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Jan Godzimirski', Andrzej Komorek?

IMPACT STRENGTH OF HYBRID JOINTS
UDARNOSC POLACZEN HYBRYDOWYCH

Abstract

Hybrid adhesive-mechanical joints compared to only adhesive or only mechanical joints are characterized by many advantages: greater
stiffness, greater static strength, greater fatigue life, higher reliability, corrosion resistance. For these reasons, they are eagerly used in aviation
structures. The aim of the research was to check the influence of hybridization on the impact toughness of connections. The static strength
and the energy of dynamic destruction of lap joints loaded in shear by stretching or bending were compared: adhesive, riveted and hybrid
joints. The tested hybrid joints were characterized by higher strength and dynamic destruction energy compared to adhesively bonded or
riveted samples. The research also shows that the energy of dynamic failure increases if the failure of the joint is not complete and causes the
connected elements to rotate around one rivet.

Keywords: hybrid adhesive-rivet joints, static strength, impact destruction energy

Streszczenie

Polaczenia hybrydowe klejowo-mechaniczne w poréwnaniu do potaczen tylko adhezyjnych czy tylko mechanicznych charakteryzuje
wiele zalet: wigksza sztywno$¢, wigksza wytrzymalos¢ statyczna, wigksza trwalo$¢ zmeczeniowa, wyzsza niezawodno$é, odpornosc
na korozj¢. Z tych wzgledow chetnie sa stosowane w konstrukcjach lotniczych. Celem prowadzonych badan byto sprawdzenie wplywu
hybrydyzacji na udarno$¢ potaczen. Porownano wytrzymatos$¢ statyczna oraz energi¢ niszczenia dynamicznego polaczen zakladkowych
obcigzonych na $cinanie poprzez rozcigganie lub zginanie: klejowych, nitowych i hybrydowych. Badane potaczenia hybrydowe cechowata
wigksza wytrzymato$¢ i energia niszczenia dynamicznego w poréwnaniu z probkami klejonymi lub nitowanymi. Z badan wynika réwniez,
ze energia niszczenia dynamicznego wzrasta, jesli zniszczenie potaczenia nie jest catkowite i powoduje obrot taczonych elementow wokot
jednego nitu.

Stowa kluczowe: polaczenia hybrydowe klejowo-nitowe, wytrzymatos¢ statyczna, energia niszczenia udarowego

1. Introduction The combination of mechanical and adhesive
joints was also used to relieve the adhesive joint and
reduce the negative impact of stress concentration at
the edges of the joints. The right places for fasteners
installation seem to be the ends of the adhesive joints,
where the phenomenon of stress accumulation, espe-
cially normal stresses perpendicular to the adhesive
joint, causes peeling.

The double system of connections is also a way of
securing in a situation where one of the connections -
most often the adhesive connection [18] - becomes
damaged. Due to the assembly technology, the use of
mechanical fasteners usually facilitates the assembly
of the adhesively bonded elements and replaces the
troublesome process of generating pressures during
the hardening of the adhesive joint.

The hybrid joint can be a combination of a me-
chanical joint and an adhesive joint. The appropriate
configuration of the hybrid connection allows to
eliminate the shortcomings of these connection
techniques, and thus to obtain a structural node with
better strength and operational properties [3, 6, 8, 12,
13, 14, 15, 17]. Many types of hybrid connections have
been used in aviation structures: weld-adhesive, rivet-
adhesive, clinch-adhesive and screw-adhesive [1, 2,
7]. This is due to the fact that the use of mechanical
fasteners causes a high concentration of stresses
around the mounting holes or welds [9], and this
negative phenomenon can be partially limited by using
an adhesive bond in the structural node alongside the
mechanical connection.

! prof. dr. hab. inz. Jan Godzimirski Department of Mechatronics, Armament and Aviation, Military University of Technology, ORCID:
0000-0003-1595-2057.
2 dr hab. inz. Andrzej Komorek prof. LAW, Department of Aviation, Polish Air Force University, ORCID: 0000-0002-2293-714X.
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Hybrid joints compared to only adhesive or only
mechanical joints are characterized by [1, 4, 10, 16]:
greater stiffness, greater static strength, greater fatigue
life, higher reliability, corrosion resistance. Such
connections are eagerly used for joining composites
(S, 11].

The aim of the research was to check whether the
impact strength can also be increased by the hybri-
dization of riveted and adhesive joints.

2. Research methodology

The tests were carried out on two types of lap
joints, loaded in shear by tension and by bending. The
first type of samples was made by joining plates with
dimensions of 70 x 20 x 2 mm made of AW 2024T3
aluminum alloy (material commonly used in aircraft
construction) with an overlap of 24.5 mm by the
method of adhesive bonding, riveting, adhesive
bonding and riveting (Fig. 1).

L @17@ 7

o — i
245 d

Fig. 1. The spacing of rivets in the lap sample, loaded by tension

Epidian 57/Z1 adhesive was used and two rivets
with a diameter of 3.5 mm with countersunk heads
made of PA24 alloy. The adhesively bonded surfaces
of the samples were sandblasted with aluminum oxide
and degreased with extraction gasoline. The adhesive
layers were hardened in two stages: 12 hours at the
ambient temperature and 5 hours at the temperature of
80°C. The dimensions of the samples were determined
by the capabilities of the Julietta impact hammer
adapted to such tests. The samples were loaded in
shear by stretching the joined elements. Three batches
of samples (adhesively bonded, riveted and hybrid)
were prepared, each of 15 pieces, 5 of which were
intended for static strength tests, and 10 for dynamic
tests. The static tests were carried out on the Hung Ta
HT-2402 testing machine with a speed of 2 mm/min.
In the impact tests, the holder mounted on the sample
(Fig. 2) was hit with the energy of 25 J at a speed of
3.83 mys.

imj handle

Fig. 2. Method of fixing lap specimens in impact tests

The second type of samples was made by joining
steel plates with dimensions of 45 x 12 x 5 mm with
an overlap of 25 mm by the method of adhesive
bonded, riveting, adhesive bonded and riveting. Steel
is a material used in the construction of motor vehicles
for which impact strength is an important feature due
to the possibility of participating in a collision. Loctite
EA 9464 adhesive was used, two rivets with a diameter
of 3.5 mm with ball heads made of PA24 alloy, spaced
7-11-7 mm. The adhesively bonded surfaces were
roughened with abrasive cloth of granulation 80 and
washed with gasoline. The adhesive layers were
hardened for 5 days at ambient temperature. The
samples were loaded on the wall by symmetrically
bending them with double-sided support. The load was
applied symmetrically to the surface perpendicular to
the edge of the adhesive joint (Fig. 3).

» ,,(- Th;b';“'*:- s

Fig. 3. Model of loading of lap samples by bending

There were prepared 3 batches of samples
(adhesively bonded, riveted and hybrid) with the
number of 10 pieces, of which 5 were intended for
static strength tests, and 5 for dynamic tests. The static
bending strength of the samples was determined by
pressing them in a special device (Fig. 4) in the Hung
Ta HT-2402 testing machine at a speed of 2 mm/min
with the supports spacing of 40 mm. Impact tests were
performed on a SW-5 impact hammer with a speed of
3.8 m/s, hitting with an energy of 50 J

loading

Fig. 4. The sample mounted in the device
for testing the static strength by bending
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3. Tests results

The lap joints loaded by tension

The results of the static strength tests are presented
in Table 1 and Fig. 5 (the results in the tables are given
with the confidence intervals calculated for the
significance level of 95%).

Table 1. Results of the static strength tests

Joint Adhesive Riveted Hybrid
][?;’]Str“cuve foree | 55034530 | 46044326 | 5668 + 684
Averageshear | 33y 10 | 9404067 | 11.57«1.40
stress [MPa]

The shear strength of the rivets was calculated:

R ——F ——4604 = 239 MP
t= n_dz_zn3,52_ a
n—z 4

=3

Failure force [kN]

Conection type

M adhesively bonded [ riveted [ hybrid

Fig. 5. Comparison of the resistance of different types of joints
of lap specimens loaded by tension (X - median, mustache -
maximum and minimum value, box - range 50% of the results
(difference between the third and first quartile))

The strength of the tested joints differed signi-
ficantly. The strength of the hybrid joints was the
highest, but lower than the sum of the strength of the
component connections, which is normal for this type
of connection.

The dynamic test results conducted on the Julietta
pendulum hammer with an energy of 25 J and a speed
of 3.83 m/s are listed in Table 2 and in Fig. 6.

Table 2. Impact test results

Joint Adhesive Riveted Hybrid
][)J;Str“ CUVEeNCIsY | 5614026 | 645:0.72 | 12.0141.25
Average impact
5.33+£0.53 | 13.16+1.4 24.51+2.55
strength [kJ/m?] 7
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[l adhesively bonded [ riveted [ hybrid

Fig. 6. Comparison of the failure energy of different
types of tension lap joints

The destruction energy of hybrid samples turned
out to be higher than the sum of the destruction energy
of glued and riveted samples.

The lap joints loaded by bending

The results of the static strength tests of bended lap
specimens are presented in Table 3 and Fig. 7.

Table 3. Results of the static strength tests

Joint Adhesive Riveted Hybrid
][?\T]Stmc“ve force 5347481 | 3504+467 | 6662+593
Average shear 17.82£1.60 | 11.68+1.55 | 22.2421.98
stress [MPa]

The shearing force of one rivet can be calculated
from the formula:

F. —F(1+ l)
17y 2a

where: F - force destroying the connection, / - support
spacing, a - rivet spacing.

The mean force calculated from this relationship
has the value of 2469 N. It follows that the shear
strength of the rivets used in the tests was:

R ——F ——2469 = 257 MP
t= n_dz_ln3,52_ a
n—z 4

The static strength of the adhesively bonded
samples loaded in shear by bending was much higher
than that of the tensile lap samples, despite the fact that
the overlap samples were characterized by a larger
area of the adhesive layer. The shear strength of the
tested adhesives does not differ significantly, therefore
the reason for the higher strength of the bended
samples seems to be a lower share of normal stresses
in the effort of the adhesive layers of joints loaded by
bending and a much higher stiffness of the joined
elements.
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Failure force [N]

Conection type

[l adhesively bonded [ riveted [ hybrid

Fig. 7. Comparison of the resistance of different types of joints
of lap specimens loaded in shear by bending

The results of the impact tests of the lap specimens
loaded by bending are presented in Table 4 and Fig. 8.

Table 4. Impact test results

Joint Adhesive Riveted Hybrid

Destructive energy

3.78+0.49
[J]

8.8+ 1.17 | 11.05+0.73

Average impact

12.60<£1. 29.3343. . :|:24
strength [kJ/m?] 60+£1.63 | 29.33+3.90 | 36.83+2.43

14
12
10 =4

" =]

E=X=

Energy [J]

ON B O

Conection type

M adhesively bonded [ riveted [ hybrid

Fig. 8. Comparison of the failure energy of different types
of joints of lap specimens loaded by bending

The riveted samples loaded by bending were
characterized by a lower static strength compared to
the lap samples, which is related to the adopted method
of their loading, but the destruction energy was higher
than that of the lap samples, despite the fact that in the
case of tensile lap samples, two rivets were damaged,
and in the case of bent samples, only one (Fig. 9).
Therefore, it should be assumed that the rotation of the
joined elements along the axis of the undamaged rivet
consumed a significant part of the energy. Conse-
quently, the impact strength of riveted and hybrid bend
specimens that have undergone such failure is also
overestimated. This is evidenced by the fact that four

hybrid samples loaded by bending (which were not
taken into account in the analysis of the results) were
destroyed by cutting both rivets (Fig. 9), and their
average failure energy of 7.05 J was lower than the
destruction energy of hybrid samples in which only
one rivet was damaged. It would also show that the
adhesive causes a more even load of the mechanical
connectors, which resulted in their simultaneous
destruction.

Fig. 9. Two methods of destroying hybrid lap joints
of bended samples

The obtained results are difficult to relate to the
literature data, as they were carried out on original,
non-standardized samples. In addition, the literature
data related to impact strength mainly concern com-
binations of different materials, which combinations
are called hybrid, and not different duplicate joint
systems.

4. Numerical analysis of samples loaded
by bending

Numerical calculations of the statically loaded
bended adhesive, riveted and hybrid joints were
performed using the ANSYS system. Fig. 10 shows
the hybrid connection load model and the mesh of
elements. All analyzed joints were first loaded with the
same force of 2000 N, because their purpose was
mainly to estimate to what extent the adhesive joint
would relieve the mechanical joints in a hybrid joint.
The calculations were performed assuming linear
properties of the adhesive (E = 2 GPa), joined steel
elements (E =200 GPa) and rivets (E = 72 GPa).

Fig. 10. The way of loading the hybrid connection
and the mesh of elements
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Figure 11 shows the von Mises stress distribution
in the adhesive layer of an adhesive joint loaded by
bending with a force of 2000 N.

H:Kiej
Equivalent Stress 2
Type: Equivalent von:
Unit

Tirme: 15
11.03.2022 1301

4052767 Max
3,60407
3156e7
2,70777
225047
181167
136277
5,1433e6
2,6601:6
1,7665¢5 Min

Fig. 11. Mises stress distribution in the adhesive layer
of the joint loaded by bending with a force of 2000 N

Figure 12 shows the von Mises stress distribution
in the shaft of the mechanical connector of a riveted
joint loaded by bending with a force of 2000 N.

G: Nity2
Equivalent Stress 4
Type: Equivalent (von-Mises) St
Unit: P
Time: 15
11,09.2022 12:57

4,7676e8 Max
4,7309:8
3710268
3,1815¢8
2,652808
2,1241e8
1,5954e8
1,066728
5,3805¢7
9,3616e5 Min

Fig. 12. Mises stress distribution in the shaft of the mechanical
connector of a riveted joint, loaded by bending with
a force of 2000 N

Fig. 13 shows the Mises stress distribution in the
adhesive layer and in the shaft of the mechanical
connector of hybrid joint, loaded by bending with
a force of 2000 N.

032022 134

7.551267 Max
6714567
587787
50117
4,20Me7
336777
259167
1,643
8576206
2091365 Min

s Static Structural
Equivalent Stress 4
Type: Equivalent (von-Mises) Stress

Time: 1
18.02.2022 1043
266,89 Max
25728
w767
178,07
14346
188
89,239
1061
30,022
0,41313 Min

Fig. 13. Mises stress distribution in the adhesive layer and
in the rivet body of a hybrid joint loaded by bending with
a force of 2000 N

The performed calculations show that in the tested
hybrid joint loaded by bending, the adhesive joint

TECHNOLOGIA | AUTOMATYZACJA MONTAZU NR 3/2022

reduces the load of the rivet shafts more than twice.
The use of rivets even increases the equivalent stresses
in the adhesive joint but moves them away from the
edge of the joint.

Since the calculated stresses in the adhesive joint
exceeded the adhesive strength, additional calculations
were made, taking into account the nonlinear pro-
perties of EA9464 adhesive (the mutilinaer isotropic
hardening model - Fig. 14) and the aluminum alloy
from which the rivets were made (bilinear isotropic
hardening model - yield strength 330 MPa, strain
hardening modulus 650 MPa).

60
50
40
30
20
10

Stress [MPa]

0 0,05 0,1 0,15 0,2 0,25
Strain

Fig. 14. The curve 6 = o (¢) of Loctite EA 9664 adhesive

In these calculations, the joints were loaded with
experimentally determined destructive forces. The
calculation results are shown in Figs. 15...17.
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Fig. 15. Mises stress distribution in the adhesive layer of the joint
loaded by bending with a force of 5347 N (nonlinear properties
of the adhesive)
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Fig. 16. Mises stress distribution in the shaft of a mechanical
connector of a riveted joint loaded by bending with a force
0of 3504 N (nonlinear properties of aluminum alloy)
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Fig. 17. Mises stress distribution in the adhesive layer and in the
rivet body of a hybrid joint loaded by bending with a force
of 6662 N (nonlinear properties of the adhesive
and aluminum alloy)

Taking into account the non-linear properties of
the adhesive resulted in a more uniform loading of the
adhesive layer over a larger area. The calculated
stresses in the rivet shafts of the riveted joint had
values greater than the actual stresses of the alloy they
are made of by about 17%, which may result from the
too low value of the declared coefficient of friction
(f = 0.1) between the joined elements. Taking into
account the calculated values of destructive stresses of
adhesive and rivet, it can be concluded that the
analyzed hybrid joint the adhesive should be destroyed
first, and then the rivets.

5. Conclusions

Hybrid joints are characterized by higher strength
and impact strength compared to adhesively bonded or
riveted ones.

The impact strength and energy of impact failure
of the tested adhesively bonded, riveted and hybrid
overlapping samples differed significantly. In the case
of overlapping samples loaded by tensile stress, the
impact strength of hybrid samples turned out to be
higher than the sum of the impact strengths of riveted
and adhesively bonded samples. In the case of bending
samples, the impact strength of hybrid samples was
close to the sum of the impact strengths of adhesively
bonded and riveted samples.

It can be assumed that in the case of tensile lap
samples, the adhesive layer strengthened the rivet
joint, which was characterized by a higher load
capacity than the adhesive joint. In the case of samples
loaded by bending, it was the other way round, and in
this case the rivets only slightly strengthened the
adhesive joint.

Tensile lap samples seem to be more suitable for
the tests of the impact strength of hybrid connections,
because both mechanical connectors are always
sheared when damaged.

Numerical analysis of adhesively bonded, riveted
or hybrid joints loaded with destructive forces requires
taking into account the nonlinear material properties of
such joints.
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Abstract

The aim of the paper was to present issues related to the determination of the influence of selected technological factors: the method of
surface preparation and type of adhesive on the strength of adhesive joints made of steel sheet C45. As a method of surface preparation the
process of shot-blasting with the use of three types of abrasives differentiated in terms of the degree of its wear was used. The adhesive bonds
were made with the use of two two-component epoxy adhesive compositions based on Epidian 57 epoxy resin and PAC and Z-1 curing agents
combined with the resin in the recommended proportions. The measurements of roughness and topography of surfaces prepared for the
bonding process were also carried out. After the curing process, strength tests of adhesive bonds were performed on the Zwick/Roell 150
testing machine, according to PN-EN 1465 standard. It was noted, among others, that with increasing wear of the abrasive used in the surface
preparation process, the value of adhesive bonds strength decreased and the higher strength of adhesive bonds was characterized by adhesive
joints made with Epidian57/Z-1/100:10 adhesive. The obtained results were subjected to statistical analysis.

Keywords: adhesive joints, C45 steel sheet, tensile strength, shot blasting

Streszczenie

Celem artykutu byto przedstawienie zagadnien zwigzanych z okresleniem wptywu wybranych czynnikéw technologicznych: sposobu
przygotowania powierzchni oraz rodzaju kleju na wytrzymatosci potaczen klejowych wykonanych z blachy stalowej C45. Jako sposdb
przygotowania powierzchni wykorzystano proces Srutowania z wykorzystaniem trzech rodzajéow $cierniw zréoznicowanych pod wzgledem
stopnia jego zuzycia. Polaczenia klejowe wykonano przy uzyciu dwoch dwusktadnikowych kompozycji klejowych epoksydowych
bazujacych na zywicy epoksydowej Epidian 57 oraz utwardzaczy PAC i Z-1 taczonych z zywica w zalecanych proporcjach. Przeprowadzono
takze pomiary chropowatos$ci oraz topografii powierzchni przygotowanych do procesu klejenia. Po procesie utwardzania dokonano prob
wytrzymalosciowych potaczen klejowych na maszynie wytrzymatosciowej Zwick/Roell 150, zgodnie z norma PN-EN 1465. Zauwazono
m.in., ze wraz ze wzrostem stopnia zuzycia §cierniwa uzytego w procesie przygotowania powierzchni, wartos¢ wytrzymatosci potaczen
klejowych malata, a wyzsza wytrzymaloscia charakteryzowaly si¢ potaczenia klejowe wykonane przy uzyciu kleju Epidian57/Z-1/100:10.
Uzyskane wyniki poddano analizie statystyczne;.
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1. Introduction

There are many methods of joining structural
components. For this purpose, assembly methods such
as welding, riveting, welding, soldering or adhesive
bonding can be used. It is important to choose the right
method to ensure that the joints have the expected
properties. However, the selected method must not
adversely affect the specific properties of the structure,
which include, but are not limited to: the dimension
of the construction, shape, functionality, usability,
reliability, aesthetics, modularity and universality
[1-4].

One of the oldest and most frequently used
methods of joining construction materials is adhesive
bonding. Adhesives, as adhesive plastics, have the
ability to create adhesive forces on the components to
be bonded. The process of adhesive bonding consists
in applying a thin layer of adhesive substance between
the surfaces to be bonded, which connects them by
means of adhesive forces and cohesion force, i.e. the
force of internal coherence of the materials [5]. In
addition, adhesives used in joints provide corrosion
protection and can be used as sealants. A number of
factors influence the effectiveness of the bonding
process and the properties of the joints. Technological,
construction, material and operational factors are
among them. These factors include: the method of
surface preparation of the materials to be bonded, the
type of adhesive together with the method of its
application on the surfaces to be bonded, as well as the
curing conditions of the adhesive joint depending on
the type of adhesive (temperature, time and pressure)
and the conditions of seasoning [6, 7]. Changes to
these factors during the bonding process may affect the
properties of certain joints in different ways. However,
due to the specification of the joints under consi-
deration, it is necessary to conduct studies to analyse
the effects of these factors on specific cases and
applications. A change in these factors for a particular
joint may affect the properties of the joint, e.g. another
material, in a slightly different way, including its
strength properties [8, 9].

Analyzing the technological process of adhesive
bonding, special attention should be paid to the
preparation of the surface. The process of surface
preparation consists in removing the surface layer of
oxides and other impurities occurring in the form of
lubricants, dusts, sediments, oils, microorganisms,
moisture, etc [3]. The main distinguishing features are
mechanical and chemical cleaning, as well as special
treatments dedicated to specific materials. Mechanical
cleaning is, for example, machining with an abrasive
bulk tool, sandblasting, shotblasting, flame burning or
machining [10—12]. Chemical cleaning is carried out
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using solvents such as: petrol, acetone, benzene,
various types of detergents, trichloroethylene [13—15].
The surface preparation process significantly affects
the adhesive properties of the bonded materials and the
strength of the adhesive joints. Thanks to appropriate
surface preparation, it is possible to obtain properly
made adhesive joints and to ensure adequate joint
strength, of course, while also complying with other
structural and technological conditions [8]. Appro-
priate surface preparation increases the durability of
the joint and determines the reliability of the joint.

In this paper the analysis of the influence of
abrasive wear used in the surface preparation process
and the effects of the adhesive type on selected
strength aspects of C45 steel sheets adhesive joints is
considered.

2. Studies methods

2.1. Characteristics of adhesive joints
and bonded material

In the experimental studies, single-overlapping
adhesive joints were made. The joints were made of
low carbon steel sheets C45 (1.0503). C45 steel is one
of the higher quality structural steels. Unalloyed
quality steel is used for heat-treatment, easy to process
but hardly weldable. It is mainly used in machine
elements and equipment of medium load e.g. tools,
knives, shafts, screws, discs, levers, gears, crankshafts,
spindles, woodworking tools [12, 16—18]. The chemi-
cal composition and some physical properties of the
used material (according to PN EN 10020:2003) are
presented in Table 1.

Table 1. Chemical composition and physical properties
of C45 steel [19]

Stainless steel C45

Chemical composition,

% Physical properties

C 0.44
Mn 0.55 Rm 638 MPa
Si 0.21

P 0.01

S 0.02 Re 369 MPa
Cr 0.16

gll 833 Hardness 255 HB

The subject of the study were single overlap
adhesive joints loaded on shear as shown in Figure 1.

The length of the overlap was assumed to be
15 mm, and the thickness of the adhesive layer to be
about 0.2 mm. The area of adhesive and the thickness
of the adhesive joint were verified before the strength
tests.

1
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Fig. 1. Single overlap adhesive bond of steel sheet C45

2.2. Method of steel sheet surface preparation

Surface preparation is one of the first stages in the
process of making permanent adhesive bonds. Several
processes connected with cleaning and geometric
development of joined elements' surfaces in the pre-
sented studies. The surface development of the used
samples was achieved by mechanical shotblasting
process, where the used abrasive was corundum of
various degrees of wear. An abrasive is a fine grain of
an abrasive material, which is the basis for the con-
struction of abrasive tools. Electrocorundum (Al,O3)
is one of the most common and cheapest abrasives. It
is a synthetic version of a mineral called corundum.
Corundum in its pure form is used only for polishing,
sometimes for tool sharpening [20, 21]. Corundum
grains have sharp edges and controlled properties. It
consists mainly of aluminium oxide. The shotblasting
process was carried out with an AUER shotblasting
machine. The blasting pressure was 0.6 MPa and the
nozzle distance was 100 mm. During the shotblasting
process, the samples were divided into 3 groups
because 3 types of abrasive were used, differentiated
in the level of wear. The abrasive wear was estimated
as small, medium and high, depending on the time it
was working. The classification into particular
variants of shotblasting is presented in Table 2.

Table 2. Shotblasting variants according to wear of the abrasive
used to prepare steel sheet surface

Operating time of

Shotblasting Level of wear .
abrasive
Variant 1 Small 24 hours (1 days)
. . 496 hours
Variant 2 Medium @ arainit)
. . 992 hours
Variant 3 High (6 rainit)

The next step in the surface preparation process,
after machining, was degreasing the surface. Degre-
asing is one of the most frequently used surface
preparation operations performed just before the
joining process, because it removes all kinds of dust
and grease impurities, often remaining after previous
processing [ 14, 19]. Degreasing of steel sheet surfaces
intended for bonding was carried out with technical
acetone by spraying three times. For the first two
replications the degreasing agent was removed with
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a dust-free fabric, while after the third spraying the
samples were allowed to self-evaporate and comple-

tely dry.
2.3. Characteristics of the used adhesive

Two types of epoxy adhesive compositions were
used to make adhesive joints, which were the subject
of the study. The base for both adhesives was Epidian
57 epoxy resin. This resin occurs in the form of viscous
liquid of light yellow colour and characteristic smell
of styrene. Its basic features are: very good mechanical
strength, high resistance to chemical substances such
as oils, greases, acids, etc., proper adhesion to the
substrate and good hardness of the obtained adhesive
coating, very good adhesive joints of various materials
such as ceramics, metal, glass, wood, possibility of
hardening at ambient temperature. The epoxy number
of Epidian 57 is 0.40 mol/100g, density at 20°C is in
the range of 1.14-1.17 g/cm3, and viscosity at 25°C -
13 000 - 19 000 mPas [22, 23].

The resin must be properly mixed with the cure
agent in order to cross-link and harden. The first
adhesive composition used for the adhesive bonds
consisted of the resin and PAC hardener. PAC
hardener is a viscous liquid with an amber colour and
characteristic amine smell. When used with epoxy
resins, the PAC hardener is used for joining elements
exposed to deformation, e.g. bonding thin sheets,
joining rubber with metal, in compositions for flood-
ing elements in electrical and electronic engineering
[19, 24]. The preparation of the composition was based
on mixing Epidian 57 epoxy resin and PAC hardener
at a weight ratio of 100:80. In the further part of the
paper the composition determination — Epidian57/
PAC/100:80 was used. The second composition was
prepared with the use of Z-1 hardener. This is a viscous
liquid of light yellow colour and characteristic smell
for triethylenetetraamine. The Z-1 hardener is used
primarily in connection with low-molecular weight
epoxy resins and for joints exposed to deformation,
such as joining thin sheets, joining rubber with metal
or plywood [19, 24]. It is also used to harden liquid
epoxy resins. The composition was prepared at
a proportion by weight to resin ratio of 100:10 -
Epidian57/Z-1/100:10.

Epidian57/PAC/100:80 adhesive composition is
much more slow-bonded than Epidian57/Z-1/100:10
composition. PAC curing agent is one of the slow-
reacting hardeners. After about 12 hours the initial
hardening of the composition takes place and after 72
hours it reaches the hardening of 80 - 90%. The total
cure lasts from 7 to 14 days. This process can be
accelerated by increasing the temperature after the first
curing step. In case of gelation of compositions
containing Z-1 hardener this time is about 35 minutes
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at ambient temperature. Initial cure (degree of cure
80-90%) is achieved after 48 hours. However, the total
cure lasts 7-14 days. It should also be noted that
adhesive compositions containing PAC hardener are
characterized by higher -elasticity, higher impact
resistance and lower resistance to elevated temperature
than compositions hardened with Z-1 curing agent.

The preparation of two-component adhesive
compositions was based on a precise mixing of epoxy
resin with a selected hardener at an appropriate weight
ratio. The OP-2 laboratory scale with the accuracy of
0.01 g was used to weigh the necessary amount of
adhesive compositions components. Both composi-
tions were mixed with a mechanical turbine mixer with
two blades during 3 minutes at a speed of 460 rpm. The
adhesive compositions were prepared just before the
process of adhesive bonding. They were applied
manually to one of the joined surfaces with a serrated
polymer float, keeping constant thickness over the
whole joined surface.

2.4. Conditions for performing and testing
adhesive bonds

The bonding process was carried out in laboratory
conditions at 26 = 1°C with a humidity of 32%. The
samples were conditioned to harden the joint for 7 days
under 0.14 MPa pressure. After this time, the samples
were subjected to strength tests. A tensile shear test
was performed on a Zwick/Roell Z150 testing ma-
chine. The test was carried out in accordance with
DIN EN 1465 standard at a crosshead speed of
5 mm/min. For each variant of surface preparation and
for each type of adhesive, 10 single overlap adhesive
bonds were made. Additionally, prior to the bonding
process, the surface roughness and topography were
measured using the T8000 RC 120-140 from Hommel-
-Etamic. Measurements were taken for 3 randomly
selected samples from each variant of surface pre-
paration.

3. Results of research

3.1. Roughness measurements results

The measurements of roughness and surface
topography were performed in accordance with
PN-EN ISO 13565-2:1999. The length of the measure-
ment distance was In = 4.8 mm and the elementary
distance Ir = 0.8 mm. The analyzed surface roughness
parameters were: Ra - arithmetic mean of the ordinates
of the roughness profile, Rt - total height of the
roughness profile and Rp - height of the highest
elevation of the profile [25, 26].

Figure 2 shows the influence of the abrasive wear
level used in the surface preparation process on the Ra
roughness parameter. Considering the results obta-
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ined, it can be observed that the value of the arithmetic
mean of the ordinate decreases with increasing wear of
the abrasive used for surface preparation of the
samples. The use of an abrasive that has operated for
6 months (variant 3) resulted in a 44% decrease in the
Ra parameter in relation to the Ra parameter value for
variant 1, where the abrasive wear rate was small.

2.85

1.89

Parameter of roughness Ra [um)]

Variant 1 Variant 2 Variant 3
Method of surface preparation

Fig. 2. Effect of abrasive wear level of the abrasive used in the
surface preparation process on the arithmetic average of the
ordinates roughness profiles (Ra)

Considering the height parameters of the surface
roughness profile Rt, Rp, it should be noted that
similarly to the Ra parameter, the value of the
parameters decreases with increasing abrasive wear, as
shown in Figure 3.

=Rt WRp
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Variant 1 Variant 2 Variant 3
Method of surface preparation
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Parameter of roughn
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Fig. 3. Effect of the abrasive wear level of the abrasive used in
the surface preparation process on the height parameters of the
roughness profile (Rt, Rp)

Shotblasting affects the lack of direction of the
surface geometric structure (Fig. 4). The shotblasting
operation has resulted in many peaks and cavities with
sharp peaks and valleys on the surface, which can be
better detected in the surface profilograms (Fig. 5).

Taking into account the presented results of
roughness measurements and surface topography, it
can be expected that such a shaped surface may be
a surface with good adhesion properties. This can be
proved by the undirected geometric structure of the
surface characterized by numerous peaks and valleys,
which positively influences the penetration and
anchoring of the adhesive [19, 27, 28].
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Fig. 4. Influence of the abrasive wear level of the surface preparation process on the surface topography (a) variant 1 - small abrasive
wear level, (b) variant 2 - medium abrasive wear level, (c) variant 3 - high abrasive wear level
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Fig. 5. Surface profilograms after blasting a) variant 1 - small abrasive wear, b) variant 2 - medium abrasive wear,
c) variant 3 - high abrasive wear

3.2. Strength test results

After a period of time, when the adhesive joint
achieved complete curing, the adhesive joints were
subjected to destructive strength tests. The results are
shown in Figure 6.

On the basis of the strength results obtained, it can
be observed that with the increase in abrasive wear
level, the strength of adhesive bonds decreased. For
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both adhesives, the highest strength was obtained in
the case of samples whose surfaces were subjected to
1 shotblasting variant, i.e. with the lowest abrasive
wear. The adhesive bonds made with Epidian57/
Z-1/100:10 adhesive were characterized by higher
strength. This may result from different properties
in comparison with the second adhesive used -
Epidian57/PAC/100:80, which is characterized by
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Fig. 6. Results of shear strength of steel sheet adhesive joints
made with two epoxy adhesives due to the abrasive wear level
of the abrasive used in the surface preparation process

higher elasticity but also higher viscosity. For this
reason, the penetration of the adhesive into the surface
cavities along the length of the adhesive overlap may
have been more problematic. It should be noted,
however, that despite the differences between the
strength of joints made with both adhesives, the
distribution of these values is similar in both cases -
the value of strength decreases with increasing abra-
sive wear. An important aspect worth emphasizing is
also the repeatability of the results. In the case of
samples prepared for the bonding process with variant
1, the repeatability of the results is much higher than
in the case of the other two variants. The value of
standard deviation for Epidian57/PAC/100:80 adhe-
sive is 0.30 MPa for variant 1 (which constitutes
4.71% of average strength), 0.61 MPa for variant 2
(which constitutes 17.02% of average strength), 0.87
MPa for variant 3 (which constitutes 25.5% of average
strength). For Epidian57/Z-1/100:10 the values of
standard deviations were as follows: for variant 1 -
1.16 MPa (which constitutes 11.18% of mean
strength), for variant 2 - 1.62 MPa (which constitutes
18.53% of mean strength), for variant 3 - 1.67 MPa
(which constitutes 20.80% of mean strength). It can be
noticed that higher repeatability of the results was
obtained in the case of joints made with Epidian57/
PAC/100:80 adhesive.

3.3. Statistical analysis of the obtained results

The strength of adhesive bonds is an important
factor in the evaluation of such bonds. However, in
order to be able to compare the results obtained, it is
necessary to analyze them statistically.

At the beginning, the distribution normality of the
obtained results was checked with the assumed
confidence level of a = 0.05. For this purpose, the
Shapiro-Wilk test was used. Results of this test are
presented in Table 3.

The analysis of the conformity of empirical
distribution with the normal distribution by Shapiro-
-Wilka test did not reject the hypothesis of the
normality of strength distributions of the tested

adhesive bonds for the analysed methods of surface
preparation (p>o). The next step was to check the
variances homogeneity using the Levene test, which
also did not reject the hypothesis about the equality of
variances. Therefore, ANOVA statistics were carried
out in order to verify the occurrence of significant
differences in the influence of abrasive wear on the
strength of adhesive joints in the process to prepare the
surfaces of the joined clements and the type of
adhesive. Post-hoc Tukey test was carried out to
determine homogeneous groups of distribution. The
results of this test are presented in Table 4.

Table 3. Normality test - adhesive joints’ strength

Shapiro- Norma-

Shotbla- Type of -V\?ilk Probability lity of

sting adhesive . . level p distri-

statistics W !

bution
Epidian57/

Variant PAC/100:80 0.836298 0.184825 Yes
1 Epidian57/

Z-1/100:10 0908799 0476064  Yes
Epidian57/

Variant PAC/100:80 | 0786330 | 0.079880 | Yes
2 Epidian57/

71710010 0788513 0.083166  Yes
Epidian57/

Variant PAC/100:80 0841345 0.199353 - Yes
3 Epidian57/

7-1/100:10 0.843504 0.205812 Yes

Table 4. The post-hoc Tukey’s test designating homogenous

groups
Average Homogenous
Sho.tbla- Type of adhesive shear groups
sting strength
[MPa] a b
Epidian57/ 6.46 o
Variant PAC/100:80 :
1 Epidian57/ s
Z-1/100:10 Rbe
Epidian57/ 361 o
Variant PAC/100:80 :
2 Epidian57/ ek
Z-1/100:10 e
Epidian57/ 343 .
Variant PAC/100:80 :
3 Epidian57/ s
Z-1/100:10 S

On the basis of the obtained results it can be
noticed that the strength results for the samples bonded
with Epidian57/PAC/100:80 adhesive for all shotbla-
sting variants are in one group and for Epidian57/
Z-1/100:10 adhesive in the other group. This means
that at a given confidence level a = 0.05 the abrasive
wear level does not significantly affect the change of
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strength properties of the obtained joints. In this case,
the type of adhesive has a bigger influence.

4. Conclusions

The conducted research concerned the influence of
abrasive wear in the abrasive processing process on the
static strength of overlapping adhesive joints of C45
steel sheets. Variable factors in the study were: the
method of surface preparation for adhesive bonding
and the type of adhesive. As a method of surface
preparation, the shotblasting process was used with the
use of three types of abrasives differentiated in their
wear level. Two types of two-component epoxy
adhesive compositions based on Epidian 57 epoxy
resin with PAC and Z-1 curing agents added to the
resin in appropriate proportions, according to the
manufacturer's recommendations, were used as a bin-
der. Measurements of roughness and topography of
surfaces prepared for the bonding process were also
carried out. Based on the tests carried out, it can be
seen that:

o the roughness parameters decrease with incre-
asing wear of the abrasive used in the surface
preparation of the samples to be bonded,

o shotblasting is a process that positively influ-
ences the development of the surface to be
bonded, which can be a surface with good
adhesive properties,

o with the increase in the level of abrasive wear
used in the process of surface preparation, the
value of strength of adhesive bonds decreased,

e higher strength was characterized by adhesive
bonds made with the use of a less lightweight
adhesive, i.e. Epidian57/Z-1/100:10. However,
higher repeatability of results was obtained in
the case of bonds made with Epidian57/PAC/
100:80 adhesive.

To summarize, it should be stated that mechanical
processing has a significant impact on the strength of
adhesive joints made of structural sheet. This is due to
the formation of more micro roughness, which
contributes to a better anchoring of the adhesive in
such a surface, bearing in mind that this is also related
to the type of adhesive used. The degree of abrasive
wear and tear in the process of shotblasting the
connected elements resulted in a deterioration of the
obtained adhesive strength results of steel sheet joints.
However, the statistical analysis showed that at the set
confidence level a = 0.05 these differences are not
considered significant. In this case, the type of
adhesive has more influence.
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PROBLEMS ASSOCIATED WITH THE HEATING UP OF ACTUATING
SYSTEM OF A SINGLE-DISC LAPPING MACHINE FOR FLAT SURFACES
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Abstract

The paper presents the results of the examination of the heating up of the basic elements of the actuating system of a single-disc lapping
machine with standard kinematics, intended for machining flat surfaces. The increase of the temperature of the drive assembly, rollers and
separator guide ring, as well as the lapping disc and machined elements were analysed. Heating up of the machining system was examined
during the machining of a cast iron tool and flat surface lapping. Lapping is one of the methods of abrasive machining applied during the
individual fitting of elements in assembly or when a technological compensator is used. The increase of temperature in the machining system
influences, among others, the dimensional accuracy of lapped metal elements.

Keywords: mechanical engineering, assembly technologies, lapping, temperature, analysis

Streszczenie

Przedstawiono wyniki badan nagrzewania si¢ podstawowych elementow ukladu wykonawczego docierarki jednotarczowej
o standardowej kinematyce do obrobki powierzchni ptaskich. Analizowano przyrost temperatury zespotu napgdowego, rolek i pierscieni
prowadzacych separatory oraz tarczy docierajacej i obrabianych elementéw. Badano nagrzewanie si¢ ukladu obrébkowego podczas
wyrownywania zeliwnego narzedzia i docierania powierzchni ptaskich. Docieranie jest jedna z metod obrdobki Sciernej stosowang podczas
indywidualnego dopasowywania elementéw w montazu lub przy wykorzystaniu kompensatora technologicznego. Przyrost temperatury
w uktadzie obrébkowym ma miedzy innymi wptyw na doktadno$¢ wymiarowa docieranych elementéw metalowych.

Stowa kluczowe: inzynieria mechaniczna, technologie montazowe, docieranie, temperatura, analiza

1. Introduction Current production and examinations include
lapping machines featuring water cooling of the metal
lapping disc [3, 4], as well as machines without forced
cooling. The second solution eliminates problems with
possible corrosion of the lapping machine elements.
The main source of heat during lapping of flat
surfaces, apart from the very process of grinding by
abrasive grains (interaction of the abrasive with
machined material and the material of the lapping disc)
is the worm gear — acting as a drive system of the
machine.

Changing temperature of the elements of a lapping
system significantly influences the yielded dimen-
sional accuracy of lapped elements. Knowledge of the
temperature increase pattern (and consequently the

One of machining methods applied during the
assembly of components is lapping with a loose
abrasive [1]. This technology has been applied during
individual fitting of elements of a construction or
during assembly of a technological compensator. In
the case of a unilateral machining of flat surfaces, it is
conducted on a single-disc lapping machines where
standard actuating system consists of a ring system
[2]. Guiding rings, from one to four, with machined
elements placed in separators are set in motion directly
through the revolving lapping disc. The rings are also
applied to dress the surface of an active lapping
disc [2].

! Professor Adam Barylski, PhD, DS¢, ME — Gdansk University of Technology, Faculty of Mechanical Engineering and Ship Technology,
G. Narutowicza 11/12, 80-233 Gdansk, abarylsk@pg.edu.pl, ORCID: 0000-0003-1672-8445.
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expansion of the lapped metal elements) can facilitate
the selection of place and time of the control of linear
dimensions, as well as determination of the machining
dimension in the technological documentation of
assembly.

2. Test stand

The examinations of the heating up of lapping
machine elements [5] were conducted using a single-
-disc lapping machine Abralap 380 and thermal vision
camera Optris PI200 (fig. 1).

An increase of the temperature of the actuating
system and driving assembly of the lapping machine
was analysed (fig. 2). During the examination, abra-
sive paste based on aluminium oxide (500 Grit Alu-
minium Oxide) produced by States Products Co was
applied.

Fig. 1. General view of the test stand: 1 - single-disc lapping
machine, 2 - thermal vision camera, 3 - camera stand, 4 - guiding
ring rotational speed sensor, 5, 6 - device recording the rotational

speed of the lapping disc and guiding rings, 7 - laptop computer

Fig. 2. View of: a) guiding ring containing machined elements and their ballast loads b) separators placed in the three guiding rings,
c¢) uncovered drive system of Abralap 380 lapping machine

3. Results of the examinations

3.1. Heating of the drive assembly of the lapping
machine in idle mode

Figures 3-6 show the results of the measurements
of average temperature of the elements of the lapping
machine drive assembly, both before initiating the
examinations and, e.g. after 20 minutes of operation in
the idle mode and for two values of the rotational
speed of the lapping disc n;. The distance between the
thermal vision camera and the analysed drive assembly
was 1 m.

In analysed situation presented in fig. 3b, V-belt
heated up to, on average, 48°C, driving pulley to

TECHNOLOGIA | AUTOMATYZACJA MONTAZU NR 3/2022

48.6°C, and driven pulley to 49°C. The average tem-
perature of the electric motor was 39.8°C and of the
worm gear (driving the lapping disc) - 45°C. After
increasing the rotational speed of the lapping disc to
ne= 80 min™! the temperature if the belt drive increased
by 1.95°C/min (fig. 4). In the examined system, the
temperature of the V-belt after 20 minutes of operation
was 64°C, the temperature of the driving pulley was
64.4°C, the temperature of the driven pulley reached
65°C, electric motor temperature was 52°C, and the
temperature of the worm drive was 59°C.
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3.2. Heating up of the drive system and lapping
disc during dressing

During dressing of the lapping disc (with guiding
rings) a dosage of abrasive was refilled manually
(using an appropriate brush). Due to a 7-minute break
in the operation of the lapping disc (between 12 and
18" minute of dressing) further increase of the
temperature of the drive system elements was less
intensive (fig. 5). The maximum temperature of the
driven pulley was 44°C, of the V-belt 43°C, of the
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driving pulley 42.5°C, of the electric motor and of
worm gear 36°C. When rotational speed of the lapping
disc increased to 80 min’!, the increase of the V-belt
temperature was 1.65°C/min (fig. 6), while the average
temperature of the driving pulley increased to 58°C,
the temperature of the electric motor increased to 49°C
and the temperature of the worm gear reached 51°C
(the break in operation of the lapping disc for refilling
the abrasive was 5.5 minutes).
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Fig. 5. Results of the measurements of the temperature of the lapping machine drive system: a) in the initial moment,
b) after 20 min of dressing the lapping disc with guiding rings (n: = 40 min'') and manual refilling of the abrasive
after 12 min, c) graph showing the increase of the temperature of the belt drive in time (on average by 0,94°C/min)
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Fig. 6. Results of the measurement of the temperature of the lapping machine drive system: a) in the initial moment, b) after 20 min
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Results of the measurements of the temperature of
the rotating lapping disc during idle mode can be seen
in figures 7 and 8. When n, = 40 min’!, the highest
temperature was noted in the centre of the lapping disc
(it is thinner in this area) and it reached 27.6°C. The

22

average temperature in other areas on the surface of
an active lapping disc was, on average, 24,5°C. For
n. = 80 min™! the increase of the tool temperature was,
on average, 0.29°C/min.
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Fig. 7. Results of the measurements of the temperature of lapping disc in idle mode: a) in the initial moment, b) after 20 min
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3.3. Heating up of the actuating system
of a machine during lapping of elements

The examinations of the increase of temperature of
a single-disc lapping machine Abralap 380 were
conducted during lapping of flat elements of C45 steel.
The abrasive based on artificial corundum 95A F320
was dosed manually, with removed guiding rings.
In the first stage, the machining was conducted
throughout 10 minutes without refilling the abrasive.

The rotational speed of the lapping disc was 80 min’!
(average lapping speed was 0.37 m/s), while unit
pressure was 0.10 MPa. Figure 9 presents the example
results of the temperature measurements. During the
machining of a batch of elements, the average tem-
perature of the tool increased to 33.4°C, the tempe-
rature of the rollers guiding rings increased to 32.9°C
and the temperature of the guiding rings increased
to 31.9°C.
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Fig. 9. Results of the measurements of the temperature of the actuating system during lapping of steel elements:
a) in the initial moment, b) after 10 min (n¢ = 80 min™"), ¢) graph showing the increase of the temperature
in time (on average by 0.67°C/min)

When lapping duration was increased to 15
minutes, an increase of the average temperature of the
lapping disc (fig. 10) occurred along with disturbances
of the uniformity of rotational speed of the guiding
rings and, consequently, separators with machined
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elements. With 5 minute long lapping (fig. 11), the
intensity of the heating up of the tool was 0.12°C/min.
A situation when the elements are lapped
throughout 30 minutes, with refilling the abrasive
after 15 minutes of machining is shown in fig. 12.
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4. Summary

On the basis of the conducted examinations it can
be seen that the assembly which exhibits the highest
increase of temperature is the worm gear, being a part
of the lapping machine drive system. Relatively
approximate location of the gear and the lapping disc
exerts a significant influence on the temperature of
a metal tool. An important issue in construction of
machines of such a type consists in the appropriate
thermal insulation of the lapping disc.

Another significant factor consisted in the
influence of the rotational speed of the lapping disc,
and, consequently, of the guiding rings. In order to
prevent the heating up of the elements of lapping
machine drive system and of machined elements, one
should aim at decreasing the values of kinematic
parameters (lapping speed) and, obviously, decrease
the exerted unit pressure. This will cause the prolon-
gation of the time of main lapping of the elements, as

well as the time of dressing the active surface of a tool.
In opposite case, one should consider technological
breaks between operations. If lapping technology is
applied during the assembly of machine unit, the
intensity of using the lapping machines does not have
a significant meaning.

The increase of the temperature can also be limited
by minimizing the ratio of filling the separators with
lapped elements and, as it was shown in previous
research, by applying a constant (drip or flood) dosage
of the abrasive. If the nature of lapped materials
requires the application of super-hard abrasives, i.e.
expensive ones, it is possible to apply a forced water
cooling system of the lapping disc.
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Abstract

The paper presents the definitions of the term quality quoted in the literature on the subject. FMEA (Failure Mode and Effects Analysis)
methodology was presented. A reloading ramp was characterized as the subject of the study. A cause-and-effect analysis of non-compliance
in the finished product was performed using the Pareto-Lorenz diagram, Ishikawa diagram and brainstorming. The FMEA analysis of the
assembly table indicated the elements of the workstation causing the most frequently occurring non-conformities. Based on the obtained
results, corrective actions were proposed to reorganize the assembly station. The implemented activities made it possible to reduce the critical
RPN coefficients for the elements of the assembly table and to shorten the time necessary to make one piece of the finished product.

Keywords: quality, production process, FMEA, assembly, Ishikawa diagram

Streszczenie

W artykule przedstawiono definicje pojgcia jakos$¢ przytaczane w literaturze przedmiotu. Zaprezentowano metodyke FMEA (Failure
Mode and Effects Analysis). Scharakteryzowano rampe przetadunkowa jako przedmiot badan. Dokonano analizy przyczynowo-skutkowe;j
powstawania niezgodno$ci w wyrobie gotowym z wykorzystaniem diagramu Pareto-Lorenza oraz diagramu Ishikawy i burzy mozgow.
Dzigki przeprowadzonej analizie FMEA stolu montazowego wskazano elementy stanowiska powodujace najczesciej powstajace
niezgodnos$ci. Na podstawie uzyskanych wynikow zaproponowano dziatania korygujace, majace na celu reorganizacje stanowiska montazu.
Wdrozone dziatania naprawcze umozliwity obnizenie krytycznych wspotczynnikow RPN w elementach stotu montazowego oraz skrocenie
czasu niezbgdnego do wykonania jednej sztuki wyrobu gotowego na stanowisku montazu.

Stowa kluczowe: jakos$¢, proces produkcyjny, FMEA, montaz, diagram Ishikawy

1. Introduction or services, with a flexible approach to changing needs
and shortening order fulfillment cycles.

Quality has been around mankind since ancient
times. The first references can be found in the time of
the Hammurabi Codex. In the literature on the subject,
there are many definitions of the term quality [3, 5, 6,

survive in highly competitive markets, companies 16,17, 20, 24,27, 30, 34]. As emphasized by Schindler,
must constantly improve the quality of their products

The activity of each economic entity, regardless of
the surrounding reality, is inextricably linked with the
need to bear the costs of good or bad quality, resulting
from the implementation of the object of activity. To
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Puls-Elvidge, Welzant and Crawford, defining the
concept of quality is difficult because [37]:

e quality is an elusive term with many different
interpretations depending on stakeholder views,

e quality is a multi-dimensional concept.

Taking into account the multidimensionality,
Garvin distinguished five dimensions in which quality
can be perceived. Among them there are [7]:

e absolute quality understood as the perfection of
the product [36],
product-related quality [25],
quality relating to manufacturing [9],
quality in relation to user requirements [4] ,
quality in relation to value [1].

The same author proposed that the definitions of
the concept of quality should be divided into seven
categories. He distinguished the following categories
of definitions: general, related to production, product,
user, value creation, multi-dimensional and strate-
gic [7].

According to the above-mentioned authors, when
analyzing the definitions of the concept of quality,
taking into account the level of product quality, three
groups of definitions can be distinguished:

o definitions of quality in terms of utility, taking
into account three approaches: economic,
technical and identification,

e quality definitions in terms of cost, i.e. taking
into account the cost of the manufactured
product,

e definitions of quality in terms of meeting
customer needs.

The authors recognize that quality is a common
phenomenon, but it is difficult to clearly define the
concept of quality. The problem of quality is complex.
It can be analyzed not only technically or econo-
mically, but also socially, philosophically or psycholo-
gically.

Manufacturing companies operating in the present
conditions are forced to constantly improve their
production processes and ensure the quality level of
products in line with customer expectations. Many
methods and quality management tools are used to
carry out the cause-and-effect analysis, including:
Ishikawa diagram (more on Ishikawa diagram see [13,
14, 18]), 8D method (more on 8D method see [12, 22,
23]) or FMEA analysis.

In the literature, there are descriptions about the
issues which can be found on the assembly station [15,
19, 21, 28, 32].

The aim of this work is to reorganize the assembly
station in the production process in terms of improving
the quality of the finished product and reducing
assembly time. As an example, the production of
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a sliding floor for docking stations was selected. The
selection of the assembly station in the discussed
production process was dictated by the analysis of
non-compliance of finished products and the
determination of the reasons for their formation. The
evaluation of the proposed reorganization solutions
was made on the basis of the FMEA method.

2. FMEA methodology

FMEA (Failure Mode and Effects Analysis)
analyzes the cause-and-effect relationships of po-
tential defects, taking into account the risk factor, and
allows for earlier implementation of corrective actions
to counteract failures, errors and their effects [10].
This method was initially used in the United States in
the 1960s. The analysis was developed and used for
the first time by NASA in space flight projects.
Despite its success, this method was not used by other
industries until the 1970s. In the early 1980s, US auto-
motive companies formally introduced FMEA ana-
lysis to their product development processes [2, 26].

In the literature on the subject, two types of FMEA
analyzes are most often distinguished: product
analysis (D-FMEA) and process analysis (P-FMEA)
[31, 33]. Process FMEA is used in processes that are
difficult to control, in the planning phase of techno-
logical processes and service processes, in order to
improve processes that do not provide the required
performance [39].

The procedure of designing the FMEA analysis
has been presented, among others, in the studies [26,
33, 35]. It consists of the following steps:

e creation of the FMEA team,

o description of the product, process that will be

analyzed,

e creating a block diagram showing the main
components (product FMEA) or process steps
(process FMEA),

e creating a list of potential failures, their causes
and impact on the product or process,

e assigning coefficients (Severity, Occurrence,
Detection) for each non-compliance,

e RPN (Risk Priority Number) calculation
according to the formula (RPN = Severity X
Occurrence X Detection),

e development of a recovery plan,

o taking corrective actions,

e recalculation of RPN after implementation of
corrective actions,

e comparison of RPN before and after imple-
mentation of corrective actions and reassess-
ment of potential non-conformities.
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FMEA analysis is used for [38]:

e systematic identification of possible product /
process non-conformities,

e testing the probability of errors in the manu-
facturing or assembly process,

o climination of non-compliance or minimization
of the related risk,

e interpretation of factors that may affect the
stability of the production process,

o searching for solutions to existing problems,

e indication of areas requiring increased super-
vision,

e audit planning.

3. Characteristics of a reloading ramp

Reloading ramps enable a direct connection of the
delivery vehicle with the warehouse surface, which
enables a forklift to enter the vehicle's load box. The
loading ramp is equipped with a system that enables
automatic adjustment of the ramp level to the vehicle
floor. By using this tool, loading and unloading of
a given product is performed only on a horizontal
plane.

Fig. 1. Reloading ramp with a folding floor

Two types of ramps are manufactured in the
examined enterprise. The principle of their operation
and construction differ from each other only in the
method of mounting the extendable platform (flap),
which is a link between the ramp platform and the car
loading surface. Both types of ramps consist of three
basic elements: platform, tear plate and ribs stiffening
the structure. The loading ramps are also equipped
with frames, platforms, wheel guides and buffers
(bumpers). The structure of the ramp with a sliding
floor consists of interlocking beams of the platform, an
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extendable flap and side guide profiles (Fig. 1, Fig. 2).
All loading ramps are manufactured in accordance
with the provisions of the PN EN 1398 standard, and
their size is appropriately adapted to the assumed load
capacity.

Fig. 2. Reloading ramp with a sliding floor

The time necessary to make one piece of the
finished product at the assembly station is 45 minutes.

4. Cause-and-effect analysis
of non-compliance in the finished product

The quantitative analysis was carried out in
relation to products manufactured in one quarter. In the
analyzed period 1250 units of a retractable platform
for the loading ramp were manufactured. Based on
internal complaints, 126 non-conformities were
identified. Seven types of product non-compliance
were noted. They included:

e DI -incorrectly welded ribs,

D2 - incorrectly welded beam,

D3 - incorrectly positioned ribs,

D4 - beam angle not maintained,
D5 - folded ribs,

D6 - scratches and surface crushing,
D7 - unpainted surface.

Table 1 presents the defects in descending order
with their percentage share calculated and cumulative
values. This allowed the identification of a small
number of defects that cause the most severe
consequences. The most important problems in quality
of finished products are:

e incorrectly welded ribs, which cause almost

35% of all defects,
e incorrectly welded beam, which cause almost
20% of all defects,
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o incorrectly positioned ribs, which cause almost
13% of all defects,

e beam angle not maintained, which cause about
9,5% of all defects,

e folded ribs, which cause more than 8,5% of all
defects,

e scratches and surface crushing, which cause
almost 8% of all defects,

e unpainted surface, which cause more than 6% of

Based on the identified and sorted inconsistencies
in Table 1, the Pareto-Lorenz diagram was prepared
(Fig. 3). Two defects (D1 - incorrectly welded ribs, D2
- incorrectly welded beam) cause more than 50% of all
defects. Four defects (D1 - incorrectly welded ribs, D2
- incorrectly welded beam, D3 - incorrectly positioned
ribs, D4 - beam angle not maintained) result in more
than 75% of all defects.

all defects.
Table 1. Defects in the tested product
Cumulative
Frequency Frequency Cumulative
No defect Type of defect for 1250 pes. [%] e fretf;:]ncy
DI. Incorrectly welded 44 34,92 44 34,92
ribs
D2. Incorrectly welded 25 19.84 69 5476
beam
D3, Incorrectly positioned 16 12.70 35 67.46
ribs
D4. Beam angle not 12 9,52 97 75,98
maintained
Ds. Folded ribs 11 8,73 108 85,71
Dé. Scratches aqd surface 10 7.94 118 93.65
crushing
D7. Unpainted surface 8 6,35 126 100,00
100
100,00%

90 93,65%

80
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34,92%
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Fig. 3. Pareto-Lorenz diagram

For three inconsistencies, constituting nearly 70%
of all inconsistencies, an analysis of the causes of
inconsistencies was performed using the Ishikawa
diagram. The main analyzed areas are described,
among others, in [11]. Fig. 4 shows the Ishikawa
diagram indicating the causes of the most common

defect "incorrectly welded ribs". Determining the
causes of non-compliance was possible thanks to
brainstorming and observations of the assembly
station employees. The cause-and-effect analysis has
shown that the main cause of the incorrectly welded
ribs lies in the construction of the assembly table.
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While welding the ribs, workers have trouble keeping
the ribs in the correct position, which results in
incorrect welding. In the case of two consecutive
irregularities, i.e. "incorrectly welded beam" and

MATERIAL METHOD

Incorrect assembly \

"incorrectly positioned ribs", the construction of the
assembly table was also indicated as the main cause of
the non-compliance.
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Fig. 4. Ishikawa diagram showing the causes of the "incorrectly welded ribs" defects

5. Reorganization of the assembly
station - FMEA analysis

The most important incompatibilities of the
finished product include: improperly welded ribs,
improperly welded beam and improperly positioned
ribs. The incorrect structure of the assembly table was
indicated as the main cause of the defects.

The assembly table consists of the following
elements (Fig. 5):

e rear strip,

e apressure beam, which includes a lug fixing the

position of the ribs, a movable beam and a ruler,

e hydraulic system,

e control system,

e table top for assembly, consisting of the rear
beam guide, table legs and a roller for ejecting
ready-made elements.

The rear strip is responsible for pressing the beam
and setting the beam position. The task of the clamping
beam is to maintain the rib angle and to press the rib
against the platform (lug fixing the position of the
ribs), and also to measure the distance of the ribs
(ruler). The tasks of the hydraulic system include
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pressing the main beam, and the control system
monitoring the hydraulic cylinders. The table top for
assembly is a place for storing and welding the
platform.

Based on conversations with the employees of the
assembly station and own observations, a list of the
clements of the assembly table responsible for
resulting in the causes and effects of non-compliance
in the finished product was created. In the next step,
the RPN, i.e. Risk Priority Number, was calculated
(Table 2).

The conducted FMEA analysis of the assembly
table showed five most important defects (the RPN
coefficient exceeds the value of 100, which is
considered a critical value in the examined company),
which affect the incorrect course of the assembly
process. The irregularities concerned such elements as:
the rear strip, the paw fixing the position of the ribs
and the top of the stage. Considering the number of
incompatibilities in the finished product, it should be
noted that:

o the cause of an incorrectly welded rib is the lack

of pressing force on the internal ribs, which
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affects the fact that the ribs do not have a right

angle during the assembly process,

o the cause of an incorrectly welded beam is
improper structure of the beam, in which there
are bolts, which while pressing the beam move

the beam away from the platform,

e the cause of improperly positioned ribs is the
curved surface of the assembly table, which

causes the platform to bend.

Based on the obtained results, a repair plan was
developed taking into account the structural changes
of the assembly station, corrective actions were imple-

the use of a bar clamping the beam with a chain,
the use of an electromagnet,
changing the structure of the rib paw,
placing a pneumatic actuator on each foot,
use of thicker material for the table top -
introduction of a strengthening frame.

The time necessary to make one piece of the fini-
shed product at the assembly station after imple-

menting corrective actions was 30 minutes. Table 4

actions.

mented, and then the RPN coefficient was recalculated
(Table 3). The repair plan for the construction of the
assembly table included the following actions:

Fig. 5. Assembly table

Table 2. FMEA analysis for the assembly table

shows the results of the FMEA analysis of the stage
before and after the implementation of corrective

RPN
ARG Cause of defect Consequences of a defect
element RPN
) Incorrep t construction of the Beam incorrectly welded 126
Rear strip rear strip
Moving beam Beam angle not maintained 108
Paw fixing the position | Wrong paw construction Wrinkled rib 112
of the ribs No downforce on the inner ribs | Rib badly welded 147
Ruler Unreadable reading from the Ribs incorrectly positioned 48
ruler
. Broken serpent No oil pressure 24
Hydraulic system -
Damaged actuator Actuator not working 45
Control system Damage to electrical wires No actuator reaction 96
Table top for assembly The curve of the table surface - Ribs incorrectly positioned 126
dents and unevenness
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Table 3. FMEA analysis for the assembly table after the implementation of corrective actions

RPN
ARG Cause of defect Efforts to improve
element R P N RPN
Incorrect construction of the | The use of a bar clamping the
. . . . 5 3 6 90
Rear strip strip beam with a chain
Moving beam The use of an electromagnet 1 3 6 18
. . Wrong paw construction Qhange in the structure of the 2 2 7 28
Paw fixing the position rib paw
of the ribs i i
No downforce on the inner ribs Pneumatic actuator is placed on 3 3 7 63
each foot
The use of a thicker table top
Assembly table top The curve of the table surface - and the introduction of a rein- 5 2 7 70
dents and unevenness forci
orcing frame

Table 4. Assembly table FMEA analysis results before and after the implementation of corrective actions

RPN before modernizing RPN after modernization
Assembly table Task the assembly table of the assembly table
element
R P N RPN R P N RPN
Pressing down the 7 3 6 126 5 3 6 90
. beam
Rear strip Setti h — R
etting the position o 6 3 6 108 1 3 6 18
the beam
‘ . Maintaining the rib 8 ’ 7 112 2 b 7 28
Paw fixing the posi- | angle
tion of the ribs i i
Pressing the rib to the 7 3 7 147 3 3 7 63
platform
Assembly and welding
Assembly table top of the platform 6 3 7 126 5 2 7 70

6. Summary

The aim of the work was to reorganize the

assembly station in the production process in terms of
improving the quality of the finished product and
reducing the assembly time. Based on the conducted
analyzes, it can be concluded that:
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o the Pareto-Lorenz analysis showed that the

incidence of "incorrectly welded ribs" was
34.92%, "improperly welded beam" - 19.84%,
and "incorrectly positioned ribs" - 12.70%,
analysis of the Ishikawa diagram and brain-
storming indicated that the most common
causes of non-compliance are: incorrect con-
struction of the assembly table, non-compliance
with workplace instructions, improper ergono-
mics of work and lack of communication with
employees,

the FMEA analysis of the assembly table
showed that the elements of the station causing
the most frequently occurring non-conformities
are: the back strip, the clamp fixing the position
of the ribs and the top of the assembly table,

e on the basis of the FMEA analysis of the
assembly table, in relation to the critical causes
of non-compliance, the following corrective
actions were proposed: the use of a bar clamping
the beam with a chain, the use of an electro-
magnet, changing the structure of the rib paw,
placing a pneumatic actuator on each paw, as
well as using a thicker table top and the
introduction of a strengthening frame,

e corrective actions reduced the critical RPN
coefficients in the elements of the assembly
table and shortened the time necessary to make
one piece of the finished product at the assembly
station from 45 minutes to 30 minutes.
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Abstract

The article presents a design solution for a tool for the automatic release and assembly of washers on ISO pins in order to prevent
a heating mat from moving during tank forming. This solution minimizes the risk that washers get displaced. It also ensures safe and controlled

release of washers without the assembly process.

Keywords: automation, assembly, control

Streszczenie

W artykule przedstawiono rozwiazanie konstrukcyjne urzadzenia sluzacego do zautomatyzowanego wydawania i montazu podktadek
na kotkach ustalajacych w celu zabezpieczenia maty grzejnej przed przesunigciem w trakcie procesu formowania zbiornika. Rozwiazanie to
minimalizuje ryzyko obecnoéci podktadek poza miejscami do tego przeznaczonymi. Zapewnia rowniez mozliwos¢ bezpiecznego

kontrolowanego wydania podktadek bez realizacji montazu.

Slowa kluczowe: automatyzacja, montaz, kontrola

1. Introduction

There is a growing tendency for various manu-
facturing companies manufacturing to automate basic,
auxiliary and service processes. This trend can also be
observed with respect to assembly processes, though,
undoubtedly, the advancement of automatic system
implementation in assembly processes is not yet as
intense as in other manufacturing processes. There are
many reasons for that, the most important being [6]:

e increased design and functional complexity of
various electromechanical products, the assem-
bly of which would require special, expensive
and often unreliable devices,

o limited possibility of series production, which
makes it unprofitable to implement automatic
assembly devices,

e great diversity of product types (e.g. standard,
modular and functional), which requires consi-

derable flexibility of automatic assembly de-
vices,

¢ insufficient manufacturability of product design
due to automated assembly requirements,

o lack of series production of typical modules for
automatic assembly that would allow easy
configuration of automatic assembly devices
depending on the assembly need,

e necessity to produce specialized assembly units
dedicated for a specific use.

Despite the above-mentioned factors that limit the
use of automated systems in machine assembly, such
systems are gradually becoming more and more
popular, thus contributing to repeatability and auto-
matic control of the assembly process.

A technological process can be automated if
operations performed in this process are mechanized.
Mechanization means that physical human work is
replaced with machine work. To achieve it, it is
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necessary to use proper mechanical devices which will
work under human supervision. One can distinguish
four basic groups of driving elements: mechanical,
pneumatic, electric and hydraulic. Following mecha-
nization, the process can be automated so that the
machines perform planned operations either without or
with limited human participation [2]. This is possible
thanks to the use of control systems such as pro-
grammable microprocessor controllers.

The most frequent reasons for assembly auto-
mation include:

o the limitation of production capacity in defined
assembly operations, which makes it impossible
to fully use the technological possibilities of
other mechanized and partially automated
manufacturing techniques on a manufacturing
line,

o the necessity to ensure that a given process can
be completed within a defined time, which
forces the need for process automation [1],

e the need to offer competitive solutions that
reduce the probability of manufacturing faulty
products.

Such situations create opportunities for the
companies specializing in the design and manufacture
of semi-automated and automated assembly machines,
as well as for the suppliers producing components for
these machines.

According to the opinion of the author of [6], in
order to make the most of opportunities which increase
during the times of economic prosperity and diminish
in a crisis period, it is necessary to:

e have experienced, creative and innovative team
of designers able to promptly solve complex
problems,

e have proper information systems supporting
designers works, activities of planners imple-
menting these projects (supplying, prioritizing
and ordering tasks, using production capacities
and resources, etc.),

e have proper technical infrastructure enabling
fast and qualitative implementation of projects
and have good connections with suppliers,
co-operators and sub-contractors facilitating
performance of these works.

The need for creativity results mainly from the fact
that assembly automation does not always reflect
operations that are performed manually. In such
situations, problems must be solved in an innovative
way, one that guarantees high efficiency, stable
quality, work safety, and functional reliability of the
automated assembly system.

To meet the above requirements, it is necessary to
conduct basic, applied and development research [4,
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5]. The aim of these research efforts is to elaborate and
propose various solutions, methods, tools, instruments
as well as other elements for effective and reliable
process automation.

2. Project requirements

The project task included building a station for an
automated assembly of washers for attaching a mat to
fixing pins. Dimensions of the mat are presented in
Fig. 1. The mat is made of high-density polyethylene
(PE-HD).

=]

SECTION A-A \fa

Fig. 1. Dimensioned drawing of a securing washer

Dimensions of the fixing pin are presented in
Fig. 2.

Fig. 2. Dimensions of an fixing pin

The washer is automatically assembled on the
pin after putting the mat on. The operator sets an
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assembling head on the assemble position, and after
detecting the proper setting the device assembles the
washer automatically. Fig. 3 presents the status of the
product before and after assembling the protection
(washer).

The number of released washers is automatically
defined based on product identification. The device is
equipped with a storage of washers in the amount

enabling to assemble a full set of washers for one
product (max. 13 pieces), without the need to refill it.
The storage is refilled when the product is exchanged
in a work nest. The washers are added to the main
hopper automatically from a tray located at the height
of the working table. Product is identified based on
a barcode placed thereon.

Fig. 3. Product before and after protection assembly

A simplified view of the product with assembled
washers is shown in Fig. 4.

Fig. 4. Simplified view of a product with assembled washers

3. Technical solutions

Based on the presented requirements, a techno-
logical solution for a washer assembly station was
devised (Fig. 5).
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Fig. 5. View of an assembly station

The designed station is mobile thanks to trans-
portation wheels. The frame of the station is made of
aluminium profiles. The station has a changeable
assembly nest (1), which makes it possible to assemble
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products of different geometries. Under the assembly
nest there is a barcode scanner (7) for product
identification and automatic setting of the number of
released washers per one assembly cycle. The average
height of the assembly table is 950 mm, which ensures
ergonomic work conditions for the operator [7] (Fig.
6). The station also consists of a space for mat
containers, an additional manual scanner for mats, and
a pin (6) that allows the device to complete the washer
release cycle in case of assembly error. The ergo-
nomics of the workstation arrangement was checked
based on the reach ranges presented in Fig. 7.
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Fig. 6. Ergonomic windows for a standing workstation
(side view)

Fig. 7. Analysis of compliance with ergonomic conditions

Washers are fed into a feeder (5) and through
a pipe (4) transported to a dispenser (2) by means of
an air amplifier. The dispenser also includes an intake
hopper with separating plates (Fig. 8) At the bottom
of the hopper there is a dosing disc powered by
a motoreducer. The disc has cut-out holes, thanks to
which the washers are transported to the feed pipe
which is closed with a valve (2) driven by a pneumatic
actuator (3). A coupling (4) makes it possible to
connect tools. The presence of a tool is signalled by
a cased sensor which makes the valve open if the
storage needs to be refilled.
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The tool shown in Fig. 9 is hung up on a spring
balancer in order to minimise the power that is
necessary to move it. The tool has a 3D printed casing
and a profiled clamp for the washer storage.

Fig. 8. Washer feeder

Fig. 9. View of an assembly tool

Fig. 10 illustrates the principle of tool operation.
Washers are fed into the storage which is connected
with the feeder. The minimum feed amount is
controlled by a sensor (1). On launching the assembly
readiness procedure, the tool is activated automa-
tically. A slider (2) moves in direction A. As it is
moving, a light gate confirms that the washer is in the
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slider hole. Once the washer is put under a pusher (3),
the pusher is moved downwards (motion B) by an
actuator (4). The washer is moved to the bottom of the
head and supported on a bush necking (5). When the
actuator (4) reaches the maximum position, the slider
returns to the washer loading position (motion C). It
should be noted that the position of the washer in the
slider hole is maintained by negative pressure, which
prevents washer displacement due to the action of

external forces. When the operator puts the tool on
a pin and sensors (6) detect the pin in the slider hole,
the main assemble motion D is started — the motion is
induced by an actuator (7). The washer is pushed out
of the bush and assembled on the pin. When the
operation is complete, the pusher returns to the initial
position, and the entire cycle is repeated.

.il‘?—? IR

Fig. 10. Schematic diagram of tool design

4. Conclusion

The proposed design solution for the automated
assembly of washers on ISO pins made it possible to
meet the following requirements defined by the
customer:

e automated assembly of washers,

o control of the number of released components,

e simple reconfiguration of the station to assem-

ble products of different geometries,
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e mobility of the station,

e ergonomic work conditions for the operator.

All the above-mentioned factors led to increased
efficiency of the assembly process. The applied
technological solutions ensured the repeatability of the
process. The use of tools for product identification
enabled automatic reversing of the machine to the
required work conditions, which considerably reduced
the probability of manufacturing a faulty product.
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ANALYSIS OF THE AIRFRAME REPAIR NODE

ANALIZA WEZI.A NAPRAWCZEGO POKRYCIA PLATOWCA

Abstract

Polymer composite materials can be used both for the production of semi-monocoque structures and for the repair of aircraft airframes.
Of all the elements of the semi-monocoque structure, the airframe skin is most often damaged during operation. The fragments of the skin
between the frame elements of the semi-monocoque structure are considered as a thin-walled plate. The paper presents an analysis of the
repair node of a metal plate subjected to uniform shear. The model of the repaired plate made in the Ansys Workbench environment was used
for the analysis. The boundary conditions were defined by means of an articulated frame using the possibilities of the computing environment
in the scope of, defining elements among others. The model was initially verified experimentally, assuming that it can be used to carry out
a comparative analysis of two methods of repairing a damaged plate, using CFRP (Carbon Fiber Reinforced Polymer) and GFRP (Glass Fiber
Reinforced Polymer) materials. Analyzing the obtained results, it was found that the repair does not restore the original strength of the
damaged structure, however, it reduces the stress of the plate material around the opening by 10%.

Keywords: numerical analysis, experimental research, repair node, semi-monocoque structure, buckling, Ansys Workbench

Streszczenie

Polimerowe materiaty kompozytowe moga by¢ wykorzystywane zaréwno do wytwarzania elementow konstrukeji potskorupowych jak
i do napraw juz eksploatowanych metalowych ptatowcow statkow powietrznych. Sposrod wszystkich elementéw konstrukeji potskorupowej,
pokrycie platowca ulega najczesciej uszkodzeniom eksploatacyjnym. Fragmenty pokrycia pomigdzy elementami szkieletu konstrukcji
potskorupowej rozpatruje si¢ jako ptyte cienkoscienna. W pracy przeprowadzono analize wezla naprawczego metalowej ptyty poddanej
réwnomiernemu $cinaniu. Do analizy wykorzystano model naprawianej ptyty wykonanej w Srodowisku Ansys Workbench. Warunki
brzegowe zdefiniowano za pomoca przegubowej ramki wykorzystujac mozliwosci sSrodowiska obliczeniowego w zakresie m.in. definiowania
kontaktow. Model wstepnie zweryfikowano eksperymentalnie, przyjmujac zatozenie, ze moze by¢ wykorzystywany do przeprowadzenia
analizy porownawczej dwoch metod naprawy uszkodzonej plyty, z wykorzystaniem materiatbw CFRP (Carbon Fibre Reinforced Plastic)
oraz GFRP (Glass Fibre Reinforced Plastic). Analizujac otrzymane wyniki stwierdzono, ze naprawa nie przywraca pierwotnej wytrzymatosci
uszkodzonej struktury, jednakze zmniejsza wytezenie materiatu ptyty wokot otworu o 10%.

Slowa kluczowe: analiza numeryczna, badania doswiadczalne, wezel naprawczy, struktura poiskorupowa, wyboczenie, Ansys Workbench

1. Introdution direction perpendicular to the skin plane and its
susceptibility to loss of stability and buckling [4, 5].
In the process of operation, the airframe skin is the
element that is most often damaged (98 - 100%) [6].
The damage may be a single element damage or
a coupled damage (the skin and, additionally, other
elements of the aircraft are damaged, e.g. stringers,
wing spars, other force elements of the frame) [7,8,9].
These damages are particularly important when they
occur in the wing structure, due to its tasks, including
the creation of lift, stability and controllability [10].
Damage most often occurs as a result of impact on the
structure, e.g. in conditions of improper use. In the
case of a military aircraft, additional damage may
occur due to the effect of combat measures [6, 11].

The airframes of modern aircrafts are most often
semi-monocoque structures [1], which consist of
a frame and load-carrying skin [2]. Both the frame and
the skin contribute to the load transmission. The share
of airframe elements structure in the distribution of
loads (bending and torsion) is unequal.

Normal stresses resulting from bending are
transferred mainly by the wing spars, stringers and
skin, while the shear stress resulting from bending and
torsion are loaded by wing spars wall and skin. During
the strength analysis, the skin is considered as a thin-
walled plate [3]. One of the special features of each
thin-walled structure is its low bending stiffness in the

! dr hab. inz. Marek Roskowicz, marek.roskowicz@wat.edu.pl, ORCID: 0000-0003-0501-0622.
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In the process of maintenance, aircraft airframes
are repaired. Repairs are carried out in order to restore
the original strength of the structure and stop the
process of damage development [12, 13]. In aviation,
two basic methods of repairing aircraft skin are used:
the method with the use of metal patches and
mechanical joints [14] and the use of composite
patches and adhesive joints [15, 16] or alternatively
a hybrid solution [17, 18, 19]. Due to the technological
susceptibility of fiber-reinforced composite materials,
these types of materials are used to repair not only
composite but also metal structures. Polymer compo-
site materials are bonded to the damaged structure
with adhesive materials [20, 21].

The purpose of the performed calculations and
tests was to assess the effectiveness of repairing
a damaged plate, which was subjected to uniform
shear. The metal plate was repaired with composite
materials. Implementation of works on experimental
tests and calculations using the finite element method
were performed. Using the finite element method,
calculations were carried out on the basis of a metal
plate model which was repaired with composite
patches.

2. Model of plate and frame

In order to perform numerical calculations,
a simplified model of the plate with a loading frame
was prepared in the NX 11 environment. As part of the
model being performed, the plate, repair elements,
articulated joints and a frame for mapping the plate
shear were defined. The following assumptions were
adopted to define the plate model: thickness 1 mm and
material properties of the 2024-T3 series aluminum
alloy. The geometrical dimensions of the plate with
a damage in the form of a hole with a diameter of
50 mm are presented in Fig. 1.
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Fig. 1. Dimensions and shape of the plate used in the test
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The model of the repaired plate consisted of
elements that are used in the repair process. Inside the
hole, a metal insert is defined, while on one of the outer
surfaces of the plate a composite patch with the
material propertiecs of a glass (GFRP) and carbon
(CFRP) composite was modeled. The properties of the
glass composite corresponded to the material prepa-
red on the basis of SynglassE86 glass fabric with
a grammage of 101 g/m? and the L285/H285 (MGS)
impregnated by Havel Composites (Fig. 2).

Composite patch

Metal insert

Specimen

3

>

Fig. 2. Elements of the repair node

The properties of the carbon composite were
defined on the basis of 160 g/m? carbon fabric by
HACOTECH and L285/H285 (MGS) by Havel
Composites. The composite patch had the shape of
a clipped cone with a back diameter of 142 mm and
a top layer diameter of 127 mm (Fig. 3). Due to the
use of a conical shape, the occurrence of stress
concentration in the joint of the adhesive joint at the
edges of the edge overlap was limited. Between the
patch and the panel to be repaired, an adhesive layer
was modeled with a thickness of 0.1 mm, diameter
of 142 mm and the properties of Epidian 57/Z1
adhesive [22].

Plate Coposite patch

- -

Fig. 3. The diagram of the repair node

As part of defining the boundary conditions in the
load area, a model of the mounting frame was made,
which consists of eight steel flat elements connected
with each other articulated with four pivots. The
scheme of the frame with the plate being repaired is
shown in Fig. 4.
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Steel elements

Fig. 4. Geometric model of the repaired plate with a frame

The plate geometries with the frame were exported
to the Ansys Workbench 21 R2 environment for
numerical calculations. For the preparation of the
calculation model, the material properties of indivi-
dual elements were defined. Epidian 57 adhesive
parameters were adopted from the publication [22]. As
part of solving the task, a simplification assuming
quasi-isotropic properties of composite materials was
adopted. Properties of the materials defined in the
model are presented in Table 1.

Table 1. Properties of materials defined for calculations

Material Young’s module Poisson

[MPa] number
Aluminium alloy 2024-T3 73100 0,33
Adhesive Epidian 57/Z1 2083 0,35
Glass composite (GFRP) 40000 0,4
Carbon composite (CFRP) 61340 0,3
Steel elements - Steel 200000 0,3

Using the symmetrical layout of the plate, a regular
shape of the plate mesh was defined. For this purpose,
the board model was divided into 8 elements (Fig. 5).
This type of operation was aimed at obtaining a mesh
with a regular shape - Fig. 6.

Fig. 5. Scheme of division of the slab model
into 8 geometric elements
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Fig. 6. The view of the model with the division into finite
elements, the so-called mesh

The Edge Sizing option was used to define the
mesh, assigning 20 elements to individual edges, and
the MultiZone option, assuming the type of Hexa
element. According to the adopted scheme, a similar
division of the composite patch, the adhesive layer and
the insert was made. Additionally, the frame elements
have been assigned an optimization module of the Hex
Dominant type. As a result of discretization, the frame
model had 53362 finite elements and 62506 mesh
nodes, while the repaired plate had 2400 elements and
5000 nodes.

3. Defining contact elements

In order to recreate the conditions of assembly the
plate to the frame, bonded contacts have been defined
between the frame and the plate. The same type of
contact is defined between the composite patch and the
adhesive layer and between the adhesive layer and the
plate and between the insert and the adhesive layer.
Figure 7 shows the individual elements for which the
type of bonded contact has been defined.

The articulated joints were modeled between the
frame elements and the pivots using a No Sepatarion
contact (slip without friction, Fig. 8).

The last type of contact that was used in the
modeling of the plate with the frame was the Frictional
contact, which was assigned to the side surfaces of the
insert and the hole. For the purposes of the analysis,
the friction coefficient of 0.1 was assumed.

In the load area, a force of 8 kN was defined
located in the pivot No. 1 directed along the z axis,
while the pivot No. 4 was fixed using the Fixed
Support function (Fig. 9).
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the plate, the adhesive layer with the plate, the adhesive layer with the insert and the adhesive layer with the patch
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Fig. 9. The diagram of the boundary conditions
of the FEM model
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4. Experimental verification of the model

In order to made assess the quality of the model,
calculations were carried out under the conditions of
the planned experiment (8 kN load). The obtained
results, in regard to of strain, were compared with the
results of experimental tests.

4.1. Experimental tests of the plate

The specimen for experimental tests was made of
1 mm thick 2024-T3 sheet, aluminium alloy with the
dimensions shown in Fig. 1. The repair of the plate
consisted of installing a metal insert in a hole with
a diameter of 50 mm. The composite patch was formed
of 16 layers of SynglassE86 glass fabric with diame-
ters from 127 mm to 142 mm, in 1 mm increments.
The test surface was degreased with extraction naphtha
and with the use of a 3M SC-DR disc of granularity
P180 and P400. Only the area on which the patch was
to be formed was processed. The surface preparation
process was completed with another surface cleaning
with extraction naphta. The L285 epoxy resin mixed
with the H285 hardener in the proportions 100: 40 was
used as the saturant of the composite patch. The
filtered material layers were layered according to the
scheme [0°, 30°, 60°, 90°]4. Then, next layers used in
the vacuum bag technology, including a resin draining
mat, perforated foil and delaminating fabric, were
applied to the composite patch. The patch prepared in
this way was placed in a device enabling to generate
a pressure equivalent to a pressure of 0.8 MPa and
left for 24 h at room temperature (according to the
technical sheet for curing resin L285/H285). The
prepared composite patch was adhesively bonded to
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the plate with the use of Epidian 57 epoxy resin mixed
with the hardener Z1, in a ratio of 1:10. The adhesive
has been hardened: in the first stage, 24 hours at 20°C
and for 6 hours at 80°C.

After the specimen was prepared, mounting holes
were drilled in it and the specimen with the frame was
placed in the traverses of the testing machine. The
specimen and the method of its mounting in the
machine are shown in fig. 10.

Fig. 10. Fixing the sample in the testing machine
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Strain gauges were jointed to the elements of the
repair node in accordance with the diagram shown in
Fig. 11.

composite patch

Left side Right side

metal insert

Fig. 11. Distribution and numbering of strain gauges mounted
on the specimen

The strain gauge No. 1 is jointed to the metal insert
- in the direction perpendicular to the load generated
by the testing machine. Strain gauges 2 and 3 were
jointed in the direction of load deformation of the
testing machine. The strain gauges 4, 5, 6 had the form
of a rosette bonded to the composite patch. A CL 460
(Zaktad Elektroniki Pomiarowej Wielkosci Nieele-
ktrycznych, Poland) bridge was used to measure the
deformation.

The results of the recorded strain from the
experimental tests were compared with the results of
the numerical simulation (Fig. 12 and Table 2).
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Fig. 12. Deformation values for the plate, glass fiber patch and reinforcement insert

Table 2. Values of deformations obtained in the experimental
test and numerical simulation

Canal 1 Canal 2 Canal 3 Canal 4 Canal 5 Canal 6
m/m m/m m/m m/m m/m
Experiment -0,000465 0,000685 0,000598 0,00098 -0,000081 -0,000545
Calculations -0,000300 0,000654 0,000654 0,00035 -0,000050 -0,000260

The largest differences in strain between the
results of the experimental tests and the results of
calculations occur on the composite patch, which may
be related to the take simplifications in defining the
composite material. In the case of strain gauges
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bonded directly to a metal plate, the differences are at
the level of several percent. Therefore, it was assumed
that the prepared model can be used for further
analyzes.
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5. Calculations of the repairing plate

In order to compare the effectiveness of the plate
repair with different composite materials (CFRP and
GFRP), calculations were carried out using the
prepared model. Under boundary conditions, the load
values were changed from 8 kN to 25 kN. According
to the results presented in [23], it was the range of
subcritical loads in buckling process of plate.
Computational simulations were carried out for the
undamaged, damaged and repaired plate model.
Examples of calculation results in the form of reduced
stresses (von-Mises) for an undamaged and damaged
plate are presented in Fig. 13.

Time: 13 Tme: 13
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552:88 Max
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008t
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26545

@0t
0.73775 Min. ST

Fig. 13. Reduced stresses in the plate for undamaged (a)
and damaged (b)

Stress concentration in an undamaged plate occurs
near the corners of the plate. Which in the conditions
of a semi-monocoque structure may cause additional
stress on the mechanical joints. In the central zone of
the plate, where the stress wave formation process
takes place, the stress values are below the yield point.
Figure 14 presents the results of the stress distribution
in the plate repaired with composite patch in two
variants (option I - glass composite GFRP, option II -
carbon composite CFRP).

Fig. 14. Reduced stresses in the plate with the GFRP (a)
and CFRP (b) patch

Using both GFRP and CFRP, the effort conditions
of the undamaged plate were recreated. The greatest
changes were observed in the area of the insert
mounting hole. The comparison of normal stresses
perpendicular to the adhesive surface and the maxi-
mum main stresses in the adhesive layer for two patch
variants is shown in Fig. 15 and Fig. 16.
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Fig. 15. Normal stresses to the adhesive surface for two
patch variants: GFRP (a), CFRP (b)
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Fig. 16. Maximum main stresses in the adhesive layer
for two patch variants: GFRP (a), CFRP (b)

The values of stresses in the adhesive joint area are
lower than the values of breaking stresses defined for
Epidian 57/Z2. Table 3 presents the displacement
values of the frame model with the specimen for the
considered repair values. The smallest values occurred
for the CFRP composite patch.

Table 3. Displacement values of the frame with the plate for the considered cases

Plate without

The type of the plate damage

Plate with damage

Plate — glass patch Plate — carbon patch

Displacement in the direction of

the load [mm] 5

0,43 0,248 0,25
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6. Conclusions

Based on the calculations and experimental tests

performed, the following conclusions can be defined:

o the aircraft skin repair node, in which composite
materials are used, can locally "stiffen" a part of
the semi-monocoque structure. The consequen-
ce of repairing the skin located between the
frame elements of the semi-monocoque struc-
ture may be a greater effort of the mechanical
joints located in the vicinity of the repaired area.

o repair does not restore the original strength of
the damaged structure, however, it reduces the
strain of the plate material around the opening
by about 10%.

o regardless of the taken variant of the composite
patch (GFRP, CFRP), the effectiveness of the
repair should be confirmed in experimental tests
(especially with the use of the CFRP patch - low
susceptibility to deformation of carbon fibers in
the process of plate buckling may cause an
unfavorable phenomenon of peeling off of the
composite patch.

e it seems that in order to evaluate the adopted
solutions more effectively, the composite patch
for calculations should be defined as layered
materials - (the homogenization of the material
properties of the composite patch adopted for
calculations may negatively affect the stress
distribution in the adhesive layer.
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