KSME

@ Springer

Journal of Mechanical Science and Technology 34 (4) 2020

Original Article
DOI 10.1007/s12206-020-0313-2

Keywords:

-CFRC

- Finite element analysis
- Delamination

-FLSC

Correspondence to:
Rong Chen
r_chen@nudt.edu.cn

Citation:

Sun, J., Ma, Z., Zhang, Z., Weng, F.,
Chen, R. (2020). The delamination of
carbon fiber reinforced composites during
cutting by flexible linear shaped charge.
Journal of Mechanical Science and
Technology 34 (4) (2020) 1515~1522.
http://doi.org/10.1007/s12206-020-0313-2

Received June 26th, 2019
Revised  December 23rd, 2019
Accepted  February 3rd, 2020

+ Recommended by Editor
Chongdu Cho

© The Korean Society of Mechanical
Engineers and Springer-Verlag GmbH
Germany, part of Springer Nature 2020

The delamination of carbon fiber
reinforced composites during cutting
by flexible linear shaped charge

Jing Sun', Zhiguo Ma?, Zhifeng Zhang', Fei Weng® and Rong Chen*

'Beijing Institute of Astronautical Systems Engineering, Beijing 100076, China, 2Nanjing Research Insti-
tute of Simulation Technology, Nanjing 210000, China, *Department of Engineering Mechanics, Dalian
University of Technology, Dalian 116024, China, “College of Liberal Arts and Sciences, National Univer-
sity of Defense Technology, Changsha 410073, China

Abstract The delamination is a typical phenomenon when the carbon fiber reinforced
composites (CFRC) undergoes blasting impact loading and the delamination will reduce both
the strength and stiffness of the laminates, which can lead to catastrophic consequences while
used as rocket skin. In this paper, the response of CFRC laminate is cut by flexible linear
shaped charge (FLSC) and the delamination behavior of the CFRC is analyzed and discussed.
The displacement interferometer system for any reflector (DISAR) is used to monitor the veloc-
ity of characteristic points of the laminate subjected to FLSC. Finite element analysis has been
conducted to explain the mechanisms of delamination. Based on the numerical simulation, the
influences of structural design parameters on the delamination effect of the CFRC after cutting
are investigated. The results show that a large number of debris are produced at the center of
the explosion and a small amount of large debris is produced at weakening groove on both
sides. The delamination effect is greatly affected by the inter-laminar tensile strength and thick-
ness of composite laminate, but it is not significantly affected by the linear density of the FLSC
and stand-off.

1. Introduction

Due to the superior strength and stiffness, CFRC are widely used in various field, such as
vehicles, patrol boats and crafts in both military and civilian platforms. With the development of
space carrying technology, these advanced structures requires high specific strength [1, 2].
Therefore, CFRC is widely used in the structure of rocket due to its advantages of high mass-
specific strength and modulus [3].

Pyrotechnic devices such as the mild detonating fuse (MDF) and FLSC are used to perform
releasing, cutting and other mechanical work for the separation of subsystems, boosters,
stages, or payload satellites [4]. When CFRC structures are employed in the rocket skin, weak-
ening grooves cannot be directly used due to strength design which is reasonable for MDF
devices. Furthermore, the delamination effect of CFRC can lead to further damage of the
rocket. One solution in structure design is to employ additional metal structure for the separa-
tion purposes only, however, this brings in an obvious penalty of weight and complexity in the
design. The primary problem for the explosive cutting method (such as FLSC) of composite
shells is that adjacent structures or materials fails in the cutting, which weakens the strength
and stiffness of the composites and the fragments caused by the material fracture will change
the flight path.

In recent years, a number of investigations have been conducted on the delamination of
composite materials, which mainly focused the effect of explosions or blasts on delamination [5,
6]. Mouritz et al. [7] investigated the dynamic response of glass-fiber-reinforced composites
structures to underwater blast loads. They found that blast can result in matrix cracking, de-
lamination and fiber fracture of composites structures, and the combined effect significantly
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Fig. 1. Details of the experiment: (a) The FLSC is glued on the CFRC laminate; (b) the fiber holder to measure the off surface partial velocity; (c) the CFRC

laminate is fixed by the fixture.

Fig. 2. CFRC laminate cut by FLSC.

reduced the load-bearing ability of the composite structure.
Yahya [8] investigated the blast resistance of a carbon fiber-
reinforced epoxy resin. For the cutting process of linear shaped
charge, the main effect is caused by the high speed jet with the
speed up to 7000 m/s which is much higher than that of an
abrasive jet [9]. Batra and Hassan reported an in-house devel-
oped, three-dimensional finite element code, with rate depend-
ent damage evolution equations for anisotropic bodies, and
used the code to numerically ascertain the damage developed
in a fiber-reinforced composite due to shock loads representa-
tive of those produced by an underwater explosion [10]. The
main problem in the CFRC cutting includes non-even cutting
surface, critical delaminate and side fragments. Therefore, it is
significant to study the impact of explosion during the cutting of
CFRC laminates.

In this paper, the cutting test and numerical model calculation
is used to explore the dynamic response of laminates under
the action of FLSC. In particular, the DISAR method is used to
verify the rationality of the finite element model. In addition, the
investigation of delamination of the CFRC laminate during the
cutting by FLSC is focused. The influences of structure design
parameter on the delamination of the CFRC during cutting are
analyzed and discussed.

2. Method
2.1 Experimental setup

The composite laminate is made of carbon fiber from differ-
ent angles with the dimension of 170 mmx125 mm, and the
thickness of the laminate is 5 mm. The composite laminate is
made from carbon fiber and bismaleimide resin. The laminate
is laid out in a laminated form by a unidirectional material ac-
cording to a predetermined fiber direction and order, and then

4

bonded, and formed by heat curing. The laying method of the
test laminates is [+45/90/0/(+45),/0]s. The thickness of the each
layer of CFRP composite laminate is about 0.15 mm. The
laminates of different thicknesses are appropriately increased
or decreased according to the above-mentioned laying manner.

The FLSC is a continuous hexogen (RDX) core enclosed in
a seamless metal sheath that is made of lead antimony alloy.
The cutting principle of the LSC can be summarized as follows:
When the explosive is detonated, the metal cover is pressed
and under high pressure of up to tens of millions KPa gener-
ated by the explosion and closed to the axis of symmetry. Then
the high-speed collision occurs in the plane of symmetry, so
that the metal near the inner wall of the cover is extruded on
the plane of symmetry to form the jet which is often referred to
as the "jet knife" and its head speed is several km/s. Under
such high speed and high pressure, the target is cut into two.
Charges are shaped in the form of an inverted “V” allowing the
continuous metal sheath liner and encased explosive to pro-
duce a uniform linear cutting action upon detonation. The linear
density of RDX is 3.0 g/m. The FLSC is glued on the laminate
to ensure that the FLSC is not bent at the cutting surface. The
stand-off of the FLSC is 0 mm.

The DISAR [11] is used to measure the surface velocity of
the laminated plate, as shown in Fig. 1(b). DISAR requires that
the test surface should be flattened to reflect the laser, while
the carbon fiber composite laminate has a rough surface and
the color is dark and does not meet the test conditions. In this
paper, the aluminum foil is attached to the surface of the lami-
nate to reflect the laser.

The FLSC is detonated from one side by an electric detona-
tor. The laminate is clamped on both sides of the laminate to
prevent splitting of the structure, as shown in Fig. 1(c). The
laminate subjected to FLSC is shown in Fig. 2. There are obvi-
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Table 1. Material parameters of RDX [13].

Py D ch A B R R w Ey
(glem®) (m/s) (GPa) (GPa) (GPa) ! 2 (GPa)
1.82 7500 393 778.3 7.071 42 1.0 0.34 8.5
Table 2. Material parameters of unidirectional laminate [13].
po Ea Eb Y Gab Gbc Gca Xc )(t yc Yt Sc
(glem®) (GPa) (GPa) b2 (GPa) (GPa) (GPa) (GPa) (GPa) (MPa) (MPa) (MPa)
1.80 148 10.3 0.02 6.02 93.31 6.02 1.53 1.92 255 56 90.5
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Fig. 3. Finite element model of CFRC laminates: (a) Whole laminate model; (b) local magnification of laminate model and the groove.

ous tearing, debris and delamination near the cutting surface.

2.2 Numerical model

In order to further study the damage mode and the influence
of structural parameters on the delamination of the CFRC
laminates under the explosive impact of FLSC, the finite ele-
ment model (FEM) of CFRC laminates is established the same
as the experimental setup, as shown in Fig. 3.

In this paper, the coupled Euler Lagrange (CEL) algorithm is
adopted in the finite element dynamic calculation (LS-DYNA)
[12] to evaluate the failure process of CFRC subjected to the
explosive impact of FLSC. The composite laminates in the
model are meshed into Lagrange elements, the FLSC and the
surrounding air regions are set as Eulerian elements. The
combined region of the two elements is a mixed Lagrange-
Eulerian element region.

The material of *MAT_HIGH_EXPLOSIVE_BURN, and JWL
equation of state are used to simulate the performance of RDX
in FLSC, the parameters are shown in Table 1 [13]. The mate-
rial model of *MAT_LAMINATED_COMPOSITE FABRIC is
used to simulate the composite laminate [12]. Each layer is
defined by the *SECTION_SHELL keyword according to the
actual laying of the composite laminates. Material parameters
of unidirectional laminate are shown in Table 2 [13]. The thick-
ness of each layer is 0.15 mm, the number of the composite
material layer can increase or decrease depending on the

thickness of the composite laminates under different conditions.

The overall structure of the composite laminate is defined by
the material parameters and direction of every single layer, and

then equivalent the interaction between the layers of the compos-
ite laminate by defining the contact between the layers. The con-
tact keyword used is *CONTACT_AUTOMATIC_SURFACE_
TO_SURFACE_TIEBREAK. This key word determines whe-
ther to cancel the initial fixed contact by defining the tensile
strength oyr s and the shear strength oge, s between the layers
and thus simulate the delamination of the composite laminate.
A fixed failure criterion (OPTION = 2) based on the Hoffman
strength criterion is used, as shown in Eq. (1) [12].

["’“' J +(“ J >1 (1)
O-NFLS O-SFLS

In which, the oyes is inter-laminar tensile strength and the
Osrs IS inter-laminar shear strength.

2.3 Model validation

The velocity history of the surface characteristic position in z-
direction (perpendicular to the surface of the laminate) is
shown in Fig. 4. There are two stages in the velocity curve. The
first stage is the wave propagation process in the range of 0 to
30 ps and the second stage is the warping process of the lami-
nated plate after 30 ps. In the wave propagation process, the
detonation wave arrives the FLSC corresponding to the meas-
uring point 11 ps after the initiation. The measuring point is
100 mm away from the detonator and the detonation velocity is
7500 m/s. The trigger starts timing from about 2.5 ps after ini-
tiation. The detonation wave reaches the measuring point at
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Fig. 4. Z-velocity of characteristic position.

10.9 ps. The first extreme value of 12.69 m/s arrives at 12.0 ps
corresponding to the first shock wave. The corresponding ex-
perimental result is 11.72 m/s at 12.3 ys which is consistent
with the modeling results. The velocity gradually fluctuates to
the maximum value in the following 10 ps. The velocity of the
characteristic position will decrease to zero at about 30 ys and
then gradually increase again. In addition, the maximum veloc-
ity of the test and simulation in 0-30 ps is 17.6 m/s and 22 m/s,
and the error is 12 %. What's more, the curve trends of the test
and simulation are consistent at this stage despite the exis-
tence of non-negligible stress wave effects. The DISAR joint
has been separated from the laminate after 70 us and the dif-
ferences of the velocity history can be ignored of the subse-
quent time. This means that the numerical and experimental
velocity curves of the characteristic position are basically the
same, which validates the credibility of the simulation results.

3. The delamination damage during cut-
ting

The failure process of the CFRC laminate after the detona-
tion of the FLSC is shown in Fig. 5. The energy of the FLSC is
applied on the groove and the surrounding areas, the laminate
is deformed as a whole part and the local inter-laminar connec-
tions fail. When the cutting surface is completely separated, the
inter-laminar connection in the area near cutting surface is
largely defective, the delamination is serious and the fragments
of carbon fiber flakes are produced.

In addition, the damage of composite laminate mainly con-
centrates in the distance less than 20 mm from the groove, the
width of the complete destroyed area is between 1-2 mm, the
delamination happened near to the cutting area and almost no
damage happens in the far filed. A large number of small
pieces are produced at the cutting area and a small amount of
large debris is also produced at the surface of composite lami-
nate groove on both sides. The damaged area and shape are
basically consistent with the test results (shown in Fig. 2).

In order to evaluate the degree of delamination damage of
composite laminate, the delamination ratio ¢ is used to charac-
terize the delamination of the composite laminate in the thick-

il
..||I|1|
=30 ps

=0 ps =10 ps

=20 ps

Fig. 5. Failure process of composite laminate.
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Fig. 6. The principle of evaluating delamination ratio € of the laminate.

ness direction. The principle of evaluating delamination ratio ¢
of the laminate is shown in Eq. (2) and Fig. 6. The T, is the
original thickness of the laminate, 4x; and 4x; the displacement
difference of characteristic points of upper and lower surfaces
of the laminate respectively.

JAxl—sz‘
e=1—1 "l
T

0

2)

Ten sets of characteristic point are extracted from the upper
and lower surfaces along the center line of shaped charge by
the distance of 13 mm-22 mm (d), and the mean value of each
group of characteristic points is calculated. Fig. 7 shows the
distribution of characteristic points and the dotted area is char-
acteristic points region of evaluating the ¢ of the laminate.

4. Effect of structural parameters on the
delamination of laminates

4.1 Effect of linear density of the FLSC on the
delamination

The linear density (o)) of the FLSC directly determines the
amount of energy released during the explosion cutting of the
laminate, which affects the impact on the composite laminate.
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Fig. 7. Distribution of characteristic points: (a) Front view of the laminate; (b) side view of the laminate.
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Fig. 8. FEM with different linear density of the FLSC: (a) p,= 3.5 g/m; (b) o, = 3.85 g/m; (c) p;= 4.2 g/m.
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Fig. 9. The delamination ratio ¢ of the laminate for different linear density of
the FLSC.

Therefore, three conditions (o, = 3.5, 3.85 and 4.2 g/m) are
designed as shown in Fig. 8. The delamination ratio € of the
laminate in each condition is statistically analyzed in Fig. 9.

It is clear that under the conditions of d in the range of
13 mm-20 mm, the difference in delamination is small under
different linear density conditions. Therefore, the influence of

linear density on the delamination of composite laminate is not
obvious when the linear density of FLSC is 3.5 g/m < p <
4.2 g/m.

4.2 Effect of stand-off on the delamination

In the case of general impact damage, the distance between
the impact source and the target, named as the stand-off (h), is
an important factor affecting the degree of delamination of the
laminate. Therefore, the delamination ratio of composite lami-
nate for three different stand-off conditions are analyzed, which
are 0, 0.5 and 1.0 mm, respectively as shown in Fig. 10.

The distribution of the delamination ratio ¢ at the characteristic
point with the distance to the FLSC influenced by different stand-
off is shown in Fig. 11. When d'is in the range of 13 mm~16 mm,
for the 1.0 mm stand-off, delamination level is less than the other
two conditions. The maximum rate of the ¢ is controlled at 10 %.
While the three conditions have no difference in case of delami-
nation when d is in the range of 17 mm~22 mm. Therefore, it can
be concluded that the stand-off has no critical effects on the de-
gree of delamination of the composite laminate when the stand-
off changes from 0 mm to 1.0 mm.
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Fig. 10. FEM with different stand-offs: (a) h = 0 mm; (b) h = 0.5 mm; (c) h = 1.0 mm.
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Fig. 11. The ¢ of the laminate for different stand-offs.

4.3 Effect of thickness of laminate on the de-
lamination

The delamination ratio of the composite laminate is also af-
fected by the thickness of the laminate. Three different thick-
ness (T) conditions are designed, which are 5.85 mm, 6.75 mm
and 7.65 mm, and there are 39, 45 and 51 single layers re-
spectively as shown in Fig. 12. The thickness of each layer is
0.15 mm and the thickness of the groove is 1.95 mm.

The distribution of the delamination ratio ¢ at the characteris-
tic point with the distance to the FLSC influenced by different
laminate thicknesses is shown in Fig. 13. When d is in the
range of 13 mm-20 mm, compared with the other two condition,
the delamination ratio ¢ of the composite laminate reaches the
maximum value under T = 5.85 mm. When d is in the range of
13 mm-14 mm, the ¢ of the composite laminate under T = 7.65
mm is larger than that of T = 6.75 mm. While the ¢ of compos-
ite laminate under T = 6.75 mm is larger than that of T = 7.65
mm working conditions for the range of 14 mm~20 mm. It is
obvious that the thickness of the laminate has a significant
effect on the delamination of the composite laminate.

4.4 Effect of interlaminar tensile strength on
the delamination

In the case of inter-laminar tensile strength, the tensile

strength of oy s = 63.8, 57.4 and 51.0 MPa are considered,
and the other parameters for simulating calculation of CFRC are
the same. The delamination ratio ¢ of characteristic points in the
thickness direction of the composite laminate are calculated for
different inter-laminar tensile strength as shown in Fig. 14.

It is obvious that there is almost no delamination occurs out-
side 22 mm of the FLSC. As the distance decrease, the de-
lamination of CFRC is more serious. Comparing different inter-
laminar tensile strength, in the case of gy s = 63.8 MPa, the
maximum delamination distance of the laminate is 20 mm.
When the ope s = 57.4 MPa and oyr s = 51.0 MPa, the maxi-
mum delamination distance of the laminate is 21 mm and 22
mm respectively. At the same distance (d), the delamination of
composite laminate increases with the decrease of inter-
laminar tensile strength. What's more, the delamination ratio for
Onrs = 51.0 MPa is largest, the delamination ratio is second
when Opg s is 57.4 MPa, and the delamination ratio is smallest
in oynes = 63.8 MPa working condition. In addition, when the
distance d between characteristic point and the FLSC changes
within a small range, the delamination ratio € changes linearly.
When it changes in a large range, the delamination ratio ¢
changes non-linear. It is clear that the interlaminar tensile
strength is an important factor affecting the delamination effect
of CFRC.

5. Conclusion

The dynamic response of the CFRC laminates subjected to
the FLSC is investigated by means of both experiments and
numerical modeling. The DISAR is used to monitor the velocity
of surface characteristic point of the laminate. In terms of cut-
ting velocity, the simulation results and the experimental results
are agrees with each other, and the error of the size is also
within reasonable range, which validates the feasibility of the
simulation method. The influence of multiple structural parame-
ters on the delamination phenomenon is analyzed and the
following conclusions can be obtained:

(1) The results show that the delamination damage of CFRC
laminates mainly concentrates within 22 mm from the center
line of FLSC.
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Fig. 14. The delamination ratio ¢ of the laminate for different inter-laminar
tensile strength.

(2) The failure of composite laminate changes with the dis-
tance to the FLSC. There is a complete destruction area at the
FLSC that produces a large number of small pieces; delamina-
tion happens near the FLSC, and a small amount of large de-
bris was also produced at the weakening groove on both sides.
No damage occurs far away from the cutting area.

(3) The inter-laminar tensile strength and thickness of com-
posite laminate are important factors influencing the delamina-
tion of the composite laminate. In a certain range, the linear
density of the FLSC and stand-off have no critical influence on

the delamination ratio of composite laminate.
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