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Rotational molding constitutes a promising manufacturing technology for rotationally symmetric components
made of thermoset matrix with continuous fiber reinforcement. The present study deals with the numerical
analysis of a rotationally molded composite tie rod with metallic load introduction elements. For this
purpose, the adhesive joint between carbon fiber reinforced plastic and metallic load introduction element
was investigated in more detail. Different geometries of a spew fillet were evaluated to reduce the stress peaks

occurring at the ends of the overlap. A design of experiments was used to determine the influence of the
different parameters. An optimized geometry was derived and compared with a reference in terms of stress
distribution. Subsequently, test specimens were rotationally molded and mechanically tested. The results of
the study show that the maximum stresses within the adhesive layer can be reduced with an optimized spew
fillet, and thus a higher mechanical tensile load of the composite tie rod can be achieved.

1. Introduction

Tie rods and drive shafts are used in many technical applications
to transmit forces and torques, for example as actuators for landing
flaps in aircraft applications or drive shafts in automotive applications.
Compared to conventional metal components, the use of carbon fiber
reinforced plastic (CFRP) can increase the strength and stiffness of the
component while reducing its weight. In the case of a tie rod, the
energy consumption of a moving system can be reduced, and the pay-
load increased [1]. With a CFRP drive shaft, a higher bending-critical
rotational speed can be achieved due to the higher specific stiffness [2].
These components are often part of a larger structure made of a metallic
material. For this reason, the components are generally designed with a
cylindrical body made of CFRP and metallic load introduction elements,
which are connected to the rest of the bodywork.

Established processes for manufacturing profiled components using
CFRP are winding, pultrusion, resin transfer molding and blow mold-
ing [3]. An alternative to these established manufacturing processes
constitutes in the rotational molding process with continuous fiber
reinforcement [4]. In the process variant with a thermoset matrix,
a preform made of semi-finished products is placed in a mold and
impregnated under rotation as shown in Fig. 1 [5,6]. The impregnation
pressure is generated by the resulting centrifugal force. Once the matrix
has cured, the rotational molding process can be stopped, and the
finished part is removed. A major advantage compared to established
manufacturing methods lies in the fact that metallic load introduction
elements can be intrinsically joined in the process, without requiring
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any subsequent joining steps [6]. The connection can either be a co-
cured joint or form-fit joint [7,8], whereby the co-cured joint is based
on the adhesive properties of the matrix used. Since the length of the
impregnation path is identical to the component thickness, the preform
can be fully impregnated and cured in a very short time if low-viscosity
matrix systems are used and sufficient heat is applied. Compared to
known manufacturing processes, the rotational molding process does
not require cores or expensive consumables. Merely a mold and a
spindle are needed, resulting in relatively low overall investment costs
for this process. For these reasons, it seems worthwhile to conduct a
more in-depth scientific study of the process. The co-cured joint can be
compared with a conventional adhesive bond. Accordingly, the strength
of the co-cured joint depends on various factors [9]. These include:

» Thickness of the adhesive layer

« Stiffness of the adherends

+ Length and width of the overlap surface
» Wetting of the joining surfaces

» Roughness of the adherends

+ Geometry of the joint

Factors such as the thickness of the adhesive layer cannot be in-
fluenced during rotational molding. An increase in the stiffness of the
adherends or the enlargement of the overlapping area have a negative
effect on the total weight of the joint. When additional heat is applied,
the viscosity of the matrix is reduced, which leads to an improved
surface wetting [10]. Various surface treatments have proven beneficial
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Fig. 1. Rotational molding process with a thermoset matrix [5,6].

for the joint strength of intrinsic hybrid composites [11,12]. Further-
more, it is known that small changes in the geometry of the joint can
significantly influence the strength and failure of the joint. Analytical
models show that the maximum stresses that cause failure occur at the
ends of the overlap joint [13,14]. To reduce the stress concentration
at the end of the overlap and increase the strength of the joint, spew
fillets as well as reverse tapering or rounding of the adherend corners
are proposed [15-28]. Adam et al. [15,16] investigated numerically
and experimentally the effect of adhesive spew fillets and rounded
adherend corners for both single-lap joints (SLJs) and double-lap joints
(DLJs). They observed that the joint strength significantly increases
in contrast to joints without spew fillet and rounded adherends. In
addition, Adams and Peppiatt [29] also studied bonded tubular lap
joints with spew fillets. However, they did not consider the influence of
tapering or rounding the adherend corners. Hildebrand [17] conducted
similar studies on SLJs made of fiber-reinforced plastic (FRP) and metal.
Fifteen different shapes of the joint ends were investigated with non-
linear analyses. The most suitable shapes increased the joint strength
by 90-150%. In contrast to Adam et al. Hildebrand also considered a
denting of the adherend in order to decrease the stiffness locally. This
should shift some of the stresses from the edge of the joint to the center
of the joint. Tsai and Morton [18] used Moire interferometry to measure
the deformation at the end of the adherend corner with and without
spew fillet. In comparison to other studies, Lang and Mallick [19]
concentrated on the geometry of spew fillets, and also investigated
rounded fillets. Frostig et al. [20] developed and validated a closed-
form high-order theory that shows the reduction of stress concentration
when using spew fillets twice the thickness of the adhesive layer.
Since the effect of the spew fillet angle has often been neglected,
Belingardi [23] addressed this issue and determined the optimum angle
for steel FRP SLJs, which is at about 45°. In order to obtain the
ideal shape at the end of the joint with optimization methods, various
approaches were developed by Rispler et al. [21] and Ejaz et al. [26].
Apalak and Engin [22] as well as Zhao et al. [27,28] investigate the
initiation and propagation of damage at the adherend corners. The
experimental results indicate that rounding the adhesive corner proves
to be advantageous only with brittle adhesives and not with ductile
ones. Deng and Lee [25] transferred the findings on lap joints to bond-
ings with CFRP plates. Their research suggests that the effect of spew
fillets at CFRP plates is significantly minor than for lap joints. Da Silva
et al. [24] investigated CFRP-titanium DLJs at low temperatures. They
conclude that using the composite as the outer adherend is beneficial
for increasing joint strength. However, most approaches concentrate on
the conventional adhesive bonding of SLJs and DLS, while no emphasis
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Table 1

Summary of load cases.
Variable Step Magnitude
Temperature change Cool down 80 K
Tensile force Loading step 75 kN

has so far been placed on co-cured tubular joints with spew fillets
and rounded adherend corners. In addition, the influence of cooling
from the process temperature to room has not yet been investigated
for co-cured joints with shape-optimized overlap ends. This work thus
pursues the objective of implementing a model for calculating the stress
distribution in the adhesive layer of tubular CFRP-metal components
manufactured by rotational molding. For this purpose, finite element
analysis (FEA) is applied to examine the influence of spew fillets and
the effect resulting from rounding the adherend corners. To this end,
a design of experiment (DoE) is implemented, which also takes the
cooling from process to room temperature into account. An optimized
geometry with a reduced stress distribution at the end of the overlap is
obtained and experimentally compared to a reference variant without
spew fillet and rounded adherend corners.

2. Model design

In this chapter, the FE model is presented as well as the geometry
used, the load cases, the material properties, and design parameters of
the spew fillet.

2.1. Geometry

As shown in Fig. 2, the tie rod consists of a body made of CFRP with
a thickness t, = 2 mm and an aluminum load introduction element with
a thickness t; = 3 mm. Between the two parts, the co-cured joint was
modeled with a very thin adhesive layer thickness t, = 0.1 mm and an
overlap length [, = 30 mm. The inner radius of the load introduction
element r; was 20 mm. In order to limit the required calculation time,
rotational symmetry around the central axis was used. Furthermore,
instead of a conventional composite tie rod with two load introduction
elements, only the overlap between one metallic load introduction
element and the CFRP profile was considered (see Fig. 2).

2.2. Load cases

Since the tie rod is to be subjected to a tensile load, a constraint
was implemented at the upper end of the metallic load introduction
element to a reference point to which an axial tensile force was applied
(see Fig. 2 and Table 1). The laminate was fixed at the lower end.
During the rotational molding process, the heated matrix is introduced
to the heated mold through an injection unit to impregnate the dry
fiber preform. After the curing and demolding of the component, the
composite tie rod cools down to room temperature. This change in
temperature will lead to internal stresses which have to be considered.
A temperature change of 80 K was thus assumed in the model before
the loading step, which corresponds to the difference between process
and room temperature.

2.3. Ply layup and fiber orientation

Due to the cooling from process temperature to room temperature,
the different thermal expansion coefficients of aluminum and CFRP are
of particular importance. While the thermal expansion of aluminum
and matrix is isotropic, the thermal expansion of CFRP significantly
depends on fiber orientation. This context is illustrated in Fig. 3, which
shows the coefficient of thermal expansion a in transverse direction,
which is crucial for the elongation of thin tubes. If the component
is loaded in axial tensile direction, a high fiber content should be
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Force

Axis of rotation

80 mm

Table 2
Composite layup for Variant 1 (V1) and Variant 2 (V2).

Orientation and number of filaments

£60°5; /+60°5/ +30%y
£60°5 /+15%,/ +15°%,

Ply layup

Variant 1 (V1)
Variant 2 (V2)

oriented in 0°-direction (y-direction, Fig. 2) to ensure high component
stiffness in this direction. For the given component configuration,
however, this would result in a stronger thermal contraction of the
CFRP body compared to the one of the aluminum load introduction
element when cooling down from process temperature, because the
coefficient of thermal expansion of CFRP is higher than the one of
aluminum at 0° (see Fig. 3). This would lead to a state which provokes
damaging tensile stresses within the adhesive layer. To avoid tensile
stresses in the adhesive layer and instead achieve stronger thermal
contraction of the load introduction element compared to the laminate,
fiber orientations with an angle of + 60° were also applied in the
present study. In order to better evaluate the influence of the fiber
orientation, two different ply layups, Variant 1 (V1) and Variant 2
(V2), were defined (see Table 2). The use of braided carbon fiber
sleeves limits the fiber orientation between + 15°-70°. In both present
variants, cooling induces a compressive stress in the adhesive layer. The
difference between V1 and V2 consists in V1 causing more compressive
stress in the adhesive layer, while V2 is characterized by a higher axial
stiffness of the laminate. According to VDI 2014 [30], the + layers
were modeled in a simplified way by using thin UD-plies with + and -
direction.
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Fig. 3. Coefficients of thermal expansion « for CFRP and aluminum as a function of
orientation [31].

2.4. Material properties

The FE model consisted of the three separate parts: Load intro-
duction element, CFRP body and adhesive layer, for which different
material models had to be applied. To reduce the total mass of the
tie rod, the load introduction element was made of aluminum. The
aluminum was modeled as linear elastic and a constant coefficient of
thermal expansion was specified (see Table 3). For the matrix system
of the CFRP, the epoxy SR8500/5Z8525 from Sicomin [32] was used.
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Table 3
Material properties from [31] and [32].
E (N/mm?) v a (1/K)

Aluminum 70000 0.35 2.3E-05
Epoxy 3150 0.35 6.7E-5

Table 4

Material properties from [33].
Variable Value Unit
E, 133860 N/mm?
E, 7706 N/mm?
E; 7706 N/mm?
G, 4306 N/mm?
Gy3 4306 N/mm?
Gy 2760 N/mm?
Vis 0.301
Vi3 0.301
Vay 0.396
a, 3.2E-7 1/K
ay, 2.6E-5 1/K
a5 2.6E-5 1/K

Since the thin adhesive layer consists of pure matrix, the properties of
the epoxy SR8500/5Z8525 were chosen (see Table 3). The orientations
were specified due to the orthotropic properties of the CFRP. The
laminate was also based on linear elastic behavior and used mechanical
properties are given in Table 4.

2.5. FE method

The numerical model was built using the Dassault Systémes Simulia
finite element software Abaqus 2019. It consisted of three key parts:
the rotationally molded CFRP, the load introduction element and the
connective adhesive layer in between (see Fig. 2). Since the Abaqus
features — e.g. cohesive surface or cohesive elements — do not allow
the modeling of geometrically complex spew fillets, a material model
was implemented for the adhesive layer (see Section 2.4) and the
surfaces were connected to CFRP and load introduction element via a
tie constraint. This constraint links the cohesive layer to the CFRP and
the load introduction element at the respective sides. The discretization
for adhesive layer and load introduction element was performed using
four node axisymmetric quadrilateral elements with reduced integra-
tion (element CAX4R). A four node axisymmetric quadrilateral element
(CGAX4R) was also selected for the CFRP in order to be able to model
anisotropic behavior. The size of the elements was determined on the
basis of a convergence study and an analysis of the change in stresses
(shear stress and maximum principal stresses) for a given specific mesh
size. As the stresses converges with a mesh size below 1 mm, the FE
model can be considered convergent. Hence, a mesh size of 0.1 mm was
specified for a compromise of high accuracy and acceptable calculation
time. The failure of the modeled component is expected to occur within
the adhesive layer at the end of the overlap, where the spew fillet is
located (see Fig. 2). Therefore, the boundary stresses were extracted in
the analysis to identify potential failure regions. The stresses considered
were peel, shear, longitudinal and maximum principal stresses.

2.5.1. Design parameters

For the purpose of designing a spew fillet in a way that minimizes
stress peaks in the adhesive layer, design parameters were respectively
defined and varied during the study. According to the state of the
art (see Section 1), the following three parameters with the greatest
influence were selected:

+ Radius of the rounded load introduction element r
+ Angle of the spew fillet g
+ Denting of the load introduction element d
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Table 5

Optimization limits for Isight.

Parameter Minimum Maximum
Radius r 0.1 mm 2 mm
Angle p 35° 80°
Denting d 0 mm 0.8 mm

The distance between the end of the metallic load introduction element
and the center of the denting is determined by a formula (see Fig. 2),
so that with a smaller denting d and a smaller radius r, the distance is
also reduced. However, due to the given rotational molding process, not
every parameter can be flexibly varied. The thickness of the adhesive
layer t, was kept constant since it is predetermined by the manufactur-
ing process. Furthermore, the angle of the spew fillet # was limited to
the range between 35° and 80°, because if the angle is too large, the
centrifugal pressure could press the dry preform into the cavity (see
Fig. 1 b) and the positive effect of the spew fillet would be lost. The
design limits of each parameter are presented in Table 5.

2.6. Design of experiments

Dassault Systémes Simulia Isight 2019 optimization framework was
used for the automated variation of the selected design parameters
and analysis of stresses. The procedure implemented in Isight can be
described as follows:

» Abaqus: Conduct an analysis with predefined starting parameters

» Isight: Read in output from Abaqus

+ Python script: Calculate cost function from stresses (see Sec-
tion 2.6.1)

» Isight: Determine new parameters

» Abaqus: Update the model with the Isight parameters and repeat
the process

A DoE was used to determine the parameter sets of each iteration.
The cost function was calculated by a Python script (here: the max-
imum principal stresses of the adhesive layer, see Section 2.6.1) The
optimization framework was selected for determining the relationship
between stresses and geometry. Thus, an optimized set of parameters
could be derived for the composite tie rod configuration. To determine
sample parameters, the Latin hypercube technique proposed in [34]
was used as it ensures good space filling properties whilst ensuring
a high flexibility. Isight’s Latin hypercube implementation was used
throughout this process.

2.6.1. Definition of cost function

The objective of the DoE was to identify the dependence of the max-
imum stresses on the design parameters in order to reduce the stresses
and ensure increased load capacity. To analyze the stresses for each
parameter set, a Python script was used to extract the highest maximum
principal stresses at the integration points within the adhesive layer.
The maximum principal stresses were selected because they are primar-
ily responsible for joint failure according to [28]. A cost function was
calculated, which includes the stresses at N integration points. In order
only to consider areas with high stresses, the 2% of integration points
with the highest amount were selected. The maximum principal stresses
at these integration points were normed by the volume corresponding
to the integration point. This approach is similar to the approach of
Katz et al. [2], however, by norming the cost by V,, the physical
interpretation of the cost is more explicit and less dependent on the
magnitudes of the integration point volumes, which otherwise need to
be factored in.

nUn (€8]
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Table 6
Compressive stresses within the adhesive layer and length changes of the component
for a reference geometry without spew fillet.

Variant Compressive stresses Length changes
G mean (MP) Az (mm)
\'2! —6.51 1.01
V2 -1.98 0.41
200
190
il 180
0.8 170
=
Bos L
© 5
150 2
204 2
§ 140 §
2
0 130
0 120
1
110
100
Relative radius r OX;) Relative denting d

Fig. 4. Relative parameter space and results of the DoE for V1.

Vy =Y 0, )

L : Cost function
: Sorted array of principal stresses
at all integration points
N : Number of relevant integration points
Vy : Total volume of the N relevant integration points

: Array of integration point volumes
3. Results
3.1. Numerical results

First, an analysis of the ply layup of V1 and V2 was carried out.
The o,, stresses within the adhesive layer due to cooling and the length
changes 4z of the components due to the applied force were compared
on a model without a spew fillet (see Table 6). As expected (see
Section 2.3) V1 shows higher compressive stresses within the adhesive
layer, but V2 is axially stiffer and therefore stretches less.

A total of 800 simulations were performed for the DoE, each with
400 iterations for V1 and 400 iterations for V2. The relative parameter
space related to the parameter limits of radius r, angle p and denting d
is depicted in a three-dimensional graph in Figs. 4 and 5. The colors in
the graph indicate the magnitude of the cost function, which shows that
the radius r of the load introduction element and also the angle g of
the spew fillet have a major impact on the maximum principal stresses.
Furthermore, it can be seen that in general the magnitude of the cost
function of V1 is much higher (value range 90-200) than the magnitude
of V2 (value range 65-125). As a result, it can be deduced that V1
withstands a lower tensile load than V2. Consequently, the higher axial
stiffness of V2 has a more significant positive influence on the stress
levels than the higher thermally induced compressive stresses in V1.

The plot in Figs. 6 and 7 also proves a dependence of the cost
function on the radius r and angle p. The quadratic regressions of
the stresses and the parameters indicate that the radius r of the load
introduction element should be chosen as large as possible, whereas the
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Fig. 5. Relative parameter space and results of the DoE for V2.
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Fig. 6. Results of DoE with calculation of quadratic regressions for V1.
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Fig. 7. Results of DoE with calculation of quadratic regressions for V2.

angle of the spew fillet g should be chosen as small as possible. The
denting only has a very minor influence on the cost function, therefore
no regression was calculated. A detailed list of the correlation factors
for V1 and V2 can be found in Table 7. Overall, the correlation for
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Fig. 9. Comparison of the influence of angle and radius for V2.
Table 7

Correlation coefficient R between the cost function and the design parameters for V1
and V2.

Variant Correlation R Correlation R Correlation R
radius r angle g denting d

\'21 0.96 0.29 0.10

V2 0.92 0.30 0.07

the radius r and the highest maximum principal stresses was higher
(R = 0.96 for V1 and R = 0.92 for V2) than the correlation between
the angle § and the stress (R = 0.29 for V1 and R = 0.3 for V2).
This implies that a change in radius r has a stronger impact on the
stress level, which is also evident in Figs. 8 and 9, where the slope is
largest with radius changes. As the angle f decreases, the cost function
also decreases. However, this correlation is weaker. Furthermore, the
correlation factors show that the denting d has hardly any influence
(R = 0.10 for version 1 and R = 0.07 for V2). In contrast to Hilde-
brand [17], the numerical results do not indicate that denting shifts the
critical stresses from the end to the middle of the joint, thus increasing
the joint strength. Due to the very clear results of the DoE, the use of an
optimization algorithm was omitted. The smallest angle and the largest
radius were chosen for the experimental investigations (see Table 8).
Since the denting does not have any impact on the stresses, it was
removed to avoid a further process step and thus higher manufacturing
costs. In the following, this design parameter set is referred to as
optimized. The calculated stresses are plotted in Figs. 11-17 to allow
a more profound understanding of the stresses within the adhesive
layer at the end of the overlap. The optimized parameter set derived
from the DoE is compared with a reference for V1 and V2. In contrast
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a) Reference

Position of
the plotted
values

b) Optimized

Fig. 10. Position of the plotted values for optimized and reference geometry.
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a
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Maximum principal stress (MPa)
)
o

(o))
o

0 L 1 1
0 5 10 15

Distance from joint center z (mm)

Fig. 11. Maximum principal stresses within the adhesive layer for V1.

to the optimized variant, the reference does not have a spew fillet
or a rounding of the metallic load introduction element, but a sharp
corner at the end of the overlap with a 90° angle, identical to the one
shown in Fig. 1 a). Fig. 10 shows the location of the plotted values
for reference and optimized geometry. In order to obtain pure peel
o.. and shear stresses o,.s, also for the optimized geometry at the
critical curved part of the adhesive layer, the local coordinate system
was chosen, which is tangentially aligned to the curve (see Fig. 10
b). Fig. 11 and Fig. 13 show the curves for the maximum principal
stresses for V1 and V2. In the middle area of the overlap, almost
no difference can be noticed between optimized shape and reference
geometry. At the end of the overlap, however, the advantages of spew
fillet and rounding of the load introduction element become evident.
The maximum principal stress curves demonstrate a stress singularity
for the reference geometry at the end of the overlap. In contrast, the
highest stresses of the optimized shapes with spew fillet and rounded
load introduction element are significantly lower. This can also be seen
from the contour plot of the maximum principal stresses in Fig. 12. The
spew fillet shifts the area with the highest stresses more to the center
of the joint. Compared to the reference, the maximum principal stress



J. Nieschlag et al.

S, Max. Principal
(Avg: 75%)
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Fig. 12. Contour plot of the critical area of the adhesive layer for the optimized
geometry of variant V1 with maximum principal stresses.
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Fig. 13. Maximum principal stresses within the adhesive layer for V2.

Table 8
Selected design parameters for experimental investiga-
tions according to DoE.

Design parameter Value
Radius r 2 mm
Angle p 35°

Denting d 0 mm

curves increase slightly earlier and fall again before the edge of the
joint. The occurrence of the second peak in Fig. 11 can be explained
with the stress distribution from Fig. 12. In Figs. 14 and 15 stress curves
for the harmful peel stresses o,,,, are shown. Also these evaluations
show that with the spew fillet the maximum stresses can be reduced
and the critical zone shifts more to the center of the joint. The same

applies to the shear stress curves shown in Figs. 16 and 17.

(MPa)

r'r

Peel stress o

(MPa)

r'r

Peel stress o

(MPa)

p4

Shear stress Oy
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Fig. 14. Peel stresses (o,,,) within the adhesive layer for V1.
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Fig. 15. Peel stresses (o,,,) within the adhesive layer for V2.
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Fig. 16. Shear stresses (o,,) within the adhesive layer for V1.

V2 also shows an advantage over V1 for the maximum principal,

peel and shear stress curves, as can be seen in the previous figures

and in particular in the cost function. It can thus be assumed that V2
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Fig. 17. Shear stresses (¢,.,,) within the adhesive layer for V2.

withstands a higher tensile force. However, the absolute reduction of
maximum principal, peel (6,/,») and shear stresses (o,s,/) from reference
to optimized geometry is higher for V1.

3.2. Experimental investigations

3.2.1. Test setup

The numerical results demonstrate that an adhesive spew fillet
and rounded corners of the aluminum load introduction element can
reduce the stresses within the adhesive layer and thus increase the
joint strength of the rotationally molded composite tie rod. As with all
FE modeling, certain simplifications had to be made for this purpose.
Experimental investigations were therefore conducted to validate the
numerical results. A total of sixteen specimens were produced by
rotational molding (see Table 9). These sixteen specimens consisted of
eight specimens from V1 and eight specimens from V2. Four specimens
with optimized geometry and four reference specimens were produced
for each variant. The specimens with optimized geometry had a spew
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Table 9

Specimen Overview.
Specimen Quantity Radius r Angle p
Optimized V1 4 2 mm 35°
Reference V1 4 - 90°
Optimized V2 4 2 mm 35°
Reference V2 4 - 90°

fillet with a 2 mm rounded corner of the aluminum adherend and a 35°
angle (see Fig. 18). Based on the numerical results, the angle § may be
chosen even larger. Limiting the angle to 35° pursued the objective of
preventing the dry semi-finished fiber products from being pressed into
the spew fillet during rotational molding and thus impeding the ben-
eficial effect of the geometry. As defined in Section 3.1, the reference
specimens did not have a spew fillet, thus, there was a sharp corner
with a 90° angle at the end of the overlap. Therefore, two different
tool molds were required to produce the specimens.

In order to increase the adhesive strength of the intrinsic inter-
face, the surfaces of the aluminum load introduction elements were
sandblasted with corundum. This results in a rough surface with a
R, of 3.2 pm. Braided sleeves of carbon fibers were used for the
composite layup (see Table 2) of V1 and V2. These were layerwise
applied with a thermoplastic binder powder to ensure safe handling
when placing them into the mold and to prevent the preform from
collapsing. The sealed mold with the carbon fiber preform and the
load introduction element was then preheated in an oven at 100 °C for
one hour. The tool was subsequently clamped in a lathe and rotated
at 3000 rpm. During rotation, the blackened mold was further heated
with infrared radiators to maintain a temperature of 100 °C, and the
thermoset matrix was injected through the open mold side. To ensure
complete curing, the specimens were rotated for 20 min and exposed to
a downstream tempering cycle in the following. Afterwards, specimens
were tested quasi-statically with a Zwick testing machine following DIN
EN 1465 [35].

3.2.2. Experimental results

V1 shows a significant advantage of the optimized geometry com-
pared to the reference, as can be seen in Fig. 19. The average maximum
joint strength of the optimized geometry related to the overlap area

Fig. 18. (a) Rotationally molded composite tie rod specimen with spew fillet and rounded load introduction element, (b) Surface of the tested load introduction element including
the rounding, (c) CFRP surface after joint failure, (d) Cross-section surface of the undamaged part.
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Fig. 19. Force displacement curve for V1. Fig. 20. Force displacement curve for V2.
amounts to 4.8 N/mm?, whereas the average maximum joint strength 30 r
for the reference only measures 3.1 N/mm? as shown in Fig. 21. It can
be noted that the specimens with optimized shape often experience an 25 |
initial failure, but the force can then be further increased up to the —
maximum failure (see Fig. 19). V2 generally shows higher maximum 2 £
joint strength with 14.8 N/mm? for the reference specimen and 15.3 g 20 Z
= £
N/mm? for the specimen with optimized geometry (see Figs. 20 and S 5
Q
22). The best specimens withstand a tensile force of up to 65 kN. By g | 1 £
As expected from the numerical results, the effect of the spew fillet ‘E £
is less significant for V2 than for V1, however, V2 has the higher g §
maximum tensile strength due to its high axial stiffness. In this respect, § 10 ¢ =
the experimental results confirm the numerical investigations. Overall, 1, 2
the experimental results show some scatter, which may be attributed Al
to the low degree of automation. In addition, the effect of the spew
fillet is slightly lower than expected from the results of the numerical
calculation. All specimens failed mainly adhesively in the adhesive 0
. . . . Reference V1 Optimized V1
layer on the side of the metallic load introduction element as can be
seen in Fig. 18. Only individual fibers and a small amount of matrix
. . . . Fig. 21. Joint strength and maximum tensile force with calculated standard deviation
remain on the side of the load introduction element. The complete spew for V1
fillet of matrix remains on the side of the CFRP body at failure and
only a few smaller particles break out of the surface and stick to the
load introduction element. It can be observed from the cross-section
surface of the undamaged part in Fig. 18, that no fibers of the preform 70
were pressed into the spew fillet during rotational molding. In future
designs, it might thus be possible to opt for an even larger radius r of 60 | 1 45}
the rounding and an even smaller angle f of the spew fillet. z E
PR =3
. o =
4. Conclusion 5 £
Q
T 40 110 £
This paper pursued the objective of investigating the influence -g E
of spew fillets with rounded adherend corners to improve the joint 2 30 g
strength of a rotationally molded composite tie rod. For this purpose, ;;S E
a parametric FE model was implemented, and a DoE was selected to 20 s 2
individually investigate the influence of different geometry parameters
of the spew fillet. The numerically results were compared to tensile tests 10
of rotationally molded specimens. According to the numerical analyses
and the experimental investigations, the following conclusions were 0
drawn: Reference V2 Optimized V2

* The experimental results indicate that the rotational molding Fig. 22. Joint strength and maximum tensile force with calculated standard deviation
process can be used for producing hybrid components with high for V2.
strength and low cycle times. Compared to conventional manu-
facturing processes, the laminate and load introduction elements
do not have to be subsequently joined.
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» Spew fillets with rounded adherend corners can be used for
reducing the stresses in the adhesive layer of rotationally molded
components and increase joint strengths. The effort required for
implementing a spew fillet is extremely low and only needs to
be considered when machining the mold and load introduction
element.

Increasing the radius of the adherend corner has a particularly
positive effect on the joint strength. The angle of the spew fillet
should be selected as small as possible. However, no increase
in joint strength can be achieved with denting, according to
numerical studies.

To achieve high joint strength, the fibers in the laminate should be
axially oriented, as this ensures high axial stiffness. Although an
orientation in circumferential direction increases the compressive
stresses in the adhesive layer when the process temperature cools
to room temperature, this effect does not contribute as signif-
icantly to the increase in strength as the high stiffness caused
by axially oriented fibers. However, the advantages of rounded
adherend corners and spew fillets are reduced with increasing
axial stiffness.
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