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THE EFFECT OF PENTAGONAL AND OCTAGONAL JOINT
DESIGN ON THE FATIGUE STRENGTH OF POLYMER-MATRIX
COMPOSITE MATERIALS

VPLIV PETEROKOTNE IN OSMEROKOTNE OBLIKE SPOJEV NA
TRAJNO NIHAJNO TRDNOST KOMPOZITNIH MATERIALOV S
POLIMERNO MATRICO
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Joining methods and suitable geometry selection become an important role in the bonding of composites. The fatigue strength of
adhesively bonded joint of thick woven type laminated E-glass/ Polymer matrix composites consist of 22 layers with a layer
thickness of 0.5 mm was investigated experimentally. Frequency was kept constant at 10 Hz for all experiments, while the load
ratio was equal to 0.1, resulting in a tension—tension fatigue loading. Octagonal and pentagonal tongue and groove joint design
were used in order to join thick composite materials. Experimental results and SEM analysis of present study indicated that
fatigue strength was strongly influenced by the geometry of joint design. Claw length and claw width defined in the design were
found to have a significant effect on fatigue strength of adhesively bonded joints. The octagonal design showed almost two
times higher fatigue strength than pentagonal joint design.
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Primerna izbira metode spajanja in ustrezna geometrija spoja igrata pomembno vlogo pri spajanju kompozitov. Avtorji so
eksperimentalno dolocali trajno nihajno trdnost adhezivno z lepili vezanih spojev iz tkanih debelih laminiranih kompozitov s
polimerno matrico in ojacitvijo iz steklenih vlaken tipa E. Kompoziti so bili sestavljeni iz 22 plasti in pri tem je bila vsaka plast
debela 0,5 mm. Pri vseh preizkusih so spoje utrujali v natezno-nateznem nacinu obremenjevanja, izbrano razmerje obremenitev
je bilo 0,1 in frekvenca utrujanja je bila 10 Hz. Za spajanje izbranih kompozitnih materialov so izbrali peterokotne in
osmerokotne jezicne in utorovne oblike spoja. Eksperimentalni rezultati in SEM-analize te $tudije so pokazali, da je trajna
nihajna trdnost spojev mo¢no odvisna od njihove geometrije oz. oblike. Ugotovili so, da dolZina in Sirina celjusti pomembno
vplivata na trajno nihajno trdnost adhezivno vezanih spojev. Osmerokotna oblika je imela skoraj dvakrat vi§jo trajno nihajno
trdnost kot peterokotna oblika spoja.

Kljuéne besede: kompoziti s polimerno matrico, trajna nihajna trdnost, debeli kompoziti, jezi¢na oblika spoja, utorovna oblika
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1 INTRODUCTION

The fatigue strength of thick composite materials,
which are preferred due to lightness, and high strength,
is influenced by many factors, such as geometry, mater-
ial of joining part, adhesive material, etc. The importance
of the joining methods using adhesives is increasing in
the field of manufacturing due to the having many
advantages compared with other joining methods. Com-
posite materials are widely used in aerospace, auto-
motive, ship structures and other structures. Many
researches were performed in order to understand the
joint behavior of the composite materials. Technological
development was revealed to join different materials
together such as metal, plastic, composite etc.

Nowadays, adhesive joints quite improved mechan-
ical properties (shear/tensile strength, shear/peel strength,
impact and shock resistance) have been used instead of
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mechanical fastening methods. Strong structures require
quality adhesion techniques. Bonding strength can be
increased with increasing chemical properties of
adhesives as well as using quality joining technique. The
performance of the joint strength could be increased with
the joint design of the adherend.

Adhesive bonding techniques of inclined and stepped
joint configuration along the thickness have been used in
the literature for thick composites. Tongue and Groove
(T&G), high strength glued connections was first in-
vestigated by the American Navy General and Ren-
sselaer Polytechnic Institute, New York, USA. The effect
of tongue length, lateral tension, strength and the shear
stress distributions formed on the adhesion surface were
examined in case of static loading. T&G technique was
showed more efficient than the other techniques.' Nine
different geometric shapes of T&G type connection
carbon/epoxy composite material and stainless steel were
inspected experimentally. Considering the same adhesion
length, the strap connection type and T&G connection

143



C. ERSAN, O. E. CANYURT: THE EFFECT OF PENTAGONAL AND OCTAGONAL JOINT DESIGN ...

were compared and it was stated that the connections
with all type of geometries for T&G type connection
were stronger.” The adhesive bonding of glass fabric/
vinyl ester materials and steel plate materials by T&G
method were analyzed by finite element method (FEM).
Scaling of elastic results according to plate thickness,
shows that the stresses supported by the adhesive for
certain total stress levels given to the adhesive plate were
not dependent on the plate thickness.* The mechanical
properties of bonded joints between rotational parts were
identified using FEM using ABAQUS and compared
with experimental results in order to improve the joint
design for industry.* The pre-stress effect, which could
be applied in these connections, was described in lite-
rature.’ Since the lateral pre-stress reduced the peeling
stresses, consequently the adhesive bonding could
withstand higher tensile forces. Attempts have been
made to reduce the peeling stress in the thick composite
materials considering by the effect of geometry on the
adherend and temperature. Experimental results indi-
cated that type the angle of adhesion surface signific-
antly increased the fatigue strength.® Finite element
analysis program was used to correlate the geometric
parameters, interfacial peeling stress and the Von Misses
stress within the adhesive.” Six different composites
were produced using fibers in different proportions to
investigate the mechanical properties of natural fiber
filled with fiber glass reinforced polymer composite. The
failure was identified with SEM analysis.® The adhesive
strength of polymer materials was influenced by pre-
treatment and temperatures.’ Crack initiation and
damage evolution in adhesively bonded joints under
different loading such as cyclic, tension/compression and
shear were analyzed to optimize the design for high-tech
applications. The mechanical behavior of adhesively
bonded joints under cyclic loadings was quite complex.
Loading parameters such tensile/compression—shear
loads, mean load and load amplitude could influence the
crack initiation life.!® Geometrical parameters considered
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Figure 1: a) Pentagonal b) octagonal designs with applied parameters
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in the experiment showed that parameters influenced the
fatigue strength.!' The behavior of the tongue/groove
adhesive bonding was found by the genetic algorithm.
The experimental and model results indicated that
bonding strength depend on factors such as bonding
length/thickness and pre-stress.!> The fatigue behavior of
layered thick woven composites was examined with
nonlinear GA model and experimental results. Optimum
design parameters were determined to obtain a strong
adhesively bonded connection.'

In this study, the tongue and groove joint of thick
woven layered polymer matrix composite materials with
special tip designs were considered. Two type tips such
as pentagonal and octagonal design were constituted and
fatigue behaviours of these two designs were inves-
tigated experimentally. The stronger tip design on the
joint using optimum design parameters was discovered
under dynamic loading.

2 MATERIAL AND METHOD

Experiments were carried out in the composite
laboratory of the Mechanical Engineering Department at
Pamukkale University. E-glass/ Polymer matrix
composites, Polires 840, consist of 22 layers with a layer
thickness of 0.5 mm was used in the experiments. The
specimens bonded with Loctite—Hysol 9466 epoxy were
cured at room temperature for one week specified by the
manufacturer. All fatigue tests were performed on an
Instron 8801uni-axial universal dynamic servo hydraulic
materials testing system with capacity of 50 kN. Two
different geometric types, which are pentagonal and
octagonal, designs were used in this study. Both design
shown in Figure 1, were studied parametrically.

The total tongue lengths, denoted as L,, and the
tongue widths denoted as ¢ was taken equal for all
specimens and variable parameters were determined for
the designed profiles. Two parameters (a, b) were con-
sidered for pentagonal design octagonal design. The
parameter a and b considered as claw length and thick-
ness, respectively. Parameter ¢ was taken as 6 mm for
octagonal designs. The gap which is adhesive thickness
between tongue and grove was considered as 0.2 mm
which supplies the strong joint configuration.®!!

3 EXPERIMENTAL RESULTS AND
DISCUSSIONS

3.1 Determination of load amplitude and mean load

The influence of tensile—tensile fatigue loadings on
the cyclic behavior of adhesively bonded T&G joints
with different tip geometry was analyzed in this part.
Frequency and the load ratio (R) were kept constant at
10 Hz and 0.1 for all experiments using sinusoidal wave
form was generated to see the fatigue behavior of both
designs and to determine pre-defined load for parametric
study.
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Figure 2: Fp,x — Log(Ny) graph for pentagonal and octagonal design

Tests were performed applying different load ampli-
tudes and mean loads until the failure. The influence of
maximum load (Fi.x) versus number of cycles at failure
(Ny) can be seen in Figure 2. F..« — Log(Ny) graph for
pentagonal and octagonal design shows the fatigue
behavior of both designs. Pentagonal and octagonal joint
failed at 321 and 3350 cycles for Fun.x = 17 kN, 88900
and 176815 cycles for Fin.x = 11 kN, 375000 and 481645
cycles for Frax = 9 kN. The results stated that octagonal
design in the joint region has stronger joint configuration
compared with pentagonal design.

Selecting Fin.x = 8 kN and under this load have a very
long fatigue life, exceeding 1 million cycles. Pre-defined
maximum load was preferred as 11.00 kN in order to
examine geometry effect. The fatigue test conditions in
the current study are presented in Table 1.

Table 1: Fatigue test conditions

R Frequency Finax Fnin Faye Famplitude
(Hz) (kN) (kN) (kN)
0,1 10 11,00 1,10 6,05 4,95

Highest

Lowest

Figure 3: The tip geometries created with parameters showing the
highest (b = 2 mm) and lowest (b = 4 mm) fatigue values for a =
10 mm
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Figure 4: Comparison of Nf values according to parameter b for
pentagonal and octagonal design while a = 10 mm

3.2 Evaluation of joint design

Two basic T&G joint configuration such pentagonal
design and octagonal design were tested and analyzed by
longitudinal fatigue loading. Parameters of claw length
and thickness (a, b) were considered for pentagonal
design and octagonal design.

The first configuration of claw length of 10 mm,
appearing in Figure 3 indicated that the claw thickness
strongly influenced the fatigue failure.

Optimum claw lengths exist for both designs. An
increment of claw thickness from 1 mm to 2 mm resulted
in 62 % and 2 % increase for octagonal design and
pentagonal design, respectively. After optimum claw
thickness, an increment of claw thickness from 2 mm to
4 mm resulted in 39 % and 32 % decrease. The lowest
strength was seen at the highest claw thickness
parameter. Attenuation of the claw weakened the joint
strength. Wide claw structure that led to squeeze the
head of the tongue part and peel off the groove part was
easily crushed under fatigue loading. Octagonal design
showed good performance compared with pentagonal
design as shown in Figure 4. Fatigue strength for best
configuration of octagonal design was observed 114 %
higher than best configuration of pentagonal design.

Highest

Lowest

Figure 5: The tip geometry created with parameters showing the
highest (b = 4 mm) and lowest (b = 1 mm) fatigue values for a =
14 mm
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Figure 6: Comparison of Ny values according to parameter b for pen-
tagonal and octagonal design while a = 14 mm

The second configuration of claw length of 14 mm,
shown in Figure 5 stated that an increment of claw
thickness resulted an increase in number of fatigue
failure for both designs.

Claw thickness increment resulted in 13 % and 25 %
increase for both designs compared with 2 mm and
4 mm with 1 mm thickness. Octagonal design for all
configurations was observed 105 % higher than penta-
gonal design, Figure 6.

The last configuration of claw length of 18 mm in-
dicated that claw thickness did not influence the fatigue
strength for both designs. Fatigue strength for best
configuration of octagonal design was found 96 %
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Figure 7: Comparison of Nf values according to parameter b for pen-
tagonal and octagonal design while @ = 18 mm
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Figure 8: Comparison of Nt values according to parameter a and b for
octagonal design
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Figure 9: Damaged region: a) strongest pentagonal tip, b) weakest
pentagonal tip, c¢) strongest octagonal tip, d) weakest octagonal tip

higher than best configuration of pentagonal design,
Figure 7. Both design demonstrated the same trend
according to the design parameters.

Pentagonal design showed weaker fatigue strength
properties for all values of claw length and thickness.
The comparison of octagonal design for claw length and
thickness was presented in Figure 8.

Fibers/Matrix kept integrity

Figure 10: SEM images of: a) strongest and b) weakest pentagonal
design
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~Fibers/Matrix kept integrity

Delaminated and fringed fibers

Figure 11: SEM images of a) strongest and b) weakest octagonal
design

The appropriate claw length and thickness combi-
nation exhibited a stable joint structure and an increase
on the joint strength for adhesively bonded thick
composite laminates.

3.3 Scanning electron microscope (SEM) analysis

The specimens were initially coated by gold using
Quorum 150R ES device and examined using ZEISS
SUPRA 40VP scanning electron microscope. The failure
region of the most durable and weakest specimens of
pentagonal and octagonal tips were shown in Figure 9.

Morphological studies using a SEM evidently illus-
trate the failure of the fiber and matrices at the damage
region. The damage regions of pentagonal and octagonal
tips show different fracture zones. Although, the matrix
polymer did not dissolve so much and the fibers did not
disperse in the damage regions for the strong tip designs,
the fiber filaments and matrix material were delaminated
and dispersed from each other for the weakest tip de-
signs. The strongest and weakest pentagonal tip designs
were shown in Figure 10.

Fibers and matrix kept their integrity in the strong
octagonal tip design. Fibers were delaminated and
fringed in the damage regions, while polymer matrix was
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scattered for the weakest octagonal tip design shown in
Figure 11.

Comparing SEM images between the pentagonal and
octagonal designs, it appeared that the octagonal design
maintained the integrity of the fibers and matrix exist
less separation between layers in the damage regions.
Therefore, octagonal designs showed higher strength
values compared with pentagonal designs. This circum-
stances indicated that the bonding geometry and polymer
matrix and glass fiber interface are important for better
mechanical properties of the composites.

4 CONCLUSIONS

A series of fatigue loading was performed on speci-
mens consisting two types of bonding design for thick
sandwich glass composite materials. The results
suggested that octagonal design tongue and groove joints
provided superior strength in adhesively bonded thick
composite connections under dynamic loading. In
particular, the octagonal design with claw length of 10
mm and claw thickness of 2 mm supported about 193509
cycles under 11 kN maximum load and load ratio of 0.1.
Fatigue strength could exceed millions of cycles under 8
kN. Experimental results indicated that claw length and
claw width have a strong influence on the fatigue
strength of adhesively bonded joints. Octagonal design
demonstrated better performance compared with penta-
gonal for all conditions. Fatigue strength for best confi-
guration of octagonal design was obtained 2.14 times
higher than best configuration of pentagonal design. The
bonding geometry and polymer matrix and glass fiber
interface strongly influenced the mechanical properties
of the adhesively bonded composites.
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