quality of the specific application must be determined by
an agreement between the customer and supplier. Standard
destructive inspections used in industry are aimed at ensur-
ing the presence of a minimum nugget diameter to ensure
minimum load resistance and the absence of expulsion of a
portion of molten metal from the nugget, resulting in thin-
ning of the weld and the presence of voids in the nugget so
resulting in significant degradation of weld strength. Further
details are given in [23].

Destructive sample testing is needed to monitor the weld
quality and process stability over time. This type of control
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leads to losing a percentage of the assembled parts through an
expensive and time-consuming procedure. Moreover, being
performed only on a sample basis does not allow many defec-
tive welds to be identified, so manufacturers often require
more welds to be performed than required [30].

Therefore, much attention is devoted to developing non-
destructive testing (NDT) techniques to accurately assess the
weld quality, which may save the cost of scrap parts and allow
100% accuracy in the inspection.

Identifying a good weld joint through non-destructive
analyses is of interest in both scientific and industrial com-
munities. Different NDT techniques based on radiographic,
ultrasonic, or acoustic inspection have been developed but
with some limitations that result in being time-consuming
and not cost-effective, affected by human factors and envi-
ronmental conditions [12, 33, 36, 39, 60]. Over the years,
many attempts have been made to correlate the mechanical
resistance of a spot weld with its real feature and a non-
destructive evaluated feature. Non-destructive testing of spot
weld usually does not allow for an accurate evaluation of
the weld goodness. In fact, industries usually add 20% of
the welds to assess the low accuracy of non-destructive test-
ing of the RSWs [39, 59]. In technical literature, several
researchers focus on thermographic testing and monitoring
methods. Thermography is a non-contact technique used to
obtain thermal maps of the surface of a component during an
observation period (see, e.g., [5, 6, 8, 11, 17-20, 22, 26, 31,
32,35, 37,41, 4549, 51-54, 57, 61]).

A promising approach within the thermographic testing
technology is the active, or stimulated, thermography. In
active thermography, the component to be analyzed is ther-
mally excited by an external heat source to characterize
thermal properties and/or detect flaws during the observation
period. Experimental results show that the thermal response
of a volume of a component with a defect is different than in
sound regions(see, e.g., [11, 15, 31, 46]). Active thermogra-
phy adapts well to the investigation of welding microstructure
and defect detection, and it is widely applied for composites
and laminates (see, e.g., [6,21,41]). Thermal stimulation can
be classified into two categories: photo-thermal stimulation,
which introduces heat through the surface, and volumetric
stimulation, where the heat is produced in the bulk of the
material by dissipative phenomena. Ultrasound stimulation
achieves some promising results within active thermogra-
phy, where cracks are found in aluminum structures [18], as
well as in dissimilar metal welds [38]. Another volumetric
stimulation is electromagnetic induction. In [9], an induction
system is used to heat a stainless steel weld. Yuan et al. [58]
propose induction thermography for condition monitoring of
overlay welded components under multi-degradation; one of
the main advantages of this technique is that, with proper sig-
nal processing, it can give a visual indication of anomalies.
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In [16], the authors combine laser, induction, and heat-gun
stimulation to detect defects in nickel superalloy welds.

Active thermography is gaining interest in the scien-
tific community, especially for NDT. The authors in [7]
detect superficial cracks through laser stimulation. A similar
approach is proposed in [29], where the algorithm efficiency
is improved through a post-processing analysis based on the
second temporal derivative. In [50], active thermography is
used to assess the spot-welded joint quality through statis-
tical results of average spot behaviors. The combination of
laser and lamp stimulation is used to evaluate Cu solder con-
nections ([32]). In general, active thermography is not used
only for defect detection but can also give important infor-
mation about the welded area. In [13], the authors use laser
stimulation to measure the welded area in resistance projec-
tion welding, while microstructural properties of heat-treated
steel are detected in [14].

As regards the application of active thermography tech-
nique as NDT of resistance spot weld, [50] present a
temperature increase-based approach. The methodology uses
a graphite paint coat to assess the emissivity, but any consid-
eration about the mechanical resistance of the welds is done.
In [26], a qualitative approach to thermographic testing of
RSW is presented, where the thermal response of different
tested joints is analyzed for both reflection and transmission
configuration. The authors present different thermal response
curves for different welding currents, but no estimation of
nugget size is given, and no correlation with mechanical
properties is presented. A similar approach is proposed in
[47], where the authors try to estimate the nugget size in a
reflection configuration. Still, the estimation suffers errors
arising from the weld spot surface irregularities.

The present work proposes a technique based on active
thermography for evaluating weld quality in relation to peak
load. The thermal signal passing through the weld section is
analyzed using a frequency-modulated laser heat source. To
reduce the uncertainties due to measurement and emissivity
coefficients, the thermal data is evaluated in the frequency
domain, represented in terms of magnitude and phase of a
complex numerical function in frame space. By evaluating
the signal magnitude, information on the size of the weld
spot is extracted, while the phase provides information on the
uniformity of the spot. A correlation was found between the
estimated spot size and internal uniformity and weld quality.

The remainder of the paper is organized as follows. Sec-
tion 2 presents the analytical background of the thermal phase
analysis. The RWS process, active thermography setup, and
data analysis are defined in Sect.3. Section4 presents the
results of the innovative NDT, together with the relationship
between the estimated features and the UTS and the resulting
weld quality classification. Finally, conclusions and future
work end the paper.
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2 Analytical background

The idea at the basis of this work is that both thickness
and thermal diffusivity influence the through-plane measured
thermal phase. In this section, we introduce the mathemat-
ical model that describes the thermal behavior of a single
slab subjected to an external thermal source. The analytical
background reported here is based on the results from [10].

A laser beam exciting a slab of thickness £ is considered.
For the sake of simplicity, the slab is opaque with an infinite
surface. The laser beam, having power Py, is characterized
by a Gaussian profile at 1/¢> with radius a. Thus, the laser
power transferred to the sample is given by

P
P(r) = n—ge 274 (1)
ma

where 1 is the power fraction absorbed, and r is the distance
from the center of the laser spot. The slab is considered sur-
rounded by air and the laser beam is modulated at frequency
f (.., ® = 2 f). Only the oscillation component of the
temperature 7' (r, z) is studied. To distinguish the heated and
rear surfaces, subscripts el and e2, respectively, are used,
while the sample is identified by the subscript s (see Fig. 1).
Due to the cylindrical geometry, the oscillating component
of the temperatures of each medium is defined through the
Hankel transforms

o0
To(r,z) = / 8Jo(8r)KePe2ds, (2a)
0
Laser
.
T, (r,z)
Pleaer  AE
Plate 2 T,(r, z)
g T,(r,2)

Infrared Camera

Fig. 1 Cross-section of the experimental setup and the reference sys-
tem. The laser excites one side of the specimen, while the infrared
camera acquires the rear sample temperature. The two plates joined
together are considered a unique slab for the model in Sect.2

o0
T,(r,z) = / 8Jo(8r) [Kae 7% + K3ef<] ds, (2b)
0

o0
To(r,z) = / 8Jo(8r) K 4ePe =405, (2¢)
0

where Jj is the Bessel function of the O-th order, § is the
Hankel variable, 2 = 62 + iw/Dy, x = {e,s}, and i =
~/—1. D, and D; are the air and sample diffusion coefficients,
respectively, and K;,i = 1, ..., 4 are constant coefficients
determined from the boundary conditions that guarantee the
temperature continuity along the slab boundaries

Ter(r,0) = Ty(r, 0) (3a)

TEZ(r’ z) = n(rv E)’ (3b)

and the heat transfer equilibrium along the surfaces (by con-
vection and radiation), i.e.,

Ty 0T,

T RPN e + hTs|z:0
9z |._ _
< Z—O P OOZ—O i (43)
g2 / §Jo(8r)e®D? /845,
2 0
oT, 0T,»
—Ky—| =-K,— + hTyl,— . (4b)
9z =L Z =

where K, and K are the air and sample thermal conductivity,
respectively. & is the heat transfer coefficient, which consid-
ers the combined effect of convection and radiation on the
outer surfaces. By combining Eqs. 2—4, the overall oscillating
component slab temperature equation is

Ts(r,z) =
—Bs(z—0) Bs(z—0)
i )y AZebst — B2e=hst
)
where A = KBy + KgBg +hand B = KBy — KgBg — h.

An interested reader may refer to [10] for further details
on the slab temperature model.

In our application, the sample is made of steel, character-
ized by thermal conductivity K > K, (for air, the standard
value at ambient temperature K, ~ 0.025W m~ K1),
Moreover, for non-low frequency f,i.e., f > 1Hz, K., <
KBs,and h < K fs, and Eq.5 can be rewritten as

TS (I", Z) ~
Py [ —(a)?/8 p=Bs(z=0) 4 oBs(z—0)
o / 85Jo(5r) S ¢ te ds.
47Ky Jo Bs ePst — e=Pst
(6)
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We are interested in evaluating the rear sample temperature
acquired by an infrared camera. From Eq. 6, we get

nPy [ 8Jy(8r) e—(0a)/8 s o
27 Ky Jo Bs bt

Ty(r, 0) ~ — s

This formula has no analytical solution. However, the laser
power to the rear temperature phase delay is evaluated
through numerical simulation. From [28], the phase delay
is given by

o =—t/, ®)

where A = /2D;/w is the thermal diffusion length. More-
over, Eq.8 does not account for nonlinearities due to small
thermal diffusivity coefficient or low laser modulation fre-
quency (see, e.g., [10]). From the authors’ experience, the
laser power must be set accordingly to have at least 10 °C
temperature increase from ambient temperature to have reli-
able data.

3 Materials and methods
3.1 RSW process

The spot welds have been obtained using an industrial
medium frequency direct current (MFDC) RSW machine
(see Fig. 2).

The experimental tests are conducted on coupons made on
DP590 galvanized steel sheets, commonly used to produce
car body parts, 1 mm thick, using Cu-Cr-Zr electrodes with
a truncated cone shape with a nominal contact diameter of
6 mm. During the welding procedure, the electrodes have
been cooled through a water flow of about 4L min~!. The
welding procedure and the face diameter of the electrodes

Fig.2 Resistance spot weld experimental setup

@ Springer

have been chosen based on the recommendations from [4].
Different kinds of spot welds have been generated by varying
the machine parameters to achieve three different cases:

e Undersized weld: conditions thatlead to “bad” spot welds
due to a low current value and thus the presence of an
undersized nugget

e Acceptable weld: a condition leading to “good” spot
welds obtained with the optimized process parameters
(within limits defined by the standard)

e Expulsion limit: a condition leading to “bad” spot welds
due to high current and the presence of spatter due to an
excessive current level and thus the presence of spatter

A pilot experiment has been conducted to define the pro-
cess parameters for the three different weld sizes. The optimal
process parameter has been chosen to obtain the best mechan-
ical characteristics, no-splash, and pull-out mode of fracture,
leading to a nugget size about four times the square root of the
thickness of the sheet, larger than the required size according
to [4], and minimum tensile-shear strength (TSS) required by
the standard higher than 5kN. The relative process param-
eters are set according to standard [4] and summarized in
Table 1. The squeeze and hold times have been kept to 100 ms
and 300 ms, respectively. Thus, the electrodes were released
from the specimen 300 ms after the weld current is switched
off.

The quality of a weld is usually expressed by some fea-
tures, either from a direct visual inspection or measured
through destructive tests. Commonly used weld attributes
are nugget/ZTA, penetration, indentation/cracks (surface
and internal), porosity/voids, sheet separation, and surface
appearance. Among these attributes, weld size, evaluated
as the nugget width, is the most frequently measured and
meaningful in determining weld strength. However, in some
contexts, nugget size alone, which determines the area of
fusion and its load-bearing capability, is insufficient in
describing a weld quality as it does not necessarily imply
the structural integrity of the weld. For example, a reduction
in tensile and shear strength may be due to an increase in
current, which leads to greater heat input and, thus, a reduc-
tion in the time required to reach melting temperature. The
consequence is a larger nugget size, leading to sensitive vari-
ation in nugget diameter, reduced thickness, deeper electrode

Table 1 Process parameter

No. 1 2 3
Electrode pressure (kN) 3 3 3
Welding time (ms) 300 300 300
Welding current (kA) 7 8.5 13
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(a) Interfacial mode.

= “
28T -y

(b) Pullout mode and spatters.

Fig.3 Failure modes

marks, and larger deformations. Thus, other weld features,
e.g., microstructural composition [25, 44] and hardness or
presence of expulsion [43], may complement the nugget size
and provide useful information on the degree of adhesion.

3.2 Inspection

Weld performance is evaluated in terms of tensile-shear
strength (peak load) and failure mode, e.g., interfacial frac-
ture (in Fig.3a) and pull-out (in Fig. 3b) [3].

The peak load in the tensile-shear test has been evaluated
through the maximum load the weld can withstand. Using

Fig.4 Active thermography
experimental setup

|

Laser source

Table 2 Active thermography set-up parameters

Modulation frequency 0.5Hz

N° of pulses 25

Laser power S50W

Laser spot diamater 10mm
Power density 0.64 W mm
Acquisition frame rate 100Hz

IR range 0-90 °C

a standard testing machine, the shear tension samples have
been carried out with a 10mmmin~! crosshead speed.

The shear tension tests are 30 mm x 100 mm, with an over-
lapping area of 30 mm, according to JIS X 3136 (Japanese
Standard Association 2018).

Additionally, since the best parameter that describes the
mechanical properties is the nugget (see, e.g., [56]), metal-
lurgical analysis has been done to measure nugget geometry
and detect internal porosities. The specimens are prepared
by being cut in the half of the spot weld, mounted, pol-
ished with 1um diamond past, and then etched with Nital
1%. Finally, macrography analysis of the welds is carried
out employing a Zeiss Axio Observer microscope. In the
resulting cross-section of the weld, it is possible to make
several measurements defined as nugget and heat-affected
zone (HAZ) dimensions, such as diameter and penetration
and the depth of the electrode indentation [24].

The experimental active thermography equipment (Fig.4)
comprises a thermal camera, a laser excitation source, and a
PC control unit. The IR thermal camera is a cooled InSb FLIR
A6750sc, having a sensitivity lower than 20 mK, equipped
with a lens characterized by 50 mm focal length and a 3-5um
spectral range. The laser source can generate a maximum
power of S0W concentrated in a circular spot 10mm in
diameter. The experimental configuration is set in transmis-
sion mode as shown in Fig. 1, and the setup parameters are
presented in Table 2. A similar approach used in the Lock-
In thermography [34, 40, 55] is used, where a repeated
step pulse modulated at a specific modulation frequency,

Thermal camera

@ Springer
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i.e., the lock-in frequency, is applied to the specimen. This
technique allows for more advanced signal processing tech-
niques, resulting in more consistent and accurate results.

The experiments have been run at 26.0 °C room tempera-
ture, relative humidity 30%, and a distance between the laser
source and the target of 530 mm. With this setup, the parame-
ters regarding the field of view are HFOV=200 mm, VFOV=
160 mm, and an IFOV=0.32 mm.

3.3 Post-processing

The infrared camera provides the thermal behavior of the
excited spot (see Fig.5). The data is organized in a 3D
matrix Tk(r"'), where k = 0,..., N — 1 are the discrete-
time samples t = kT, Ty = 1/ f; is the camera sampling
time,r =1,...,Handc =1, ..., W are row and column
indexes, respectively, and the frame size is H x W pixels.
By selecting one pixel (r, ¢) (e.g., the red pixel in Fig. 5),
we get the one-dimensional vector Tk(r’c), which contains the
thermal behavior of the selected point. For the sake of sim-
plicity in the notation, we omit the pixel index (r, ¢) in the
latter unless it is necessary for the algorithm, i.e., T = Tk(r’c).
Figure 6 shows a time-based profile of Tj for a single pixel
(r, ¢) acquired during an experiment, where the specimen
was thermally excited through a pulsed laser input acting
at 2Hz. The temperature signal is affected by uncertainties.

50

45

40t

T(C)

351

30F

25

0 2 4 6 8 10 12
Time (s)

Fig.6 Example of temperature signal acquired from the thermal camera
for a single pixel. Dash-dotted lines represent the time of the first and
the last temperature rise profile due to the laser impulses

In particular, the acquired temperature is affected by addi-
tive noise due to the thermal camera sensor. In Fig.6, we
see the measurement noise at the beginning of the temper-
ature signal Ty before switching on the laser. The noise is
present throughout the whole sequence. Denoising T} can
be done by applying low-pass filters or single value decom-
position (SVD) based techniques (see, e.g., [27]). However,
in general, the denoising techniques intrinsically modify the
original signal, and not all noise components can be removed.

Fig.5 Video data structure.
T, ¢ represents the temperature
kP P T. QO | oA | o (13 T. W)
of the pixel (r, ¢) acquired at N-1 N-1 N-1 N-1
time k
Ty, *"
1,1 1,2 1,3 LW -
Tl( ) Tl( ) Tl( ) Tl( )
B.w)
T QW) TN—I
1
T, T, 7,0 7,0
Tl(3,W)
T, T, 7,09 7,0
£
'% Ty,
< (€RY) (3.2 (3.3) GB.Ww)
o Ty Ty Ty T,
1S
e
w
TO(HJ) TO(H’Z) TO(H’3) TO(H»W)
Frame width
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Moreover, even considering T; as noise-free, the abso-
lute temperature value from the thermal camera depends on
the emissivity coefficient €, which is not uniform along the
surface. Figure7 shows the first temperature frame Tl(r’c)
acquired from the thermal camera. The expected tempera-
ture should be uniform along the surface since no external
heat sources are acting on the sample. However, the shape of
the spot weld is highlighted by large temperature variation
along the surface, ranging from 25 to 28 °C. This problem
is due to the emissivity coefficient uncertain value along the
surface, which depends not only on the material but also on
shape and color. Thus, the superficial defects, e.g., the marks
due to the welding process, prevent precise temperature
measurement. However, measurement noise and emissiv-
ity coefficient uncertainty affect the absolute value of the
acquired temperature, not the overall signal behavior (e.g.,
temperature rising and decreasing, oscillations frequency).
Thus, accurate information can be obtained through the fre-
quency analysis of the signals Tk(r’c).

The Fourier transform is one of the most used operators in
signal analysis. Due to the original formulation, the Fourier
transform requires a continuous-time signal to be processed.
However, due to the intrinsic sampling from the thermal cam-
era at a given frame rate, only the sampled signal sequence
Ty is known for each pixel frame. Thus, the discrete Fourier
transform (DFT) is used to convert a uniformly sampled
sequence of length N into an equally spaced sequence of the

Fourier transform. Given the sequence Ty, k =0, ..., N—1,
the DFT is defined as
N-1 i
n:}:nfﬁreCVn:Q””N—L 9)
k=0

The output is a sequence of N complex numbers denoted
by T,, whose amplitude and phase are related to sinusoidal
signals at frequency f = n f,/N. The original signal T

120

100

80

60

Frame height (pixel)

20 40 60 80 100 120
Frame width (pixel)

Fig.7 Initial temperature frame acquired from the thermal camera. The
colors define the temperature, in celsius, according to the palette on the
right

can be retrieved through the linear combination of all the N
sinusoids defined by 7,.

Remark 1 It is worth noting that 7, = T;_n since the
sequence Ty € R, where Tn* is the complex conjugated value
of T,,. Thus, thanks to this symmetry, the analysis of T}, is
limitedton =0, ..., [(N—1)/27, where [x] is the rounding
to the next integer. An interested reader finds further details
about the DFT properties in [1].

To evaluate the size of the welded region, we observe
that the steel sheets propagate the thermal wave through the
welded spot only. In fact, outside the welded region, a thin
air layer is intrinsically present within the metal sheets that
prevent direct heat propagation from one side to the other of
the specimen. Thus, within the welded region, a heat source,
acting at a given frequency fy on one side of the specimen,
leads to a component in the module of Tn at fy above to the
noise level.

It is worth noting that the uncertainty on the emissivity
coefficient leads to an incorrect temperature conversion from
the radiance value, i.e., through the Stefan-Boltzmann Law
R = €T*. An incorrect € value leads to a vertical stretch
of the temperature signal (e.g., the one depicted in Fig.6).
However, the oscillations due to the pulsed laser heat source
will be present independently by the € value. From Eq.9,

N—-1
To= ) T (10)
k=0

i.e., T evaluated at 0 is a real number given by the integral of
the temperature along the time. The DTF signal module |T'|
is normalized by Ty, i.e.,

,n=1,...,[(N—1)/2]. (11)

Only ]A}le for ng = Nf,/ f, is evaluated. If f”,,l is above the
thermal camera signal-to-noise ratio (SN R), then the heat
has been transferred directly from one surface to the other,
and the sheets are joined. In fact, T, , represents the frequency
component at fy, which is the laser modulating frequency.
Through data analysis and prior knowledge of equipment
setup, SN R = —33dB has been chosen.
The following set is defined:

r,c) e N> T < SNR ng =N ,
oo « LT
r=1,....,.H, c=1,..., W

as the row and column frame indexes set corresponding to
the joined points. For each point (r, ¢) € M, we evaluate the

@ Springer
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complex number T, , Phase

[T,, = atan2 (I{Tnz},R{}e}), (13)

where atan2(y, x) € [—m, 7] is the angle measure between
the positive x-axis and the ray joining the origin to the carte-
sian point (x, y), and R(-) and I(-) are the argument real and
imaginary part, respectively. The phase difference between
distinct pixel signals represents a delay in the thermal signal
diffusion. It is worth noting that the laser heat source moves
at light speed; thus, it is applied to the tested surface simulta-
neously. Therefore, the signal delay (DFT phase difference)
observed from the thermal camera is due to the internal struc-
ture of the welding point (thickness, nugget size, ...).

It is worth noting that £ 7, ,inEq. 13 isrelated to ¢ in Eq. 8.
In fact, /T, , represents the rear temperature delay from an
arbitrary initial time instant. Thus, it is possible to write

¢ = LTy, — o, (14)

0.4

8

0.35

o0
wn

0.3

>®©
=]

0.25

-
W

0.15

=2}
wn

Frame height (pixel)
~
S

0.1

=2
o

55 0.05
- = = = 0
50 60 70 80
Frame width (pixel)
(a) 8.5kA welded spot.
0.4
70
0.35
_»_-'4; 60 0.3
Z
g 0.25
830 0.2
2 0.15
g 40
[ 0.1
30 0.05

40 50 60 70 80 90
Frame width (pixel)
(b) 13k A welded spot.
Fig.8 Comparison of the DFT phase value map /7, V(r, ¢) € M

fora 8.5kA and 13 kA welded spot. The 13 kA spot shows a larger phase
variation, i.e., the color map is less uniform than the 8.5kA spot
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where ¢y is a constant value for all the points along the sur-
face, accounting for the instant unknown laser activation time
and the camera recording delay.

From Zf},l, it is possible to evaluate the through-plane
thermal diffusivity. In fact, from Eqgs. 8 and 14, for each pixel,
the following relation holds:

Lo =0 _ [Tt (15)
12 Dy

Using the presented set-up in transmission mode, only £ 7, .18

measurable, and f; is the known laser modulation frequency.

Variations in the ZTM values for different pixels highlight

differences in the thickness ¢ and thermal diffusivity Dy along

the surface, i.e., non-uniformities in the tested specimen.

Figure 8 compares the phase map computed for two dis-
tinct spots, one welded at 8.5kA and at 13kA. For the spot
at 8.5kA, the phase map is quite constant for a large part
of the analyzed surface, leading to the conclusion that the
internal section of the spot is uniform. On the other hand,
the spot at 13 kA shows large phase variations due to some
defects (e.g., thickness variations, as shown in Fig.9c). To
evaluate the variability in the phase map, we consider the
phase variance computed as

1 - 2
ve—— Y (009 —n) (16)
p (r,c)eM
where
1 7 (r,c)
n=oo 2 LI a7
P (r.c)eM

(a) 7.5kA.

(b) 8.5kA.

(c) 13kA.

Fig.9 Weld joint micrography comparison
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is the average phase along the considered surface, and
N, = | M] is the cardinality of the set M.

3.4 Data interpretation

Thanks to the DFT processing described previously, some
information from the active thermography analysis are
achieved. In particular, the pixel map M and the phase vari-
ance index v.

Since M is the set of frame pixels where the weld spot is
present, we estimate the spot area (in mm) as

A=¢%N, (18)

where ¢ is the linear width of a pixel in mm. Note that we get
the nugget diameter L from the weld inspection procedure.
Thus, the nugget size must be estimated from the thermog-
raphy experiment to validate the proposed approach. The
following sets are defined:

R={reNjdceN,(,c)e M},

(19)
C={ceN|FreN,(r,c) e M}

as the sets of row and column indexes that appear at least
once in M. Since the specimens are cut along the frame
width axis in the macrography analysis, the nugget diameter
is estimated as

L =max ¢ (c —¢)

r*eR

S.t.

= max c* (20)
c*eC, (r*,c¥)eM

c= c*

min
c*eC, (r*,c*)eM

which is the maximum width of the pixel map M.

However, the spot weld area only is not enough to eval-
uate the mechanical quality of the joint [56], since, e.g.,
the presence of expulsion [43], or microstructural changes
[25, 44], may influence the mechanical properties.

Table 3 Tensile test results

4 Results

The specimens welded with a low current of 7.5 kA exhibited
complete interfacial fractures. In contrast, the spots welded
at 8.5kA, and 13kA with the presence of spatter, exhibited a
pull-out fracture mode, as recommended by [3]. In the pull-
out button, the fracture occurred either in the base metal or in
the weld heat-affected zone at the perimeter of the weld. The
failure occurred in the pullout mode for the expulsion-free
samples, and the fracture was observed in the metal. How-
ever, for the samples experiencing expulsion, failure occurred
either near the edge of the weld nugget or inside it.

The results of tensile tests and macrostructural joint anal-
ysis are summarized in Table 3. The specimens from series
1 have only half the ultimate tensile strength compared to
those from series 2 and 3. These results highlight the impor-
tance of choosing appropriate welding parameters, such as
the current intensity, to obtain a good quality joint.

The macrostructural analysis of the joint has been con-
ducted, and the most significant images for each specimen
class are presented in Fig.9.

Itis evident that the joint welded at 7.5 kA, from the micro-
graph in Fig.9a, has no weld pool or nugget, highlighting
that the two steel foils have not reached the fusion and they
are only adhering each other. The HAZ and some microstruc-
tural changes are visible, with a small interface fracture. This
joint is unacceptable even if inside the standard weldability
parameter window.

An evident nugget and joining between the two parts are
observed in the joint welded at 8.5 kA (see Fig. 9b). However,
it seems that the electrode pressure has not been uniform
across the joint, leading to an asymmetry that reflects in the
thermal features.

Finally, the joint welded at 13 kA (see Fig.9c) has a com-
pletely different geometry from the other two. The joint is
significantly thinner due to the melting of a large amount of
material. Moreover, the high temperature reached during the
welding led to the melted material being evacuated, generat-
ing spatters.

The metallurgical analysis has been performed on 11 spec-
imens from the three welding series. For these specimens, the
measured nugget width L is compared to the estimated value
L from the thermography analysis Eq.20 (see Fig.10 and

Specimen set Weld current (kA) Failure mode Peak load (kN) Nugget diameter (mm)
Average Standard deviation Average Standard deviation
1 7.5 IF 6774 1085 4.12 0.22
2 8.5 PO 11,231 692 5.57 0.73
3 13 PO 10,442 1419 6.04 0.12

Failure modes are interface fracture (/F) and pull-out mode (PO)

@ Springer
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Amplitude Map at 2Hz

Fig. 10 Graphical representation of L and L measurement
Fig. 11). The Pearson correlation coefficient between L and
Lis

OL.L
ULai

= 0.9687, 1)

highlighting the linear correlation between the two variables.
Thus, the linear regression to relate L to L is computed as

L=mL+q. (22)

The parameter values m = 0.9836 and ¢ = —0.1762 are
estimated through the least-square fitting procedure. These
results show good accuracy of the nugget size estimation
from the thermography analysis. The results are close to
the ideal condition, i.e., m = 1, ¢ = 0. However, only 11
nuggets have been measured through metallurgical analysis.

6.5

55¢

Measured spot weld width L (mm)

35 4 4.5 5 55 6 6.5 7
Estimated spot weld width L (mm)
Fig. 11 Comparison of measured nugget width L measured from met-

allurgical and thermography analysis. The line represents the linear
regression between L and L, and points are the measured values
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Moreover, through Eq. 20, we get the maximum nugget width
from the thermography. On the other hand, the metallurgi-
cal analysis requires cutting the weld joint, leading to some
uncertainty in preserving the maximum width. Since the esti-
mated diameter size L well approximates the measure L, we
can consider the nugget area A as an accurate estimation of
the effective value.

The present study aims to evaluate the effectiveness of the
thermographic method in assessing the spot weld quality.
While the accuracy of the geometrical estimation results has
been verified through the previously mentioned microstruc-
tural analysis, the mechanical properties are related to the
joint internal properties. Thus, the thermographic analysis
results, i.e., estimated nugget area and phase map variance,
have been compared to the ultimate tensile strength (UTS).
Since the geometrical nugget properties showed good accu-
racy, destructive testing has been performed to evaluate the
UTS for the remaining 25 spots. The nugget area has been
evaluated only by the thermographic analysis proposed in
this paper for all the joints. The data interpolation procedure
computed a UTS estimate value as a function of A and v. In
this study, we focus on classifying welding points as strong or
weak, considering as threshold 80% the maximum acquired
UTS (see, e.g., [39]).

Irregularities within the spot weld, frequent in the high-
current generated specimens, lead to the decrease of the UTS,
often under the chosen 80% threshold. Points in the weak
region have small nugget areas corresponding to specimen
set 1, with a low welding current. In this situation, we have
observed homogenous nuggets identified by small phase vari-
ance values. On the other hand, the weak points in Fig. 12 are
also the ones from specimen set 3, where the welding cur-
rent is high (13kA). In this third set, some points showed

x 107

E
T

et
W

w
T

Phase variance (rad?)

15 20 25 30
Spot weld area (mm?)

Fig. 12 Contour plot relating the spot weld area and phase variance to
the joint quality. In blue is the area of the bad quality points, i.e., having
UTS less than 80% of the maximum strength. In yellow is the area of
the good quality points. The dot markers are the experimentally tested
values from specimen sets 1 (green), 2 (red), and 3 (black)
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low UTS values because material expulsion occurred during
welding, leading to a non-uniform internal joint structure.
This random behavior is well captured from the phase vari-
ance parameter v, whose value differs significantly across
the specimens in set 3.

The acceptable weld points (i.e., within the yellow area in
Fig. 12) are the ones with an estimated area larger than 15 mm
and low phase variance. All the points from specimen set 2
fall into this category, and some from specimen set 3. In fact,
it is worth noting that material expulsion is a random event
that cannot be controlled in welding.

By looking at Fig. 12, it is clear that only the combina-
tion of weld area and phase variance from the thermographic
testing accurately estimates the weld quality.

5 Conclusions

The present work introduces a novel methodology for non-
destructive evaluation and testing resistance weld spots. This
approach allows for assessing the nugget area and welds
dis-homogeneity in a non-destructive manner. Moreover, the
extracted features enable the evaluation of the mechanical
properties of the joint. Notably, this methodology has the
potential to be implemented for in-line testing of resistance
spot welding (RSW), offering easy automation and enabling
the classification of welded spots based on their area and vari-
ance, which provides valuable insights into the mechanical
properties.

Future research endeavors will focus on expanding the
scope of this study by increasing the number of specimens
tested, exploring a broader range of weld parameters such as
pressure, current, and welding time, and investigating vari-
ous thicknesses and materials. These extensions will further
enhance our understanding of the proposed methodology and
its applicability in practical welding scenarios.
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