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Abstract—Since delamination often propagates at the interfacial layer between a surface skin and
a foam core, a crack arrester is proposed for the suppression of the delamination. The arrester has
a semi-cylindrical shape and is arranged in the foam core and is attached to the surface skin. Here,
energy release rates and complex stress intensity factors are calculated using finite element analysis.
Effects of the arrester size and its elastic moduli on the crack suppressing capability are investigated.
Considerable reductions of the energy release rates at the crack tip are achieved as the crack tip
approached the leading edge of the crack arrester. Thus, this new concept of a crack arrester may
become a promising device to suppress crack initiation and propagation of the foam core sandwich
panels.

Keywords: Foam core; sandwich structure; new crack arrester; delamination suppression; fracture
mechanics; energy release rate.

1. INTRODUCTION

Almost all Modern commercial aircrafts use carbon fiber reinforced plastic (CFRP)
as a primary structural material since the early 1980s [1, 2]. CFRP material is
to be applied to the primary structure of the main wing and fuselage for the next
generation transports. The structural weight fraction of the CFRP is expected to
exceed 50%. However, the structural design concept of these commercial transports
will remain a conventional one, consisting of skins, stringers and frames for a
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fuselage structure. Innovative structural concepts should be investigated to use
the full potential capability of the composite materials for weight and part count
reduction. The foam core sandwich panel structure is one of the most promising
candidates [3—5]. Various authors have carried out fundamental research for this
structural concept [6, 7]. As for current industrial applications, the foam core
sandwich panel is used in rolling stocks, a maritime application and it is also
used in building construction. The Japanese bullet train, Shinkansen, E4 type
[8] and Swedish corvette, Visby [9], are typical examples. As for the primary
structures for aerospace industries, authors have conducted research activities to
apply the foam core sandwich panel structure, which consists of CFRP surface
skins and the polyetherimide (PEI) core, to the nose structure of the commercial
transport under the contract of the Japanese Government, New Energy and Industrial
Technologies Development Organization (NEDO) [10, 11]. Considerable weight
and part-count reduction was achieved compared with conventional metal structures
in this research. It was also pointed out that suppression of crack propagation
between the surface skin and the foam core was the critical issue to improve the
damage tolerance capability of this concept. The interfacial crack propagation
behavior was investigated in our preliminary experiment. The crack propagation
path remained in the interfacial layer between the CFRP surface skin and the foam
core. This fact led to the idea that stiff material just below the surface skin could
prevent crack propagations.

With this point of view, the authors devised a new crack arrester concept to
suppress the interfacial crack propagation. In the present study, a co-cured semi-
cylindrical crack arrester, located on the interface between the surface skin and the
foam core, was evaluated. The effects of the crack arrester on the energy release
rates at the crack tip were estimated for Mode I and Mode II loading conditions.

2. FOAM CORE SANDWICH PANEL
2.1. Description of the foam core sandwich panel specimen

Foam core sandwich panel specimens consisted of two materials: CFRP (Toho
Tenax UT500/#135, graphite/epoxy twill weave fabric prepreg), PEI (polyether-
imide) foam core. The PEI foam core was placed between CFRP surface skins. The
ply-orientations of the CFRP surface skin were (445, —45)/(0, 90) with nominal
thickness of 0.92 mm. The size of the specimen was 300 mm x 100 mm x 35 mm
thickness. Surface skins and the core were co-cured without adhesive. Overviews
of the specimen along with a detailed construction sketch are shown in Figs 1 and 2,
respectively. Mechanical properties of the surface skin and the PEI core are sum-
marized in Table 1.
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/
(Unit: mm.)
Figure 1. Foam core sandwich panel specimen.
Foam Core
Resin layer
(0.90)CFRP

(Unit: mm.)
(+45.-45)CFRP

Figure 2. Schematic view of the construction of foam core sandwich panel for FE analysis.



Downloaded by [Siauliu University Library] at 06:59 17 February 2013

14 Y. Hirose et al.

Table 1.
Material properties of foam core sandwich panel

Material properties Resin PEI core
E (GPa) 4.10 2.75 x 1072
v 0.330 0.250
G (GPa) 1.54 1.10 x 1072
Material properties CFRP CFRP CFRP
(+45, —45) (0,90) (90)
E1; (GPa) 12.6 54.9 8.61
E» (GPa) 8.61 8.61 8.61
E33 (GPa) 12.6 54.9 127
V12 0.330 0.330 0.550
V23 0.230 5.20 x 1072 2.20 x 1072
V3] 0.780 0.051 0.330
G12 (GPa) 3.31 3.77 2.78
G13 (GPa) 3.31 3.77 4.23
G3; (GPa) 26.1 3.53 423

2.2. Micro-structure of foam core sandwich panel and fracture behavior

A microscopic observation by a special microscope VH-700 (Keyence digital
HD) with zoom lens (75-750 times) revealed that resin from the surface skins
impregnated into cells of the foam core adjacent to the skin, and the thickness of
the resin layer was about 0.34 mm (see Fig. 3). The macroscopic photo of the
propagated crack is shown in Fig. 4(a) and attached core cells on the surface skin
were observed in Fig. 4(b). A similar result was reported by another author [7].
Photographs indicated that the interfacial crack is propagated between this resin-
impregnated layer and the original foam core through the preliminary test under the
Mode I loading condition.

2.3. Concept of the new crack arrester of foam core sandwich panel

Since the interfacial crack propagates between the resin layer and the foam core,
a dissimilar material with higher stiffness, installed on the crack propagation path,
is expected to suppress the crack propagation. This concept of a crack arrester
is shown in Fig. 5. Crack arresters with semi-cylindrical shapes are arranged
between the CFRP surface skin and the foam core considering the production
efficiency. Here, the straight portion of the arrester was attached to the surface
skin. The material of the crack arrester should have a higher modulus than that
of the foam core material. Candidates for the arrester materials are CFRP (Toho
Tenax UT500/#135) and an epoxy resin. The fiber direction is perpendicular to the
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Foam core

Epoxy resin

CFRP(0,90)

CFRP (+45,-45)

Figure 3. Optical micrograph around interface between skin and core.

(a) Propagated crack in DCB test

Figure 4. Interfacial crack propagation for foam core sandwich panel.

crack propagation direction in the case of the CFRP material. If the crack arrester
decreases the energy release rates at the crack tip below the fracture toughness
value of the skin-core interface, the crack will be suppressed or stopped. This crack
suppression effect of the arrester is estimated analytically in the following sections.
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Propagated crack in the DCB test

(b) Attached core cells on the surface skin

Figure 4. Continued.

3. ANALYTICAL METHOD
3.1. Introduction of fracture mechanical parameters

3.1.1. Theoretical solutions for distribution of stress and displacement near
the interfacial crack tip. The theoretical analyses for stress and displacement
distribution near the interfacial crack tip between two dissimilar materials are shown
below in order to define the fracture mechanical parameters. Materials are described
as indexes 1 and 2. E;, u;, and v; express Young’s modulus, shear modulus and
Poisson’s ratio, respectively. The distance from the crack tip is described as r.

The relation between stress o;; and r near the crack tip is shown in the following
equations

oij o1t (1)
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Leading edge of the arrester A prester

Crack

100 R y

R=25,5, 10 mm

Z X

(Unit : mm.)

Figure 5. Schematic view of FE Model for crack arrester (in front of the leading edge).

The parameter ¢ is introduced as a constant depending on the combination of two
materials and is defined by the following equation [12]:

£ == 1{%}. (2)
oLt
Here,
xi =3 —4v; for plane strain (i = 1, 2). 3)

The stress distribution near the crack tip is given by the following equation:

. K1+iK2(r)“
oy +ity = ——| -
2y I

_ %ﬂir’@(cos(g m(i)) + isin(e ln(i>)> 4)

The distribution of the displacement near the crack tip is also given by the
following equation:

. K, +ik +1 + 1)/ r \"2/r\*
3)' tis, = 1. 2 X1 + X2 r ) (5)
2(1 4 2ie) cosh(em) Jo 72 2 I

K and K, are complex stress intensity factors in the above equations.

Here, I; is the reference length to normalize oscillation terms and has the value of
10 pm in this paper. Ikeda et al. stated that [, of 10 um could represent the mixed
Mode interfacial fracture test data curve between epoxy and other materials as a
partial ellipse [13]. They attributed this fact to the agreement of the process zone
of epoxy with the length of /;. Thus, this value was adopted in the analyses of this

paper.
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3.1.2. Determination of stress intensity factors and the energy release rate.
Stress intensity factors, K, K,, with higher accuracy, are suggested to be derived
from the energy release rate, G, and the Mode ratio, K,/K; [14].

Here, the Mode ratio of complex stress intensity factors, K,/ K, was calculated
using a displacement method owing to the higher accuracy than a stress method in
the analyses [15, 16].

K>/ K is defined in the following equations:

K»/Ky = }%{1 — (8,/8:)H}/(8,/8: + H), (6)
H = (tan Q — 2¢)/(1 4 2 tanQ). (7)

Here, Q = ¢ In(r/Il}) in the above equations.

Energy release rates are also given using the crack closure method [17] and are
shown in equation (8), since the crack closure method gave a precise value of total
energy release rates for mixed Mode condition.

1 Aa
G = Algiglo 7Aa /0 oy(Aa —r,0)v(r, m)dr

Aa
+ Alirilo ﬁ fo Ty (Aa — r, 0)it(r, ) dr. (8)

Here, G is energy release rates and o, 7., are normal and shear stress components
near the crack tip, respectively. u and v are the in-plane shear and vertical
displacement between upper and lower crack surfaces, respectively. Aa is the crack
extension.

Therefore, stress intensity factors, Ky, K, can be obtained from energy release
rates and Mode ratio by the following equation:

1 X1 + 1 X2 + 1 } 2 2
= + K7+ K5). 9
16COSh2(87T){ 75 7% ( ! 2) ©)

3.2. Analysis Model and its boundary conditions

The effects of the crack arrester with different sizes and materials were evaluated for
Mode I and Mode II loading conditions. Commercial FEM code of MSC Marc 2001
was used for two-dimensional large deformation plain strain elastic analyses. The
suppression effect of the new crack arrester on the interfacial crack was estimated
using fracture mechanical parameters as explained in 3.1. FEM analyses were
conducted for the three different radii of the crack arrester, 2.5 mm, 5.0 mm and
10 mm. Two types of materials for the crack arrester, CFRP UD and epoxy resin,
were evaluated. The changes of the energy release rates at the crack tip were
investigated. Here, calculations were carried out where the crack tip locations were
less than about 20 mm from the leading edge of the crack arrester. A typical mesh
pattern of the crack arrester Model was shown in Fig. 6. Eight nodes isoparametric
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LT

y (Unit : mm.)

Z X
Figure 6. Typical FE Model for crack arrester (R = 2.5 mm).

Mode I loading condition

gél K% ||

—» Crack arrester

100 Crack
> L : Distance from leading edge

L=100-a

Mode Il loading condition

Crack b
50 —f— Crack arrester
100, a=b+50
L : Distance from leading edge
150 L=100-a

Figure 7. Schematic views of loading conditions.

elements were used in this figure. Schematic views of FE Model for Mode I and
Mode II loading conditions were shown in Fig. 7.

In addition, the crack kinking for the ENF (End Notch Flexure) specimen and
the arrester effect on the crack propagating beyond a leading edge were also
investigated. The crack kinking in the foam core sandwich panel was expected
under the Mode II loading condition because there were several studies on this



Downloaded by [Siauliu University Library] at 06:59 17 February 2013

20 Y. Hirose et al.

matter [18, 19]. Hence, the analysis of the crack kinking is necessary in this study.
A schematic view of FE Models for crack kinking was shown in Fig. 8.

300

<

99.96 )
9992

Crack T

]
)& Unit: mm
45 deg.
\.0.06
(a) Kinked crack (45 deg.)

Y4 X

P 300 N

99.96 '\

Crack

(b) Straight crack

Unit: mm

_—— Upper side panel
Crack Core

Lower side panel
& Ay

(c) Mode II upper side

® ~—3+— Upper side panel

Crack ; Core
% Lower side panel

(d) Mode II lower side

Figure 8. Schematic view of FE Model for kinked crack and straight crack.
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y

l.eading Fdge

Figure 9. Schematic view of FE Model (beyond the leading edge).

It is also necessary to estimate the arrester effect when the crack propagated
beyond the leading edge of the arrester owing to impact damage, etc. The crack
located beyond the leading edge of the arrester, which is denoted as beyond the
leading edge case, was considered to propagate along the circumference on the
semi-cylindrical crack arrester as shown in Fig. 9.

4. ANALYTICAL RESULTS AND DISCUSSION
4.1. Investigation of crack propagation and kinking behavior

The crack kinking was first analyzed to focus the possible crack path. An initiation
of the crack kinking depends on the ratio of Young’s modulus for the surface skin
and the foam core. In this study the energy release rates at the crack tip for the
straight crack and the kinked crack were calculated and compared. Typical analysis
Model of this comparison is shown in Fig. 8(a) and 8(b). The loading condition
was 3-point bending and the applied load was 1500 N. The energy release rates
were calculated and the results were compared in Table 2. The terms “upper side’
and ‘lower side’ referred to in Table 2 indicate the crack location on the side of a
loading point and on the side of support points, respectively (see Fig. 8(c) and 8(d)).
Thus, the same Model with a different loading point, and support points was used to
obtain the energy release rates for both upper and lower side cases. The data in Table
2 indicate that the energy release rate at the straight crack tip is larger than that of the
kinked one in the upper side case. On the other hand, the energy release rate at the
kinked crack is larger in the lower side case. Thus, an initial crack in the upper side
is expected to propagate along the interface. Only a crack location in the upper side
was to be investigated in this study, because the crack on the lower side was kinked
and finally reached to the upper side, and then propagated along the interface.

4.2. Arrester effects for Mode I case

The arrester effect is shown in Fig. 10. This effect is defined by the normalized
energy release, Gpe/ Go. Here, Gy, is the energy release rate at the crack tip located



Downloaded by [Siauliu University Library] at 06:59 17 February 2013

22 Y. Hirose et al.

Table 2.
Effect of crack pass direction on energy release rate for Mode II case

Lower side Upper side
Straight crack Kinked crack Straight crack Kinked crack
G (J/m?) 2.70 4.67 2.52 2.13
F (N) 1500 1500 1500 1500
edge
Mode |
1

0

©
®

©
(«2]
T

o
~
T

—{—-R-2.5-UD
——R-5-UD
—0—R-10-UD
O | |
-15 -10 -5 0

Distance from the leading edge, -L. (mm)

©
N
T

Nomalized energy release rate, G, /G

Figure 10. Relation between normalized energy release rate and distance L (Mode I, in front of the
leading edge).

in front of the leading edge of the arrester and Gy is the energy release rate without
the arrester with the same crack length as that for Gy.. It was shown in Fig. 10 that
Gue/ Gy is simply decreased from 1.0 at L = 15 mm to the small value close to O at
L = 0.085 mm. Here, L is the distance from the leading edge of the crack arrester.
Thus, crack suppression effect of the new crack arrester was analytically evaluated
with the fracture mechanical approach for the Mode I loading condition.

Individual stress intensity factors K, and K, for the distance from the leading
edge of the crack arrester, L, are show in Fig. 11(a) for the detailed understanding
of the effect of each Mode. The values of K| and K, decrease rapidly after the
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—— F\’-2.5-K1
---R25K,
—&—R-5K,
--A--R-5K,

—@—R-1 O-K1
--O--R-10K,

—ar— Without arrester-K
- - - Without arrester-K,

Stress intensity factors, K, K,

F=28 N

Mode | _~

0.06

0.04

0.02

0
-15 10 -5 0

Distance from the leading edge, -L (mm)

(a) Stress intensity factor K, and K,

Ratio of stress intensity factor, (Kz)/(K1)

edge
F=28 N
25 T T
——R-2.5-UD
oF |—=—R-5-UD ]
—0—R-10-UD
150 1
1 - -
055 1
s
0 1 1
45 0 -5 0

Distance from the leading edge, -L (mm)
(b) Ratio of stress intensity factor (Ky/K;)

23

Figure 11. Relation between of stress intensity factors and distance L (Mode I, in front of the leading

edge).
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point of L = 10 mm and the arrester with the larger radius has the larger reduction.
The change of the ratio of the stress intensity factor, K,/ K, with the distance from
the leading edge of the crack arrester, L, is also shown in Fig. 11(b). This ratio
was almost constant as the crack propagated until L = 5.1 mm. After this point,
the ratios of K,/K; for all arrester sizes are increased. These facts indicate that
the energy release rate is decreased owing to significant reductions of the Mode I
component, K, regardless of R-values. This rapid reduction of Mode I component
near the leading edge of the arrester causes the local increase of the Mode ratio
shown in Fig. 11 though the Mode I component was still dominant.

4.3. Arrester effect for Mode Il upper side case

The arrester effect under the Mode II loading is shown in Fig. 12. The definition of
the arrester effect is the same as that in the Mode I case. It was shown in Fig. 12
that the reduction of G/ Gy, starting after the point of L = 20 mm, became rapid
after the point at L = 10 mm and the normalized energy release rates converged
to a small value close to 0 at L = 0.085 mm. The crack suppression effect for
the Mode II upper side case is clear in Fig. 12. This effect was higher for larger
arrester radius. Individual stress intensity factors K; and K, for the distance from
the leading edge of the crack arrester, L, are show in Fig. 13(a). The values of both

edge
F=1500 N
Mode Il
1 T T T
gc)
© o8t .
[0]
®
()
8 06F .
Q@
o
3
5 04rf -
5 —+R-2.5-UD
8 ——R-5-UD
% 02+ —0—R-10-UD
£
[e)
z )
0 1 1 1 1 O

-25 -20 -15 -10 -5 0

Distance from the leading edge, -L. (mm)

Figure 12. Relation between normalized energy release rate and distance L (Mode II upper side, in
front of the leading edge).
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—<»— Without arrester-K,
—O— Without arrester-K, L
& 0.05 7
<
g
o -
3 0 d
8 ;
2 ,‘t,f]
z’ OI/’
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- 2
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)
01T
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(a) Stress intensity factor K> and K,
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O T T T T
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& a1t ——R-5-UD | |
~ —O—R-10-UD
8
9]
iy
> 27 l
‘@
c
o}
c
B 3F
]
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® 1
5 4r 1
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©
o
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(b) Ratio of stress intensity factor (K»/K;)

Figure 13. Relation between of stress intensity factors and distance L (Mode II upper side, in front
of the leading edge).
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K| and K, converged to a small value close to 0 at L = 0.085 mm. The change
of the ratio of stress intensity factor, K,/K;, with the distance L is also shown in
Fig. 13(b). It was revealed that the Mode II component is relatively dominant near
the leading edge of the arrester and the ratio of the complex stress intensity factors,
K,/K1, has little dependency on the R-value.

4.4. The difference of the arrester effect between Mode I case and Mode Il upper
side case

The arrester effect, indicated by the reduction of Gy./ Gy, for the Mode II loading
started at a further distance from the leading edge of the arrester than that for the
Mode I loading (see Figs 10 and 12). From this point of view, the new crack
arrester was more effective for the Mode II upper side case than for the Mode 1
case. The differences of stress distribution near the crack tip are shown in Fig. 14.
The distribution of shear stress 7., was more dominant in the x-direction from the
crack tip in the Mode II loading condition. On the other hand, normal stress o,
distribution was more dominant in the y-direction in the Mode I loading condition.
The above results suggest that the constraint effect of the crack arrester is different
between the Mode I case and the Mode II upper side case. A relatively small
arrester has enough effect to suppress crack growth for the Mode II upper side case;
however, for the Mode I case, the arrester effect is dependent on the arrester size
owing to difference of the stress distributions shown in Fig. 14.

4.5. The effect of the mechanical properties of the arrester

The effect of the mechanical properties of arresters on the normalized energy release
rate, Gye/ Gy, is shown in Fig. 15 (for Mode I case) and Fig. 16 (for Mode II upper
side case) for each arrester radius. The differences of the mechanical properties of
the arrester ranging from those of the resin to the CFRP UD have little effect on the
energy release rates reduction both under the Mode I case and the Mode II upper
side case. This is due to the fact that the mechanical property, E»;, of the foam core
was much less than that of the resin and the CFRP UD material of the order of 1072
(See Table 1). The ratio of the complex stress intensity factor, K,/K, has a similar
trend as previous ones.

4.6. The arrester effect on the crack propagating beyond the leading edge

The analytical results are shown in Table 3. Here, G, is the energy release rate at the
crack tip with the arrester for beyond leading edge case and G is the energy release
rate without the arrester for the same crack length as that for G,.. The energy
release rate reaches the maximum value at 6 = 90 degree and normalized energy
release rate, G,./ Gy, is less than 1.0 at this point. These results indicate that the new
crack arrester is also effective in the beyond leading edge case. The configuration
of the crack arrester should be sophisticated in order to avoid a stress singular point
as a crack initiation point. This is a subject for a future study.



Downloaded by [Siauliu University Library] at 06:59 17 February 2013

Arrester for interfacial crack suppression 27

5. 000=+000
4.5502+000
14.100+000
3.650=+000

3.200e+000

X

ww== (a) Stress distribution o, for mode I
o e
-9 500=-001 H } A!j_‘u ] B
- e
B EEHEL s s

B i ST gl
BEERARREN it TR AR A

== z X
Bl

i ea e v s e e e

—-3.200=+000

—3.650e+000

(b)Stress distribution Ty, for mode II upper side

—4.100=+000
—4.550e+000

=5.000e+000

Figure 14. Difference of stress distribution near the crack tip for Mode I and Mode II loadings.

The present study considers only the concept of delamination suppression in a
two-dimensional analysis. In the real application of aircraft structures, this new
arrester will be practically arranged in a grid pattern, which should improve the
damage tolerance capability of the co-cured sandwich panel structure, and this may
in turn eventually lead to a new design concept for the next generation air transport.
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Figure 15. The effect of mechanical properties of crack arrester for Mode I (in front of the leading
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Figure 16. The effect of mechanical properties of crack arrester for Mode II upper side (in front of
the leading edge).
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Table 3.
Energy release rate for beyond leading edge condition (8 = 90 deg.)

Mode 1 Mode 11
Load (N) 28 1500
Arrester size R=25 R=5 R =10 R=25 R=5 R =10
Gae (J/m?) 98.0 52.8 24.1 110.2 91.1 55.8
Gae/Go 0.86 0.44 0.18 0.47 0.36 0.19
5. CONCLUSION

The following results were obtained in this study.

ey

(@)

3)

“)

An interfacial crack propagated between the resin layer adjacent to the surface
skin and the foam core for the Mode I and the Mode II upper side loading
condition. Crack kinking was expected to initiate for the Mode II lower side
case. The crack on the lower side was kinked and finally reached the upper
side, and then propagated along the interface.

The normalized energy release rate, Gy./ Gy, decreased as a crack approached
to the leading edge of the arrester for both the Mode I and the Mode II upper
side loading. This arrester effect was more dominant for larger arrester radius.
The arrester radius effect was more significant for the Mode I case than that for
the Mode II upper side case.

The arrester effect, G/ G, for the Mode Il loading started at a further distance
from the leading edge of the arrester than that for the Mode I loading.

Materials, with higher modulus than that of the foam core, are expected to have
enough effect to suppress the crack propagation. This means that relatively
cheap materials such as resins are available for the arrester and widespread
usage of this concept in the industrial field are expected.
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