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Abstract

Weight reduction has been acknowledged in the automotive industry. Particularly, the weight reduction of automotive body is an eco-
friendly technology development, as the corresponding fuel consumption or amount of gas polluting the atmosphere is greatly reduced.
As a substitute light-weight material, Aluminum is frequently employed while there is CFRP (carbon fiber reinforced plastic) as the most
highlighted material in the future. However, one of the problems is concerned with the coupling of light-weight materials. Particularly, in
the case of CFRP having a certain fiber structure orientation, the direction perpendicular to fibers exhibits the disadvantage although each
direction of fiber has great advantages in the durability and mechanical properties. Therefore CFRP materials will lose advantages of the
material when holes or cracks have occurred in the material. Thus, in this study, mechanical characteristics occurring in stationary parts
and cracked parts were investigated by producing holes and cracks in the center of the specimen fixed by a pin by using aluminum-6061,
CFRP for woven type, and CFRP for unidirectional type. Also, experimental result data were confirmed by using the finite element
analysis method and the verification was made by comparing the data corresponding with experimental data. The structural analyses
were performed with the design of fiber structure and the lamination process was used for a more accurate design of CFRP. As experi-
ments were performed by conducting with a universal tester by SHIMADZU Company of AG-X 50 kN, the reliabilities of analyses were

verified.
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1. Introduction

In this study, AL-6061 and CFRP (carbon fiber reinforced
plastic) were used as light-weight materials currently in the
experiments and the analyses were conducted as the basic data
to identify the effects of the loads applied by the coupled me-
chanical structure with bolts or rivets [1-4]. Weight reduction
is important in the automotive industry to maintain eco-
friendliness [5-7]. The weight reduction of car body is a meth-
od capable of reducing fossil fuel consumption and smog gas
generation [8-10]. The currently widely used material for
weight reduction is aluminum, while the material under the
spotlight as the light-weight material in the next generation.
CFRP is divided into the carbon fibers for the woven type and
the laminates stacking for the unidirectional type in a given
direction. Such a CFRP where material characteristics are
varied with fiber directions has the low durability when the
separation has occurred from fastening of bolts or rivets, etc.
and the fiber direction is broken due to the generation of
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cracks. To avoid such phenomenon, therefore, then positions
of holes in the material should be designed appropriately. And
the study on the property of CFRP shown at crack part has
been going not much. As the analysis of stress intensity and
concentration, the fracture trend due to crack can be guessed
at the fatigue fracture. Likewise, the basic data exemplified as
the fatigue fracture can be utilized when the material of ma-
chine is used by analyzing the fracture trend due to the crack
at the aluminum and CFRP. In order to identify such charac-
teristics in this study, the experiments and analyses were con-
ducted by applying the load where three holes of 10 mm in
diameter, that were pierced in the aluminum, the woven type
CFRP, and the unidirectional type CFRP having a thickness of
2 mm, a width of 30 mm, a length of 100 mm, along with pins
connected to holes at the tip of the upper and lower parts and a
crack produced in the center hole [11-13]. This is an experi-
ment suitable to checking for mechanical properties at pin
holes for both tips and at the center crack. Also, to compare
and analyze such experiments, the finite element analysis
method was used. The finite element analysis method allows
for the minimization of the number of experiments and the
more visual analysis of resulting data [14-16]. In the present
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Fig. 1. Dimensions of analysis specimen.

Fig. 2. Experiment and analysis conditions.

analysis, ANSYS was used as the finite element program, and
fiber structures using ACP were designed to realize the CFRP
structure. The occurrence of separation and interference at
individual plies upon implementation of experiments in this
study has been affirmed through this analysis.

2. Analysis conditions and results

2.1 Analysis model and conditions

As shown in Fig. 1, the analysis model had a circle of
10 mm in diameter drilled in the center part of specimen hav-
ing a width of 30 mm, a length of 100 mm and a thickness of
2 mm. And both circles of 10 mm in diameter with the center
at 32 mm apart from the center of the center circle were drilled
in symmetry with the upper and lower parts. 2 mm-wide
cracks in a straight line were generated by excluding the mar-
gin of 6 mm on both sides in the specimen. An analysis model
was drawn by using the CATIA program.

As shown in Fig. 2, the analysis condition was set up by de-
scribing the experimental condition where displacement was
given at a static speed by connecting with the jig supported by
the pins to tensile tester after the installation of pins in holes at
both ends with the center crack in order to make the analysis
condition similar to the experimental condition. The lower pin
was connected to the lower hole subjected to the fixed support
and the upper pin subjected to the displacement. And the upper
pin was made to move until the maximum of 6 mm at a static
speed. Here, 6 mm is an excessive length in the specimen with

Table 1. Material properties for analysis model.

Density Young’s Poisson’s Yield
(kg/m’) modulus ratio strength
(MPa) (MPa)
Aluminum-
6061 2.7 68900 0.33 276
Woven type
CFRP 1.52 70000 0.03 960
e 1.32x10°X) | 0.3(XY) 1440(X)
Utr‘y‘sgeccégal 1.57 8980(Y) | 0.74(YZ) | 51.72(Y)
8980(Z) 0.3(XZ) 51.72(2)

Fig. 3. CFRP modeling for unidirectional type.

a presence of a crack where a complete fracture of CFRP as a
brittle material has occurred completely, and it can also be
thought to exceed the yield stress in the case of aluminum.
Also, in this study, three types of materials were used. Material
properties for these materials are as shown in Table 1.

2.2 Analysis modeling of CFRP for unidirectional type

CFRP for unidirectional type is the stacking of fibers having
a given direction, and is a stacking of two sheets of laminate
having lamination angles of [0/90/90/0]. To use such a special
structure for finite element analysis, the fiber structures should
be numerated and the numerated shape be made into a solid to
conduct the mesh work. Thus, the characteristics as a function
of fiber direction were numerated by using the APDL
(ANSYS parametric design language), and the laminated fi-
bers were conversed into the solid by using ACP (ANSYS
composite prep-post). As shown in Fig. 3, the shapes of 0° and
90° in lamination angle for individual fibers were modeled by
the numerical analysis technique.

2.3 Mathematical formulae used to the study of CFRP com-
posite material

The formula expressing the shear modulus G value by use
of elastic modulus and Poisson’s ratio is as following Eq. (1).
Also, the transformation matrix [T] is defined with ply coor-
dinate and laminate coordinate and [T] is the matrix formula
on the individual fiber angle. The Egs. (2) and (3) on [T] are
denoted with m and n as cosf and sin6, respectively. And
plane-stress reduced stiffness matrix is defined as the Eq. (4)
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and this formula transforms from stress into deformation. In
this study, 3 dimension elements are eliminated by excluding
the effect of 3 dimension because of having the load in a
straight line. The subscript at all formulae shows the element
with 3 dimensional direction at a piece of fiber string.
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By using the above obtained formulae, the in-plane stiffness
matrix [A] is arranged as the following Eq. (5). Also, the ma-
trix formula to verify in-plane force per unit length{N} is sub-
stituted and obtained by using this formula. Herein, k is the
ply number of laminar layer and t is the thickness of each ply.
[B] at the Eq. (6) is the bending-stretching coupling matrix. As
[D] is the bending stiffness matrix, it can be ignored in this
study in case of the plane load. [B] is the matrix formula
shown with odd function. And k is the number of each ply at
the Eq. (5). Also, k is the curvature shown at mid-plane at the

Eq. (6) [17].
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bl ol 0

2.4 Analysis result of aluminum-6061

Fig. 4 shows the contour of equivalent stress for aluminum-
6061. Maximum equivalent stress appears around the crack,
and the part showing the maximum equivalent stress of
298.02 MPa may be considered to the occurrence of a fracture
as the yield strength of aluminum-6061 is 276 MPa. Also, the
influence of stress was affirmed to be exerted up to the center
hole and the hole positioned at both tips of the specimen. It
was considered to be the effect on the stress appearing around
the crack and the deformation of the specimen rather than the
effects due to the pin. Fig. 5 shows the graph of a reaction
force due to the displacement of the analysis model, and the
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Fig. 4. Contour of equivalent stress at aluminum-6061 specimen.
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Fig. 5. Reaction force due to displacement in aluminum-6061 speci-
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Fig. 6. Contour of equivalent stress at CFRP for woven type.

maximum value of 6604 N was affirmed at the displacement
of 3.1 mm. The values after the maximum value exhibit the
tendency for inversely proportional reduction, and overall
tendency is seen to be the same although the value did not
become 0 N even at the maximum displacement of 6 mm.

2.5 Analysis result of CFRP for woven type

Fig. 6 is the contour of equivalent stress in CFRP for woven
type, where a fracture can be seen to have occurred at a dis-
placement of 0.26846 mm, as the yield strength of the material
of 960 MPa was exceeded, and the occurrence of a fracture
can be seen to have occurred in the whole area at the tip of
crack part at a displacement of 1.0067 mm. The continuous
extension without exhibiting a fractured shape of material is
seen at the maximum displacement of 6 mm. The fractured
point can be seen by using the yield strength of the material.



3620

30000 -
28000 4
26000 -
24000 -
22000 -

=" 20000 2

@ 18000 -

S 16000 -

= 14000 4

-,g 12000 4

o

& 10000 -

T 8000

8000 3
4000 -
2000 4

o T T T T T T T T T
00 05 1.0 1.5 20 25 3.0 35 40 45 50 55 6.0
Displacement (mm)

Fig. 7. Reaction force due to displacement in CFRP for woven type.

Also, in view that stress is applied to only the bottom of the
hole part of the pin applied with loads, the fracture of the ma-
terial due to the pin can be seen to be slower than the material
fracture due to cracked part as a similar state to aluminum -
6061.

Fig. 7 shows the graph of reaction force due to the dis-
placement for the woven type CFRP. The yield point occurred
at a displacement of about 1 mm in Fig. 6. Although a value of
29898N was observed at the displacement of 4.86 mm as it
progressed up to the maximum displacement of 6 mm desig-
nated in the analysis, the maximum reaction force can be con-
sidered to be 25420 N in the range until actual fracture occurs.

2.6 Analysis result of CFRP for unidirectional type

Fig. 8 shows the contours of equivalent stresses per ply of
CFRP for unidirectional type. Unlike the woven type, the
unidirectional type can be considered to have fiber directions
along a straight line per ply. Particularly, eight plies exhibit
the different propensities since two sheets of laminates having
lamination angles of [0/90/90/0] were used in this study. Fig. 8
schematically shows four representative types excluding plies
having overlapped features, where ply 1 has a fiber angle of 0°,
being perpendicular to the load direction. Thus, since the load
is acted in an outward direction of the pin coupled part with
the occurrence of the load, the damage to the material can be
considered to have occurred due to the pin. Maximum equiva-
lent stress is 14881 MPa, and seen in the crack part. Also,
since the yield strength of 1440 MPa is exceeded, the fracture
can be considered to have occurred. Ply 2 has the fiber angle
of 90°, being parallel to load direction. Since equivalent stress
is occurred toward the inside of the part coupled with the pin
with the application of load, ie. toward the center of the
specimen, the damage to the specimen due to the pin is small.
Maximum equivalent stress is 54935 MPa, seen at the cracked
part. Ply 5 is the first ply of the second laminate with the fiber
angle of 0°. Since equivalent stress is occurred outward of the
pin coupling part as with ply 1, the damage to the specimen
due to the pin occurs. Maximum equivalent stress is
6261.9 MPa, and applied to the upper part of the center hole,
based on which it can be seen that the deformation of speci-
men occurs in a direction other than the load direction, and
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Fig. 8. Contour of equivalent stress distribution in CFRP for unidirec-
tional type.

thus, the occurred deformation causes the separation from and
interference with other plies. Ply 6 has the fiber angle of 90°.
Since much of the equivalent stress produced in the pin cou-
pling part is distributed in the direction of the center part of the
specimen in a similar way to ply 2, there is no material dam-
age due to the pin. However, maximum equivalent stress is
9262.1 MPa, being happened in the opposite direction to the
crack progression direction. This state demonstrates the occur-
rence of separation and interference between plies due to
damage and deformation of individual plies in a similar way
to ply 5.

3. Verification with experimental results

In order to verify the analysis results, the experimental spec-
imens have the same dimension as the analysis model, and a
universal tester by SHIMADZU Company of AG-X 50kN
was employed as an experimental instrument. Experimental
condition had the rate of 0.5 mm/min with the lower part be-
ing fixed and displacement imposed as shown in Fig. 9.

3.1 Experimental result of aluminum-6061

Fig. 10 shows a test graph for aluminum-6061. Maximum
reaction force was 7326 N, seen at the displacement of
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Fig. 9. Experimental setup.
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Fig. 10. Aluminum-6061 experimental result (reaction force due to
displacement).

3.5 mm. Experimental values were observed to be higher than
analysis values by about 10 %, and maximum reaction force
was also shown at a displacement higher by about 10 %. This
is attributed to the occurrence of deformation in the part cou-
pled with the pin. Considering the shape of the part coupled
with pin in Fig. 10, a light distortion can be affirmed. Thus,
while there was no effect on the pin coupling part as the
analysis considered to be an ideal situation in which it is con-
sidered that there is an effect with a difference from the analy-
sis as much as 10 % occurring in the experiment. However,
such difference of 10 % from the analytical value can be con-
sidered to justify reliability of the analysis. Also, there is a
nonlinear part in the part where reaction force is increased,
which suggests the occurrence of slipping of the pin as com-
plete adherence for coupling between the pin and the speci-
men is difficult in experiments. In the analysis, it appears to be
linear as a gap between the pin and the specimen is set up to
be nonexistent.

3.2 Experimental result of CFRP for woven type

Fig. 11 shows the graph of reaction force due to displace-
ment in CFRP for woven type. The graph shows the character-

Maximum Point : 29986N (1.2mm)

26000 CERP 1=21]

Reaction Force (N)

2000 2 First Fracture Point : 23702N (0.8mm)

T T T T T T T T T T T T T T 1
0.0 02 04 06 08 10 1.2 14 16 18 20 22 24 26 28 3.0
Displacement (mm)

Fig. 11. Experimental results for woven type CFRP (reaction force due
to displacement).

istics of CFRP as a brittle material where the values are drasti-
cally lowered after the maximum point, showing the slight
vibration by which some values are observed lastly as an error
in the experimental instrument. Maximum reaction force is
29986N, and is shown at a displacement of 1.2 mm. Although
the value of maximum reaction force is almost similar to the
analysis value, the experimental value is shown to be lower by
about 75 % in the displacement acted upon. This may be ex-
plained as a phenomenon observed as the analysis recognizes
the ductility due to inability to destroy the element in the anal-
ysis. The first fracture point observed in the experiment was
shown to be similar to the yield point in the analysis, with the
value of the first fracture point being 23702 N seen at the dis-
placement of 0.8 mm. This is a value differing from the analy-
sis value by 7 %, while the displacement also has the differ-
ence of 0.2 mm by showing the difference of 20 %. This can
be suggested to be a reliable value. The first fracture in the
experiment starts from inside of the specimen so that its visual
confirmation is difficult. Also, considering the test piece in Fig.
11, each fiber can be seen to be broken. This is a characteristic
of FRP (fiber reinforced plastic) having a fiber structure,
which can be visually affirmed in the case of the woven type
although it is shown to be smaller than the unidirectional type.
In the case of CFRP for woven type, The deformation of the
part coupled with pin is considered not to be much because of
the strong rigidity.

4. Conclusion

This study was investigated on mechanical characteristics of
the part of specimen coupled to pin or bolt and the effects of
cracks seen in the specimen with aluminum and CFRP. The
following conclusions have been derived.

(1) In case of aluminum-6061, the maximum reaction force
of 6604 N occurs at the displacement of 3.1 mm in analysis,
while the maximum reaction force of 7326 N occurs at the
displacement of 3.5 mm in the experiment. Both maximum
reaction force and displacement show the difference of 10 %,
which is due to the deformation of the part coupled to pin.

(2) In case of CFRP for woven type, maximum reaction
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force of 29898 N occurs at the displacement of 4.86 mm at
analysis, while the maximum reaction force of 29986 N oc-
curs at a displacement of 1.2 mm at experiment. This is the
phenomenon where the occurrence of a fracture cannot be
realized by the element structure in the analysis so as to rec-
ognize the brittle material of CFRP as a ductile material.
However, the values of maximum reaction force are almost
similar. The yield point in analysis is 25420 N, seen at a dis-
placement of 1 mm, while the first fracture point of 23702 N
occurs at the displacement of 0.8 mm so that it may be consid-
ered to be similar.

(3) At the study of middle tension with crack, CFRP has the
property of strength more compared with Aluminum-6061. By
investigating the experimental data, the steep ascending curve
is shown at CFRP. That is, the side design of intensity be-
comes superior because the material of CFRP is not shown to
have much deformation. And CFRP is shown to have the

lower stress concentration by examining the result analytically.

Therefore, CFRP is thought to become favorable at the struc-
ture in which more intensive design is demanded at frequent
fatigue load. At the existing structural fiber material, it is diffi-
cult to apply the mathematical formulae to analysis. But the
possibility of finite element application at the composite mate-
rial of fiber structure can be confirmed through this study re-
sult.

(4) In both aluminum-6061 and woven type CFRP, the frac-
tures occur rapidly at the cracked part. Since fractures cannot
be realized in the analysis, they can be seen by the identifica-
tion as the yield strength of material property. Due to the char-
acteristics of CFRP for unidirectional type, the occurrence of
separation and interference at individual plies upon implemen-
tation of experiments with the same methods as those of this
study has been affirmed through this analysis, which is con-
sidered attributable for the occurrence of reaction force in
other directions than load direction as the load transmitted to
each ply is acted in fiber direction.
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