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1. Introduction

CFRP, as a complex composite material, is com-
monly adopted in fabrication of these components in order
to achieve lightweight and versatile structure [1-4]. The cy-
lindrical shell is a typical load-bearing structure for aircraft
components. When the CFRP cylindrical shell surface is ex-
posed to a laser pulse, the irradiated area will experience a
sudden temperature rise, which leads to stress concentration.
As a result, the structure may be damaged to some extend if
it is subjected to axial compression simultaneously. In this
case, the thermodynamic parameters of materials are con-
sidered as temperature dependent [5-7]. Jianheng Zhao et al.
presented the temperature distribution of the cylindrical
shell irradiated by an intense laser pulse using FEM simula-
tion [8]. Ji Wang et al. studied the thermodynamic responses
and thermal buckling failure behavior of a pre-loaded cylin-
drical shell subjected to laser irradiation by numerical meth-
ods [9]. The buckling modes and eigenvalues of cylindrical
shells subjected to axial compression or internal pressure
were obtained, and the influences of laser intensity, irradi-
ated duration, preloading conditions and the shell’s geomet-
ric scale and shape on the thermal buckling failure modes
were discussed as well. Deng et al. developed a finite ele-
ment model for cylindrical thin shells subjected to axial
compression under laser pulse irradiation, employing tem-
perature dependent material parameters, and conducted fi-
nite element numerical analysis of thermal buckling failure
[10, 11]. Tafreshi et al. used the nonlinear FEM to study the
response of composite cylindrical shells subject to com-
bined loading [12]. Frulloni et al. presented the finite ele-
ment modelling of the failure behaviour of lattice composite
hollow structures that have been subjected to an external hy-
drostatic pressure [13]. However, the mechanism of thermo-
mechanical coupling damage process of CFRP caused by
laser irradiation is very complicated, so there is very limited
research works reported. Further investigations need to be
done for the cases like the effect of laser irradiation or ther-
momechanical coupling loading on the bearing capacity of
CFRP structure, influence of different parameters, etc.

In this paper, the dynamic buckling failure process
of laser irradiated CFRP cylindrical shell under axial com-
pression was simulated by means of finite element quasi-
static analysis method using ABAQUS, and the influence of
the thermomechanical coupling damage on the buckling
failure under different parameters was obtained.

2. FEM model of laser irradiated CFRP cylinder shell
under axial compression

2.1. Heat transfer

The material of the cylindrical shell is T300/914
carbon fiber epoxy composite, the material has good heat
resistance and low thermal conductivity [14]. When a body
is exposed to a laser irradiation, the heat transfer process can
be described by the Eq. (1) [14] on condition that the maxi-
mum temperature of the irradiated area is below the ablative
temperature:
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where: T(X, Y, z, t) is temperature field at t moment; p, ¢ and
A are density, specific heat and thermal conductivity coeffi-
cient of the material respectively, which are correlation with

the temperature and other factors; The T 8"y, term is the
amount of heat caused by the deformation work; U is mate-

rial property coefficient; j; :%(ui,ﬁu”) , U, is the

change rate of displacement, this term represents the influ-
ence of the stress field (displacement field) on the tempera-

ture field, called coupling term; Q.. is the laser heat
source [14], which may be expressed as:

Qlaser = (1_ R)aaxchnceiotaZ ’ (2)

and the laser heat source can be treated as body heat source
or surface heat source, depending on the depth of absorption
region of radiation. The laser heat source is dealt with as a
boundary condition.

To simplify the practical situation, only conduction
is taken into account, regardless of delivery of the energy
through the cylindrical shell surface by radiation heat trans-
fer. When the radiation equilibrium is established on the
boundary, the overall heat flow yields,

qlaser = qcond ’ (3)
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where: (iaser IS the laser heat flow of surface absorption, is
Jcond the inside conduction heat flow of body, n is the outer
normal unit vector on the boundary, Ann is the thermal con-
ductivity in normal direction.
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2.2. Laser heat source

The spatial distribution of power density of continuous
laser is considering as Gauss function:

qinc(r):qmaxexp<_2r2/R2) ) (5)

where: R is the radius of laser spot; gmax is maximum power
density of laser irradiation, with q,, = 2q0/(1—e’2) , Qo is
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average power density. The change of laser absorption co-
efficient is not taken into account in the calculation.

2.3. Material parameters

The thermal and mechanical properties of
T300/914 carbon fibre epoxy composite are strongly tem-
perature-dependent, and the values of different parameters
at different temperatures were given in Table 1 and Table 2.

Table 1
Thermal property parameters of T300/914 carbon fibre epoxy composite
Temperature (K) A1 (W/(m-K)) A22 (W/(m-K)) 433 (W/(m°K)) C (J/Kg'K) p (kg/m?)
311 0.033 0.033 0.35 1027.778 1458
350 0.034 0.034 0.37 1027.778 1458
400 0.037 0.037 0.39 1027.778 1458
561 0.044 0.044 0.47 1027.176 1455.95
634 0.049 0.049 0.55 1018.824 1428.21
700 0.056 0.056 0.80 981.7158 1316.74
748 0.058 0.058 1.05 938.7894 1208.03
Table 2
Mechanical properties of T300/914 carbon fibre epoxy composite
Temperature (K) E: (Pa) E: (Pa) Ez (Pa) 112 113 1423 G12 (Pa) Gi3 (Pa) G23 (Pa)
311 1.87x10° | 1.79x10° | 1.79x10° 0.3 0.31 0.31 4.72x10% | 4.72x108 | 4.72x108
350 4.17x10% | 3.85x108 | 3.85x108 0.3 0.31 0.31 1.27x108 | 1.27x10% | 1.27x108
400 3.90x108 | 3.61x108 | 3.61x10°8 0.3 0.31 0.31 1.20x108 | 1.20x108 | 1.20x108
561 3.01x108 | 2.78x108 | 2.78x10°8 0.3 0.31 0.31 9.40x107 | 9.40x107 | 9.40x107
634 2.59x108 | 2.39x108 | 2.39x108 0.3 0.31 0.31 8.16x107 | 8.16x107 | 8.16x107
700 2.22x108 | 2.05x108 | 2.05x108 0.3 0.31 0.31 7.08x107 | 7.08x107 | 7.08x107
748 1.97x108 | 1.82x108 | 1.82x108 0.3 0.31 0.31 6.33x107 | 6.33x107 | 6.33x107
870 1.45x108 | 1.34x108 | 1.34x108 0.3 0.31 0.31 4.68x107 | 4.68x107 | 4.68x107

2.4. Finite Element Model

The buckling failure of laser irradiated cylindrical
shell under axial compression is thermomechanical cou-
pling process, which involves heat transfer, ablation, me-
chanical load, and the geometric and material nonlinearities
have to be dealt with. In this paper, the finite element model
of a cylindrical shell with the dimensions of L(length)=1 m,
D(diameter)=0.4 m, t(thickness)=0.02 m, was established
with C3D8T element. The laser power is 8x10° W/m?2. One
end of the cylinder was fixed, and the other end was sub-
jected to a compressive displacement. A continuous laser ir-
radiation was applied simultaneously until the cylinder un-
derwent buckling failure. The entire thermomechanical cou-
pling dynamic progress was simulated using ABAQUS.

2.5. Calculation method

Thermomechanical coupling damage effect on cy-
lindrical shells is mainly due to the rapid increase of tem-
perature in the irradiated region, which leads to a significant
reduction in the bearing capacity of the cylindrical shell
[15]. Thermomechanical coupling damage process of the
CFRP cylindrical shell under axial compression and laser
irradiation is very complicated, so simplification of the tem-
perature dependent material properties has to be made in or-
der to carry out the analysis. On this basis, the effect of ther-
momechanical coupling damage on CBL was analyzed, and
the influence of some related parameters (including the
thickness of cylindrical shell, the size of the spot, spot posi-
tion) on the CBL was investigated.

The finite element analysis procedure was shown
in Fig. 1. By the secondary development of ABAQUS, a
Dflux subroutine was developed to apply a Gaussian heat
flux to the shell surface. Then, temperature field of the
CFRP cylindrical shell under laser irradiation was calcu-
lated, and the temperature-dependent material property pa-
rameters were determined once the node temperatures are
obtained. Finally, the thermoelastic analysis was carried out.
This finite element analysis strategy was validated by exper-
iments in [16].
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Fig. 1 Flowchart of numerical simulation



3. Results and discussion

3.1. Buckling failure

Variation of the material mechanical parameters
caused by laser irradiation is the main determining factor for
the calculation of CBL. The material nonlinearity, geomet-
ric nonlinearity and boundary nonlinearity were also consid-
ered as well. Then, the quasi-static process of buckling fail-
ure of CFRP cylindrical shell under axial compression and
laser irradiation was simulated by numerical calculation.
The temperature field and the buckling mode were shown in
Fig. 2. The compressive load applied to the cylinder end was
shown in Fig. 3.
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Fig. 2 The buckling failure of the CFRP cylindrical shell (a)
Temperature field of the cylinder shell, (b) Buckling
mode of the cylinder shell
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Figs. 1 and 2 indicate that the laser irradiation has
a great influence on the buckling threshold of the cylindrical
shell. The laser irradiation can greatly decrease the value of
CBL. Moreover, the global buckling occurs when there is
no laser irradiation, and local buckling occurs due to laser
irradiation.

3.2. Effect of shell thickness on the CBL

The thickness of the shell has an obvious influence
on the CBL. In this case, the shell thickness was taken as
0.005 m, 0.01 m, 0.015 m, 0.02 m, 0.025 m, the radius of
the spot is 5 mm, and the laser power density is 8x10° W/m?,
The CBLs at different cylindrical shell thickness was ob-
tained by numerical calculation as shown in Fig. 4. Accord-
ing to Fig. 4, we can see that the buckling loads vary as
quadratic function with the shell thickness, the thinner the
cylindrical shell, the easier the buckling. It also appears that
the buckling load decreases due to laser irradiation, and the
thicker the shell thickness, the greater the effect. That can
be attributed to the load capacity related to shell thickness
strongly, so does the effect of the laser irradiation.
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Fig. 4 The effect of the shell thickness on the CBL (a) The
CBL at different shell thickness, (b) The compressive
load varied with the compressive displacement

3.3. Effect of the laser spot size on the CBL

The effect of radius of the spot on the CBL is fur-
ther studied. In this case, the thickness of the cylindrical
shell is 0.02 m, the laser power density is 8x10° W/m?, and
the radius of the spot is 0.01 m, 0.03 m, 0.04 m, 0.05 m, 0.07
m, 0.1 m. The relationship between the CBL and the radius
of the spot was shown in Fig. 5. Fig. 5 indicates that the CBL



of the cylindrical shell under laser irradiation and axial com-
pression nonlinearly decreases with the increase of the ra-
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dius of the spot. This is because more heat energy is ab-
sorbed by the material with the increase of the spot size.
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Fig. 5 The effect of the laser spot size on the CBL (a) The CBL varied with the laser spot size, (b) The compressive load

varied with the compressive displacement
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Fig. 6 The effect of the laser spot position along the axis on the CBL (a) The CBL varied with different laser spot positions,
(b) The compressive load varied with the compressive displacement with z=0.1 to 0.5 m, (c) The compressive load
varied with the compressive displacement with z=0.5t0 0.9 m

3.4. Effect of the laser irradiated position on the CBL

In order to find the location prone to damage in the
cylindrical shell, the two following cases are discussed. The
laser spot moves along the axis or deviates from the axis. In
the first case, we take z=0.1 m, 0.2 m, 0.3 m, 0.4 m, 0.5 m,
0.6 m, 0.7 m, 0.8 m, 0.9 m. The relationship between the
spot position and the CBL was shown in Fig. 6, which indi-
cates the CBL distribution is approximately symmetric

about the middle section of the cylinder. The vulnerable po-
sition is not the midpoint on the axis, but two points ap-
proaching to the midpoint from two ends.

In the second case, the laser spot moves off the axis
perpendicularly, and we take the distance L=0 m, 0.05 m,
0.1 m, 0.15 m. The CBL with respect to the distance L was
obtained as shown in Fig. 7, and we can see that the CBL
decreases with the increase of the deviating distance. In
other words, the buckling tends to happen when the laser



spot is far away from the axis.

Combining two cases, it can be concluded that the
vulnerable location for the laser irradiation leading to buck-
ling damage is not the geometrical centre, and it is due to
the characteristic of buckling damage.
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Fig. 7 The effect of the laser spot position away from the
axis on the CBL (a) The CBL varied with the deviat-
ing distance of the laser spot, (b) The compressive
load varied with the compressive displacement

4, Conclusions

In this study, a three-dimensional thermomechani-
cal coupling finite element model of the CFRP cylindrical
shell was developed to simulate the buckling damage pro-
cess of the cylindrical shell under axial compression and la-
ser irradiation, and the influence of related parameters on
the CBL was discussed as well. 1t can be concluded that the
laser irradiation leads to local buckling first and greatly de-
crease the value of CBL. Additionally, the variation law of
CBL with respect to spot size, the shell thickness and the
laser spot position was obtained. The value of CBL de-
creases with the decrease of the shell thickness or the in-
crease of the radius of the spot, and the value of CBL is near
quadratically correlated with the shell thickness. Along the
cylindrical shell axis direction, the vulnerable location for
buckling are two points approaching to the midpoint from
two ends instead of the midpoint. Perpendicular to the axis
direction, the buckling damage is more likely to happen as
the laser deviates from the axis.
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X. Xing, W. Guo, X. Duan, L. Wang

THERMOMECHANICAL COUPLING DAMAGE AND
ANALYSIS OF BUCKLING LOAD OF LASER
IRRADIATED CFRP CYLINDER SHELL UNDER
AXIAL LOAD

Summary

This study aims to analyze the effect of thermome-
chanical coupling damage caused by laser irradiation on a
Carbon Fiber Reinforced Polymer (CFRP) cylindrical shell
with axial compression using finite element method (FEM).
The quasi-static thermomechanical coupling damage pro-
cess of a typical CFRP structure was studied intensively.
First, a thermomechanical coupling model was established,
then the influence of the size of the laser spot, the thickness
of the shell and the different exposure location of the laser
spot on the critical buckling load (CBL) were investigated.
The results show that the value of CBL decreases near quad-
ratically as the shell thickness decreases. The value of CBL
decreases nonlinearly with increase of the spot size. The
CBL decreases and then increases until the laser reaches the
midpoint of cylinder axis as the laser moves along the axial
direction of the cylinder; the CBL decreases dramatically as
the laser deviates from the axis.

Keywords: laser irradiation, axial compression, DFRP cy-
lindrical shell, thermo-mechanical coupling, critical buck-
ling load.
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