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Abstract

The criterion for the interlaminar strength of unidirectional carbon- fiber-
reinforced plastic (CFRP) laminates is discussed. To evaluate the limit curve
given by the relation between normal stress and shear stress on the fracture
interface, two types of interlaminar strength tests were carried out using short
beams of CFRP laminates. The criterion for the interlaminar fracture of the
CFRP laminates was investigated in two-dimensional finite element analysis
of the CFRP specimens. Interlayers made by carbon nanofiber were inserted
between the prepregs of the CFRP laminates. A modified ‘Tsai-Wu’ criterion
was employed to evaluate the critical curve of the interlaminar fracture of
the CFRP laminates. The effect of the CNF interlayer on the criterion of the
interlaminar strength of CFRP laminate is discussed in detail.
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1. Introduction

In the past several decades, fiber-reinforced plastics have been developed
as highly useful materials for use in fields such as mechanical, electrical, ar-
chitectural, and structural engineering. In particular, carbon-fiber-reinforced
plastic (CFRP) has been widely used as a structural material for use in aero-
nautical and space engineering. Application in this industry requires further
weight reductions to satisfy the demand for higher fuel efficiency. In the Boe-
ing 787 project, a considerably improved weight ratio due to the adoption of
CFRP for the main wing and fuselage was reported[1].

To extend the engineering application fields of CFRP laminates, it is
necessary to improve the strength and fracture toughness of CFRP lami-
nates. Various methods of improving the interlaminar fracture toughness
and interlaminar strength have been proposed. Previous attempts to im-
prove the interlaminar fracture toughness of CFRP laminates have provided
various useful results. Specifically, a certain level of toughening has al-
ready been achieved by inserting an interleaf (interlayer) between the CFRP
prepregs[2]-[5]. T800H/3900-2, with a heterogeneous interlayer consisting
of fine thermoplastic particles, has shown high compressive strength after
impact. Ionomer-interleaved CFRP laminates have shown higher toughness
under mode II deformations|6].

Since the discovery of the carbon nanotubes (CNFs) in the 1970s[7, 8]
and the publication in Nature for the clarification of the structure of carbon
nanofibers (CNFs) [9], CNTs and CNFs have received a great deal of atten-
tion in the aeronautical, biological, electrical, mechanical, and engineering

fields. Owing to the superior electrical conductivity of CNF, multi-walled



CNTs and vapor-grown carbon fiber (VGCF) have been widely used in stor-
age batteries and as conductive filler.

In addition, CNTs and CNFs have been applied as a toughening filler
for resin- or metal-based composites[10, 11, 12]. They are suitable for such
application as they also have excellent mechanical properties such as elastic
modulus, strength, and fracture toughness compared with traditional carbon
fiber based on polyacrylonitrile.

The authors’ group has already presented an alternative method to in-
crease the interlaminar fracture toughness of CFRP laminates using CNFs,
in which the toughening interlayer, composed of CNF, is inserted between
CFRP prepreg sheets[13, 14]. VGCF has been employed as the stiffener of
the interlayers for a unidirectional CFRP laminated beam, where mode I and
IT interlaminar fracture toughness values of the composite were evaluated in
double cantilever beam and end-notched flexure tests using unidirectional
CFRP beam specimens.

In the present study, the interlaminar strength of unidirectional CFRP
laminates toughened with a VGCF interlayer is discussed. The criterion
for interlaminar strength was investigated in interlaminar strength tests car-
ried out for CFRP laminated beams. Generally, interlaminar shear strength
(ILSS) tests of the CFRP were measured in a three-point bending test with a
short-type beam, where the ILSS values were evaluated by an approximated
equation from only the shear stress on the interface. However, in nature, the
criterion of the interlaminar fracture should be discussed on the basis of the
multi-axial stress condition of a specimen.

To obtain the limit curve that is given by the relation between the normal



stress and shear stress on the fracture interface, two types of interlaminar
strength test were carried out in the present study. One is a ‘compression-
type test’ employing simple three-point bending, where the compressive load
in the vertical direction is applied to the top surface of the beam specimen.
The other is a ‘tensile-type test’, in which shear tensile loading is applied to
specimens with a hole using a shear pin and a vertical load is applied to the
shear pin to impart tensile normal stress on the interlaminar layer.

The criterion for the interlaminar fracture of the CFRP laminates was
investigated in two-dimensional finite element analysis of the CFRP speci-
mens. Two types of CFRP laminates were used in the present study. One
is a general unidirectional CFRP laminate comprising prepregs made with
an autoclave. The other is a nano-modified CFRP laminate in which the
interfaces of the prepregs are toughened with CNF. The criterion for the
interlaminar fracture of the CFRP laminates was discussed in terms of the
modified ‘Tsai-Wu’ criterion[15]. The effect of the CNF interlayer on the
criterion of interlaminar strength of the CFRP laminate was investigated in

detail.

2. Interlaminar strength tests of CFRP laminates

2.1. Test procedure

To evaluate the criterion for interlaminar damage of CFRP laminates,
two types of interlaminar strength tests were carried out. The first type,
shown in Fig. 1, is a general three-point bending test like the standard ILSS
test[16] using short-beam specimens. In this test, compression stress in the

direction transverse to the beam is applied to the center part of the specimen.



This method is referred to as the ‘compression-type test’ hereafter.

The second type, shown in Fig. 2, is a three-point bending test using a
shear pin. In this test, a hole through the laminate (diameter of 4.0 mm)
was open to the side of the specimen. The shearing pin was inserted in the
hole and transverse loading was applied to the shearing pin. In this method,
the stress in the direction transverse to the beam is positive. Hereafter, the
method is referred to as the ‘tensile-type test’.

In the compression-type test, the support length was changed between 14
and 19 mm to control the ratio of normal stress and shear stress. Similarly,
the support length was changed between 19 and 38 mm in the tensile-type
test. A universal material testing machine AG-100kNE (Shimadzu Co.) was
used for the experimental tests. The cross-head rate was set to 0.1 mm/min.
The maximum load, at which point interlaminar damage occurred in the
CFRP laminate, was measured. Finite element analyses for the CFRP lami-
nated beam were carried out to obtain the internal stress components at the

position at which initial damage occurred.

2.2. CFRP specimens
CFRP laminates were made using an autoclave AA-1710-048-M (APC

Aerospecialty Inc.) in our laboratory. The specimens were composed of
carbon/epoxy prepreg (TORAY P3052S-22, fiber:T700S, matrix:#2500) and
a CNF interlayer. In the present study, VGCF (Showa Denko K. K.) as
shown in Fig.3 was used as the stiffener for the interlayer. The diameter
of the VGCF is about 150nm, the mean length is 10um, bulk density is
2.0g/cm?.

Powder of CNF was inserted between prepregs of the CFRP specimens
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with an area density of 10g/m? using a sifter[14]. An interlayer of 50um
mean thickness was naturally formed by the fusion of CNF and epoxy resin
leaking into the interlayer during the production of the specimens as shown
in Fig.4. The volume fraction of CNF in the interlayer is about 10%. The
specifications and dimensions of the CFRP specimens for compression-type

and tensile-type tests are presented in Table 1.

2.3. Experimental results

The relations between applied load and displacement obtained in the
compression-type tests are shown in Fig. 5 (L=14mm) and Fig. 6 (L=19mm)
respectively. In the compression-type tests, the relations show some nonlin-
earity in the neighborhood of the maximum value.

Figures 7 and 8 show the relations between applied load and displacement
obtained by tensile-type tests. In these figures, the curves representing the
load—displacement relations are initially convex and then indicates peak value
with the initial damage.

Note that the displacement in the Figs 5, 6, 7 and 8 were measured by the
cross head rate and elapsed time in the experiments. Therefore, the value
of displacement has the possibility of containing error margins of the test
device.

The locations of initial damage for the different types of specimen are
shown in Figs. 9, 10, 11 and 12. In the present study, the location of initial
damage was observed on the side of the specimen using optical microscope.
Although it is essentially difficult to identify the exact location of the initial
damage, the initial damages generally occur near the loading point, and the

initial damage progresses to the longitudinal direction of the specimen away



from the loading point. Therefore, we identified the nearest point from the
loading point in the crack as the location where the initial damage occurs.
From Figs. 9, 10, 11 and 12, It is found that the location of initial damage
differs even if the experimental condition is the same. That is, to evaluate
the damage criterion, it is necessary to consider the location of damage and

multi-axial stress state in each specimen.

3. Finite element analysis

In the present study, the interlaminar strength tests of the CFRP lam-
inates were simulated by finite element analysis. FEM analyses were exe-
cuted using a two-dimensional section model of the CFRP laminated beam as
shown in Fig. 13 (for the compression-type tests) and Fig. 14 (for the tensile-
type tests). For FEM analyses, an universal finite element program ANSY'S
ver.10.0[17] was employed. The compression-type model was divided into
2236 quadratic elements (Element type; PLANE183) as shown in Fig. 13,
whereas the tensile-type model was divided into 3189 quadratic elements as
shown in Fig. 14.

The CFRP beam was analyzed by plane stress conditions because the
width of the specimen is too small. Since the CFRP specimen is not re-
strained in the direction of width, the normal stress to the direction of width
obviously becomes small. In addition, we found that the primary crack is
generated on the side surface of the specimen, and seems to progress inside
the specimen afterwards. Therefore we thought that the component of stress
in the direction of width was not too important in the present study, and

we judged that it was preferable to analyze the CFRP specimen by a plane



stress condition by occasion of above.

In the tensile-type specimen, the load was applied on the top point of
the shearing pin. The shearing pin contacts to the specimen at the bottom
surface of the pin. Therefore, the vertical load is applied to the lower surface
of the hole in the the specimen. The contact condition between the shearing
pin and hole surface was treated as elastic tangency of friction coefficient 0.

In the present FEM analyses, analytical models were assumed to be a
homogeneous orthotropic bodies. The elastic moduli of the CFRP base lam-
inates and CFRP laminates toughened with a CNF interlayer are presented
in Table 2. The subscripts ‘L’ and “T” in the table denote the longitudinal
and transverse directions of the CFRP beam respectively.

The elastic moduli of the CFRP laminates were measured by standard
tensile test. Gpr was estimated by the following equation using Eys., Ep,

Er and vpr[18]:
1 4 1 1 2vpr

— = + 1
GLT E145O EL ET EL ( )

However, in the specimens with interlayer, it is difficult to determine the

parameter Ep, Grr by the standard tests. Hence, these parameter were
estimate by homogenization theory using FEM analyses. In FEM analyses,
the Young’s moduli of the interlayer were specified to 5.77GPa, which was
estimated by Vickers Hardness (VH) using a Micro Vickers testing machine
(DUH-201, Shimadzu Co.).

In the present FEM analyses, the layered structure of CFRP was not
considered, and the structure was treated as a homogeneous, anisotropic body
as previously mentioned. In the analyses with the homogeneous body, some

stress and strain components become different to those obtained by layered



structure. However, by the FEM analyses using homogenization theory, it
was confirmed that the stress or (to the direction of the thickness) and 7
(shear stress for the out of plane) are almost corresonding between layered
and homogenized structure.

Figs 15, 16 and 17 are numerical results of or(= o,), or(= 0,) and
Trr(Tsy on the point of initial damage using the FE model of Fig.13. In
these figures, a central part is a prepreg layer, and an upper and lower thin
layer is CNT interlayer. As shown in Fig. 15, the distribution of the normal
stress o, is obviously different in the interlayer and the prepreg layer. On the
other hand, it is confirmed that the normal stress o7 and the shear stress 7,7
takes quite the same value in the prepreg layer and the interlayer as shown
in Figs 16 and 17.

As described later, only stress components o and 7.7 are used to eval-
uate the criterion for the interlaminar strength of CFRP. Therefore, it was
judged that the analyses using homogenized structure are valid for the present
discussion.

Examples of contour figures of normal stress or and shear stress 7.7
obtained in finite element analyses are shown in Figs.18 and 19. In the
following section, interlaminar damage criteria of the CFRP laminated beams

are discussed in terms of the stress components obtained in FEM analyses.

4. Evaluation of the damage criterion

4.1. Modified Tsai-Wu damage criterion

The state of a multi-axial stress greatly influences the generation of dam-

age in the solid body. In the present study, the following Tsai—~Wu criterion



for the anisotropic materials is introduced to evaluate the damage criterion

of the CFRP laminated beam.

2 2
o 1 1 Tip

+ (= — o +—:1a 2
FriFr, (FTt FTC) TR, @)

where, or is the stress component transverse to the fiber direction, 7,7 is the
shear stress for the side cross section of the beam, Fr; and Fr. are tensile
and compression strengths (i.e., maximum stress at the failure point) in the
plate transverse to the fiber direction, and Fpr is shear strength for for the
side cross section.

Generally, the tensile strength Fr. is remarkably large compared with
other strength. Thus, in the present strategy, we disregard Frr. in the Tsai—
Wu criterion. Taking the limit Fr. — oo, Tsai-Wu criterion can be simplified

as follows.
2
— 4+ = =1 3
FTt FgT ( )
Consequentially, the modified Tsai-Wu criterion can be expressed by the

following quadratic function between normal stress o and shear stress 7.7.

FTt 2

op = —F—27'LT -+ FTt- (4)
LT

The quadratic approximation curve based on eq. (4) can be drawn from
several experimental data of o7 and 7,1 at the initial fracture point estimated
in finite element analysis. This approximation curve becomes the critical
curve of the damage criterion for the CFRP laminated beam.

Figure 20 shows the criterion curve based on eq. (4) for the CFRP base
laminates and CFRP laminates with the CNF interlayer. Since the experi-
mental data widely vary, Fig. 20 shows only the six mid-range results from

the 10 results (i.e., the two highest and lowest results are not shown).
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In Fig. 20, the normal stress o and shear stress 7,17 were evaluated on the
each damage point as shown in Figs 9, 10, 11 and 12. The stress components
on the each damage point can be determined by the interpolation using stress
values on the nodal points obtained by FEM analyses.

It is seen that the experimental results for the CFRP base laminates sat-
isfy the approximate equation of the damage criterion expressed by eq. (4).
For the CFRP laminates toughened with the CNF interlayer, the experimen-
tal results tend to deviate from the approximate expression a little in the
area where the interlaminar shear stgress becomes predominant.

Table 3 presents the tensile strength Fr. and shear strength Fr; calculated
using the approximate equation (3). It is seen that the tensile strength Fr, is
greater for the CFRP base laminate than for the CFRP laminate toughened
with a CNF interlayer. This is because the approximation curve for the
toughened CFRP slightly deviates from the experimental data. In fact, the
tensile strength of the two types of laminates are almost the same according
to Fig. 20.

On the other hand, in the shear strength F77 is 20%higher for the CFRP
toughened with the CNF interlayer than for the base laminate. The figure
confirms that the critical curve of the damage criterion has expanded in the
positive direction of the horizontal axis in the area where the compression
normal stress or < 0 acts in the transverse (vertical) direction of the beam.
That is, interlaminar strength can be improved by about 20% in the area of

or < 0 by means of inserting the CN'T interlayer between the prepreg layers.
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4.2. Observation of the fracture surface

The cross section and fracture surface of the CFRP specimens were ob-
served using a scanning electronic microscope (SEM, Hitachi S-4100). First,
the cross section was observed by cutting the specimen in a direction or-
thogonal to the fibers. Figures 21 and 22 show the SEM images of the cross
section in which initial crack (delamination) was generated.

As shown in Fig. 21, in the CFRP base laminate, the stacked unidirec-
tional prepregs integrate mutually, and a resin-rich layer between prepreg
layers cannot be confirmed. Therefore, in the present case of CFRP base
laminates, the initial crack does not necessarily occur between prepreg lay-
ers. However, delamination progressed in a comparatively straight line in
the direction of the width of the beam. Although it is difficult to find the
location of occurrence of the initial crack strictly as a practical matter, the
primary crack is generated perhaps on the surface of the specimen, and seems
to progress inside the specimen afterwards.

On the other hand, in the CFRP toughened with a CNF interlayer, the
form of the crack propagation in the orthogonal cross section is more complex.
Judging from the experiment results, the locations of initial damage were
various like in the CNF interlayer, between CNF intgerlayer/CFRP prepreg
and inside of the CFRP prepreg, etc. However, it seemed to be often that
the damage occurred in the CFRP prepreg layer as shown in Fig.22. It is
understood that the crack progressed by the following a complex winding
route in the prepreg layer, avoiding the ‘high toughness” CNF interlayer.

Although it cannot be declared that the above explanation is a clear

cause of the difference in the strength property between base laminate and
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CNF-toughened laminate, it seems that the difference of the fracture pattern
in the cross section is one of the factors for the increase in the limit of the
damage shown in Fig. 20.

Figures 23 and 24 show the fracture surfaces on the delamination of the
two laminates observed with an SEM. No clear difference was found between
the laminates in terms of the fracture surface. As discussed previously, inter-
laminar cracks in both kinds of specimens basically progressed in the prepreg
layer. Although no difference can be found in this respect, there is one point
that should be noted. In the CFRP toughened with the CNF interlayer, the
CNF is inserted between prepreg layers in the forming process, and epoxy
resin in the prepregs leaks into the interlayer during the baking process in the
autoclave. Specifically, the fiber volume fraction of the prepreg layer should
increase because of resin leakage into the interlayer. Consequentially, it is
considered that not only the toughening effect of the CNF interlayer but also
the increase in the volume fraction of the prepreg resulted in the difference

in the strength property between the two laminates.

5. Conclusion

The criterion for the interlaminar strength of unidirectional CFRP lam-
inates toughened with a CNF interlayer was discussed. Two types of unidi-
rectional CFRP laminates were employed. One was a general unidirectional
CFRP laminate made from carbon/epoxy prepregs using an autoclave. The
other was a nano-modified CFRP laminate, in which the interfaces of the
prepregs were toughened with a CNF interlayer.

To obtain the limit curve of the damage criterion for interlaminar fracture,
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two types of interlaminar strength tests were carried out. The first was
a compression-type interlaminar strength test involving simple three-point
bending with a short-type beam. The other was a tensile-type test applying
shear tensile loading to specimens with a hole using a shear pin.

After finite element analyses, the criterion for interlaminar fracture of
the CFRP laminates was investigated in detail using a modified ‘T'sai-Wu’
criterion. Taking the limit of compression strength, the Tsai-Wu criterion
was simplified to a quadratic function between the normal stress and shear
stress.

By inserting a CNF interlayer, the critical curve of the damage criterion
increased about 20% in the area where the compression stress acts in the
transverse direction of the beam. It is thought that the difference in the
crack propagation form in the transverse cross section affected the property

of interlaminar strength of the laminates.
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Table 1: Dimensions of the CFRP specimens.

Comp. Type Tens. Type
Length 26.6mm 52.5mm
Width 10.0mm 10.0mm
Height 3.8 - 3.9mm 7.5 - 7.7Tmm
Number of Prepregs 16ply 32ply

Support Length 14mm and 19mm 19mm and 38mm

Table 2: Elastic moduli of CFRP specimens.

Base laminate With interlayer

Ep 106.6GPa 96.6GPa
Er 8.50GPa 7.70GPa
Grr 4.65GPa 3.63GPa
VLT 0.30 0.32

Table 3: Critical tensile strength Fpr; and shear strength Frp.

Base laminate With interlayer

Critical tensile strength Fry 44. 1MPa 33.0MPa
Critical shear strength Fprp 41.8MPa 52.2MPa
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/=14 or 19mm |

Figure 1: Compression-type interlaminar strength test.
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h=17.5-77mm
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Figure 2: Tensile-type interlaminar strength test.
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Figure 3: SEM image of VGCF.
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Figure 4: CFRP laminate toughened with a CNF interlayer.
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Figure 5: Load versus displacement of the CFRP laminates obtained in compression-type

tests (L=14mm).
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Figure 6: Load versus displacement of the CFRP laminates obtained in compression-type

tests (L=19mm).
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Figure 7: Load versus displacement of the CFRP laminates obtained in tensile-type tests

(L=19mm).
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Figure 8: Load versus displacement of the CFRP laminates obtained in tensile-type tests

(L=38mm).
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Figure 9: Fracture points in the CFRP base laminates obtained in compression-type tests.
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Figure 10: Fracture points in the CFRP with VGCF interlayer obtained in compression-

type tests.
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Figure 11: Fracture points in the CFRP base laminates obtained in tensile-type tests.
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Figure 12: Fracture points in the CFRP with VGCF interlayer obtained in tensile-type

tests.
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Figure 13: FEM model of CFRP laminates for compression-type tests (I = 19mm).
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Figure 14: FEM model of CFRP laminates for tensile-type tests (I = 38mm).
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Figure 15: Normal stress distribution of o7 obtained by FEM with homogenized theory
using the model of Fig. 13 on the point of initial damage.
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Figure 16: Normal stress distribution of o obtained by FEM with homogenized theory
using the model of Fig. 13 on the point of initial damage.
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CFRP Prepreg B.37E+007
Layer BATE+007

G.37E+007
G.37E+007

6.37E+007
CNF Interlayer
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Figure 17: Shear stress distribution of 777 obtained by FEM with homogenized theory
using the model of Fig. 13 on the point of initial damage.
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Normal Stress G;

-.717E+09 -.549E+09 -.380E+09 -.212E+09 -.435E+08
-.633E+09 -.465E+09 -.296E+09 -.128E+09 .408E+08

Figure 18: Contour figures of normal stress o estimated by FEM analysis (base laminate,

compression-type model, [ = 19mm).

Shear Stress T;r

<

I
-.204E+09 -.113E+09 -.226E+08 .681E+08 .159E+09
-.159E+09 -.679E+08 .227E+08 .113E+409 .204E+09

Figure 19: Contour figures of shear stress 71 estimated by FEM analysis (base laminate,

compression-type model, [ = 19mm).
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Figure 20: Summary of interlaminar fracture criterion of CFRP laminates.
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Figure 21: SEM image of cross section transverse to the fiber direction of CFRP base

laminates (L = 14mm, compression-type test).

Figure 22: SEM image of cross section transverse to the fiber direction of CFRP laminates

toughened by CNF interlayer (L = 14mm, compression-type test).
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Figure 23: SEM image of fracture surface of CFRP base laminates (L = 14mm,

compression-type test).

Figure 24: SEM image of fracture surface of CFRP laminates toughened by CNF interlayer

(L = 14mm, compression-type test).
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