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INVESTIGATIONS OF INTERLAMINAR FRACTURE
TOUGHNESS OF LAMINATED POLYMERIC COMPOSITES'
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The behavior of interlaminar fracture of fiber-reinforced laminated polymeric composites has been
investigated in modes I, I1, and different mixed mode I/II ratios. The experimental investigations
were carried out by using conventional beam specimens and the compound version of the CTS
(compact tension shear) specimen. In this study, a compound version of the CT'S specimen is used
for the first time to determine the interlaminar fracture toughness of composites. In order to
verify the results obtained by the CTS tests, conventional beam tests were also carried out. In the
beam tests, specimens of double cantilever beam (DCB ) and end notched flexure (ENF ) were used
to obtain the critical rates of the energy release for failure modes I and II. The CTS specimen is
used to obtain different mixed mode ratios, from pure mode I to pure mode II, by varying the
loading conditions. The highest mixed mode ratio obtained in the experiment was G,/Gy = 60. The

data obtained from these tests were analyzed by the finite element method. The separated critical
rates G| and Gy; of the energy release were calculated by using the modified virtual crack closure

integral (MVCCI) method. The experimental investigations were performed on a unidirectional
glass/epoxy composite. The results obtained by the beam and CTS tests were compared. It was
found that the interlaminar fracture toughness G;'(':“ of mode I at crack initiation and the

corresponding value Gﬁ'é‘ of mode II obtained by the conventional beam and the CTS tests were

in rather good agreement. The experimental results of interlaminar fracture of mixed mode were
used to obtain the parameters required for the failure criterion. The two different failure criteria
were compared. The best correlation with the experimental data was obtained by using the failure
criterion proposed by Wu in 1967 containing linear and quadratic terms of the rates of the energy
release.

1. Introduction

Interlaminar fracture behavior of laminated polymeric composites has widely been investigated. A brief
review of these investigations was given in [1]. The main problem in predicting the failure of laminated
composite materials is the evaluation of interlaminar fracture toughness under conditions of mixed mode
loading. Various approaches have been used to develop test specimens for combined or mixed mode loading;
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however, extensive research has mainly been focused on mode I and Il interlaminar lracture behavior of
composite materials. Double cantilever beam (DCB) and end notched flexure (ENF) specimens have been
employed for mode I and II tests, respectively. Also in the mixed mode tests, mainly beam type specimens were
used in order to obtain the critical rates of the energy release of mixed mode I/II.

The tests of mixed mode I/II are characterized by the G,/G;; ratio of the rates of energy release that

are driving the crack. Various G,/G;, ratios of mixed mode can be obtained by using different specimens. The
mixed mode flexure (MMF) test is mode I dominating with a ratio of G,/G,; = 1.33 obtained from the linear

beam analysis [2]. This ratio is valid when the upper and lower parts of the specimen are of equal thickness.
However, as shown in {1, 3] for the MMF specimen, the mixed mode ratio obtained by the finite element
solution is dependent on the crack length and varies from 1.4 to 1.5. By varying the thickness ratio of the
lower and upper parts, different mixed mode I/II ratios can be obtained [3]. In the case where the so-called
end-loaded split (ELS) specimen is loaded by the upper arm also the conditions of mixed mode loading at the
crack tip are achieved. For a symmetrical geometry, the mixed mode [/II ratio obtained from the linear beam
analysis here also is G;/Gy; = 1.33 [5].

Very similar to the MMF specimen is the so-called single leg bending (SLB) specimen {3] for which
only the supports are of different height. With this specimen different mixed mode I/II ratios can also be
achieved, while mode I remains dominant. By the crack lap shear (CLS) test also various G,/Gy, ratios can be

achieved by varying the stepped thickness ratio; however, in this case mode II is dominant [2]. The crack
growth for the CLS test is semistable and it is possible to record several data points with the crack growth.
However, these test measurements suffer from large scatter with increasing of the crack length [2]. The mixed
mode loading can be generated also by using an edge delamination tension (EDT) specimen [6]. Furthermore,
different mixed mode I/II ratios from 44 to 56% of the total fracture energy for mode II can be achieved by
the specimen of mixed mode bending employed in [7).

For all the specimens of mixed mode discussed above, there are limited possibilities to achieve a broad
range of the ratios of mixed mode. However, this can be achieved by loading the ENF specimen by a special
loading lever. This is the so-called test of mixed mode bending (MMB) proposed in [8]. The MMB test just
combines the tests of mode I DCB and mode II ENF and by different loading positions various ratios of the
mixed mode are achieved. In [8], the experiments were carried out with G;/Gj; ratios from 0.25 to 4, whereas

in [9) they varied even from 0.002 to 35. Now the MMB specimen is widely used in order to determine the
critical rates of the energy release of mixed mode for different composites [8-10]. Still the disadvantage of
all specimens of beam type is that for pure mode I as well as for different ratios of mixed mode I/II different
specimens of the beam type have to be used. For example, to establish the fracture criterion for delamination,
four different beam specimens (DCB, ENF, CLS and modified ENF) were used in [11]. In order to obtain reliable
results for the interlaminar fracture toughness under different conditions of combined or mixed mode loading
starting from pure mode I to II, it is desirable that only one type of the specimens be required. Since this was
almost impossible to achieve by using beam type specimens, other types of test specimens have also been
developed. One type is the so-called Arcan specimen, which was first employed for combined loading of
composites [12], then for fracture tests of isotropic materials [13], and also for tests of mixed mode fracture
of composites [14, 15]. Another type of specimens for studying the properties of interlaminar fracture of
laminated composites is the Iosipescu specimen [16].

The most recent development is the compound version of the compact tension-shear (CTS) specimen
which covers all conditions of the in-plane mixed mode loading from pure mode I through any ratio of mixed
mode I/II up to pure mode II. The CTS specimen was proposed in [17, 18] for fracture tests of isotropic
materials under these general loading conditions. In this study, the compound version of the CTS specimen is
used for studies of mode I, mixed mode I/II, and mode II properties of interlaminar fracture toughness of the
glass/epoxy composite. For loading of pure mode I and II, the results obtained by the CTS tests have been
compared with those obtained by the beam tests. A detailed description of the beam tests was given in [1].
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2. Experimental

2.1. Material. For the production of the composite material considered in this investigation, glass fibers
from Owens Corning Ltd. and a ductile epoxy matrix with an ultimate strain of 7.7% at failure in tension
(Araldite epoxy resin of Ciba Geigy Ltd.) were used. The glass/epoxy composite investigated in this study is
similar to the material investigated previously [1], where a brittle epoxy matrix with an ultimate strain of
3.3% at failure in tension was used. A more ductile matrix is used in order to reduce the influence of the
imperfections since in the CTS test the width of the composite specimen is only 10 mm. For the beam tests,
the specimen width is 25 mm, i.e., the same as previously [1]. In [1], glass fibers sized with polyethylene or
silane coupling agents were tested, whereas in this investigation industrial fibers with standard surface
treatment are used.

Plates of unidirectionally (UD) reinforced glass fiber were produced through winding technology and
in the production of the composite 68-69 TEX (g/1000 m) roving was used. The plates contained a starter
crack introduced by a Teflon film (thickness 40 um) placed between the central plies. The total number of the
plies was 12 in order to obtain a plate of 3 mm thickness. The laminates were produced according to the
standard cure cycle recommended by Ciba Geigy Ltd. In order to improve the quality of the plates and to reduce
the content of voids, the plates were placed in vacuum before curing. The specimens (composite strips of 10

mm width) were cut out with a diamond wheel and kept at room temperature until testing (23°C and 50% of
relative humidity). All the tests were performed under the same conditions. The content of the fiber volume
of the specimens was 50%. In the calculations, the composite strip is considered to be a homogeneous
transverse isotropic material.

2.2. Compound Version of the CTS Specimen. The CTS (compact tension-shear) specimen (see Fig. 1)
proposed in 1983 by Richard [17, 18] for the investigations of the mixed mode fracture of isotropic materials
can also be used with some modifications for laminated composites. This compound version of the CTS specimen
(see Fig. 2) is used in this study in order to investigate the interlaminar fracture toughness of laminated
composites. A strip of the edge cracked composite is glued into glassmat/epoxy blocks. These blocks are again
glued into aluminum end blocks in order to carry the applied loads. The intermediate glassmat/epoxy blocks
must be of about the same modulus of elasticity as the transverse modulus of the composite strip in order to
reduce the influence of the composite strip/block interface on the stress field at the crack tip.

The forces F; (i = 1, 2, ..., 6) acting on the holes of the CTS specimen (see Fig. 2) can be calculated by

the relations [17]

1 c .
F, = F, = P(Ecosa+zsma),
F2=F5=P5in0., (1)
F, = F =Plcosa-£sina
1 6 2 b ’

where a is the loading angle (see Fig. 1). In the finite element analysis, these forces are applied to the
corresponding nodes of the finite element mesh.

The advantage of the compound version of the CTS specimen is that with the same test specimen all
combinations of the ratios of plane mixed mode from pure mode I to II can be achieved. In this study, the
experiments were carried out for pure mode I (o = 0°), pure mode II (& = 90°), and the mixed mode with a =
=75, 78, 81, 84, and 87°, i.e., for the ratios of mixed mode where mode II is dominant.

For the experiments, the testing machine Zwick 1446 was used. The specimens were tested by loading
at a constant displacement rate of 0.5 mm/min. The critical load P, and the corresponding displacement in

the direction of the load P were measured. In all cases, an unstable growth of cracks was observed. By using
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Fig. 1. Loading scheme of the CTS specimen.

Fig. 2. Geometry of the compound version of the CTS specimen (width of
specimen ¢ = 10 mm, dimensions of specimen in mm).

the compound version of the CTS specimen, altogether 28 samples of the laminated composite were tested for
the various ratios of the mixed mode.

3. Finite Element Analysis

A finite element model of the specimen (see Fig. 3) consists of 2681 quadrilateral plane strain elements
with 4 nodal points (linear approximation of the displacements within the element) and there are altogether
7310 degrees of freedom (DOF). The loads to the specimen are applied according to Fig. 2 and are calculated
by the expressions (1). The finite element analysis was performed with the ABAQUS program [19].

For the calculation of the G, and Gy rates of the energy release, the modified virtual crack closure

integral (MVCCI) method is used. Then the separated rates of the strain energy release are obtained by only
one calculation (the MVCCI or 1C method) for the actual length a of the crack as proposed in [20] (see Fig. 4)

1 1. i- 1 1 . i
G@) = 5 F(@ sy @) Gila) = Taz 3 Fda) aulla)], (2)

where F;(a) and F;(a) are the forces of the nodal point at the crack tip node i in the x and y directions,

respectively, while Auf;l(a) and Au;'l(a) are the relative displacements of the nodal point of the opposite faces

of the crack at node i1 in the x and y directions, respectively. Therefore, Au';'(a) is the displacement of the

crack sliding, while Au;"'(a) is the displacement of the crack opening at a distance Aa behind the crack tip and
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Fig. 3. Finite element mesh for the CTS specimen.

t = 10 mm is the width of the specimen. In the finite element model, the crack increment Aa = 0.5 mm was
used.

The rates of the energy release were calculated by using the elastic properties of different parts of the

compound CTS specimen. For the glassmat/epoxy blocks (transverse isotropic material with reinforcement in
plane 1-2), the properties are as follows:

E, = E, = 5.7GPa, v,,=0.35, Gio = E|/2(1 + v ).
For the aluminum blocks (isotropic material), the Young's modulus and Poisson’s ratio are given by
E = 70 GPa, v =0.30.

For the composite strip (transverse isotropic material with the fibre direction 1), the elastic properties are as
follows:

E, - 40.7 GPa, E,=10.27GPa, G,, = 4.2 GPa, v,, = 0.27, v,, = 0.29.

By using these properties, the finite element solution for the compound CTS specimen with the initial
crack a = 45 mm (see Fig. 2) was obtained. The rates of the energy release were calculated by the expressions
(2). The calculated ratios of the mixed mode of the compound version of the CTS specimen are presented in

Table 1. It should be noted that for testing isotropic materials an increment of Aa = 15° for increasing the

loading angle stepwise from a = 0° (pure mode I) to o = 90° (pure mode II) was reasonable and sufficient (see
Fig. 1). However, for the investigations of the interlaminar fracture behavior of composites, it is of practical
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TABLE 1. Ratios of the Mixed Mode of the Compound Version of the CTS Specimen under Different Loading
Angles

u 0° 15° 30° 450 60° 750 780 810 84° 870 90°
Gu/Gi 0 0.001 0.045 0.136 0.416 2.0 3.17 5.80 13.0 59.9 -
y y'
k\\\\
o T -
i\‘\\ i+1 1
‘ L —"1] T xx
j-1
ol e
Aa Aa Aa
a |
a+Aa .

Fig. 4. Finite element mesh and nodal point numbering near
the crack tip for the modified virtual crack closvre integral
(MVCCI) method.

interest to achieve experimentally higher ratios of mode I and I. Therefore, an additional loading device was
designed and applied, by which Ac = 3° was realized in the experiments for 75° < a < 90°. The highest ratio of
mode II and I achieved in this investigation was about 60 (see Table 1). In Fig. 5, the values of the ratios of
the mixed mode versus the loading angle are presented. It is seen that for loading angles close to 90° very
high ratios of mode II and I can be achieved. On the other hand, for loading angles between 0 and 15° very
high ratios of mode I and II can be achieved. Therefore, by using the compound version of the CTS specimen
all the ratios of the mixed mode from pure mode I to Il can be achieved and tested. It should be noted that
the ratios of the mixed mode depend on the geometry and stiffness properties of the composite strip, the
glassmat/epoxy, and the end blocks, but they are obtained from the finite element solution.

4. Results and Failure Criterion

The experimentally measured critical loads P, were employed in order to calculate the separated critical
rates G, and Gy, of the energy release. It is of interest to compare the results obtained by the compound
version of the CTS specimen with the results obtained by the beam tests. The same laminated composites were
tested by using the double cantilever beam (DCB) specimen (four samples) and the end notched flexure (ENF)
specimen (four samples). The critical rates G, of the energy release of mode I at the crack initiation obtained
by the DCB test and the critical rates G, of the energy release of mode II obtained by the ENF test were
compared with the corresponding values obtained by the CTS test. The results are presented in Table 2.

The data reduction for the DCB and ENF tests were performed by using linear beam analysis since only
the crack initiation values have been calculated {1, 4]. From the comparison of the results presented in Table
2, it can be concluded that the mean values obtained by the beam tests are in the 95% confidence limits of
the results obtained by the CTS test. A good agreement of the mean values obtained by different test methods
can also be observed for the critical rate G, of the energy release of mode II. The differences for the mean

values are only about 2.5% . In the case of mode I loading, the differences between the mean values are larger
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Fig. 5. G11/G1 ratios of the energy release rates of the mixed

mode (in the logarithmic scale) versus the loading angle a of
the CTS specimen.

TABLE 2. Mean Values and 95% Confidence Limits of the Critical
Rates of Energy Release Obtained by the CTS and Beam Tests

Beam
paramater crs
DCB ENF
Gic, kJ/m? 0.22710.0835 0.14410.0219 —
Guc, kd/m? 1.6610.496 - 1.6210.218

because the mean value of G,; obtained by the DCB test is by 36% lower than that obtained in the CTS test.

However, the mean value obtained by the DCB test is also within the confidence limits of the result obtained
by the CTS test. Therefore, in the case of pure mode I or II loading, there are no statistically significant
differences between the results obtained by the beam and the CTS tests and both results can be used for the
evaluation of the parameters for the fracture (failure) criterion.

In [21-26], a number of fracture criteria of mixed mode have been proposed in order to describe the
interlaminar fracture of composites. These criteria are similar to those used for isotropic materials. The
fracture criteria can be formulated for different parameters of the crack tip fracture as the stress intensity
factor (SIF) or the energy release rate for which the critical fracture parameters (K, or G.) can be determined

experimentally. Previously, the stress intensity factors were mainly used as fracture parameters, while for
composites the energy release rates, which also are used in this study, seem to be more useful and common.

In [21], Wu proposed the following empirical relationship for the evaluation of fracture of mixed mode
of balsa wood or glass fiber-reinforced plastic:

2
..Iil.. + £l.L = 1 (3)
Kic (Kuc
This criterion was also used in [22] for the evaluation of fracture of mixed mode of graphite/epoxy
composites. In [22], the parameters K|, and K for the criterion (3) were obtained by the method of least

squares.
The fracture criterion of mixed mode can also be written in a more general form [23, 24]

(K Y (KoY
— <1 =1.
Lch * K¢ (4)
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TABLE 3. Parameters of Criterion (5) Obtained by the Method of Least

Squares
Criterion Gy kd/m? G kd/m® f
m=1;n=2 0.175 1.561 0.878
m=2n=2 0.156 1.503 1.193

The quadratic form of this criterion was used in [14] to evaluate the interlaminar fracture behavior of
the graphite/epoxy material under loading conditions of mixed mode. In (4), the rates of the energy release
can be used instead of the stress intensity factors

(s n
Gic Gic )
In [25], it was pointed out that for graphite/thermoplastic materials the best fitting criterion was
found with the exponents m = 1 and n = 3/2 in Eq. (5). For the graphite/epoxy material presented in [25], a

lower bound (i.e., most of the data lie outside the failure surface) was obtained with m = 1 and n = 1 in Eq.
(5). However, the best fitting criterion for the graphite/epoxy material is of the exponential form [25]

G + Gy + e @M _ ;=0 (6)

with

where ¢, ¢,, and ¢; are empirical parameters and E,, E, are Young's moduli of the composite.

In [26], it was proposed to use a nonconvex criterion for failure of the mixed mode of composites. It
was shown that for PEEK-matrix/carbon-fiber composites the concave criterion [26] gives good agreement
with the experimental data for the values of the crack propagation.

In this study, the approximation of the results obtained by the CTS test were carried out by using the
criterion (5). Two variants of the criterion for the exponents m =1, n =2 or m = 2, n = 2 were analyzed. The
approximations were performed using the method of least squares in the polar coordinates G; = p cos ¢;

G,; = p sin @, i.e., by minimizing the cost function f(x)

N

fix) =Y [p(x)- p.J% (N

i=1

Here, p(x) corresponds to the criterion (5) in the polar coordinates, while x = (G, Gy} contains the parameters
of optimization, p, are the experimental values of the critical rates of energy release in the polar coordinates,

and N is the total number of experimental points (in our case N = 36, i.e., 28 points were obtained by the CTS
test and, in addition, 8 points were obtained by the beam tests). The results of the minimization of the cost

function (7) are presented in Table 3, where f° is the value of the function f(x) at the point of optimum

x(f = fix")). The approximation is better for the lower value of the cost function. It is seen that a better
approximation was obtained for the exponents m = 1 and n = 2 in the criterion (5). Both approximations used
here are shown in Fig. 6.

Further on, a more detailed analysis is performed for m = 1 and n = 2 in the criterion (5). In Fig. 6, a
rather big scatter of the experimental values of the interlaminar fracture toughness can be seen. It is of
interest to calculate the confidence limits for the criterion. In Fig. 7 the 95% confidence limits are presented,
and the mean values of the critical rates of energy release for various ratios of the mixed mode are shown. It
can be observed that the mean values for all the ratios of the mixed mode are within the 95% confidence
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Fig. 6. Approximation of the experimental data of the mixed mode for criterion (5)
withm=1,n=2and m=2,n=2.0 — CTS, A — beam.

Fig. 7. Criterion (5) with m = 1, n = 2 and 95% confidence limits. O — CTS, A —
beam, ® — mean.

limits. Therefore, the criterion (5) for the exponents m = 1 and n = 2 and the CTS tests for different ratios of
mixed mode /Il give results that are within the 95% confidence limits.
By introducing a comparative rate G, of the energy release, the fracture criterion (5) for the exponents

m =1 and n = 2 can be written in the form [27]

G 1
Gy = o + 5VGT + 4 (a,Gp)* < Gyc- (8)

— =
2 2
Here, a new material constant a, is introduced,

oy = Gie/Gyer (9)

which denotes the ratio of the fracture toughness of mode I and II. From Table 3, it is seen that for the
composite investigated in this study «; = 0.112. Then, the energy required to drive the crack of mode II is
about nine times higher than that for the crack of mode I.

[t is also of interest to compare the rates of energy release under different loading angles a of the CTS
specimen for a constant value of the load P = 1000 N (see Fig. 1). In Fig. 8, the comparative energy Gy (8),

the rate G, of the energy release of mode II, and the rate G, = G, + G,; of the total energy release are presented
as functions of the loading angle «. The rate G, of the energy release of mode I is practically equal to the

comparative energy G, from o = 0° to a = 60°. Therefore, for a broad range of loading angles for the criterion
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Fig. 8. The Gi (&), Gi(®), and GT = G + G(Q) rates of the energy release versus
the loading angle a of the CTS specimen for the load P = 1000 N.

Fig. 9. The critical load P, versus the loading angle a of the CTS specimen. The cal-
culation results are shown by lines and the experimental data by dots.

(8), the rate of energy release of mode I is dominant. However, for loading angles from a = 80° to o = 90° (see
Table 1) the loading conditions of mode II at the crack tip are dominant.

The criterion (5) with m = 1 and n = 2 or the expression (8) can be written through the critical load of

the structure. In the case of linear response for all parts of the structure, the relations between the rates of
the energy release and the load P can be given by

4
Gx =g, P, G" = gsz. (10)
Here, the parameters g, and g, depend on the geometry and properties of the material of the structure. These
parameters can be obtained by the finite element solution. In the case of the CTS test, the parameters g, and
g, also depend on the loading angle o. For different loading angles (see Table 1 and Fig. 5), these parameters

were obtained by the finite element solution. By substituting the expressions (10) into the criterion (5) with
the exponents m = 1 and n = 2, the critical loads P, of the structure can be calculated from the equation

8, T 4 0 N

{G'ICJ Pc + G[C P; -1=0. (11)
By substituting into this equation the values G, = 0.175 kJ/m2 and Gy, = 1.561 kJ/m2 of the

interlaminar fracture toughness (see Table 3) of the glass/epoxy composite, the critical loads of the CTS

specimen under different loading angles can be calculated. The predicted values obtained from Eq. (11) were

compared with the experimental results in Fig. 9 and good agreement was found. It should be noted that the
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failure criterion can be presenied through the rates of the energy release (5), the comparative energy (8), or
the critical loads (11), while for the analysis of the propagation of the interlaminar crack of mixed mode in
laminated composite structures the failure criterion in the form of Eq. (8) is the most convenient.

5. Conclusions

In this study, it is proposed to use a compound version of the CTS specimen for the investigation of
the critical rates of the energy release of mixed mode I/II of laminated polymeric composites. A broad range
of mixed mode ratios were obtained by changing the loading angle of the specimen. The highest ratio of the
mixed mode obtained in the present experiments was G;;/G; = 60. The characteristics of interlaminar fracture

of the glass/epoxy composite were investigated. It has been shown that in the case of the loading conditions
of pure mode [ or II there are no statistically significant differences between the results obtained by the beam
(DCB and ENF) and CTS tests. The energy required to drive the crack under the loading conditions of pure
mode II was found to be about nine times higher than that required for pure mode I, and the energies required
under the loading conditions of mixed mode I/II are between those for the pure mode. The results of the
experiments of the mixed mode are used in order to obtain the parameters for the failure criterion. It has been
shown that a better approximation can be achieved with linear and quadratic terms in the criterion, where the
rate of the energy release of mode I is dominant.
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