
INTRODUCTION

The aviation industry sets high expectations 
for adhesive joints. This is primarily due to the 
safety reasons and the need to ensure reliability 
for aircraft. The adhesive joint tests are conducted 
on the basis of the relevant global standards and 
additional guidelines, defined internally by indi-
vidual aviation companies. Research is carried 
out based on the recommended sample geometry, 
which explains why the repeatability and accura-
cy of the geometric features is so important. Ob-
taining high quality samples requires appropriate 
technologies of their execution.

As it is commonly known, the properties 
of adhesive joints, especially their strength, are 
closely correlated with their geometric charac-
teristics, mainly in the bonding zone. Geometric 
dimensions, and in particular the thickness of the 
adhesive layer and its even distribution, the re-
sulting flash and any other change in the bonding 
zone, play a major part. Other key factors include 
the technological conditions and their repeatabili-
ty, such as curing temperature, value and distribu-
tion of pressure as well as the defects in the adhe-
sive structure and adhesion zone. In this context, 

the results of the comparative tests on the quality 
of the adhesive or the quality of surface prepara-
tion are strongly dependent on the repeatability of 
structural features and technology [1, 2, 8].

ADHESIVE JOINTS

Adhesive joints are classified as inseparable 
and direct joints. It is one of the most promising 
joining methods used in mechanical engineer-
ing. Adhesive bonding is defined as the joining 
of elements using an adhesive (a non-metallic 
substance of organic or inorganic origin). The 
effects of this process are determined by the 
phenomenon of adhesion, with all its complex-
ity, and internal cohesion of the adhesive and the 
material [18, 22, 23, 29].

Adhesive bonding is a very complex process, 
so it is very difficult to predict the strength of a 
joint. The authors of papers [9, 16] indicate that 
the strength of adhesive joints is affected by the 
material, structural and technological factors. The 
most important material factors are the properties 
of the adhesive and of the materials being com-
bined. The structural factors, depending on the 
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structure of the adhesive joint, include: the length 
of the overlap and its bevelling, if any, the thick-
ness of the adherends, the thickness and bevelling 
of laps, the thickness of the adhesive layer and the 
size of the flash [15, 19]. The main technological 
factors involve: the surface preparation method, 
the way the adhesive is prepared and applied, as 
well as the temperature and pressure during the 
curing process. In addition, the operating factors 
such as the load nature and its duration, operating 
temperature, and chemical aggressiveness of the 
environment should also be taken into account. 
The bonding technology should be selected indi-
vidually, depending on the materials of the bond-
ed elements and the type of joint characterised by 
specific geometric features [7÷9, 16, 20, 27].

Selection of the right adhesive is also crucial 
in the design of adhesive joints. Adhesives are 
classified by joint strength into [9]:
 • pressure-sensitive adhesives – low strength 

sufficient only for reversible bonding,
 • assembly adhesives – medium strength allow-

ing permanent bonding,
 • structural adhesives – high strength enabling 

structural connections – widely used in me-
chanical engineering.
Adhesive bonding has many advantages, for 

example: reduction of the structure weight, low 
unit costs, no need to make holes or use fasten-
ers, uniform distribution of stresses, no interfer-
ence in the structure of the connected elements, 
possibility of bonding materials with different 
properties [2], possible use with other bonding 
methods (hybrid joint) [3], good sealing prop-
erties, protection against moisture, protection 
against corrosion as well as ability to dampen 
vibrations [5, 12, 14, 23, 28].

The disadvantages of adhesive joints include 
mainly: limited resistance to increased tempera-
ture, the need of using additional operations relat-
ed to, for example, surface preparation, low joint 
control possibilities and proclivity to delamina-
tion [6, 14, 23, 25, 26].

Adhesive joints enable bonding both small 
elements (electronics) and large structures (au-
tomotive, aviation industry). In the aviation 
and aerospace industries, adhesive bonding 
is a very desirable method due to the use of 
ultra-lightweight structures, which allows for a 
significant reduction in the manufacturing and 
operating costs. Moreover, adhesive bonding 
is an alternative to the widely used mechanical 
joints [6, 13, 17, 21, 24].

QUALITY OF ADHESIVE JOINTS

According to ISO 8402, the quality is ‘the 
totality of features and properties of a product 
or service that determine its ability to satisfy 
stated or implied needs’ [31]. In the case of the 
adhesive joint quality, achieving the required 
accuracy of shape and dimensions will result in 
adequate strength and acceptable repeatability. 
The accuracy of shape and dimensions is one 
of the features of an adhesive joint that affect 
its strength. The authors of paper [11] define the 
quality of an object as ‘a set of features belong-
ing to this object’. In order to determine its qual-
ity, it is therefore important to establish certain 
characteristics, which are generally divided into 
measurable (quantities) and non-measurable (at-
tributes) ones. In yet another paper, the authors 
[10] describe quality as follows:
 • degree of approaching perfection,
 • suitability for use,
 • fulfilment of expectations, 
 • compliance with requirements.

When it comes to the quality of adhesive 
joints, if a joint meets the requirements for 
dimensional accuracy (measurable feature), 
this will translate into adequate strength (also 
measurable feature). However, if the structural 
requirements are not met, the strength will be 
significantly reduced.

The final quality assessment is based on the 
measurement results and the appropriate quali-
fication of the features. Still, only some aspects 
of quality are measured, and not the quality it-
self. In the case of adhesive joints, a number of 
factors are subject to inspection, both in terms 
of preparation and the joints that have been 
made. This paper is focused on the dimensional 
accuracy [4, 10, 11].

One of the concepts of quality management is 
to meet the established patterns that are adopted 
or created on the basis of standards or other rec-
ognised external documents. These documents 
contain the requirements that must be met in or-
der for the quality management system to be con-
sidered as conforming to them. In general, there 
are no regulations that force companies to apply 
such standards. However, the lack of possibility 
to authenticate the implemented quality manage-
ment system makes certification difficult or even 
impossible. Therefore, companies all over the 
world follow the relevant global standards and of-
ten define additional internal guidelines [10, 11].
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TYPES OF ADHESIVE JOINTS AND 
ACCURACY STANDARDS

The quality of samples was analysed for the 
following adhesive joints:
 • single overlap joint for shear strength testing 

‘Single Overlap’ – in accordance with ASTM 
D1002-10, configuration: EN AW-2024 alu-
minium alloy – EN AW-2024 aluminium alloy 
(Fig. 1),

 • joint for peel resistance of adhesives test ‘T-
Peel’ – in accordance with ASTM D1876-08, 
configuration: EN AW-2024 aluminium alloy – 
EN AW-2024 aluminium alloy (Fig. 2),

 • double overlap joint for strength properties 
determination ‘Double-Overlap’ – in accor-
dance with ASTM D3528-96, configurations: 
EN AW-2024 aluminium alloy – CFRP, CFRP 
– CFRP, technologies: secondary bonding, co-
bonding, co-curing (Fig. 3),

 • thick-adherend metal lap-shear joints for de-
termination of the stress-strain behaviour of 
adhesives ‘Metal Thick-Adherend’ – in accor-
dance with ASTM D5656-10, configuration: 
EN AW-2024 aluminium alloy – EN AW-2024 
aluminium alloy (Fig. 4).
All the tested adhesive joints were made and 

then measured in compliance with the interna-
tional ASTM standards. It is worth noting that the 
rather narrow tolerances of some dimensions make 
appropriate instrumentation necessary for the pro-
duction of test samples. The photographs of the 
samples in many publications show that the sam-
ple quality often does not meet the requirements. 
This results in a greater dispersion of strength in 
destructive tests, and sometimes in a significant re-
duction in the potential possibility of the adhesive.

Each of the joints shown can be made in two 
ways, either individually, where the size of the ad-
herend corresponds to one sample, or as a panel, 

 
Fig. 1. Single overlap joint for shear strength testing ‘Single Overlap’ [32]

 
Fig. 2. Joint for peel resistance of adhesives test ‘T-Peel’ [33]
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where after bonding the materials, it is necessary to 
carry out a cutting process to obtain individual sam-
ples with the necessary finish. When deciding on a 
particular option, the advantages and disadvantages 
of different technologies must be taken into account.
1. Single-sample technology:

− difficulties in the determination of adherends, 
the need to make special instrumentation,

− relative ease to obtain the required clamp-
ing pressure,

− flashes appear not only along the overlap 
(or lap) length, but also at the side edges,

− difficulty in maintaining the same adhesive 
thickness in all samples.

2. Panel technology:
− difficulties in achieving the appropriate 

pressure due to the large adhesive surface, 

the pressure under vacuum conditions is in 
many cases too low (up to 0.1 MPa),

− adhesive is applied onto all samples at the 
same time, i.e. in the same state of curing, 
which is an important advantage,

− the variety of the thickness of the adhesive 
layer in individual samples, after the panels 
are cut, is smaller,

− due to the lack of perpendicularity of the 
cutting line, when using water jet cutting, 
the samples with thick adherends must be 
additionally processed (usually by milling),

− an autoclave or press with the right pres-
sure is necessary to ensure the adequate 
clamping pressure.

The analysis of the advantages and disadvan-
tages of the respective technologies clearly shows 

 
Fig. 3. Double overlap joint for strength properties determination ‘Double-Overlap’ [34]

 
Fig. 4. Thick-adherend metal lap-shear joints for determination of the stress-

strain behaviour of adhesives ‘Metal Thick-Adherend’ [35]
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that the preferred technology is to bond panels 
(Fig. 5) and then produce samples through cut-
ting and machining (where necessary).

The correct preparation of samples requires 
the development of appropriate own technolo-
gies, which included the following elements for 
each configuration:
 • cutting sheets or plates to panel size,
 • surface preparation according to the program 

and using the approved procedure,
 • research of surface topographic and energy 

features (2D/3D topography, scanning micros-
copy, atomic force microscopy, SEP),

 • joining the panels using own procedure,
 • cutting the panels into samples,
 • non-destructive testing (NDT),
 • geometric features measurements of samples,
 • static destructive tests in accordance with the 

programme (at different temperatures),
 • statistical analysis.

Each sample should have an identification 
code developed for the test programme. The static 
strength testing, and in particular the analysis of 
the variety of this strength, are important mea-
sures related to the impact of the repeatability of 
the geometric features of the samples on the re-
peatability of the strength values.

RESEARCH METHODOLOGY

The study analysed the dimensional accu-
racy of the adhesive joints made with two-com-
ponent epoxy adhesive in form of paste and film 
adhesive. EN AW-2024 aluminium alloy and a 
CFRP were used.

For a thickness of 4.32 mm, the composite 
was made of 32 layers, while the 2.16 mm com-
posite incorporated 16 layers.

The requirements for the level of precision of 
measuring instruments and dimension tolerance 
were taken into account. A Keyence VHX-5000 
optical digital microscope was used to examine 
the selected geometric features of the prepared 
samples presented in the paper.

Other values, not presented in this paper (e.g. 
total length, overlap width, etc.), were measured 
with basic measuring tools, i.e.: a slide caliper 
and a micrometer.

ANALYSIS OF THE QUALITY OF 
THE OBTAINED SAMPLES

For ‘Single Overlap’ samples (Fig. 1), the im-
portant dimensions are primarily: the thickness of 
the adhesive layer and the length of the overlap. 
Figure 6 presents the results of measurement of 
the adhesive joint thickness, while Figure 7 shows 
the results of the measurement of overlap length 
for the samples produced in the panel technology. 

 
Fig. 5. Panel technology

 
Fig. 6. Adhesive joint thickness measurement results 
for ‘Single Overlap’ samples, panel technology, P – 
paste adhesive, F – film adhesive, pressure: 0.1 MPa

 
Fig. 7. Overlap length measurement results for 

‘Single Overlap’ samples, panel technology, P – paste 
adhesive, F – film adhesive, pressure: 0.1 MPa



187

Advances in Science and Technology Research Journal  Vol. 14(3), 2020

The obtained values were compared with the cal-
culated spread (standard deviation).

It is worth noting that the use of paste adhe-
sive is associated with a slightly greater spread (δ 
= 0.006 mm) of the adhesive layer thickness (Fig. 
6) than the use of film adhesive (δ = 0.003 mm). 
The results of the overlap length measurement 
(Fig. 7) showed a very small spread – using the 
panel technology gave very good results.

Figures 8 and 9 show the results of the mea-
surements of adhesive joint thickness and over-
lap length, respectively, for the samples obtained 
through the single-sample technology.

A comparison of the results of measurements 
of adhesive thickness and overlap length for the 
samples produced in the panel technology (Figs. 
6 and 7) and as single samples (Figs. 8 and 9) 
revealed that smaller spreads were obtained in the 
panel technology regardless of the adhesive used. 
The following spreads were obtained in an analy-
sis of adhesive thickness and the tested adhesives: 

for paste adhesive δ = 0.006 mm for panel tech-
nology and δ = 0.020 mm for single-sample tech-
nology, as well as for film adhesive δ = 0.003 mm 
for panel technology, δ = 0.015 mm for single-
sample technology. Similar relationships were 
obtained for the overlap length.

In the further part of the paper, the results of 
geometric features measurements were analysed 
only for the panel technology.

The most important geometric feature in the 
‘T-Peel’ samples (Fig. 2) is the thickness of the 
adhesive layer. The measurement results with the 
spread are shown in Figure 10.

In the case of the ‘T-Peel’ samples (Fig. 10), 
the spread of the thickness of the paste adhesive 
(δ = 0.017 mm) was comparable to that of a film 
adhesive (δ = 0.015 mm). The adhesive surface is 
much larger in comparison to the ‘Single Over-
lap’ sample. This led to a significant increase in 
adhesive thickness and an increased spread there-
of at the same clamping pressure.

 
Fig. 8. Adhesive joint thickness measure-
ment results for ‘Single Overlap’ samples, 
single-sample technology, P – paste adhe-
sive, F – film adhesive, pressure: 0.1 MPa

 
Fig. 9. Adhesive joint thickness measure-
ment results for ‘Single Overlap’ samples, 
single-sample technology, P – paste adhe-
sive, F – film adhesive, pressure: 0.1 MPa

 
Fig. 10. Adhesive joint thickness measurement results 

for ‘T-peel’ samples, panel technology, P – paste 
adhesive, F – film adhesive, pressure: 0.1 MPa

 
Fig. 11. Adhesive thickness measurement results 
for ‘Double Overlap’ sample – material configu-
ration: EN AW-2024 aluminium alloy - CFRP, P 

– paste adhesive, F – film adhesive, pressure: 
0.1 MPa, secondary bonding technology
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The ‘Double Overlap’ samples are impor-
tant from the research point of view (Fig. 3). 
The repeatability of the adhesive area on each 
of the laps and the thickness of the adhesive 
layer are essential. In the secondary bonding 
technology, two material configurations were 
made: EN AW-2024 aluminium alloy-CFRP, 
and CFRP-CFRP. Figures 11 and 12 show the 
results of the measurement of adhesive thick-
ness for two material configurations together 
with the calculated spread.

The ‘Double Overlap’ samples are difficult to 
make. As shown in Figure 3, the crucial factors 
include frontal adherend separation, appropriate-
ly bevelled laps as well as the bonding area length 
of the adherends and lap. It is important to ob-
serve the 12.7 mm dimension with a tolerance of 
0.254 mm. This has a certain impact on the spread 
of adhesive thickness (Fig. 11). The quality of the 
samples in this case depends on the instrumenta-
tion used and the know-how of the operator. In 

the EN AW-2024-CRFP configuration the spread 
is comparable (δ = 0.028 mm for paste adhesive 
and δ = 0.025 mm for film adhesive).

For the CFRP-CFRP configuration (Fig. 12), 
a significantly higher spread was observed for the 
joints made with paste adhesive (δ = 0.027 mm 
for paste adhesive, δ = 0.011 mm for film adhe-
sive), and the average adhesive thickness was sig-
nificantly lower for film adhesive.

The ‘Double Overlap’ samples were also 
prepared using two other technologies, i.e. co-
bonding and co-curing, in which the CFRP-
CRFP configuration and film adhesive were 
used. Figure 13 shows a comparison of the 
measurement results of the adhesive joint thick-
ness for the ‘Double Overlap’ joint and the two 
above-mentioned technologies.

As shown in Figure 13, adhesive thickness 
in the co-curing technology (simultaneous cure 
of the adherends and laps) is clearly lower than 
in the co-bonding technology (cured adherends, 
simultaneous cure of film adhesive and laps). In 
both technologies, the spread of the adhesive lay-
er thickness is comparable.

The samples incorporating thick and rigid ad-
herends are difficult to prepare (Fig. 4). Figure 14 
shows an illustrative measurement photo of the 
‘Metal Thick-Adherend’ sample taken using the 
Keyence microscope.

In this case, the flatness of the plates is also 
important, as it extensively determines the unifor-
mity of the thickness of the adhesive layer. The 
thickness of the adhesive layer and the length 
of the overlap play a major part in such circum-
stances. Figure 15 shows the results of adhesive 
thickness measurements, and Figure 16 shows the 
results of the overlap length measurements.

 
Fig. 12. Adhesive thickness measurement results for 
‘Double Overlap’ sample – material configuration: 

CFRP - CFRP, P – paste adhesive, F – film adhesive, 
pressure: 0.1 MPa, secondary bonding technology

 
Fig. 13. Adhesive thickness measurement re-
sults for a Double Overlap’ sample – mate-

rial configuration: CFRP - CFRP, pressure: 0.1 
MPa, co-bonding and co-curing technologies

 
Fig. 14. An illustrative measurement photo-
graph of the ‘Metal Thick-Adherend’ sample
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In the case of ‘Metal Thick-Adherend’ sam-
ples, a much greater spread (δ = 0.009 mm) of 
the adhesive thickness (Fig. 15) was also ob-
served for the joints made with paste adhesive. 
This type of joint is primarily used to test the 
properties of the adhesive in the cured state, 
especially the Kirchhoff G modulus, under the 
conditions close to pure shear. In this test, the 
adhesive thickness significantly affected the 
measurement results. For the joints made with 
film adhesive, the spread was significantly lower 
(δ = 0.006 mm). Such samples must be prepared 
with particular care, and the adherends must 
have a small flatness deviation. The proper ad-
hesive application method is also important to 
ensure that the adhesive is distributed as evenly 
as possible over the entire bonding surface.

The results spread of overlap length (Fig. 16) 
for both forms of adhesive is comparable; the use 
of the appropriate instrumentation for sample cut-
ting and processing is vital.

 
Fig. 15. Adhesive joint thickness measure-
ment results for ‘Metal Thick-Adherend’ 

samples, panel technology, P – paste adhe-
sive, F – film adhesive, pressure: 0.1 MPa

The specially prepared measurement reports 
were used to collect the measurement results of 
the geometry of individual samples.

The obtained results suggested that the paste 
adhesive contributed to a greater thickness of ad-
hesive joints. However, the indicated differences 
fall within the calculated spread. In addition, 
when analysing the co-bonding and co-curing 
technologies, which employed a film adhesive, 
a much smaller adhesive thickness and a smaller 
standard deviation were observed for co-curing.

CONCLUSIONS

The analysis of the quality of different 
types of adhesive joints allows the following 
conclusions to be drawn:
3. The repeatability and accuracy of the geomet-

ric characteristics of the samples are essential 
in adhesive joints. Important geometric fea-
tures are correlated with the test type, material 
configuration and sample type.

4. The strength of adhesive joints is significant-
ly influenced by the thickness of the layer of 
cured adhesive, and therefore this value should 
be especially monitored in the adhesive bond-
ing technology.

5. Appropriate technological discipline and 
specialised instrumentation are necessary in 
order to obtain the samples of good quality, 
corresponding to the tolerances defined in the 
quoted standards.

6. Specific measurements of the selected geo-
metric features should be taken for each sam-
ple before they are qualified for testing, and 
the samples should be appropriately marked 
throughout the test cycle.

7. In the ‘Double Overlap’ sample technology, 
the frontal separation of the adherends is im-
portant (tolerance and no flashes at the front 
of the adherends), the separator used must be 
easily removable.

8. In the case of ‘Metal Thick-Adherend’ samples, 
special attention must be paid to the flatness of 
the adherends. This is a prerequisite for an ac-
ceptable spread of adhesive thickness.

9. It is easier to achieve a smaller spread of adhe-
sive thickness for film adhesive in all material 
configurations.

10. The thickness of the adhesive layer, under 
the same pressure conditions, depends sig-
nificantly on the adopted joining technology, 

 
Fig. 16. Overlap length measurement results for 

‘Metal Thick-Adherend’ samples, panel technology, P 
– paste adhesive, F – film adhesive, pressure: 0.1 MPa
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about 80% greater thickness was obtained for 
co-bonding than co-curing.

11. As regards the ‘Metal Thick-Adherend’ sam-
ples, i.e. joints with high bending stiffness, the 
obtained adhesive thickness was approximate-
ly 60% higher for a paste adhesive than that 
produced by a film adhesive under the same 
curing conditions.

12. In the case of ‘Metal Thick-Adherend’, great-
er about 65% thickness of the adhesive layer 
was obtained for adhesive in the form of paste 
than for film adhesive.

13. Smaller spreads (in the range of 200% to 
400%) were obtained in the case of the panel 
technology as compared to the single sample 
technology, regardless of the adhesive used.

The research carried out shows that the ac-
curacy of the test samples used in research on ad-
hesive joints is a function of many factors. The 
knowledge of those factors and application of ap-
propriate solutions in the field of technology and 
instrumentation design enable meeting the most 
demanding conditions defined in standards, and 
sometimes also additional requirements specified, 
for example, by aviation companies.
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