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Texnono2us. a8moMamuyeckoll YkiaoKy mepmMoniacmuiHo20 KOMHOZUMHO20 G0JOKHA, AGISIOUASCS
OOHOU U3 PAOUKATILHBIX MEXHOI02UL NOIYHeHUs: OONbUUX UIU O4eHb DOIbULUX KOMNOHEHNO8 KOMNO-
3UMOB ¢ KOMNWIEKCHbIMU (DOPMAMU NOBEPXHOCTIU, WUPOKO UCNONB3YeMCs 8 A8UAYUOHHO-KOCMU-
yecKkoll npomvlieHnHocmu. B kauecmee 06bekmos ucciedosanus UChoab306al 60CeMb 2PYIN. CLOUC-
MbIX MAMEPUANIOS C PAIULHBIMU Y2LAMU KOHCIMPYKMUBHO20 PAZMEUeHUs, KOMOpble ObLIU CO30aHbL C
NOMOWBIO ANCOPUMMA PAZMEUCHUS. NePEMEHH020 Yela KOHUHecKol obonouku. TIpedcmasnensl anieo-
DPUmMM pasmewerus NepemMeHHo20 yeid Oisi KOHUYeCKOU 0OO0NOYKU U MOOelb HA OCHO8e Memood
KOHEUHBIX /IeMEHMO08 Ol MEePMONIACIULHBIX CIOUCIBIX KOMNO3UMOS C NePeMeHHbIM yenom. Jlis
Kadicootl epynnvl Mamepuaios npoeeoeHvl Cmamucmuyeckull aHau3, UCcied08anue Memooom pasio-
JHCEHUSL NO COOCMBEHHBIM (DOpMaM U pacuem YCMOUuugoCmy. YCmanosieHo, 4mo 3a8ucumocib
Hanpsicenue—0ehopmayus, MOOAILHASL RPOYHOCIb U NPOUHOCTIb NPU NPOOOILHOM U32UOE CLOUCTbIX
MAMeEpuanos ¢ NEPemMeHHbIM YeioM NePUoOUYecKU USMEHSIOMCS 8 3A6UCUMOCIIU OM Yeid KOHCMpPYK-
MUBHO20 PAZMEUJCHU.

Knrouesvie cnoesa: TCpMOHJ’IaCTH‘IHBIﬁ KOMIIO3UT, TCXHOJIOI'UA aBTOMATHYECKOU YKIIaAKH
BOJIOKHA, CJIOHCTBIC MAaT€pHalibl C ICPEMEHHBIM YTJIOM, 3aBUCUMOCTDH Hanpﬂmeﬂnef/:[e(bop-
Maluys, MoAajJibHasi NpO4YHOCTh, NPOYHOCTH IIPU IMPOAOJIBHOM n3ruoe.

Introduction. With the continuous development of science and technology, composite
materials have demonstrated their superior performance and are widely studied and used in
production of almost all areas of life, such as damping structure design [1, 2], biomimetic
prostheses [3], commercial aircraft [4], carbon nanotube reinforcing [5], etc. This paper
focuses on the mechanical properties of thermoplastic composite variable-angle laminations
for conical shells. These laminations are produced by automated fiber placement technology.
Automated fiber placement technology, as one of the extreme manufacturing technologies
for large or extra large composite components with complex surface shapes, has been
widely used in the field of aerospace vehicles. In the practical engineering application,
taking into consideration the manufacturing complexity of the composite laminations and
such influencing factors as tension, compression and shear, laminated composite structure
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is mainly manufactured by overlaying laminations of 0, £45, and 90° in a certain order. The
unicity of the fiber direction makes the composite material unable to properly demonstrate
its directional characteristics, which greatly limits the design flexibility of the composite
laminations. In recent years, with the development of automated fiber placement technology,
the constant change of fiber placement angle in the same lamination becomes possible.
Thus, many scholars start to investigate the phenomenon of change in overall mechanical
properties of the laminations caused by fiber placement angle variation. The laboratory of
Prof. Giirdal in Delft University Technology of Netherland has conducted research in the
variable-angle lamination characteristics of the composite components of various shapes.
Hyer studied the laminated composite plate with holes using wavy fibers instead of straight
ones. Based on the above study, Giirdal proposed the concept of variable-angle fiber
placement and applied it into practice. Lopes, one of the laboratory members, has
constructed a finite element model of the variable angle laminated plate, and carried out
buckling load and first layer failure analyses [6]. Blom studied the variable-angle trajectory
planning algorithms for cylindrical and conical shells, the static and dynamic characteristics
of the variable-angle laminations made by the above algorithms [7, 8]. In addition, Wu et
al, from Queen’s University of Belfast in England, provided a new kind of mathematic
definition to describe the fiber direction angle, and conducted buckling analysis and
optimization of the variable-angle laminated composite plate [9]. In that research,
Rayleigh—Ritz method was adopted to determine the distribution of the pre-buckling and
critical buckling loads, while the fiber direction angle was optimized based on the
optimization objective of maximizing the buckling load. Akhavan from the University of
Porto in Portugal investigated the natural frequency and vibration mode of the rectangle
laminated composite plate where the fiber placement angle varied linearly along the
coordinate axis [10].

However, the above studies did not consider the overlap and the gap of adjacent
towpregs, which affect the shape accuracy of composite components, increase operation
times of cut and re-send, and have a great impact on the overall mechanical properties. So
in this paper, a new variable-angle trajectory planning algorithm for a conical shell, which
can avoid the overlap and the gap, is proposed. Based on this algorithm for conical shell
proposed by author [11], this paper performs finite element modeling from three aspects,
which are stress-strain, modal and linear buckling, aiming to find the rules of the change
between the mechanical properties of the laminations and the initial placement angle.

Variable-Angle Trajectory Planning Algorithm for a Conical Shell. Overlap and
gap of adjacent towpregs would, on one hand, affect the shape accuracy of composite
components, and increase operation times of cut and re-send. On the other hand, they have
a strong impact on the overall mechanical properties. Therefore, the main purpose of the
trajectory planning algorithm for the automatic fiber placement is to design reasonable
placement paths in order to reduce or eliminate the gap or the overlap of adjacent towpregs.
A variable-angle trajectory planning algorithm has been proposed by Han et al. [11].

Equations (1) and (2) are used for calculation of placement angle and trajectory point,
respectively [6]:

dl
cosp= a’ W
s Nbc ds
B(s)= { tan (arccoS (27[7‘(1)005 y )) ssina’ ®

where ¢ is the placement angle, / is the distance from the arbitrary point along generatrix
to the small end, A is the arc length of the trajectory line, N is the number of trajectory
lines, b is the theoretical width of a single towpreg, ¢ is the number of towpregs for single
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trajectory lines, 7(/) is the radius of arbitrary cross section along axis, a is the cone
opening semi-angle, y is the set placement angle for the initial point, s is the distance
from the arbitrary point to the center of the developed conical shell, and S(s) is the angle
between the horizontal axis and section s on the developed conical shell. The formulas for
calculation of the above parameters can be obtained from [11].

Finite Element Model of Variable-Angle Laminations. In this paper, APC-2
(AS4/PEEK) is chosen as the lamination material for the finite element modeling and
analysis. The material parameters of APC-2 towpreg are summarized below: elastic moduli
E; =131 GPa and E, =87 GPa, shear moduli Gy, =50 GPa, G;;=50 GPa, and
G,3 =179 GPa, and Poisson’s ratio u;, = 0.28.

The steps of finite element modeling for variable angle laminations in the ABAQUS
are as follows. Firstly, the element type is chosen, and the laminations are discretized,
secondly, the nodes and elements are numbered; then, the material properties for each
element are set; finally, the stacking sequences of laminations are set. An S4 shell element
with four integration points is chosen as the element type for finite element modeling and
analysis, whereas Fig. 1 shows the laminations’ discretization, nodal and element labels. In
the ABAQUS, the local coordinate system is used for shell element. The conical shell is a
kind of revolved body, so the cylindrical coordinate system is chosen as the local
coordinate system. The APC-2 towpreg has an orthogonal anisotropy, so that the material
properties of each element are related to placement angle at the center point of each
element. Therefore, the local material properties can be set by rotation of the local
coordinate system.
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Fig. 1. Finite element model of variable-angle laminations: discretization (a), nodal (b) and element (c)
data.
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Table 1
Parameters of Laminations for a Conical Shell
Group Placement Placement Number Stacking sequence
angle angle of tow
(small end) (large end) (single
lamination)

1 11.06° 50.80° 185 < (1106, 50.80)5|(—11.06, —50.80)5 >,
—1106° —50.80°

2 20.12° 52.79° 177 < (2012, 52.79)5(—20.12, = 52.79)5 >,
—20.12° —52.79°

3 30.16° 56.17° 163 < (3016, 56.17)5|(—30.16, — 56.17)5 >,
-30.16° —56.17°

4 40.21° 60.54° 144 < (4021, 60.54)5|(—40.21, — 60.54)5 >,
—40.21° —60.54°

5 50.09° 65.60° 121 < (50.09, 65.60)5|(—50.09, — 65.60)5 >,
—50.09° —65.60°

6 60.12° 71.29° 94 < (6012, 71.29)5|(—60.12, —71.29)5 >,
—60.12° —7129°

7 70.19° 77.40° 64 < (7019, 77.40)5|(—70.19, — 77.40)5 >,
-7019° —77.40°

8 79.96° 83.57° 33 < (79.96, 83.57)5|(—79.96, —83.57)5 >,
—79.96° —83.57°

Eight groups of variable-angle laminations are analyzed by the finite element method.
The relative information of each lamination group is illustrated in Table 1. Each group
consists of 40 symmetrically arranged laminations with 0.2 mm thickness each. In the last
column of Table 1, the stacking sequence of laminations is listed as follows: “ < (placement
angle at the small end, placement angle at the large end),|(placement angle at the small
end, placement angle at the large end), >,.” Here sign “|” stands for the separator of
laminations, while the particular value of s sindicates the number of laminations.

Stress and Strain Analysis for Variable-Angle Laminations. In this section, the
static analysis is conducted for eight variable-angle lamination groups tabulated in Table 1.
Both ends of the conical shell are fully constrained, and pressure of 10° Pa directed

towards the outer surface is applied to the inner surface of the conical shell. Figure 2a
shows the maximum strain of eight variable-angle laminations groups, while Figs. 2b and
2c¢ show the strain distribution of the 1st and 6th lamination groups in the axial direction,
respectively.

From Fig. 2a it can be seen that the maximum strain value exhibits the initial decrease
followed by a further increase: the initial placement angle at the small end monotonously
increases with the serial number of the group, whereas the difference between the
maximum strain values of the Ist and the 6th lamination groups is about 2%. For large or
extra large components, a possibility of reducing deformation by 2% via changing the
placement angle is of practical importance. Taking the 1st lamination group (with the
highest maximum strain value) and the 6th one (with the lowest respective value) as
examples, strain variations of these two lamination groups along the axial line are shown in
Figs. 2b and 2c. The small end of each group is located at the starting point of the axial
line, while the large end is located at the finishing point of the axial line. Since the value of
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Fig. 2. Strain values for 8 variable-angle lamination groups: the maximum strain of § variable-angle
lamination groups (a), strain distribution of the 1st (b) and 6th (c) lamination groups in the axial
direction.

pressure exerted on the internal face of each group is the same, and the laminations are
bodies of revolution, the strain of the laminations is distributed in a ring-like pattern; the
maximum strain of the laminations is located in the middle of the conical shell, thereby the
strain value decreases from the location of the maximum strain to both ends.

Figures 3a and 3b depict the maximum and minimum equivalent stress of these 8
variable angle-lamination groups, respectively, while Figs. 3¢ and 3d show the equivalent
stress distribution of the 1st and 8th lamination groups in the axial direction. From Fig. 3a it
can be seen that the maximum equivalent stress value is in the trend of monotonous
decrease along with the serial number of the group; whereas, the maximum equivalent
stress values of the 1st and the 8th lamination groups differ by about 2.4%. From Fig. 3b
one can see that the minimum equivalent stress value manifests a monotonous increase with
the serial number of the group; while, the minimum equivalent stress values of the Ist and
the 8th lamination groups differ by about 10%. The maximum equivalent stress value is one
order of magnitude larger than the minimum one. Therefore, if the laminations performance
is estimated by the maximum equivalent stress value, the 8th lamination group would be the
one with the optimal performance. Since the maximum equivalent stress value is one order
of magnitude higher than the minimum one, the former value is worthy to be especially
analyzed. Taking the 1st lamination group (with the highest maximum equivalent stress
value) and the 8th one group (with the lowest respective value) as examples, variations of
the equivalent stresses in these two lamination groups along the axial line are plotted in Figs.
3c and 3d. The small end of a cone for each group is located at the starting point of the
axial line, and the large end is located at the finishing point of the axial line. It could be
deduced from these plots that the maximum equivalent stresses for these two lamination
groups are located near the side of the large end; by comparing the curves in Figs. 3¢ and
3d, it could be observed that variation of the equivalent stress along the axial line in the 8th
lamination group is smoother than that of the 1st group. Therefore, as for the lamination
equivalent stresses, the 8th lamination group is the one with the optimal performance. In
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Fig. 3. Distibutions of the equivalent stresses in 8 variable angle lamination groups: the maximum (a),
the minimum (b), of the 1Ist (c) and 8th (d) lamination groups in the axial direction.

Figs. 3¢ and 3d, there are some terraced steps of increase or decrease in the curves. After
measurement, the width of each step is found to be 2 mm, which coincides with the unit
length used in the lamination modeling. The discrete phenomenon of the above equivalent
stress is caused by different material attributes in the adjacent units, i.c., the material
attribute is discrete because of different placing angles for the adjacent units. The change in
the placement angle at the small end of the 1st lamination group is larger than that of the
8th one, which makes the material attribute discreteness for adjacent units at the small end
of the 1st lamination group larger than that of the 8th one. Therefore, the discrete and
fluctuating phenomena of the equivalent stress at the small end of the 1st lamination group
are more obvious than those of the 8th one.

Modal Analysis for Variable-Angle Laminations. The main goal of the modal
analysis is to determine the vibration performance of the variable-angle laminations,
including frequency of each lamination group and its corresponding vibration mode, to
provide guidance for lamination design; on the other hand, the modal frequency is the
foundation of dynamic analysis on the variable angle lamination (such as the transient state,
harmonic response, spectral analysis, etc.). A successful acquisition of the inherent
frequency and vibration mode of the variable-angle laminations makes it possible to avoid
resonance or vibration at a specific frequency. The ends of the variable-angle laminations
for a conical shell are fully constrained. The finite-element software ABAQUS and the
Lanczos method are applied to conduct the model analysis on the 8 variable-angle
lamination groups depicted in Table 1. Figure 4a shows the frequency curves of the top ten
orders for these 8 variable-angle lamination groups.

The eigenvalues and frequencies for each order pair (such as 1-2, 3-4, 5-6, 7-8, and
9-10) have basically the same values, which fact is related to the symmetrical structure of
the laminations for a conical shell and the symmetrical constraints. Under the above
conditions, the eigenvalues and frequencies of two orders will be equal to each other. The
eigenvalue and frequency of the variable-angle lamination structure are related to the fiber
placement angle. It can be seen from Fig. 4a that the eigenvalues and frequencies of these
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eight lamination groups manifest a monotonous decrease with the increase of the serial
number for groups, whereas the initial placement angle increases with the serial number. By
analyzing the frequencies of these 8 lamination groups, it can be observed that the
frequency value varies between 10 and 190 Hz for various initial placement angles. From
the above analysis, we can draw a conclusion that by changing the fiber placement angle,
the eigenvalue and frequency of the laminations can also be changed. When designing the
variable-angle laminations, this feature can be used to design laminations that can meet the
overall requirements. In addition, this feature will make it possible to avoid the resonance
frequency for structures or systems that are relatively sensitive to vibration.
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Fig. 4. Frequency (a) and the critical pressure (b) curves of the top ten orders for § variable-angle
lamination groups.

Buckling Strength Analysis for Variable-Angle Laminations. The aim of the linear
buckling analysis, which is also called eigenvalue buckling analysis, is to study the critical
pressure and the corresponding after-buckling shape of the variable-angle laminations
under a specific load. When using the linear buckling analysis to forecast the theoretical
buckling strength of the variable-angle laminations, the solution obtained will be non-
conservative since the non-linear or initial defects are disregarded. In this section, the
Lanczos method is used to conduct the linear buckling analysis for eight variable-angle
lamination groups given in Table 1. Both ends of the conical shell are fully constrained, and
pressure of 10® Pa directed towards the inner surface is applied to the outer surface of the

conical shell. Figure 4b depicts the critical pressure curves of the top ten orders of these
eight variable-angle lamination groups.

The critical pressures in each order pair (i.e., 1-2, 3-4, 5-6, 7-8, and 9-10) are nearly
the same, similar to the case described in the previous section, due to the symmetry of
structure and constraints. Under the above conditions, the critical pressure of two orders
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will be equal to each other. The critical pressure of the variable-angle lamination structure
is related to the fiber placement angle. It can be seen from Fig. 4b that with the increase in
the serial number for groups the critical pressure of order pair 1-2 manifests a monotonous
decrease, while that of order pair 3-4 exhibits a monotonous increase. However, for order
pairs of 5-6, 7-8, and 9-10, no manifested trends of the critical pressure.variation are
observed. In practical applications, the critical pressure of order 1 is often treated as the
most critical. Comparison of the critical pressures of order 1 of eight variable-angle
lamination groups, the difference between the 1st and the 8th group could reach about 1%.

Conclusions. In this study, the static, modal, and buckling analyses of eight lamination
groups with different initial placement angles formed by the conical shell variable-angle
placement algorithm have been conducted. This study demonstrates a regular variation of
strain, the equivalent stress, frequency and the critical pressure with the initial placement
angle values. The main results of this study are as follows:

1. The maximum strain value decreases first and then increases with the increase in
the initial placement angle at the small end.

2. The maximum equivalent stress value decreases with the increase in the initial
placement angle at the small end. The minimum equivalent stress value increases with the
increase in the initial placement angle at the small end.

3. The eigenvalues and frequencies of the studied eight lamination groups decrease
with the increase in the initial placement angle at the small end.

4. The critical pressure of orders 1 and 2 of eight variable-angle lamination groups
decrease with the increase in the initial placement angle at the small end.
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HO-KOCMIUHIH MPOMHUCIOBOCTi. O6’€KTOM JOCIIIKEHHS CIIyTyBaJId BiCIM TPYII MAapyBaTHX
MarepiaiiB i3 pi3HUMHU KyTaMH KOHCTPYKTHBHOT'O PO3MIIEHHS, SIKI OTPUMAHO 3a JJOIOMO-
TOI0 aJTOPUTMa PO3MIIICHHS 3MIHHOTO KyTa KOHIYHOT 00070HKH. [IpecTaBieHo anroputm
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BaTHX MarepiaiiB 31 3MIHHUM KyTOM IIE€PiOJMYHO 3MIHIOIOTBCS B 3aJICKHOCTI B KyTa
KOHCTPYKTHUBHOT'O PO3MIIICHHS.
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