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Abstract: Adhesive bonding is widely used in modern industry. It has many advantages—the main
one being the reduction in production costs. It also has certain limitations. One of the limitations
of adhesive bonds is the relatively long bonding time of the joints. The main objective of this
research was to determine the possibility of studying the kinetics of adhesive bond formation using a
non-destructive ultrasonic method. A research experiment was planned and carried out. Adhesive
specimens were prepared, and their quality changes over time were evaluated. In addition, the change
in ultrasonic measures during the testing of these bonds was evaluated, as well as the hardness of the
adhesive. In this study, the choice of test apparatus was made, in particular ultrasonic probes for the
adhesive used and the materials to be bonded. The choice of adhesive was also made, for one in which
bonding phenomena occur uniformly throughout the volume. This work examined the changes
in the mechanical strength and hardness with time. The tests showed that the greatest changes in
mechanical strength occur within the first 24 h after the bond was made. With the mechanical strength
reaching 12.6 Mpa after 216 h, the strength in the first 24 h was 10.36 (for bonded steel sheets). For
bonded steel discs, the maximum tensile strength was 26.99 Mpa (after 216 h), with a hardness of
22.93 Mpa during the first 24 h. Also, significant changes were observed in the adhesive hardness
during the first 24 h. The hardness of the adhesive after 216 h was 70.4 Shore’a on the D scale, while
after 24 h it was 69.4 Shore’a on the D scale. Changes in the ultrasonic parameters of the adhesive
bond quality were found to occur along with changes in the bond quality.

Keywords: kinetics of adhesive bond formation; adhesive bonds; ultrasonic longitudinal wave;
Rayleigh wave

1. Introduction

The main objective of the conducted research was to determine the possibility of
studying the kinetics of adhesive bond formation by using a non-destructive ultrasonic
method. The work carried out is both cognitive and practical. The purpose of this work
stems from the demand of industrial plants (e.g., bus manufacturers) and the identified
gaps in the literature. Adhesive bonds are widely used in industry. A particularly large
share of adhesive bonds is observed in the production of mass transport vehicles. Vehicle
manufacturers are replacing welding where possible and efficiently gluing. For example, in
buses, adhesive is used not only for windshields but also for adhesive floor elements, the
roof, side wall plating, directional panel covers, divider boards, carpets, etc. In passenger
vehicles, gluing is used to join body elements, door skins, engine coverings, and the trunk.
Bonding has numerous advantages, such as even stress distribution, good fatigue resistance,
vibration and noise dampening, ensuring air- and watertightness, and lower production
costs. The main research areas in the field of bonding include determining the quality of
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joints, the effect of surface preparation on the quality of the joint, the removability of the
joint, or the bonding mechanisms from a chemical aspect.

The main limitations of adhesives are the relatively low mechanical strength, often
below 30 Mpa, and the long setting time, reaching up to several days [1–5]. Adhesives are
characterized by their varying times to full strength, which is particularly important for
production planning. Cyanoacrylate adhesives achieve full strength in as little as 1 min,
polyurethane adhesives for glass bonding from 1 h to 24 h (depending on the adhesive),
and structural epoxy adhesives in up to 7 days. Large mass transit vehicles are designed
according to the requirements of end users, which can cause changes in the bonding area.
These changes can affect production cycle times. The optimization of production times is
closely related to production costs and is the subject of another type of research conducted
by various centers.

An important research area is the non-destructive inspection of adhesive joints, partic-
ularly ultrasonic evaluation. The ultrasonic testing of adhesive joints has covered many
areas, including the properties of the joints themselves and the materials being joined [6–8].
The effects of surface roughness for bonding and hardness on ultrasonic measurements
have also been studied [9,10]. A literature analysis showed that the attenuation of an
ultrasonic wave, estimated by the decrease in the gain of successive reflection pulses of
this wave, imaged on the screen of an industrial or laboratory defectoscope, is sensitive
to the surface roughness at high frequencies of ultrasonic transducers. For the frequency
range used in industry and the customary surface roughness, there is an acceptable level of
unambiguousness in the results.

Problems related to production technology using adhesive bonding are also dealt
with in the works [11–13], where the research included, in particular, surface preparation
technology [14]. To plan the times of the production steps, it is necessary to know the
setting time of adhesive bonds.

Manufacturers of adhesives provide information in their technical data sheets on the
changes in the strength of the adhesive bond in time, but due to the many factors that
affect the speed of the formation of adhesive joints, the data provided by manufacturers
are a simplification. One of the methods that makes it possible to shorten production
times is the use of hybrid joints. There are works in which the connections made by both
gluing and clinching [15] as well as spot welding [16,17] technologies were studied. Studies
have shown that it is more advantageous to make shaped connections immediately after
the application of adhesive [18]. The research conducted in the area of adhesive bonds
also includes such areas as the identification of parameters that determine the quality of
adhesive joints in terms of the surface preparation, temperature, and humidity [19].

Studies in this area have included not only the formation of bonds but also their
degradation [20–22]. Adhesive bonds must be resistant to high humidity, oil contamination,
and high temperatures, which is why the phenomena that occurred during the degradation
of these bonds were studied. Considering the relative percentage, the reduction in failure
stress in the epoxy is higher than in the polyurethane. With immersion in oil, the reduction
is 20% for the polyurethane and 30.7% for the epoxy. With immersion in water, the reduction
is 54.4% for epoxy and 23% for polyurethane. The failure stress with immersion in oil is
higher than in water (for polyurethane and epoxy). At the end of 128 days of immersion
and considering the relative percentage, the failure of a polyurethane adhesive joint with
immersion in oil is 16% higher than in water [23].

There are also studies that have been conducted to develop a methodology to provide
easy-to-peel adhesive bonds by combining the induction heating method with the use of
thermally expandable particles (TEPs) [24]. In the paper [24], it was shown that it is possible
to unstick bonded joints using commercial adhesive systems used in the automotive
industry. The weight fraction of TEPs used and the temperature were found to be the
major factors in determining the debondability of the joints. The mechanical properties
(tensile lap-shear strength) depend on the TEP content, decreasing with increasing the
TEP content. However, the joints retain an adequate amount of strength, i.e., more than
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70% of the strength (approximately 15 Mpa) for Betamate™2098 and 60% of the strength
(approximately 14.5 Mpa) for the SikaForce®7888 adhesive, which can meet, depending on
the application, the tensile lap-shear strength requirements of the automotive industry [24].

The research conducted also included surface preparation for bonding [25–28]. In
the study [28], the mechanical performance of adhesively bonded CFRP (carbon fiber-
reinforced polymers) joints prepared with an ITRO treatment was investigated under
static loading. It was found that ITRO treatment significantly increases the apparent shear
strength of the CFRP single-lap joint specimens. High strength comparable to that of the
sanded specimen was realized for 12 ITRO treatment passes. Damages in the form of matrix
cracks and associated delaminations develop in the CFRP substrates during loading of the
ITRO-treated specimens, and the specimens with high strength show the predominantly
substrate failure mode.

There are works related to the kinetics of adhesive bond formation, but they involved
technological incidents. The work [29] included the effect of the thin-film contact oxidation
process on the kinetics of joint formation and its strength. It has been proved that the
peel strength at a fixed contact time is determined by the ratio of the gel-fraction in the
polymer layer, cBel, which is a measure of the outcome of the oxidative crosslinking, and the
content of extractable low-molecular products, elm, characterizing the effect of oxidative
destruction. The effect of moisture in the air on the formation of the silicone sealant bond
was also studied [30]. This study [30] has basically shown that the migration and diffusion
processes that occur across a joint prepared with 1-RTV silicone sealant cause the formation
of a gradient of the physical properties across the adhesive layer, from the outer to the
inner regions. The consequence of this phenomenon is that properties like the modulus
and hardness, as well as the adhesion strength against the substrates are not homogeneous.
When the sealant is exposed to ambient air it is observed that, at a constant temperature
and humidity, the thickness of the cured layer is initially proportional to the square root of
time, but later, the gradient of such a plot increases. There are thus two regions of cure: an
outer region and an inner one. The crosslink density is greater in the outer region. This is
particularly relevant to the ongoing research, as it confirms the validity of using ultrasonic
techniques to evaluate the crosslinking kinetics of adhesive joints.

This analysis showed that the study of adhesive joints is carried out in many centers,
and these joints are widely used in modern industry. One of the disadvantages of adhesive
joints is the varied and long bonding time. The kinetics of the crosslinking of joints has been
studied mainly from technological and chemical aspects. The above analysis has shown
that it is reasonable to carry out studies of the kinetics of the formation of adhesive joints
using a non-destructive ultrasonic method.

2. Ultrasonic Testing of Materials
2.1. Research Plan

The planned experiment consisted of monitoring the boundary of the adhesive bond
with an ultrasonic wave during its consolidation. The test set-up used ensured a constant
connection between the ultrasonic transducer and the test specimen and excluded the
influence of the transducer pressing force both on the bond being formed and on the results
of the tests carried out, as well as possible changes in its position. This entire research work
was conducted based on the test plan shown in Figure 1.

2.2. Characteristics of the Study Object

Prior to the start of the basic research, the adhesive for this study was selected. Pre-
liminarily, the number of adhesives was limited to three different types: cyanoacrylate
adhesive, polyurethane adhesive, and epoxy adhesive. These are the types of adhesives
that are important in industry, including the automotive industry. Modern cyanoacrylate
adhesives bond so quickly that it was not practically possible to evaluate the kinetics of the
bond formation. Of the other adhesives, epoxy adhesive was chosen for testing because
this adhesive crosslinked uniformly throughout the volume, which was important for
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ultrasonic testing. The preliminary tests showed that the speed of bonding did not depend
on the size of the bond. The tests were carried out by gluing steel plates to the sheet and
detaching them at every specified time interval. A view of an example specimen is shown
in Figure 2, while a view of the adhesive after tearing the bonds is shown in Figure 3.
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SCOTCH-WELD 3M).

Figure 3 clearly shows that the bonding process of the polyurethane adhesive (white
color) occurs slowly and starts toward the outside of the joint. For the epoxy adhesive
DP490 3M, the bonding of the adhesive occurred throughout. Joints were also made for the
industrial cyanoacrylate adhesive. However, it was noted that the bonding of the adhesive
occurs unusually, and it is impossible to assess the kinetics of its formation. For this reason,
epoxy adhesive was chosen for further research. This is a high-strength adhesive that,
according to the manufacturer, achieves full strength in 7 days. Three different adhesive
joints were used in this study. We used glued strips of sheet metal made of DC01 steel
(Figure 4) and bonded steel discs made of 1.0503 steel (Figure 5). For the steel sheet, the
surface to be bonded was only degreased, and its roughness was Ra-0.2 µm. For the steel
discs, the surface was sanded and degreased, and its roughness was Ra-0.2 µm. For the
Rayleigh wave test, the samples shown in Figure 6 were used. An additional sample was
also made to test the hardness of the adhesive.
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(b) dimensions—in millimeters.

2.3. Ultrasonic Testing

The research conducted was both laboratory and industrial in nature. Accordingly,
two digital ultrasonic devices were used in the research: UMT 15 laboratory defectoscope
(Ultra—Radom, Poland) and USM 35XS GE (General Electric Company—Boston, MA,
USA). The signal waveforms in the time domain were analyzed as well (Figure 7). Three
different ultrasonic probes were used in this study, the characteristics of which are shown in
Table 1. The normal longitudinal wave transducers were KD1-6 (Karl Deutsch—Wuppertal,
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Germany) and GE20 (General Electric Company—Boston, MA, USA), and the transducer
S6WB10WM by Karl Deutsch was used to generate the surface Rayleigh wave.
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Table 1. Parameters of ultrasound probes used in this study.

Transducer Name/Parameters KD1-6 GE20 S6WB10WM

Number of ultrasonic transducer 1 2 3
Frequency MHz 2.4 20 10

Transducer diameter mm 12 3.15 6
Effective diameter of the beam mm 11.64 3.05 5.82

Mean wave velocity in tested material m/s 5940 5940 5940
Wavelength mm 2.475 0.297 0.594
Near field mm 13.1 7.8 14.1

Decibel drop ratio K 0.87 0.87 -
Sin beam divergence angle ◦ 0.11 0.08 -

Divergence angle ◦ 6.1 4.85 -
The width of the ultrasonic wave beam mm 6.4 3.4

An ultrasonic probe with a frequency of 2.4 MHz was used for the examinations of the
bond between the steel discs, a probe with a frequency of 20 MHz was used to investigate
the connection between two strips of sheet metal with a thickness of 0.8 mm, and probes
with a frequency of 10 MHz were used for testing the adhesive applied to the sheet metal.
The ultrasonic measurement systems are shown in Figure 8. The condition of the bonds
was continuously monitored, with the results recorded for every specified interval. The
initial measurement intervals were determined by the separate preliminary tests using the
sample in Figure 3.

During this study, the pulse height on the screen of the defectoscope (for an ultrasonic
surface Rayleigh wave) was recorded, and the decrease in the decibel gain of the selected
pulses was determined in the case of an ultrasonic longitudinal wave, introduced normally
(perpendicularly) into the tested bond area. Examples of the images of the ultrasonic wave
pulses recorded on the digital defectoscopes screens (USM 35SX and UMT 15) are shown in
Figure 8.
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2.4. Mechanical Testing

The mechanical testing included examinations of the mechanical strength of the
previously non-destructively tested adhesive bonds. The shear strength was determined
for the bonded sheet strips and the tensile strength for the bonded discs. All the tests
were conducted on the Cometech B1/E testing machine (Cometech Testing Machines Co.,
Taichung, Taiwan). A view of the machine and an example of the specimen mounted in the
lugs of this machine are shown in Figure 9.
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As part of this study, the measurements of the changes in the hardness of the adhesive
with time were taken as planned. The tests were conducted using a Shore D-scale hardness
tester. The tests were conducted every 3 h, from the time when the measurement due to the
viscosity of the adhesive was possible. After the hardness stabilized, the measurements
were conducted after 4 h, 12 h, and then every 24 h up to 216 h. The tests were conducted
on the adhesive applied to the sheet metal, with different thicknesses from the interval
(1–5) mm. Tests were also carried out on the adhesive of 0.3 to 1 mm thickness, but the
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measurements were started only after the hardness of the adhesive reached such a high
enough level that the measuring cone did not penetrate the entire thickness of the adhesive.
A view from the adhesive hardness tests on an example specimen is shown in Figure 10.
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3. Results
3.1. Ultrasound Results

The ultrasonic testing was divided into stages. In each stage, a different ultrasonic
probe was used for the generation of the required ultrasonic wave. In the tests when using
an ultrasonic Rayleigh surface wave, the pulse height on the defectoscope screen was taken
as the ultrasonic measure of the bond quality. In the tests when a longitudinal wave was
used, the decibel drop in the height of the first two pulses on the screen of the ultrasonic
defectoscope was adopted as the ultrasonic measure of the bond quality. Measurements
were made in the first period after 4, 8, 12, 16, and 24 h and then every 24 h until 216 h. For
all the test series, 10 sets of samples were made each. All the measurements were repeated
ten times.

The tests conducted on the steel discs are shown in Figure 11, on the steel plates in
Figure 12, and the tests using the surface wave in Figure 13.

When the bonds were tested using a longitudinal ultrasonic wave, regardless of the
frequency, it was found that significant changes in the ultrasonic parameter values occur
for the first 24 h after the bond is made. In the case of the test using the surface wave,
changes in the ultrasonic measure were found to occur for 96 h after the application of the
adhesive. This may mean that the surface wave allows for a better evaluation of the quality
of the joint, which may be due to the evaluation of virtually the entire adhesive surface.
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3.2. Mechanical Test Results

The mechanical testing was divided into two areas. The first studied the change in the
mechanical strength over time after the bond was made. The second area studied the change
in the adhesive hardness over time after the bond was made. The tests were conducted
for steel discs and sheet strips. The results of the mechanical tests are shown in Figure 14
(steel discs) and Figure 15 (steel sheet strips). In the case of the steel discs, the failure of the
bonds was of an adhesive nature, with an indication of decohesion (Figure 16), while in the
case of the steel sheet strip bonds, the failure was predominantly of an adhesive nature.
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Figure 14. The distribution in time of the tensile stresses for connected discs.

It was noted that the bond strength for the connected steel discs was higher for tension
than for shear, i.e., for the sheet metal strips. This is probably due to the fact that the bonded
sheet strips were coated with zinc at the factory, which reduces the strength of such an
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adhesive connection. Also, the adhesive nature of the damage, in the case of the sheet strip
bonds, confirms the effect of zinc on the lower strength of these bonds (Figure 17).
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Results of the Adhesive Hardness Test

Examining the changes in the hardness of the adhesive, it was noted that they occurred
only during the first 24 h after the adhesive was applied. There were no differences in the
hardness depending on the thickness of the adhesive, confirming that crosslinking of the
joint occurs virtually throughout the volume (Figure 18).
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4. Discussion

Analyzing the results obtained, it can be said that already preliminary tests indicate
the differentiated nature of the failure of the adhesive bond by deadhesion or decohesion
(Figure 2) and the time-dependent contributions of these forms of failure to the detachment
of the adhesive from the substrate. These regularities are confirmed in the basic, mechanical
examinations, normal tear tests of bonded disc specimens (Figure 15), and specimens in
the form of steel strips, tangentially torn (Figure 17), on which areas of deadhesion and
decohesion of the adhesive layer in different proportions are visible.

The results of the non-destructive ultrasonic testing, represented by the courses over
time, selected ultrasonic parameters on the screen of the ultrasonic apparatus (Figure 8a), in
the form of a decibel decrease in gain between the first and second pulses of the longitudinal
ultrasonic wave (Figure 11), which indicate the dependence of these parameters on the time
of curing of the adhesive, both in the case of steel disc specimens and bonded steel strips
(Figure 12). The nature of these courses is similar, although it promises different values of
the ultrasonic parameters that are characteristic for the disc specimens (Figure 11) and strips
of the steel sheet specimens (Figure 12). They have a form described by an increasing curve
during the crosslinking of the adhesive, with a tendency to stabilize the values after the
formation of the adhesive bond. The course at the same measurement time of the ultrasonic
surface wave parameter, generated by the probe (Figure 7b), in the form of amplification of
the first pulse of this wave on the screen of the ultrasonic apparatus (Figure 8b), deviates
from the character of the course of the ultrasonic longitudinal wave parameter, both in
terms of the gradual decrease in value, which is understandable, and in terms of the
beginning of the stabilization time of the value of this parameter, which significantly differs
from this time, in the case of the longitudinal wave for different samples.

Mechanical verification of the strength of adhesive bonds by means of tearing tests
on a testing machine (Figure 9), both in the case of tearing glued disc specimens (Figure 5)
with a normal force (Figure 14) and tearing glued steel strips (Figure 4) with a tangential
force (Figure 16), confirms the nature of the kinetics of the constitution of the epoxy
adhesive bond, obtained by means of an ultrasonic longitudinal wave, introduced normally
(perpendicularly) to the adhesive surface with an adequate ultrasonic probe (Figure 7a,c).
Also, the nature of the distribution of the hardness of the adhesive layer (Figure 18), applied
to the steel strip (Figure 10) during the crosslinking of this adhesive, coincides with the
nature of the kinetics of the formation of the adhesive joint, obtained both by using the
non-destructive method—by an ultrasonic longitudinal wave (Figures 11 and 12)—and by
using the destructive method—by tearing this bond (Figure 16).

A two-component epoxy adhesive was tested, and it was noted that the mechanical
strength changed with time. For shear, the greatest changes in the mechanical strength
occurred during the first 24 h after the bond was made. The strength increased from 0 MPa
to about 10 MPa. Over the next 24 h, the strength increased by only about 0.5 MPa. During
the entire period when the values were recorded (216 h), the strength increased by only
about 20% with respect to the first 24 h. It was noted that from the 96th hour, the strength
was at a similar level.
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For the samples in which the tensile strength was tested, it was noted that the greatest
increase in strength occurred during the first 24 h (from 0 MPa to 23 MPa). During the next
72 h, the strength increased by 2 MPa, after which it stabilized at 27 MPa. At the same time,
it was noted that the ultrasonic parameters recorded during the tests changed. For the
tensile bonds, the significant values in the decibel drop between the height of the first two
pulses obtained on the defectoscope screen were increased from about 8 dB to about 16 dB
during the first 24 h. Over the next 192 h, an increase of only about 1 dB was observed.
In the case of the glued steel sheet strips test and at 20 MHz probe measurements, the
significant values in the decibel drop between the height of first two pulses obtained on the
defectoscope screen were from about 2 dB to 3.25 dB during the first 24 h. Over the next
192 h, an increase of about 0.5 dB was observed.

In studies using the ultrasonic surface wave, it was noted that a significant decrease
in the pulse height on the defectoscope screen occurs over a period of 96 h, from 0.9 to
0.55 screen height, after which it stabilizes.

The obtained results show that it is possible to monitor the kinetics of the adhesive
bond formation using the ultrasonic method, while the use of surface waves may be more
accurate in the later phase of the adhesive bond formation.

At the same time, for the hardness during the adhesive measuring, it was noted that,
to a certain extent, hardness can be even a measure of adhesive strength. The increase in the
hardness of the adhesive was noticed within 28 h of mixing two of its components. During
this time, this study showed that the considered bonds gained about 85% of their full
strength. Under manufacturing conditions, this is a sufficient time to transfer the technical
object containing adhesive bonds for further production.

5. Conclusions

Based on this case study of the kinetics of adhesive bond formation, the following
conclusions can be made:

1. The kinetics of adhesive bond formation, determined non-destructively by both
ultrasonic longitudinal and surface waves and confirmed by sample tear tests, has
the character of an increasing curve in the initial stage of forming, in the adopted
ultrasonic and mechanical measures of bond quality, with a tendency to stabilize after
a certain period of time, marking the end of the bond formation.

2. The kinetics of adhesive bond formation can be non-destructively determined using
ultrasonic longitudinal and surface waves. The longitudinal wave allows for a better—
in terms of inspection technology—assessment of the tested adhesive joint than the
surface wave. Mechanical tests of the strength of the adhesive bond together with the
adhesive hardness testing confirm the significant possibilities of the non-destructive
method for determining the kinetics of the adhesive bond formation.

3. The determination of the kinetics of adhesive bond formation allows for a more
accurate determination of the time of formation of such a bond than before, which can
be used in the planning of technological operations in the process of the construction
of bodies of means of mass transport, the cyclicity of production, and the perfection
of the technology for the manufacturing of these means, including non-destructive
quality control of production.

4. The sensitivity of ultrasonic waves (longitudinal and surface) to changes in the adhe-
sive bond, found during our research, reveals the potential possibility of using these
waves also for the study of the degradation of such bonds and—as a consequence—for
the diagnosis of this type of permanent bond.

The nature of the penetration and reflection of the ultrasonic longitudinal wave and
the outflow of the surface wave from an acoustically denser environment (metal) to an
acoustically sparser environment (adhesive) also provides opportunities to study the course
of crosslinking of the adhesive in its volume and the constitution of the adhesive bond in
selected areas of the glued technical object, which determines the direction of our further
research on the issue of the kinetics of the adhesive bond formation.
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