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Abstract: The article presents the methodology of non-destructive tests of ad-
hesively bonded metal sheets using active thermography, illustrated with an
example of selected imperfections related to the application of adhesive. The ex-
perimentation involved the design and the making of specimens reflecting ac-
tual car body joints with simulated imperfections such as the complete lack of
or the insufficient amount of adhesive between two sheets. The research also in-
volved the selection of a measurement technique, the development of a testing
procedure and the manner of interpreting thermographic test results in the form
of recorded sequences of images. The thermographic tests were performed in
a two-sided arrangement, where a specimen was situated between a heat source
and a thermographic camera. Such an arrangement enabled the uniform heat-
ing of the specimen surface and, as a result, the obtainment of legible images
used for determining the maximum temperature contrast. The test results made
it possible to assess the size and approximate shape of the layer of adhesive be-
tween two sheets of analysed lap joints. This article constitutes the continuation
of previously initiated works dedicated to the development of active thermog-

raphy related to non-destructive tests of permanent joints.
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Introduction

with traditional joining methods. As a result,

Due to their advantages, including joints of ex- in some technically permissible applications
cellent strength, the lack of negative effect on (car body production), it is possible to observe
anticorrosive properties of joined elements, the tendency of implementing adhesive joints,
and the ability to damp vibration, adhesive while at the same time decreasing the number

joints of steel sheets are becoming increasing- of traditional joints.

ly popular in, among others, the automotive Adhesive joints used in the automotive in-
industry when making car bodies. In addition, dustry are basically divided into two categories,
such joints do not generate any or almost any i.e. structural joints (of car body steel elements)
additional stresses in structures as is the case and elastic joints (of two different materials,
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e.g. windowpanes and a car body). Adhesive
structural joints are primarily made using one
or two-component epoxy adhesives character-
ised by a high post-cure coefficient of elastic-
ity. A desirable thickness of an adhesive layer
in such applications is restricted within a range
of 0.1 to 0.5 mm, whereas in practice, for tech-
nological reasons, the thickness of such lay-
ers can locally be much greater. In turn, elastic
joints are made primarily using polyurethane
adhesive of low elasticity coefficients, where
layers of adhesive can reach thicknesses of ap-
proximately 5 mm. Among other things, elas-
tic joints are used when connecting elements
made of various materials whose significantly
different thermal expansion is compensated by
the layer of adhesive [1, 2].

In spite of numerous and unquestionable ad-
vantages of adhesive joints, there are numerous
cases when such joints reveal imperfections,
which as regards production practice, can be
divided into unrelated and related to adhesive
application. The first group of imperfections,
presented schematically in Figure 1, can con-
cern the adhesive itself or the preparation of
surfaces of elements to be joined.

Fig. 1. Imperfections in adhesive lap joints; 1 — “kissing”
bond, 2 - porosity, 3 - crack, 4 — delamination, 5 - cavity,
6 — poor cure

However, in industrial practice, high-volume
production is accompanied by the generation
of imperfections related to adhesive application,
such as local lacks of adhesive continuity, vary-
ing volumes of applied adhesive (non-uniform
filling), or applications of adhesive in undesir-
able areas. Because of numerous cases of the
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above named imperfections, the automotive in-
dustry has expressed its demand for an effective,
non-contact, automated and non-destructive
method of assessing adhesively bonded sheets.
Very good effectiveness and measurement ac-
curacy related to assessing the local lack of ad-
hesive between two sheets (illustrated with an
example of 0.8 mm thick adhesively bonded
car body sheets) have been obtained using ul-
trasonic techniques [4]. However, due to effi-
ciency and the necessity of non-contact testing,
alternative methods continue to be sought.

Presently, the Department of Welding at the
Silesian University of Technology, among other
things, is working on the development of active
thermography in relation to non-destructive
tests of permanent joints. In previous research
works, this method was successfully applied for
analysing overlap brazed joints [5,6] and laser
welded joints without full penetration [7]. This
article suggests using a similar testing method-
ology in relation to adhesively bonded sheets,
illustrated with an example of selected imperfec-
tions connected with the application of adhesive.
The research involved analysing the effective-
ness of active thermography as regards the as-
sessment of the size and shape of an adhesive
layer between two sheets of an overlap joint
(an important aspect in terms of quality con-
trol concerning adhesive joints in the automo-
tive industry).

Active Thermography as a Non-
-Destructive Testing Method

As anon-destructive testing method, active ther-
mography consists in the initiation, for meas-
urement purposes, of an unsteady flow of heat
through a specimen, and the recording as well
as the subsequent analysis of a time-changing
field (distribution) of temperature over a se-
lected area of the specimen. The momentary
distribution of temperature obtained for the
analysed area of the specimen provides infor-
mation about the presence of imperfections
located under the surface of a given material.
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Selected Measurement Techniques

Active thermographic tests utilise several in-
ternal and external methods for exciting un-
steady flows of heat. The most common is the
external thermal excitation preformed in or-
der to heat one of the surfaces of a specimen,
which, as a result, causes heat to flow across
the thickness of the specimen and consequent-
ly makes it possible to obtain temperature dis-
tribution on an area subjected to analysis. The
external heat excitation is performed using
one or two-sided measurement systems (sta-
tions) (often designed to test a specific speci-
men) [8]. In the two-sided system, a specimen
is located between a thermographic camera and
a heat source (Fig. 2a). In turn, in the one-sid-
ed system, a thermographic camera and a heat
source are located on the same side of a spec-
imen, where the camera is usually positioned
at a certain angle in relation to a surface sub-
jected to analysis (Fig. 2b).

Depending on what type of “response” is
needed for further analysis, in both cases it is
possible to use pulsed or lock-in thermography
[8]. Exemplary heat excitation sources used for
external heating include photoflash lamps, hal-
ogen lamps, lasers, IR radiators, hot water or
hot air with an intensive and directed injection.

Selected Methods for Analysing Test
Results

Various measurement techniques entail the use
of various methods for interpreting results of
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thermographic tests. Such methods are based
on the determination of temperature contrast
or on the determination of thermal diffusivity
(or apparent thermal diffusivity). A tempera-
ture contrast, AT(t), is defined as a difference
between temperatures present at two points,
one of which comes from an area not contain-
ing imperfections, with the second one com-
ing from an area containing an imperfection.
The thermographic test practice shows that the
value of temperature contrast close to zero (of
any temperature unit) within the entire range
of temperature changes recorded in time indi-
cates the lack of an imperfection (or damage)
in a material being tested. In turn, a character-
istic increase in the value of temperature con-
trast (e.g. by approximately 1 of the previously
adopted temperature unit) implies the exist-
ence of an imperfection. Such a manner of re-
sult interpretation can be used regardless of
whether a given test was performed in a one or
two-sided system. Another method of interpre-
tation, providing results in quantitative forms,
is a procedure based on the determination of
thermal diffusivity using the thermal impulse
method (Parker’s method [9]) analogous to the
thermographic method used in the two-sid-
ed system. In this procedure, a short thermal
impulse strikes one of the specimen surfaces,
causing an unsteady heat flow across the spec-
imen thickness and resulting in a temporary
increase in temperature on the rear surface of
the specimen (i.e. the surface opposite to the

Specimen

Heat
source

IR
camera

Controller

PC

Specimen
R
camefa
Heag
SOU?'C@
Controller PC —

Fig. 2. Schemes for active thermography experimental setups: a) double-sided, b) single-sided
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surface being heated). Diagrams of tempera-
ture changes in time are recorded from the be-
ginning of a heating process. In spite of the fact
that thermal diffusivity is, by definition, a quan-
tity characterising a uniform material, it can be
used for analysing results obtained in thermo-
graphic tests (also in relation to laminar mate-
rials) as a conventional measure used for the
quantitative expression of results in cases when
thermographic experiments are performed in
accordance with the procedure used for the de-
termination of thermal diffusivity.

Testing Methodology

In order to perform an active thermography-
-based experiment to test adhesively bonded
overlap joints, it was necessary to develop a test-
ing methodology taking into consideration the
selection of a measurement technique, to de-
termine parameters related to the excitation of
heat flow through the material being tested, and
to work out a manner of preparing specimens
to be used in the tests. A measurement active
thermographic technique used in the tests was
pulsed thermography in the two-sided system,
where a specimen was located between a ther-
mographic camera and a heat source (in accord-
ance with a scheme presented in Figure 2a). The
use of such a measurement system aimed to ob-
tain the uniform heating of the specimen sur-
face, which was to ensure the obtainment of
thermographic images most precisely reflecting
the shape of simulated imperfections in welded
joints. The fact that the purpose of the research
work was only to provide an active thermogra-
phy-based testing methodology aimed to assess
sizes and approximate shapes of imperfections
in adhesively bonded overlap joints entailed the
simplified analysis of results based on the deter-
mination of the maximum temperature contrast
over a predefined measurement length along
a straight line representing the position of the
adhesive layer axis.

The active thermographic tests were per-
formed at the Welding Department of the
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Silesian University of Technology using an
individually designed test rig combined with
a Flir A655sc thermographic camera. The test
results were analysed using the ResearcherIR
software programme. The test rig was com-
posed of three primary functional systems, i.e.
a specimen fixing system, a heating system,
and a system for recording images. Heating
was performed using a flat ceramic IR radi-
ator located 20 mm away from the specimen
surface. A heating time was determined ex-
perimentally by performing trials for several
variants (1.0; 2.0 and 3.0 s), in order to obtain
various values of the maximum temperature
contrast.

Specimens and Materials

The experiment involved making four speci-
mens in the form of adhesively bonded over-
lap joints. Each specimen was made of two
square steel sheets (100 mmx100 mm) of var-
ious thicknesses (0.7 mm and 1.2 mm) bonded
by structural epoxy adhesive. The use of sheets
of various thicknesses aimed to reflect actual
joints of two car body elements, i.e. panelling
(sheet thickness of 0.7 mm) and structure (sheet
thickness of 1.2 mm). Figure 3 presents a mod-
el of an exemplary specimen with marked are-
as for adhesive application (A and B).

The specimens used in the tests were de-
signed in such a manner that one of them was
proper, i.e. contained a similar (or identical)

Sheet 1

Sheet 2

.......

------------

, Adhesive

Fig. 3. Model of adhesively bonded sheet metal overlap
joint with section of upper sheet 2, with specified fields (A
and B) for applying adhesive
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and uniformly spread amount of adhesive in
both fields A and B (specimen 1), whereas the
remaining specimens contained simulated im-
perfections (related to adhesive application) in
the forms of the total lack of adhesive in field
B (specimen 2), a slight amount of adhesive in
field B (specimen 3) and an excessive amount of
adhesive in field B (specimen 4). In turn, field
A of each specimen was applied with a layer of
adhesive, the width of which constituted a var-
iable depending on the local volume of applied
adhesive and could slightly differ between in-
dividual specimens. Because of the fact that in
production practice the quality control of struc-
tural adhesive joints of car body elements is
usually performed before a given element en-
ters a heating chamber (for the cure of adhe-
sive), the specimens were not subjected to the
process of cure. Although the applied epoxy
adhesive was characterised by a partial ability
to absorb fat (usually present on the surface of
car body sheets at the as-delivered state or af-
ter pressing); before the application of adhesive,
each sheet was degreased in order to eliminate
the accidental effect of sheet purifying agent on
the joint quality at the adhesive-sheet “bound-
ary” (thus influencing the efficiency of heat
transfer between the sheet and the adhesive as
regards thermographic tests). In accordance
with the manufacturer’s recommendation, be-
fore application the adhesive was heated up to
approximately 50°c in a heating chamber in or-
der for the adhesive to obtain appropriate flu-
idity enabling dosing and ensuring the proper
wetting of surfaces to be joined. Immediately
after the application of adhesive on one of the
sheets, the other sheet was placed and pressed
against the first sheet so that an overlap joint
(reflecting the actual joint of car body elements)
could be obtained. The thickness of the adhe-
sive layer between the two sheets was restrict-
ed within a range of 0.4 to 0.6 mm. Because of
the previously mentioned fact that the adhe-
sive was not subjected to cure, in order to pre-
vent the shifting of the sheets, each specimen
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was additionally heated at four points located
at the corners of the sheets. In order to unify
the coeflicient of emissivity over the entire sur-
face of the specimen, the specimens were coat-
ed with a thin film of black mat paint.

Test Results and Discussion

The active thermographic tests resulted in the
obtainment of sequences of images subjected
to further analysis. First, in the thermograph-
ic images a control straight line (80 mm in
length) in the adhesive joint axis was marked.
On this control line, at characteristic areas three
measurement points were defined, i.e. the first
(T,) located in field A, the second (T}) locat-
ed in field B, and the third one (T,) located
between fields A and B (i.e. in the area delib-
erately free from adhesive). Afterwards, for the
defined measurement points mentioned above,
the values of the maximum temperature con-
trast AT, () were determined; the temperature
contrast constituted the difference between the
two values of temperature [|T,(t) - T5(¢)|] com-
ing from the diagrams of temperature chang-
es in time, created starting from the moment
when the unsteady flow of heat through the
specimen was initiated (the initial temperature
of the specimen was the same as room temper-
ature, i.e. approximately 22°c). On the basis of
contrast AT,(t) it was possible to determine
the presence (and assess the size) of the vary-
ing amount of adhesive applied between fields
A and B and to ascertain whether that amount
was restricted within the range of adopted tol-
erance values. However, because of the fact
that in the experiment planned as described
above, it could not be excluded that the same
amount of adhesive, yet still significantly dif-
ferent from the required one, might be present
in both fields A and B, it was necessary to in-
troduce an additional parameter, e.g. the dif-
ference between T, and T, (or between Ty and
To), constituting a quantity of reference. For the
thermographic images corresponding to a rela-
tively high temperature difference between one
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selected field (of the highest temperature T,
or T;) and the remaining area of the specimen,
it was possible to record diagrams presenting
a momentary temperature profile along the ad-
hesive joint axis which could be used (due to its
shape) for assessing the quality of the adhesive
joint. Figures 4-7 present the most representa-
tive thermographic images obtained as a result
of using a heating variant for the highest tem-
perature contrast (i.e. for a heating time of 3.0's).

In accordance with the methodological as-
sumption, the presented thermographic imag-
es represent the approximate shape of an area
filled with adhesive between two sheets. The
thermographic image of the surface of speci-
men 1 (Fig. 4) reveals two separate areas located
along the joints axis and characterised by sig-
nificantly higher temperature (if compared with

Fig. 4. Thermographic image of the surface of specimen 1
with the momentary temperature profile along the straight
line representing the location of the adhesive layer axis

Fig. 6. Thermographic image of the surface of specimen 3
with the momentary temperature profile along the straight
line representing the location of the adhesive layer axis
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the temperature of the remaining part of the
specimen). The sizes of the above named areas
differ only slightly, which indicates the varying
width of the area filled with adhesive caused by
unintended fluctuations in the amount of adhe-
sive applied between fields A and B. Because of
the fact that specimen 1 was intended to be the
reference specimen in the experiment (i.e. the
standard specimen with a properly made adhe-
sive joint), the obtained result in the form of the
thermographic image with the corresponding
momentary temperature profile can be used as
the “standard” for assessing the remaining over-
lap joints. The remaining fields characterised
by higher temperature result from the effective
pure heat transfer in areas filled with adhesive
whose presence provides local “material conti-
nuity” between two sheets. The thermographic

Fig. 5. Thermographic image of the surface of specimen 2
with the momentary temperature profile along the straight
line representing the location of the adhesive layer axis

Fig.7. Thermographic image of the surface of specimen 4

with the momentary temperature profile along the straight
line representing the location of the adhesive layer axis
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image of the surface of specimen 2 (Fig. 5) re-
veals an area of significantly higher temper-
ature (on the left), identifying the specimen
where field B is totally void of adhesive. It is also
possible to notice a large area (at the height of
field B) characterised by a temperature similar
to the temperature present at the right edge of
the specimen (Fig. 5). This significantly high-
er temperature can be ascribed to the entire
lack of adhesive in field B, leading to the de-
creasing distance between the overlap bonded
sheets until their coming into contact with each
other (due to the force of electrodes applied in
the corners of the sheets during spot welding),
which is clearly visible on the left side of the
image (Fig. 5). In spite of this, it was possible to
obtain the significantly high (sufficient for the
correct assessment) value of temperature con-
trast between measurement points 7, and Tj. In
turn, the thermographic image of the surface of
specimen 3 (Fig. 6) reveals one continuous area
characterised by higher temperature and be-
coming narrower from the left to the right side,
indicating the presence of the proper amount of
adhesive in field A and implying the undesir-
able presence of adhesive in the area between
fields A and B. In turn, the right side of the im-
age reveals the presence of a small (narrow) area
characterised by a slightly elevated temperature,
indicating the overly small amount of adhesive
in field B in comparison with the standard spec-
imen. Figure 7 presents the thermographic im-
age of the surface of specimen 4 characterised
by the greatest area of significantly higher tem-
perature resulting from the greatest area of ef-
fective heat transfer due to the excessive amount
of adhesive applied in field B. The above named
exemplary images obtained in measurement
conditions confirm the effectiveness of the pro-
posed method for assessing the size and approx-
imate shape of areas filled with adhesive in the
overlap joints of the sheets. Table 1 presents in-
dividual temperature values, the resultant tem-
perature contrast and difference T,-T, for the
presented thermographic images.
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Table 1. Selected results of the analysis of thermographic

images
Specimen | T, T, T, | ATy | T,-To
no. [°C] | [°C] | [°C] | [°C] [°C]
1 234 | 242 | 244 0.2 0.8
2 23.8 | 24.3 | 23.6 0.7 0.5
3 24.1 | 244 | 23.8 0.6 0.3
4 23.8 | 24.1 | 24.6 0.5 0.3

Table 1 reveals that specimen 1, i.e. contain-
ing a properly made joint, is characterised, if
compared with the remaining specimens, by
a significantly lower value of contrast AT, ,(t)
and, at the same time, by the highest value of
difterence T,-T,. Therefore, on the basis of the
analysis of these quantities, it is possible to
quantitatively assess the quality of adhesive
joints by determining related dependences as-
sociating a temperature contrast with any freely
adopted parameter characterising an adhesive
layer (related to a size taken into consideration
or the arrangement in relation to the control
points). Although in the tested adhesive joints
the epoxy adhesive was uncured, and conse-
quently (due to its low coefficient of elasticity)
was characterised by low thermal conductivity,
it was possible to obtain sufficient values of tem-
perature contrast (for the correct interpretation
of the results), confirming the properly adjust-
ed measurement conditions of the experiment.

Summary

The presented experiment performed using
the proposed testing methodology enabled
the obtainment of test results demonstrat-
ing the effectiveness of active thermogra-
phy when assessing the quality of adhesively
bonded lap joints containing typical imper-
fections occurring in production practice.
The use of the two-sided measurement system
enabled the obtainment of required thermal
excitation conditions, making it possible to
obtain legible thermographic images as well
as to assess the size and approximate shape
of the layer of adhesive between two sheets.
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Individual imperfections were already visi-
ble when observing the distribution of tem-
perature on specimen surfaces. The further
analysis, based on the procedure of deter-
mining the maximum temperature contrast
enabled the presentation of results in the nu-
merical form.

In spite of the fact that the idea of applying
active thermography for assessing the quality
of permanent joints is not new, it is necessary
to continue this research in order to extend the
efficiency area of this modern and continuous-
ly developed testing method. Because of the
growing area of application of widely described
laser techniques [10], among other things, for
joining critical large-sized elements in the avi-
ation industry and related need for an effective
NDT method, the author intends to continue
research works on the development of active
thermography also involving tests and analy-
ses of laser welded joints.

References

[1] Srajbr C., Tanasie G., Dilger K., Bohm S.:
Active thermography for quality assurance of
joints in automobile manufacturing. Welding
in the World, 2011, nos. 7 and 8, pp. 90-97.
http://dx.doi.org/10.1007/bf03321312

[2] Srajbr C., Thiemann C., Zah M., Dilger K.:
Induction-excited thermography - A meth-
od to visualize defects in semi-structural ad-
hesive bonds of car body structures. Welding
in the World, 2012, nos. 3 and 4, pp. 126-132.
http://dx.doi.org/10.1007/bf03321343

[3] Adams R.D., Drinkwater B.W.: Nonde-
structive testing of adhesively-bonded joints.
NDT&E International, 1997, no. 2, pp. 93-98.
http://dx.doi.org/10.1016/50963-8695(96)00050-3

50 BIULETYN INSTYTUTU SPAWALNICTWA

[4] Goglio L., Rossetto M.: Ultrasonic testing of
adhesive bonds of thin metal sheets. NDT&E
International 1999, pp. 323-331.
http://dx.doi.org/10.1016/50963-8695(98)00076-0

[5] Pawlak S., Rézanski M., Muzia G.: Zasto-
sowanie termografii aktywnej do badan nie-
niszczgcych potgczen lutowanych. Przeglad
Spawalnictwa, 2013, no. 2, pp. 24-28.

[6] Pawlak S., Muzia G.: Metodologia badan
nieniszczgcych polgczen lutowanych na za-
ktadke z zastosowaniem termografii aktyw-
nej. Nowoczesne zastosowania technologii
spawalniczych. Sympozjum Katedr i Zakla-
déw Spawalnictwa, Istebna, 16-17 czerwca
2015, pp. 389-396.

[7] Pawlak S., Rézanski M., Stano S., Muzia G.:
Termografia aktywna jako nowa metoda ba-
dan nieniszczgcych polgczen zaktadkowych
spawanych laserowo. Przeglad Spawalnic-
twa, 2014, no. 3, pp. 4-10.

[8] Bates D., Smith G., Lu D., Hewitt J.: Rap-
id thermal non-destructive testing of aircraft
components. Composites: Part B 31, 2000,
pp- 175-185.
http://dx.doi.org/10.1016/51359-8368(00)00005-6

[9] Parker W.]., Jenkins R.]., Butter C.P., Ab-
bot G.L.: Flash method of determining ther-
mal diffusivity, heat capacity and thermal
conductivity. Journal of Applied Physics 32,
1961, pp. 1679-1684.
http://dx.doi.org/10.1063/1.1728417

[10]Lisiecki A.: Welding of thermomechanical-
ly rolled fine-grain steel by different types of
lasers. Archives of Metallurgy and Materials,
2014, Issue 4, pp. 1625-1631.
http://dx.doi.org/10.2478/amm-2014-0276

No. 2/2016



http://bulletin.is.gliwice.pl/
http://creativecommons.org/licenses/by-nc/3.0/
http://dx.doi.org/10.1007/bf03321312%0D
http://dx.doi.org/10.1007/bf03321343%0D
http://dx.doi.org/10.1016/s0963-8695%2896%2900050-3%0D
http://dx.doi.org/10.1016/s0963-8695%2898%2900076-0%0D
http://dx.doi.org/10.1016/s1359-8368%2800%2900005-6%0D
http://dx.doi.org/10.1063/1.1728417%0D
http://dx.doi.org/10.2478/amm-2014-0276%0D

