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ABSTRACT: The interlaminar fracture behavior of unidirectionally glass fiber reinforced com-
posites with fiber surface treatments have been investigated in Mode I, Mode II and for a fixed
mixed Mode I/l ratio. With respect to the loading conditions at the crack tip the double cantilever
beam (DCB), the end notched flexure (ENF) and the mixed mode flexure (MMF) specimens
were used in order to obtain Mode I, Mode II and mixed Mode /I critical energy release rates.
The data obtained from these tests have been analyzed by using analytical and finite element ap-
proaches. The present investigation is focused on the influence of the glass fiber surface treatment
on the interlaminar fracture toughness. Glass fibers with two different fiber surface treatments
have been investigated. For the DCB test the data reduction from the experiments have been car-
ried out by using six different approaches: the area method, the Berry method, the modified beam
analysis, the compliance method and the geometric linear and non-linear finite element analysis.
The geometric non-linear finite element analysis of the DCB test was performed firstly. For the
ENF test contact and friction along the crack surfaces have been taken into account.
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1. INTRODUCTION

NE OF THE major disadvantages of laminated composites is their tendency to

delaminate. In composites containing brittle matrices, delamination can
propagate even more readily compared to transverse cracks that are perpendicular
to the plane of the laminate. Initiation and growth of delamination can reduce con-
siderably the stiffness and compressive strength of composites.

Macroscopic properties of fiber reinforced composites are dependent on the mi-
cro mechanics of the fiber/matrix interphase. Therefore, the adhesion between fi-
bers and matrix is very important for the mechanical behavior of fiber reinforced
laminated polymeric composites.

There are several test methods to determine the fiber/matrix adhesion proper-
ties. Widely used are such experimental methods as fiber pull-out, fragmentation,
microtension and microcompression tests [1]. From macro test methods the fi-
ber/matrix adhesion properties can only be obtained indirectly. For example, such
tests are the transverse tension or interlaminar shear experiments. Information
about the fiber/matrix adhesion can also be obtained from experiments on the
propagation behavior of delamination cracks. These experiments are used in the
present investigation.

The significant role of delamination in the fracture of composites is reflected by
the large number of papers published in this field [2-17]. In these investigations
delamination or interlaminar fracture toughness properties of different fiber rein-
forced composites were investigated. Mode I, Mode II, Mode I1I and mixed mode
loading conditions were used to determine the corresponding critical energy re-
lease rates or fracture toughness.

There are a number of investigations concerned with the measurement of the
Mode I interlaminar fracture toughness in composite materials [3-5,7,9,11]
[14,15,17-19]. Mode I (crack opening) loading conditions are used as a basic test
to evaluate the fiber/matrix adhesion properties of a composite. The double canti-
lever beam (DCB) type configuration is one of the most common specimen geo-
metries to determine the critical energy release rate Gic. The advantage of the DCB
test is simple specimen geometry and the stable crack growth.

Mode II (crack sliding or in-plane shear) loading conditions are used for the

“evaluation of the critical energy release rate Gy¢ [20]. For this the end notched
flexure (ENF) specimen is commonly used [3,7,12,14,16,21]. The advantage of
the ENF test is the simple three point bending specimen geometry. The disadvan-
tage is the unstable crack growth and some influence of friction along the crack
surfaces adjacent to the support. Therefore, by using the ENF test the critical en-

init

ergy release rate G~ can be determined only for crack initiation. In this case the
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critical energy release rates for crack propagation have to be obtained from other
tests. Mode II loading conditions also can be achieved by using end loaded split
(ELS) specimens [3,7]. In this case the lower arm of the ELS specimen is loaded.
In general in the ELS test unstable crack growth will occur, however, for certain
ratios of initial crack length also stable crack growth can be achieved. Similar to
the ENF specimen is the so called center notch flexural (CNF) test specimen [22],
which also can be used to obtain the Mode II critical energy release rate.

Mixed Mode I/II tests are characterized by the ratio G/Gy, that is driving the
crack. Various mixed mode ratios G/Gy can be obtained by using different
specimens. The mixed mode flexure (MMF) test is Mode I dominated with a ra-
tio of G,/G,, = 133 obtained from linear beam analysis [3]. This ratio is valid,
when upper and lower parts of the specimen are of equal thickness [3]. By vary-
ing the thickness ratio of the lower and upper parts different mixed Mode I/11 ra-
tios can be obtained. However, as it will be shown below for the MMF specimen,
the mixed mode ratio obtained by the finite element solution is dependent on
crack length and in the case of equal thickness of lower and upper parts is varying
from 1.4 to 1.5. In the case when the ELS specimen is loaded by the upper arm
mixed mode loading conditions at the crack tip are achieved. For a symmetrical
geometry the mixed Mode I/1I ratio obtained from the linear beam analysis is
G,/G, = 133[7].

For mixed mode tests also other specimens can be used. Very similar to the
MMF specimen is the so called single leg bending (SLB) specimen [10] for
which only the supports are of different height. With this specimen also different
mixed Mode I/Il ratios can be achieved, but Mode I remains dominant. By the
crack lap shear (CLS) test also various G/Gy, ratios can be achieved through
varying the stepped thickness ratio, however, in this case Mode II is dominant
[3]. The crack growth for the CLS test is semi-stable and it is possible to record
several data points with crack growth. However, for these test measurements
suffer from large scatter with increasing of crack length [3]. Mixed mode loading
conditions can be generated also by using the edge delamination tension (EDT)
specimen [23].

For all mixed mode specimens discussed above there are limited possibilities to
achieve a wide range of mixed mode ratios. By loading the ENF specimen with a
special loading lever different mixed mode ratios can be achieved. This is the so
called mixed mode bending (MMB) test, which was proposed in [13]. The MMB
test simply combines the Mode I DCB and the Mode II ENF tests and by different
loading positions various mixed mode ratios are achieved. In paper [13] the ex-
periments were carried out with G/Gy, ratios from 0.25 to 4, whereas in [24] the
G/Gyratios vary even from 0.002 to 35. Now the MMB specimen is widely used to
determine mixed mode critical energy release rates for different composites
[6,13,24].

However, as may be seen from the data reported in the literature, the values of
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critical energy release rates are frequently dependent on the method of analysis
employed for the data reduction. For example, it has been observed that the area
and the compliance calibration method, which are two direct approaches for the
calculation of critical energy release rates, may give different values compared to
those obtained by using the linear beam theory. In papers [7,8,18] corrections in
the formulae based on the linear beam theory were proposed by taking into consid-
eration such effects as the end rotation and deflection of the crack tip, the effective
shortening of the beam due to large displacements and the stiffening of the beam
due to the presence of the end blocks bonded to the specimens.

For the end notched flexure (ENF) specimen the influence of friction at the
crack surfaces was evaluated [12,20] and it was found that for this case in the bal-
ance of energy the work of friction is only to the amount of 2% to 4%. So, the cal-
culations by using simple analytical formulae based on beam theory can be per-
formed also for ENF specimens, but more exact solutions have been obtained by
using the finite element method [25].

One way to improve the delamination fracture toughness of composites is fo-
cused on improving the fracture toughness of the matrix by using toughened resin
systems or thermoplastic matrices [2,14]. However, an increase in resin toughness
is not completely realized in interlaminar fracture toughness of composites having
poor adhesion between fibers and matrix. Interlaminar fracture toughness is
highly dependent on fiber/matrix adhesion. Therefore, another way to increase the
interlaminar fracture toughness of a composite is to improve the fiber/matrix adhe-
sion by fiber surface treatments, which changes the fiber surface morphology and
chemistry.

There are different methods available for fiber surface treatments of carbon [26]
and aramid [27] fibers. Increasing the level of adhesion in the fiber/matrix inter-
face yields significant improvements in the interlaminar fracture toughness [16].
In the present paper composites reinforced by glass fibers with surface treatments
are investigated. Although glass fibers with surface treatment have been used for a
long time the fiber/matrix interface morphology and chemistry are not completely
understood [28]. How to improve the glass fiber adhesion with the matrix by using
coupling agents was discussed widely in the literature [29-31]. The surface of the
glass fibers used in the present investigation were improved by a technology,
which was outlined previously [32].

The goal of this investigation is to study the influence of the fiber surface treat-
ment on the interlaminar fracture toughness and to evaluate the various methods of
analysis of experimental data. Delamination of unidirectional glass/epoxy lami-
nates under Mode I, Mode II and mixed Mode I/II loading conditions is investi-
gated. In the present investigation for Mode I tests DCB specimens are used, for
Mode II tests ENF specimens are used and for mixed Mode I/II tests MMF speci-
mens are used. The data reduction from experiments for the DCB test have been
carried out by using six different approaches: the area method, the Berry method,
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the modified beam analysis, the compliance method and the linear and geometric
non-linear finite element analysis. For the ENF and MMF tests only the data re-
duction by using the beam analysis and the linear finite element analysis were con-
sidered to be sufficient. For the ENF test contact and friction along the crack sur-
faces have been taken into account. In the case of friction a separated critical
energy release rates G; and Gy, are calculated by using the virtual crack closure in-
tegral (VCCI) method.

2. MATERIAL

For the production of the composite material to be considered in this investi-
gation borosilicate glass fibers (E-glass) with small parts of alkali and a brittle
epoxy matrix (Araldite LY 556 with curing agent Hy 917, Ciba Geigy Ltd.)
were used. For the fibers embedded in the brittle epoxy matrix two different
types of fiber surface treatments were chosen. The first type of sizing (surface
treatment SI/EP) is based on using a silane coupling agent (Aminosilane 1100)
in a mixture with an epoxy modifying agent [33]. The second type of sizing
(surface treatment PE) is based on amodification of the fiber surface with poly-
ethylene.

Unidirectionally reinforced glass fiber plates were produced through winding

- + “ .

Figure 1. View of the Mode Il delamination crack perpendicular to the beam axis for the com-
posite PE (magnification 200:1).
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technology. The plates contained a starter crack, which was introduced by a Teflon
film (thickness 40 um) placed between the central plies. The total number of plies
was 12 in order to get a plate thickness of approximately 3 mm. The laminates were
produced by following the standard cure cycle recommended by Ciba Geigy Ltd.
In order to improve the quality of the plates and to reduce the void content, the
plates were placed in a vacuum before curing. The specimens were cut with a dia-
mond wheel and kept at room temperature until testing (23°C and 50% of relative
humidity). All tests were performed at the same conditions. For both composites
(SI/EP and PE) the fiber volume content of the specimens was 50% (£1.2%). In
Figure 1 the micro structure of the UD fiber reinforced composite can be observed.
In the production of these composite by the filament winding technology the 60
TEX roving have been used with 204 fibers in one roving. It is seen that due to the
filament winding technique the distribution of the fibers in the cross section is ir-
regular and large areas of the pure matrix material between the rovings can be ob-
served. However, in calculations the composite is considered to be ahomogeneous
transversal isotropic material.

The elastic properties of the composites investigated in this paper are as fol-
lows. For the SI/EP composite the modulus of elasticity in the fiber direction (lon-
gitudinal modulus) is E, = 40700 MPa and the transverse modulus is
E, = 10269 MPa. For the PE composite the corresponding values are slightly
lower: E;, = 39760MPa and £, = 7449MPa. Here the axis 1 is in the fiber direc-
tion and axis 2, 3 are in the transverse directions. These properties were obtained
from tension tests [33]. For the longitudinal modulus E; the values obtained by
data reduction from the DCB tests (see below) are in good agreement with those
obtained from the tension test.

In the same tension experiments the transverse interlaminar strength properties
were determined [33]. For the SI/EP composite the transverse tension strength is
foundtobe R, = 581 MPa, whereas for the PE composite the transverse interlami-
nar strength in tension is about 3 times lower: R; = 18.4 MPa. So, in the case of in-
terlaminar tension the fiber/matrix adhesion properties for the PE composite is poor
in comparison with the SI/EP composite. The modulus of elasticity of the brittle ep-
oxy resin used for the production of the composites is £,, = 3110 MPa, Poisson’s
ratio is v,, = 034 and the ultimate strain at failure is 3.3% [33].

The other elastic properties for the UD fiber reinforced composite with a fiber
volume content of 50% were obtained by using the analytical expressions in order
to calculate the effective stiffness of the material [34]. In these calculations the
modulus of elasticity of the fibers is considered to be £, = 78000 MPa and Pois-
son’sratio isv , = 020. The following effective elastic properties were obtained:
for the shear modulus G,, = G,; = 4200 MPa, for the shear modulus in the plane
of isotropy G,, = 3980 MPa and for the Poisson’s ratio in the same plane
v,, = 029. These properties are used for the calculation of the correction coeffi-
cients (see below) and for the two dimensional (2D) finite element analysis.
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3. TEST SPECIMENS AND EXPERIMENTAL PROCEDURE
3.1 Mode I Double Cantilever Beam (DCB) Specimen

The double cantilever beam (DCB) was used for those test in which Mode 1
loading conditions at the crack front had to be achieved. The DCB specimen is
shown in Figure 2 for which the dimensions have been chosen as recommended in
the literature [35].

Precracks of lengtha, — a, = 25 mm were introduced into the specimens by a
starter film of length a, = 31 mm. The loads were applied to the specimen via pins
through universal joints and aluminium blocks that were bonded on the specimen.

For the experiments the testing machine Zwick 1446 was used. The loading
was realized through a given displacementrate 1.0 mm/min". The specimen was
loaded until a quasi-static crack extension of approximately 10 mm was ob-
served and then it was unloaded. This procedure was repeated until the crack had
reached a final length of about 100 to 120 mm. The crack opening displacement
(COD) d on the load line was measured from the displacement of the testing ma-

16

Am d=5mm £
e - S

™
Y il
© & N
£ i
£ o
© N
g I,=8 mm  Aluminium blocks
L=155 mm
| >
Starter film

£
€
'i':\l? Fibre direction ( 0°)
Ke]

Precrack

Figure 2. Double cantilever beamn specimen (DCB) for the Mode | tests and dimensions of
the specimen and the aluminium blocks (in mm).
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Figure 3. Typical load P against displacement d diagram in the DCB test for composite SI/EP.
Crack lengths a (mm) are presented for the critical values of the load.

chine. A typical load crack opening displacement diagram as function of crack
length is shown in Figure 3. It can be seen that UD laminates show stable crack
growth under Mode I loading conditions of the DCB test even for a brittle epoxy
matrix.

3.2 Mode II End Notched Flexure (ENF) Specimen

The Mode II tests were performed by the aid of end notched flexure (ENF)
specimen (see Figure 4), and a three point bending fixture with a span distance of
2L = 76 mm and a width of the specimen of & = 25 mm, i.e., the same as for the
DCB specimen. The thickness of the specimen is 22 = 3 mm and it contains a
symmetric split. Precracks of length from 4 mm to 10 mm were introduced before
testing by loading with the crack opening mode, so that the initial position of the
crack tip was at one fourth of the span of the beam. The loading during the test was
carried out again by a given displacement rate of 1.0 mm/min'. When the limit
load was reached, unstable crack growth occurred until crack arrest in the mid-
span below the compression load. The limit load P and the critical displacement &
(deflection) at the mid-span of the beam were measured at the beginning of the
crack extension.
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Figure 4. End notched flexure specimen (ENF) for the pure Mode I/ tests.

3.3 Mixed Mode Flexure Specimen (MMF) for the Mixed Mode I/II Tests

Mixed Mode I/I] tests were performed by using the MMF specimen (see Figure
5). The thickness of the specimen is again 242 = 3 mm with a symmetric split and
the width of the specimen is » = 25 mm, i.e., the same as for the DCB and ENF
specimens. Precracks of length from 3 mm to 5 mm were introduced before testing
by Mode I loading so that the initial position of the crack tip was again at one fourth
of the span of the beam. For this specimen Mode | is dominating at the crack tip.
The mixed Mode I/II ratio for the MMF specimen with a symmetric split is
G,/G, = 133 according to linear beam analysis, but by the finite element analysis
ratios between 1.4 and 1.5 are found depending on crack length. The displacement
rate during loading was 1.0 mm/min' and again test procedure with unloading was
used, since in this case stable crack growth was observed again. This specimen was
loaded until a quasi-static crack extension of approximately 5 mm was observed

P
L=38 mm | L=38 mm £
5mm [* - > E
- < (2]
T 1]
L
; Ny
l — |
[
e
i
2L=76 mm

Figure 5. Mixed mode flexure (MMF) specimen for the mixed Mode lI/i! tests.
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and then unloading was enforced. This procedure was repeated until crack exten-
sion till the mid-span of the beam, while critical loads P and corresponding deflec-
tions at the mid-span measured.

It should be mentioned that for all test specimens (DCB, ENF, MMF) the fibers
of the UD reinforced composite were in the direction of the beam axis.

4. CALCULATION OF THE INTERLAMINAR
FRACTURE ENERGIES

4.1 Area Method

A direct method for the evaluation of the total energy release rate is the area
method. According to this method the released energy due to crack extension can
be calculated by using Irwin’s formula for the critical energy release rate

1oml

G =——
e b da

ey

whereIT = U — W is the total potential of the structure, U'is the strain energy, Wis
the work of the external forces (dead loads) and b and « are the width and crack
length, respectively. In the case of linear elastic behavior of the structure I = -U
is holding for the total potential. This means that the change in U due to crack ex-
tension from a to a + Aa is simply the area between the loading and unloading
curves in Figure 2. For an elastic body IT = —U is substituted in formula (1) and
thus the critical energy release rate is given by formula

AU

G - —
" pAa

€))

1
AU = 3 (P95, — P,9,)

Here P, and 6, are the load and displacement at crack length a and P, and &, are
the respective values at crack length a + Aa. Formula (2) can be used to calculate
the critical energy release rates for Mode I, Mode II or mixed Mode I/II loading
conditions. However, in the case of mixed mode conditions by Equation (2) only
the total energy release rate Grc can be calculated. In this case the separate energy
release rates only can be calculated if from another solution the Mode I and Mode
I1 values can be determined separately.
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4.2 Compliance Method

Since the strain energy for linear response is U = P6/2 and I1 = —U, the en-
ergy release rate in Equation (1) can be expressed through the compliance [36]

Lo _ ey prac _ p ac

Ge=-2q 20U Z ¥, ®
boda b da 2b d9a  2bC oa

where P is the critical load at which crack growth is observed,C = &/ P isthe com-
pliance, J is the displacement and a is the crack length. In order to evaluate G;c the
compliance must be calculated by using experimental data, i.e., the measurements
of loads and displacements at different crack length. The approximation of the
function C = C(a) for the composites investigated in the present paper will be
shown below. The curve fit for the compliance must be performed with great accu-
racy, since in formula (3) the first derivative of the compliance function deter-
mines about the precision of the calculated critical energy release rate.

4.3 Linear Beam Analysis
4.3.1 BERRY METHOD FOR DCB TEST

For the DCB specimen the compliance calculated by the linear beam theory is
given by [36]

o)
C—“};— @

bh’E,

Here E, is the modulus of elasticity in the direction of the beam axis. Since the
DCB specimen is relatively thin, the transverse shear effects can be neglected.
From formula (4) the longitudinal modulus E, can be calculated by using the data
of experiments from the DCB test

_ P&’

1_57)71‘3' %)

By substituting expression (4) into formula (3) the critical Mode 1 energy re-
lease rate for the DCB test can be calculated through

_
< 2ba

Q)

and with J substituted again from Equation (4) through
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G = 12P%a’
O PhE,

(M

If the data reduction is applied together with the least square technique [16] for-
mula (6) can be used for the determination of the mean value of G,c. However, the
coefficient 3, obtained by the classical beam theory can be corrected by using the
data of experiments. Such a method was proposed by Berry in 1963 [37]. In this
case Equation (6) is rewritten by introducing an unknown quantity »

nPd  nPC
Ge=7—-=

= = 8
2ba 2ba ®)

According to beam theory the parameter # should be 3, but from the experimen-
tal data this unknown quantity » can be determined from

C= Aad" ©)
Because in logarithmic coordinates Equation (9) can be written as
lgC=1gA,+nlga 10)

Equation (10) can be used in order to determine 4, and » by the least square
method. As input data the experimental values C and a at the critical load P of each
step of crack propagation for all specimens are used. The approximation of the ex-
perimental data by using the Berry method will be shown below.

4.3.2 ENF TEST
For the Mode II ENF test the compliance calculated by linear beam theory is
given through [7,8,20]

_3d+2r

1
8E, bk’ (1

By substituting this expression into Equation (3) the critical energy release rate
for the ENF test can be obtained from

9Pa*d

Gy = 12
1 2p3a® +20) (12)
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4.3.3 MMF TEST
In a similar way for the Mode I/II MMF test the compliance can also be calcu-
lated by linear beam theory through [3]

1 s
C = ——— (121 + 4484° 13
64E bk’ ( ) (13

By substituting expression (13) into Equation (3) the total critical energy release
rate for the MMF test can be obtained from

672a*Po

O = G+ G = 30010 + 4a8a)

(14

Because for the MMF test a fixed mixed Mode I/l ratio of G,/G,, = 133 fol-
lows from linear beam analysis, here also the separated critical energy release
rates can be obtained with

GI(V = 0.57GTC;G”(‘ = 0‘43GTC (15)

It will be shown below that by the finite element analysis for the MMF test the
mixed Mode I/Il ratios between 1.4 and 1.5 are found depending on crack length.

4.4 Modified Beam Analysis

It was observed that different data reduction methods result in different values
of the critical energy rates. This is because in linear beam theory some effects are
not taken into account [7,8]. These effects are the rotation and deflection at the
crack tip, the large displacements occurring in some of the test specimen and stiff-
ening effects due to the presence of the bonded end blocks. In order to take these
effects into account some correction coefficients were introduced [7,8], with
which the data reduction formulae of the linear beam theory can be corrected for
all specimens. In the following these modified beam analysis formulae will be out-
lined briefly.

For the DCB, ENF and MMF specimens the rotation effect at crack tip can be
accounted for by adding a length y/to the measured crack length a. The coefficient
x can be calculated by the elastic properties of the material [7,8]

EI r 27V2
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In formula (16) for the DCB test it is recommended to choose
k, = /11 = 0302 [7,8], and for the ENF test k, = ,//63 = 0126 is recom-
mended [25]. In this way the corrected crack length was obtained also for the ENF
test, for which subsequently the critical energy release rate Gy¢ was calculated by
the modified beam analysis. The comparison with Gyc results obtained by the fi-
nite element method [25] show good agreement of both results.

Another correction factor F' can be introduced to take the large displacements
into account [7,8]

sy Sl
F= 1—@1(2) —ez(L—;) (17
Here for the Mode IDCB test ®, = 3/10,0, = 3/2 was given in [8] and /, is
defined in Figure 2. For the ENF test the expression for @, was also given in [8].
Since in the ENF specimen there are no end blocks the coefficient®, = 0.
In addition for the DCB specimen a correction factor &V is required to account for
the stiffening effect caused by the end blocks [7,8]

LY o1, o\
N = ]_93(Z) _6“(?)_@5(2) (18)

Here /, is defined in Figure 1 and the additional coefficients for the DCB speci-
men are given in Reference [8]

l 2
0,=10, = 2[1— (—2)

The coefficient N is required in order to correct the measured values of displace-
ment &, which are to be used for the calculations of the compliance C, the modulus
- E; and the delamination energy Gic.
The modified beam analysis formulae containing the discussed corrections for
all specimens under consideration are given below.

0, = — (19)

4.4.1 MODE I TEST BY DCB SPECIMEN
For the DCB specimen the Equations (4-7) are corrected as follows [7,8]
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¢ = BN+ ghy

bRE, 20)

(%) = (a+ 1h) \/thE @1)
G = %%ﬁxh) 22)

o = 12%%’—;—& 23)

E, = _ng# (24)

4.4.2 MODE Il TEST BY ENF SPECIMEN
For the ENF specimen Equations (11) and (12) are corrected as follows [7,8]

Co 3(a+ yh)’ +20

25
8E,bh’ 3)
9P(a + yh)*d
uw = 3 3 (26)
2b[3(a + xh) +2L°]
4.4.3 MIXED MODE I/ll TEST BY MMF SPECIMEN
For the MMF specimen the Equations (13) and (14) also can be corrected
1
C= 1210 + 448(a + xh)® 27
64Elbh3[ (a+ xh)'] 27
672(a + yh)* P
G =G, +G, = F (a+ ) (28)

B1218° + 448(a + xh)’]

It should be mentioned that for all specimens the crack length correction term 4
can be obtained not only by formula (16) but also directly from experimental data
by using a curve fit procedure for the compliance C versus crack length a, which
will be discussed below.
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4.5 Finite Element Analysis

The finite element analysis of the experimental tests is performed by using the
program ABAQUS [38] for plane strain conditions and with standard four-node
quadrilateral elements. It was shown [39,40] that by using the modified virtual
crack closure integral (MVCCI) method in combination with standard elements
also good results for energy release rates can be obtained in comparison with
higher order elements or reference solutions. Here Aa = 02 mm is taken for the
values of successive crack extensions, which is coinciding with the finite element
length along the crack.

For the calculation of the energy release rates G;and Gy in the case of traction free
crack surfaces (without contact and friction) the MVCCI method is used. Then the
separated strain energy release rates are obtained by only one calculation (MVCCI
or 1C method) for the actual crack length a as proposed in [39] (see Figure 6)

G @ = - [Fl@nd @}

(29)

Gy (a)= [F (@)Au] ()]

where F/ (a) and F ' (a) are the nodal point forces at the crack tip node 7 in x and y
directions, respectlvely, while Au!"'(a)and Au' '(a)are the relative nodal point
displacements of the opposite crack faces at node i-1 in x and y directions, respec-
tively. Therefore Au, ™' (a)is the crack sliding displacement, while Au; ' (a)is the
crack opening displacement at a distance Aa behind the crack tip.

In the case of the ENF test contact and friction along the crack surfaces has to be
considered in the region of the support (see Figure 4). In this case the global poten-
tial energy of the beam is

M=uU-w+w" (30)
with U for the elastic strain energy of the beam, W” = W’ for the energy dissi-
pated due to friction at the crack faces and W for the work of the external forces.

The dissipated energy is equal to the frictional work #* performed at the crack sur-
faces, where Coulomb’s friction law is used

C, =uC, 31

Here y is the coefficient of friction, C; is the frictional force and C, is the contact
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force at correlated nodal points on the crack faces [41]. They correspond to the
nodal point forces F and F at the crack tip in formula (29). But a different notation
is used for all nodes behind the crack tip, that means along the crack surfaces which
may open or may be in sliding contact. At the crack faces contact elements [38] are
used. In the case of contact and friction along the crack surfaces the frictional work is

calculated by [41]

j—1

1. , SR
W) = —2-C_{_‘(a + Aa)Au! " (a + Aa) + 21 3
(32)
[ @ + /P (a+ Aa) Aul M (a + Aa)— Aul™(a)]
Formulae (30) and (32) are used to calculate the total energy release rate
, II(a + Aa)—-11
G][_f[VZ(a) - (a a) (a) (33)

b2Aa

In the case of contact and friction along crack surfaces instead of MVCCI
method the separated energy release rates must be calculated by the virtual crack
closure integral method (VCCI or 2C method; see Figure 6)

YA YA
~__
. LT S °
1-1 I . |
l ~~:‘\—‘ 1‘+1 ?. f
-~ J 1J+1 X
LT
Aa - Aa Aa
atAa

Figure 6. Finite element mesh and nodal point notation near the crack tip.

Downloaded from jem.sagepub.com at UNIVERSITAETSBIBLIOTHEK KASSEL on August 16, 2013


http://jcm.sagepub.com/

Interlaminar Fracture Toughness of GFRP 1545

Aa 1 Ir._. )
2C — . i - .
G; (a = ) =5 [F,. (@A (a + Aa)],

(34

Aa 1 Ir._, .
2c _ s _
G2 (a = ) = 2[Fx (a)Au]™ (a+ Aa)]

In the formulae (34) the nodal forces are calculated for the crack length a, while
the displacements are taken for the crack length @ + Aa. Therefore the energy re-
lease rates in formulae (34) are exact mean values for the crack length a + Aa/2and
a finite crack extension Aa. The formulae (34) have been used also in the case of
traction free crack surfaces (for DCB and MMF specimens). In this case both meth-
ods (VCCI and MVCCI) gives about the same results of the energy release rates.

Therefore, the total energy release rate G, = G, + G, of the specimen can be cal-
culated from the separated energy release rates (29) or (34), or from the formula (33).

5. RESULTS FOR CRITICAL ENERGY RELEASE RATES

The critical energy release rates G,c and Gc are calculated from the data of the
experiments by the aid of different data reduction formulae, which were presented
in the previous section. The data reduction for the Mode I test by using the DCB
specimen is performed by six various approaches: the area method, the compli-
ance method, the Berry method, the modified beam analysis and in addition by the
linear and geometric non-linear finite element analysis. The data reduction for the
Mode II ENF test are carried out by linear beam analysis and by finite element
analysis taking into account the contact and friction along the crack surfaces. The
data reduction for the mixed Mode I/1l MMF test is also performed by linear beam
analysis and by linear finite element analysis.

5.1 Mode I DCB Test

Inthe Mode I DCB test 10 steps of crack extension were measured. For the com-
posite SI/EP the experiments on the delamination crack propagation were per-
- formed for 9 specimens, whereas for the composite PE 10 specimens have been
available. For these tests the crack growth was carefully controlled so that at each
step the values of crack length a were about the same for all specimens. Therefore,
the critical loads and the corresponding crack opening displacements can be aver-
aged for each step from the data obtained from all specimens. The scatter and the
95% confidence limits of the critical load for the composite PE is shown in Figure
7. The corresponding mean values of the load P, the crack length a and the dis-
placement 6 for the composites SI/EP and PE are presented in Table 1.
By using the experimental data of the DCB tests the calculation of the critical
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Figure 7. Plotload P versus crack length aand the 95% confidence limits of the critical load
in the DCB test for the composite PE.

energy release rates Gc(a) or interlaminar fracture toughness has been per-
formed. Firstly, the G,c values obtained by the Berry method will be discussed.
In this case the unknown quantity » in expression (8) is obtained from Equation
(10) by a curve fit procedure. The related approximation of the experimental re-
sults for the composite with fiber surface treatment SI/EP is shown in Figure 8. It
is seen that for this material » = 299has been found, which is close to the value 3
predicted by the classical beam theory. A similar equation of regression
(IgC = 2891g a — 542) was obtained for the composite with fiber surface
treatment PE resulting in the parameter » = 2.89. Therefore, in the first step of
the Berry method the parameters 4, and » can be evaluated through Equation
(10), and subsequently by using Equation (8) the critical energy release rates for
each step of crack propagation can be calculated. The results based on the Berry
method for the composites SI/EP and PE are presented in the Table 1.

The second method which has been used here in order to calculate the critical
energy release rates G,c is the compliance method. In this method formula (3) is
applied and the analytical function C = C(a)is obtained directly from the data of
experiments through expression (10) and the coefficients, which for the composite
SI/EP are presented in the caption of the Figure 9. By substituting the derivative of
the compliance for a given crack length and the corresponding critical load P into
formula (3) the critical energy release rates G are calculated. The results obtained
by the compliance method for the composites SI/EP and PE are also presented in
the Table 1.

The third method of data reduction is based on the modified beam analysis. In
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Figure 8. Determination of the parameters A, and n by the least square method for the Berry
method and the composite SI/EP (equation of regression Ig C = 2.99 /g a - 5.63).

order to obtain the correction coefficient x4, which is used in the modified beam
analysis, directly from the experimental data the function of the corrected compli-
ance C/N versus crack length by Equation (21) is required. The correction coeffi-
cients F and N are calculated by formulae (17) and (18) and the related data plot
(C/N)"? versus crack length a and the curve fit for the composite SI/EP are pre-
sented in Figure 9. In the same way the equation of regression for the composite PE
can be obtained.

From Equation (21), where coefficients have been determined from the experi-
mental data by the least square technique, the crack length correction term y#and
the average value of longitudinal modulus E; can be calculated. The average val-
ues of the longitudinal modulus £, calculated from Equation (21) for both compos-
ites are presented in Table 2, where for comparison also the values obtained by ten-
sion tests [33] are presented. A good agreement between both results is found. For
the composite SI/EP the value x4 calculated from the equation of regression (see
Figure 9) is to be negative. For the composite PE also the negative value ofthe cor-
rection term have been obtained. On the other hand the calculations of y/ by the
analytical formula (16) gives the following crack length correction values for the
DCB test (h= 15mm):xyh = 234 mm (for the SI/EP composite) and
xh = 228 mm (for the PE composite). These calculations were performed by us-
ing the longitudinal modulus E, obtained by the tension tests (see Table 3). It can
be realized that these values of y/ are rather small for both composites. Since the
curve fit of the experimental data (see Figure 9) gives negative values of yA, the
crack length correction term y/ is assumed to be zero in further calculations.

Furthermore the longitudinal modulus E; can also be calculated from the DCB
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Figure 9. Plot (C/N)' versus crack Iength a for the modified beam analysis and composite
SI/EP (equation of regression Ig (C/N)'7° = 0.0134 a - 0.142).

test through formula (24). Then the longitudinal modulus E, is calculated for each
crack length and the mean values (averaging for all steps of crack extension) of
E, are presented in the last column of Table 2. A good agreement with the results
form other methods of data reduction and also with the tension test results is ob-
served.

Subsequently by using the data for £, in the formula (23) for each crack length
the critical energy release rates Gy¢ can be calculated. The results obtained by the
modified beam analysis for both composites are also presented in Table 1.

The fourth method of data reduction which is used in the present investigation is
the area method. With this method the critical energy release rates G, can be cal-
culated directly from the experimental data by using formulae (2). The correlated
results for both composites again are presented in Table 1.

Finally, the DCB tests have been analyzed by the finite element method. Due to
the large displacements to be realized during the experiments for longer crack length
a geometric non-linear finite element analysis had to be performed. For comparison
in Table 1 results of a linear finite element analysis also are presented. The unde-

Table 2. Evaluation of longitudinal modulus E, by different methods.

E,
GPa
DCB Test, DCB Test,
Compliance Fit Mean Value
Composite Tension Test [33] Equation (21) Equation (24)
SI/EP 40.7 38.6 41.0
PE 39.7 37.8 38.0
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Figure 10. Initial and deformed shape of the non-linear finite element model of the DCB test
at crack length a = 116.6 mm for the composite SI/EP.

formed and deformed finite element meshes for the last step (¢ = 116.6 mm)ofthe
non-linear finite element analysis is presented in the Figure 10.

From a detailed comparison of the results (see Table 1) it can be concluded that
for crack lengths between 40 and 70 mm the critical energy release rates obtained
from the DCB test with the different data reduction methods are in good agree-
ment. However, conclusions that differences among the methods are statistically
significant can be made only on the basis of statistical analysis of the experimental
data. The 95% confidence limits of the critical energy release rates Gi(a) obtained
by the linear and non-linear finite element analysis are presented in Figure 11. It is
seen that for longer cracks (@ > 70 mm)results for G- obtained by the geometric
non-linear finite element analysis and by using the mean values of the critical
loads are to be out of the confidence limits for G- obtained by the linear finite ele-
ment analysis. For longer cracks (a > 70 mm)only the results obtained through
the nonlinear finite element analysis and the area method are in good agreement
(see Table 1), whereas all other data reduction methods deliver critical energy re-
lease rates that are too high by 15 to 30%. Results obtained by the modified beam
analysis shows trend to decrease in comparison with the results obtained by the
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conventional beam analysis. Also some differences for the crack initiation values
in the first step of crack propagation are observed. In particular the crack initiation
values obtained by the area method are lower than the values obtained by the meth-
ods based on the beam analysis and its modifications. Crack initiation values ob-
tained by the finite element solution (linear and non-linear) are in good agreement
with those obtained by the compliance method, conventional and modified beam
analysis. All these values are to be in the 95% confidence limits of the G ob-
tained by the linear finite element analysis. So, it can be concluded that there are no
statistically significant differences among the methods to calculate the crack ini-
tiation values G} . In the same time for longer cracks (@ > 70 mm) there are sta-
tistically significant differences among the crack propagation values obtained by
the geometric non-linear finite element analysis (also by the area method) and the
values obtained by other data reduction methods (the Berry method, the compli-
ance method and the modified beam analysis).

Furthermore it is of interest to analyze how the critical energy release rates de-
pend on crack length. In Figure 11 it is seen that with crack growth a considerable
increase of interlaminar fracture toughness was found and that stabilization of the
crack resistance curves obtained by non-linear FE analysis and also by the area
method (see Table 1) is observed only for rather long cracks. For the composite PE
considerable increasing of the critical energy release rates at crack propagation is
due to extensive fiber bridging, but for the composite SI/EP practically no fiber
bridging was observed in the DCB tests.

From the detailed analysis of the results presented in Table 1, and also in Figure

Y ‘ . .
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Figure 11. The 95% confidence limits of G,c obtained by the linear and non-linear finite ele-
ment analysis for the composite PE.
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11 itis seen that critical energy release rates G- at crack initiation are much lower
than critical energy release rates Gi** at further crack propagation. For compari-
son the mean values of G;' calculated as average of all values obtained by the 6
methods of data reduction applied in the present investigation have been calcu-
lated. In the same way the mean values of the energy release rates G, for
steady state crack propagation can be obtained by averaging of G, for the last 2
steps of crack propagation (the last 2 rows for each material in Table 1). For the
composite SI/EP the averaging gives the following results: G~ = 0232kJ/m’
andG;>”"” = 0557 kJ/m*. The corresponding values for the composite PE are as
follows: G = 0238kJ/m* and G;>”* = 0518kJ/m’.

Thus it is found that for both composites the Mode I critical energy release rates
are of about the same value. However, by transverse tension tests it was obtained,
that the transverse interlaminar strength in tension for the composite PE is about 3
times lower than for the composite SI/EP. The higher values of G,c that are found
here for the composite PE can be explained by extensive fiber bridging and pull-
out in the DCB test, whereas for the composite SI/EP practically no fiber bridging
and pull-out was observed in the DCB tests. Therefore, in the case of fiber bridging
(composite PE) the crack surface on the micro level is much greater than the crack
macro surface 4 = b X a, which has been considered for the calculation of G.

5.2 Mode II ENF Test

For the Mode I1 ENF test (see Figure 4) 4 specimens for each type of composite
SI/EP and PE were used. Before the tests Mode I precracks of length from 4 to 10
mm were introduced and since in the ENF test the crack growth is unstable, only
crack initiation values Gy can be obtained. In Table 3 the mean values of experi-
mental data for the critical load and displacement are presented.

For the ENF test the crack length correction term y/calculated according to for-
mula (16) is x4 = 0.98 mm for the composite SI/EP and y# = 095 mm for the

Table 3. Mode Il ENF test critical energy release rates calculated without
friction (u = 0) and with friction (1 = 0.7) along the crack surfaces.

Beam FEM
Analysis FEM Linear
Equation Linear Analysis Analysis
Experiment 12) (u=0) (u=0.7)
Com- P 3 Giid 3 e Gie d e
posite N mm kJd/m? mm  kJ/m?  kd/m? mm  kJ/m?
SI/EP 870 4.87 2.070 418 1.873 1.893 414 1.741
PE 540 3.18 0.839 2,67 0.744 0.751 2.64 0.690
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composite PE. Since these values are rather small, y# = 0 mm is assumed again.
Also the displacements are rather small (see Table 3) and so the correction factor F
in formula (19), which takes large displacements into account, is assumed to be
unity (F = 1), and, therefore, the data reduction can be carried out by linear beam
analysis according to formula (12). It should be noted that in the ENF test (see Fig-
ure 4) contact and friction along the crack surfaces will occur adjacent to the sup-
port. In order to estimate the influence of friction in the ENF test the geometric lin-
ear finite element analysis with different coefficients of friction 4 have been
performed. The corresponding results are presented in Table 3. In these calcula-
tions the finite element analysis takes contact, friction and the related energy dissi-
pation at the crack surfaces into account in the same way as for the cross-ply lami-
nates [41]. The analysis reveals that due to the energy dissipated in friction along
the crack surfaces the critical energy release rates G- at the crack tip are lower for
about 15% in comparison with the linear beam analysis without taking friction into
account. The frictional work W [see Equation (32)] is about 6% (# = 0.7) of the
total potential energy.

In order to compare the results obtained by the local method [VCCI method,
Equation (34)] and by the global method [Equation (33)] in Table 3 also the total
critical energy release rates G’ for crack initiation are presented for 4 = 0. Since
the Mode I energy release rate for the ENF test practically is equal to zero, the
Mode II critical energy release rate G- must be equal to the total critical energy
release rate G, . It is seen that the results obtained by the local and the global
methods are in good agreement.

From the comparison of the results for the two different materials it is seen that
the Mode II critical energy release rate G,y for the composite SI/EP is about 2.5
times higher than for the composite PE. This result is in good agreement with the
value of the transverse interlaminar strength in tension, which is about three times
higher for the composite SI/PE [33]. For both composites Mode II cracks propa-
gate without fiber bridging and, therefore, the value G indirectly characterizes
the fiber/matrix adhesion properties. It should be mentioned that for the ENF test
the area and the compliance method cannot be employed, since the crack growth in
the experiments is unstable so that only the first critical load and the corresponding
displacements can be measured.

5.3 Mixed Mode I/Il MMF Test

For the mixed Mode I/Il MMF experiment (see Figure 5) also 4 specimens for
each type of the composites were tested. Before the test Mode I precracks of length
from 3 to 5 mm were introduced. In the case of the MMF test again stable crack
growth was found. In the experiments four steps of crack propagation were ob-
tained with a crack extension for each step of about Aa = 5 mm. In the Table 4 the
mean values of experimental data for the critical load and displacement are pre-

Downloaded from jem.sagepub.com at UNIVERSITAETSBIBLIOTHEK KASSEL on August 16, 2013


http://jcm.sagepub.com/

R. RIKARDS ET AL.

1554

ev't 6G9°0 1420 88€°0 2G8'¢ 8v¥9°0 - Sble 8'v8l 14
vyl Li9'0 0820 09€°0 9€e’C 209’0 - 09¢'c G202 62
av'L 28v'0 G610 9820 ves8’t Geso - 086°L 2'02e ve
0S'L 0ceo0 8210 2610 eor’ L 8€°0 - S04°L G'ved 61
id
eh't 86€°0 y9L'0 v€20 G8lL'e gvso [0)2740¢] G626'e 8'ShiI 125
24t 66€°0 €910 9€2'0 1981 G050 viv°0 10€e 2'0lt 62
av'L 60%°0 agL’0 eveo 689’1 86%°0 29t'0 286’1 2'90¢ ve
6v'L 20%°0 €91'0 v¥e0 0ss’L 96t°0 €8€°0 084°L 9'96¢2 61
d3/Is
gy [ 1n AU/ME /ey w/ry ww 2w/r 2W/P) ww N ww
oy iy Iy Q ] ) Q d e
sisAjeuy Jeaury (82) (2 swadx3
W34 uonenbz uonenb3
sisAjeuy poyleN
weeg voly

*1S8) JWIAN 3y} Wodj paje|najed sajel aseajal ABiaua jeajid Oy pue ' pajesedas pue °ly jejol ‘p aiqel

Downloaded from jem.sagepub.com at UNIVERSITAETSBIBLIOTHEK KASSEL on August 16, 2013


http://jcm.sagepub.com/

Interlaminar Fracture Toughness of GFRP 1555

sented. The data reduction for the MMF test has been performed by the beam
analysis and by the linear finite element approach. In the case of linear beam analy-
sis the total energy release rate Gc is calculated by formula (14). The results of the
calculations are presented in Table 4. The separated Mode I and Mode II critical
energy release rates G;c and Gy can be calculated by formula (15), which is based
on linear beam theory, or by the FE analysis, which gives slightly higher mixed
mode ratios (see last column in Table 4) and some dependence on crack length.

It should be noted that due to stable crack growth in the MMF test the data reduc-
tion can also be performed by the compliance method and by the area method. For
the composite SI/EP the mean values (mean of all four specimens) of the total en-
ergy release rates obtained by the area method also are presented in Table 4. There
are some differences, but in general the results from different approaches are in
rather good agreement.

From a detailed analysis of the results presented in Table 4 it is seen that in
the values of the critical energy release rates for crack initiation there are some dif-
ferences. For the composite PE the crack initiation value is lower
(G = 0352kJ/m” Ythan for the composite SI/EP (G = 0.405kJ/m*). These
values are calculated as mean values obtained by three different methods (area
method, linear beam analysis and linear FE analysis) for the composite SI/EP and
by the two methods (linear beam analysis and linear FE analysis) for the composite

Figure 12. Mixed Mode I/l MMF test for the composite PE with fiber bridging between the
delamination crack surfaces.
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PE. Similarly as in DCB test for the composite PE in the MMF test an extensive fi-
ber bridging and pull-out has been observed with crack extension (see Figure 12).
On the other hand in the MMF test for the composite SI/EP fiber bridging with
crack extension has practically not been observed. Therefore, due to fiber bridging
the critical energy release rates Gi** for crack propagation is even higher for the
composite PE than for the composite SI/EP. The critical energy release rates
G;:7™ for steady state crack propagation are calculated as average of values for
the last two steps of crack extension @ = 25 mm and a = 34 mm. The calculated
mean values of the total critical energy release rates obtained by the methods under
consideration here are as follows: G;=”* = 0460kJ/m’ (composite SVEP) and
G;2?® = 0630kJ/m’ (composite PE).

6. CONCLUSIONS

Mode I, Mode II and mixed Mode I/1I delamination crack propagation experi-
ments have been performed. Two types of fiber surface treatments have been in-
vestigated. A summary of the results of the interlaminar fracture toughness for
both composites is given in Table 5, where the mean values calculated as average
of values obtained by different methods are presented. The Mode I critical energy
release rates for crack initiation are about of the same value for both composites.
The Mode Il critical energy release rate for crack initiation of the composite SI/EP
is about 2.5 times higher than for the composite PE. This result is in good agree-
ment with the interlaminar transverse strength in tension, which for the composite
SI/EP is about 3 times higher. In the case of mixed Mode I/II loading the interlami-
nar crack propagates similarly as the Mode I crack.

From comparison of the critical energy release rates obtained by using different
methods of data reduction it can be concluded that there are no statistically signifi-
cant differences for the Mode I crack initiation values G~ . The critical energy re-
lease rates of the crack initiation G"' can be calculated by all methods considered
here. For the longer cracks there are statistically significant differences of the re-
sults for Gc obtained by the geometric non-linear finite element analysis and by
the area method in comparison with other methods. For the longer cracks the area

Table 5. Mean values of interlaminar fracture toughness obtained by all
methods of data reduction used in the present investigation.

DCB Test ENF Test MMF Test
Mode | Mode Il Mixed Mode I/1l
G’iglt G’sés. prop G;fé' rgt G;cs prop
Composite  kJ/m? kJ/m? kJ/m? kd/m? kd/m?
SI/EP 0.232 0.557 1.890 0.405 0.460
PE 0.238 0.518 0.758 0.352 0.630
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method or non-linear finite element analysis must be used. The critical energy re-
lease rates obtained by the compliance method, by the Berry method and by the
linear finite element analysis for the longer cracks are to be overestimated. In the
ENF tests the Mode II critical energy release rates obtained by the finite element
analysis taking into account contact and friction along the crack surfaces are about
15% lower than those obtained on the basis of conventional beam analysis. The
frictional work in the ENF test is about 6% (for the frictional coefficient 4 = 0.7)
of the total potential energy of the specimen.
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