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ABSTRACT

In this study, a design procedure is proposed for a tapered FRP laminate with ply
drop-offs to suppress the damage initiation. A stress index, based on the von
Mises yield criteria, is defined and applied to the resin pockets formed adjacent to
cut plies. First, finite element (FE) analysis of a three-ply tapered laminate
consisting of a cover layer, a dropped layer, and a base layer is conducted to relate
the fiber directions with the stresses caused by a ply drop-off. Using the stress

values obtained from the FE analysis, a tapered quasi-isotropic laminate with a
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Abbreviations. FRP: fiber-reinforced plastic; SEM: scanning electron microscopy.



thickness decreasing from 16 to 8 layers is appropriately designed by minimizing
the overall stress indexes in ply-dropped locations. The observation of the
specimen manufactured by autoclave molding reveals that the resin pockets can
be effectively eliminated by the appropriate design. The tensile tests also verify

the higher load capacity.
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1. Introduction

Tapered structures are often prepared from fiber-reinforced polymer (FRP)
laminates to improve their acrodynamic characteristics and reduce weights.
However, such structures are not manufactured by machining methods, which are
widely utilized for metal structures, to prevent their fibers surrounded by a resin
matrix from being exposed; otherwise, exposed fibers would initiate damage and
decrease the material strength considerably [1,2]. Instead, the thickness
distribution of the structure is usually implemented by cutting plies inside
laminates, called ply drop-offs, to avoid machining the outer plies and keep the
resin layer for covering the structural surface. However, the discontinuity of cut
plies would still initiate various damages such as delamination and matrix
cracking because of the stress concentration [3—11]. The stacking sequences and
fiber directions of the discontinued layers are strongly related to its strength when
multiple plies are dropped in a laminate structure. It is desirable to suppress these

damages by locating cut plies effectively, but difficult since the initiation of the



damage depends on various factors such as the taper angle, offset of the ply drop,

and locations of dropped plies [7,12]. Consequently, the design of tapered

laminates with ply drop-offs requires to consider diverse lamination configuration

parameters such as stacking sequences, fiber directions of dropped plies, and end

thickness [13]. Therefore, the applications of tapered FRP structures are limited to

the extremely conservative designs constrained by sufficiently small taper angles.
As of today, several design guidelines have been proposed to prevent

strength losses due to ply cutting in tapered laminates [14-21]:

e Minimize the number of discontinued layers at each location
o Keep the distance between the dropped layers at least three times with respect
to ply thickness

e Cut the 0° layer first and the 90° layer last

e Maintain the structural symmetry

e (ut the inner layer first

e Do not cut the 0° and 90° layers adjacent to each other.
However, these guidelines are only qualitative, and the appropriate laminate patterns
cannot be derived automatically. Therefore, it is desirable to establish design guidelines,
which can quantitatively determine the optimized laminate pattern of high-strength
tapered laminates while considering the layout of discontinuous layers. For this purpose,
it is necessary to develop a design index, based on which the stacking pattern of a
tapered laminate can be optimized to suppress the degradation of its strength. Various
failure criteria have been applied to predict the strengths of tapered laminates [22].
Curry et al. [6] utilized the interlaminar fracture criteria based on the mixed failure

mode [23]. Fish et al. [13] investigated the delamination based on the Tsai-wu criterion



[24]. These interlaminar fractures were initiated from the failure at the resin-rich areas
around the dropped layer [25]. Vizzini [12,26] examined the delamination origins at the
resin-rich layer between different layers and estimated their von Mises stress values.
The delamination near discontinuous layers was also found to be closely related to the
yielding of resin pockets by Nakatani et al.[27]. Crack initiation inside the resin pocket
of a tapered structure was observed by Vizzini and Lee [4], who also concluded that the
resin pocket had yielded prior to delamination using an analytical model. These findings
suggest that the yielding of resin pockets due to ply discontinuities seems a suitable
failure criterion for the optimal design of a tapered laminate.

In this study, a stress index, based on the von Mises yield criteria, is defined and
applied to the resin pockets adjacent to discontinuous layers to establish a quantitative
design guideline for a tapered FRP laminate with ply drop-off. Stress analysis is
conducted using a three-dimensional finite element model, consisting three plies
including single cut ply and a resin pocket, for obtaining the stress index in the resin
pocket for various stacking patterns. The tapered laminate is then appropriately
designed using the proposed stress index. Tensile tests are finally conducted using the

designed tapered laminate to verify the effectiveness of the proposed stress index.

2. Design of stacking patterns based on the yielding of resin pockets
2.1. Stress analysis of a resin pocket by a three-ply finite element model

A finite element (FE) model of the tapered laminate consisting of three plies was
constructed as shown in Fig. 1, to relate stresses within a resin pocket with fiber
directions of plies under a tensile loading. For these plies, denoted by a cover layer, a

dropped layer, and a base layer from top to bottom, all possible stacking patterns of



fiber directions represented by 0°, £45°, and 90° angles were considered. The finite
element analysis was conducted by Abaqus/CAE 2017 software. The thickness of each
layer in Fig. 1 was set to 0.2 mm, and the taper slope (the ratio expressed as thickness
reduction / longitudinal length), at which its magnitude decreased from the thickness of
three layers to that of two layers, was set to 1/5. The taper slope was adjusted to the
tapered laminates manufactured by autoclave molding for the tensile test in section 3.1.
The face of the left edge of the model was fixed, and a displacement of 0.009 mm (0.1%
of the average strain across the entire model length) was applied to the face of the right
edge in the x-direction to express the uniaxial loading. The material properties based on
the properties of prepreg (PYROFIL #380, Mitsubishi Rayon Co. Ltd) are listed in
Table 1. Here, subscript 1 represents the fiber direction, and subscripts 2 and 3 denote
the directions perpendicular to the fiber direction. The triangular area surrounded by the
three plies in Fig. 1 was modeled as a resin pocket filled exclusively with epoxy resin;
therefore, its properties were identical of those of the resin. The elements inside the
resin pocket used a quadratic tetrahedral element (C3D8R) with 22,792 elements and
those in three layers used linear hexahedral elements (C3D10) with 80,000 elements
with a total number of nodes equal to 126,694.

The representative stress values in the resin pocket were taken from the element
located at the center of gravity (the red point in Fig. 1) because those used for the design
of tapered laminates should not be excessively affected by the stress concentration at the
specific corner of the resin pocket. The stress concentration is not always the most
significant at the sharpest corner of the triangle, but also at the other corners depending
on the stacking patterns. In addition, the stress values on the element located at the

corner is sensitive to the meshing and the shape of the resin pocket, which also varies



for each stacking pattern. Even if all possible patterns of three plies are examined for
modeling the actual shape of the resin pocket in advance, they may differ from those
formed in the thick tapered laminate with multiple cut plies. Therefore, stress values at
the center of gravity in the fixed triangle of resin pocket are regarded to be more
suitable for comprehensively evaluating the stress concentration at all corners with the
effects of the fiber directions and practical for the design of tapered laminates.

Table 2 lists the von Mises stresses at the center of gravity of the resin pocket
computed for each stacking pattern. In this table, the fiber directions of the cover layer
and base layer are provided in the upper row, and the fiber directions of the dropped
layer are listed in the left column. A total of 36 different patterns are obtained. Here, the
layer of fiber angle 45° and -45° are considered to be the same pattern because there is
no difference of von Mises stress (for example, the lamination configurations [+45/90/—
45] and [-45/90/+45]). The values of Mises stresses less than 5 MPa are colored dark
blue; those greater than 5 and less than 10 are colored light blue; those greater than 10
and less than 15 are colored orange; and those greater than 15 are colored red. When the
fiber angle of the cover layer is equal to 90°, the stress values in most cases are less than
5 MPa except for the case when the fiber angle of the dropped layer is 0°. When the
fiber angle of the cover layer is 0°, the stress values exceed 10 MPa and are higher than
most of the other values listed in the table regardless of the fiber orientation of the
dropped layer. In case of the same cover layer / base layer combinations, the highest
magnitudes correspond to the fiber angle of the dropped layer equal to 0°. For the same
combination of the base layer and cover layer (such as 0/90 and 90/0), their swapping at
the same fiber angle of the dropped layer significantly affects the stress value. Once the

preferable patterns of the cover, dropped, and base layers are clarified by the data



presented in this table, a stacking pattern of the target tapered structures based on these

patterns can be designed to minimize the influence of ply-dropped regions [28].

2.2. Stress index equation

Using the stress values calculated by the three-ply model, a stress index that
indicates an initiation of failure at the resin pocket is defined. It is necessary to consider
the thickness at each resin pocket N and the thickness of the thick section No for the
laminate with multiple resin pockets, as depicted in Fig. 2. Since the increase of the
tensile stress in the longitudinal direction due to the thickness decrease is expressed by
the factor of No/N, the stress index gy, to design a tapered laminate with multiple cut

plies can be computed via equation (1).

1
2 2 z
oy =L E{(% Gux = Oyy) + (Oyy = 022)" + (00 — 2 0) +6(dy + 75, + rfx)}]z(l)

It is normalized by the average strain computed across the longitudinal length of
the entire model (€) and Young's modulus of the resin pocket (E) to make it independent
of the displacement applied to the finite element model. Each stress component
calculated at the center of gravity of the resin pocket through the three-layer analysis
conducted in section 2.1 is used for obtaining the stress index of equation (1) and

designing the appropriate pattern of tapered laminates.

2.3. Laminated pattern design
Using the stress index defined in section 2.2, laminates with multiple cut plies

were designed. In particular, a tapered quasi-isotropic laminate [+45/-45/90/0/+ 45/—



45/90/0]n with a number of layers decreasing from 16 (n = 2) to 8 (n =1) was examined
by cutting eight plies to maintain the quasi-isotropic laminate configuration in both the
thick and thin sections. Because the surface layer of aircraft components generally has a
+45° configuration [29], the upper and lower £45° layers were fixed as continuous
layers, and the remaining 12 layers were considered to be potential cut plies. Resin
pockets were arranged sequentially inside the tapered section that was divided into eight
segments along the longitudinal direction. In addition, none of these pockets were
placed in adjacent positions because such a layout would decrease the material strength
significantly due to the superposition of stress concentration.

Under these conditions, the appropriate stacking pattern can be derived by
minimizing the stress index at all the locations of cut plies. There are several approaches
by focusing on either the highest stress index among all, the average stress index, or the
stress index at thinner section. In this study, the priority was given to realize the lower
stress index at the thinner section with low overall stress indexes, and the appropriate
pattern was derived as shown in Fig. 3(a). A reference pattern which includes high
value stress indexes was also obtained for comparison as shown in Fig. 3(b). The ply
drop-off locations in the thick sections are denoted A1, A2, ..., A8 (appropriate pattern)
and R1, R2, ..., R8 (reference pattern), and the value of the stress index gy calculated
for each location is shown in Fig. 4. It was confirmed that the stress index of the
appropriate pattern (Fig. 4(a)) was lower than the stress index of the reference pattern
(Fig. 4(b)). In addition, its highest values were obtained for locations A3 (appropriate
pattern) and R7 (reference pattern). Therefore, when tensile load is applied to these
laminated patterns, the initial damage is expected to occur in resin pockets A3 and R7,

but delayed for the appropriate pattern, which results in the higher load capability.



3. Experimental validation of the proposed design guidelines
3.1. Manufacturing laminates with ply drop-offs

Specimens with the laminated pattern described in Figs. 3(a) and (b) were
manufactured using unidirectional prepreg (PYROFIL TR 380G250S, Mitsubishi
Rayon) by autoclave (DANDELION, Hanyuda Ironworks) molding. The curing
conditions is specified in Table 3. In the laminate plate with a size of 140 X 190 mm,
the tapered section was located in the middle along the longitudinal direction. The
aspect ratio of the tapered section (thickness reduction/ longitudinal length) was set to
1/5, which was designed to fall within the range of the taper angle 7 to 27 degrees [21].
The laminate was cut with a diamond cutter to form the specimen depicted in Fig. 5.

Shapes of the resin pockets were observed from the side surface after careful
polishing under a three-dimensional microscope VE-8800 (Keyence) operated in the
secondary electron detection mode at an acceleration voltage of 1.0 kV. Because the
resin pockets and fibers are shown as dark grey and light grey objects, respectively, the
discontinued layers can be easily found in the obtained images. Figs. 6 and 7 show the
scanning electron microscopy (SEM) images of the areas around resin pockets A1-A8
of the appropriate pattern and R1-R8 of the reference pattern, respectively. In the
appropriate pattern, resin pockets with triangle shapes were not observed because the
fibers of the cover and base layers flowed into the locations of cut plies, whereas they
were clearly formed at the R2, R3, R4, R5, and RS locations of the reference pattern.
When 90° layers were laminated on either the cover or the base layer at the A1, A2, A3,
A4, A8, R1, R6, and R7 locations, the fibers can easily move to fill the region next to

cut plies. At the AS and A6 locations, where the cut ply was sandwiched by 90° layers,



the fibers flowed from both the cover and base layers . When the cover and base layers
did not include 90° (such as those at the R2, R3, R4, RS and R8 locations), the ply-
dropped region was hardly filled with the fibers and resulted in forming the triangular
resin-rich regions, which would cause the initiation of failures. Therefore, it was
confirmed that designing the stacking pattern of tapered laminates by the proposed
stress index can successfully eliminate the cause of the significant stress concentration

at the ply-dropped region.

3.2. Tensile testing

A tensile test using the tapered specimen fabricated in section 3.1 was performed
on an INSTRON 5982 universal testing machine at a tensile speed of 5.0 mm/min, as
shown in Fig. 8. Six laminate specimens were prepared for both the appropriate and
reference patterns. Five of these specimens were subjected to a monotonic tensile load
until fracture. The remaining specimen was subjected to gradual tensile load stepwise at
a displacement of approximately 1 mm and then held for a while to take images of the
tapered section for detail observation of damage progress. After the careful examination
of damage monitoring, further displacement was applied manually at a 0.1 mm
increment. These procedures were repeated until significant damage was observed.
Damage initiation and propagation may be clearly detected during a tensile test because
the 0° layer can be clearly identified under a digital microscope. In each test, a
pretension of 0.50 kN was applied to the specimen to avoid variations of the clamping

conditions.

3.3. Results and discussion
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Fig. 9 shows the results of the tensile test obtained for the appropriate and
reference patterns, denoted by the blue and red lines, respectively. Here, the applied
load is divided by the specimen width to avoid effects caused by its slight variations.
The solid lines in the plots represent the load-displacement curves recorded under
monotonic loading until fracture, and the markers denote the loads applied at every 0.1
mm increment for the careful damage observation. The results indicate that the load
slightly decreased at approximately 0.7 kN/mm for the appropriate pattern and at 0.6
kN/mm for the reference pattern. In addition, the greater decrease of load was observed
for the reference pattern. The load decreased again at 1.0 kN/mm for the appropriate
pattern, but increased again up to 1.1 kN/mm. On the other hand, the reference pattern
caused fracture at the displacement of 2.9 mm, where the second decrease of load was
observed for the appropriate pattern. Fig. 10 displays the load when the initial decrease
was observed and the final maximum load when the specimen fractured. They were
averaged from the five specimens. These results verify that the appropriate pattern is
more durable than the reference pattern.

The microscopic image of the entire tapered section obtained for the appropriate
pattern was observed as shown in Fig. 11(a). The areas of blue and green windows are
magnified in the following images of Figs. 11(b)—(f). Fig. 11(b) was taken before
loading, and Fig. 11(c)-(f) were taken at the corresponding points (c)-(f) in Fig. 9. At a
load of 0.44 kN/mm (Fig. 11(c)), a small crack was observed in the vicinity of the lower
0° layer along the vertical direction. At a load of 0.53 kN/mm (Fig. 11(d)), a small crack
propagated from the center of the 0° layer near the thin section, as shown in the green
window. When the load reached 0.60 kN/mm (Fig. 11(e)), a relatively large crack

occurred and caused the initial load decrease. After the load exceeded 0.67 kN/mm (Fig.
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11(f)), this crack propagated to the specimen end through delamination, leading to the
formation of multiple small cracks. Fig. 12 shows the images of the damage propagation
obtained for the reference pattern. The entire tapered section is shown in Fig. 12(a). The
red, orange, and yellow windows of Fig 12 (b)—(f) are the magnified images of the
corresponding squares in Fig. 12(a). No damage was confirmed before loading as
shown in in Fig. 12(b). At a load of 0.41 kN/mm (Fig. 12(c)), crack initiation was
observed near the dropped region of the lower 0° layer. At a load of 0.50 kN/mm (Fig.
12(d)), another small crack occurred vertically across the middle 0° layer. When the
load reached 0.61 kN/mm (Fig. 12(e)), the initial crack generated near the dropped
region of the lower 0° layer propagated drastically, as shown in Fig. 12(f), and caused a
significant load decrease.

These observations revealed that initial cracks were formed in the lower 0°
layers of both the appropriate and reference patterns. The locations of damage initiation
corresponded well to the ply-dropped locations of the highest stress indexes depicted in
Fig. 3 (A3 and R7). In the laminate specimen with the reference pattern, the initial crack
propagated and caused the initial decrease of load. Meanwhile, the initial crack detected
in the laminated specimen with the appropriate pattern did not propagate further, but the
other subsequent crack propagated to cause the initial load decrease. These results
indicate that the proposed stress index is an effective index for designing tapered
laminates with ply drop-offs, but its magnitude has not been optimized yet. Although
the stress index was calculated in the framework of the three-ply finite element model,
the loading conditions for the thick tapered laminate with multiple cut plies would be
slightly different because the base layer is not always parallel to the bottom surface, but

may be inclined. The influence of bending deformation should be also taken into
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account due to the offset of the thin section. Hence, the simple approach proposed in
this study can be further improved by conducting a more detailed stress analysis and

optimizing the stacking pattern to minimize the stress index more effectively.

4. Conclusion

In this study, new design index was proposed for the tapered structures with ply
drop-offs. First, stress analysis for a resin pocket formed in a three-ply tapered laminate
was conducted by a finite element method. Using the stress values obtained from the
stress analysis, the corresponding stress index was calculated to design the tapered
quasi-isotropic laminate with a thickness decreasing from 16 layers to 8 layers. Two
laminates, one by appropriate pattern and the other by reference pattern, were designed
and manufactured by autoclave molding. The observation under SEM revealed that the
resin pockets adjacent to the cut plies were effectively eliminated by stacking 90° layers
for the appropriate pattern, but formed with the clear triangular shapes for the reference
pattern. Finally, tensile testing was conducted under a careful observation of the tapered
section to monitor damage initiation and progress. It was confirmed that the specimen
for the appropriate pattern exhibited higher strength. In addition, an initial crack was
detected near the discontinued region of the lower 0° layer, which corresponded well to

the location of the highest stress index.
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Figure captions

Fig. 1. A three-ply finite element model.

Fig. 2. Proposed parameters N, and Ny for stress analysis performed at various laminate
thicknesses.

Fig. 3. (a) Appropriate and (b) reference laminated patterns.

Fig. 4. Stress indexes calculated at various ply drop-off locations of the (a) appropriate
and (b) reference patterns.

Fig. 5. Geometry of the tapered laminate specimen for tensile testing.

Fig. 6. SEM images of the regions around the resin pockets in the appropriate pattern.
Fig. 7. SEM images of the regions around the resin pockets in the reference pattern.
Fig. 8. An experimental setup for a tensile test.

Fig. 9. Load — displacement curves recorded during the monotonic/stepwise tensile test.
Fig. 10. Load at damage initiation and final fracture for the appropriate and reference
patterns.

Fig. 11. Images of the tapered laminate specimen with the appropriate pattern. (a) An
overview of the tapered area. The colored squares show the images of the corresponding
regions in panel (a) obtained (b) before loading, (¢) at a displacement of 1.0 mm and
load of 0.44 kN/mm, (d) at a displacement of 1.3 mm and load of 0.53 kN/mm, (e) at a
displacement of 1.5 mm and load of 0.60 kN/mm, and (f) at a displacement of 1.8 mm
and load of 0.67 kN/mm.

Fig. 12. Images of the reference pattern. (a) An overview of the tapered area. The
colored squares show the image of the corresponding regions in panel (a) obtained (b)
before loading, (c) at a displacement of 0.9 mm and load of 0.41 kN/mm, (d) at a

displacement of 1.2 mm and load of 0.50 kN/mm, (e) at a displacement of 1.5 mm and
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load of 0.61 kN/mm, and (f) after the tensile testing machine stopped at a displacement

of 1.5 mm.
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Tables

Table 1 Mechanical properties for the finite element simulation.

FRP Resin (epoxy)
Ei =137
Young’s modulus [GPa] Eepoxy = 3.5
E>=E3=89
Gn=Gi3=4.0
Shear modulus [GPa] -
G23=3.2
V12 = V13 = 032
Poisson’s ratio Vepoxy = 0.37
v,3 = 0.37
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Table 2 Von Mises stresses calculated at the centers of gravity of the resin pockets.

Cover / base layers

[MPa]
0/0  0/45 0/90 45/0 45/45 45/-45 45/90 90/0 90/45 90/90
0° 19.03 17.65 8.47 856 9.56 7.06 732 6.83
Dropped 45° 586 524 8.04 6.38 4.41
4.22 5.09
layer 450 15.93 593 6.13 773 7.16 4.99
90° 563 493 779 659 380 4.14 4.52

Table 3 Parameters of the heating and curing procedures.

Parameter Heating Curing
Retention temperature [°C] 80 135
Heating rate [°C/min] 2.1 1.8
Holding pressure [MPa] 0.65 0.65
Holding time [min] 60 150
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