JOURNAL OF MATERIALS SCIENCE 37 (2002) 2983— 2987

Interlaminar fracture characterization
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For the analysis of laminated composite plates under transverse loading and drilling of
composites, all the elastic, strength and fracture properties of the composite plates are
essential. Interlaminar critical strain energy release rate properties in mode |, mode Il,
mixed mode I/l and mode Il have been evaluated for two types of plain weave fabric
E-glass/epoxy laminates. The double cantilever beam test and the end notch flexure test
have been used for mode | and mode Il loading. The mixed mode bending test and split
cantilever beam test have been used for mixed mode I/l and mode lll loading. It is observed
that the plain weave fabric composite with lesser strand width has higher interlaminar
fracture properties compared to the plain weave fabric composite with more strand width.
Further, crack length versus crack growth resistance plots have been presented for mode Il
loading. In general, it is observed that total fracture resistance is significantly higher than
the critical strain energy release rate. © 2002 Kluwer Academic Publishers

Nomenclature

a = Initial crack length

ar, Ay = Strand width

b = Width of the specimen

c = Loading lever length for mixed
mode I/II testing

E = Young’s modulus of the
specimen along the span length

8f> 8w = Inter-strand gap

Gic, G, = Mode I, mode II, mode III

Gc interlaminar critical strain energy

release rates
Gire, Grre, = Mode I, mode 11, mode III total

Gire fracture resistance

Grc = Mixed mode I/II interlaminar
critical strain energy release rate

G1RrRC = Mixed mode I/II total fracture
resistance

h = Half the thickness of the specimen

he, hy = Strand thickness

hy = Fabric thickness

hm = Thickness of matrix

Hi, = Lamina thickness

L = Specimen half span

P = Applied load

P, Py = Mode I and mode II components
of the load for mixed mode I/II
testing

Pic = Applied critical load for mode I
testing

Puc = Applied critical load for mode II
testing

8 = Crack opening displacement

00222461 © 2002 Kluwer Academic Publishers

1. Introduction

Delamination between the adjacent layers is a funda-
mental mode of failure in laminated composites. Such
delaminations initiate and propagate under the influ-
ence of normal and shear stresses. For the effective
use of composites, delamination resistance character-
istics are the important considerations. Delamination
initiation and propagation for a given loading condition
mainly depends upon the interlaminar critical strain en-
ergy release rate (G.). The delamination propagation
can be in mode I, mode II, mixed mode I/II or mode II1
loading conditions. Considering the importance of this
subject there are many studies on the determination of
G under different loading conditions [1-14]. For typ-
ical loading conditions such as transverse loading and
drilling of laminated composites, interlaminar critical
strain energy release rate properties in mode I, mode 11,
mixed mode I/II and mode III are essential.

Traditionally, laminated composites made of unidi-
rectional (UD) prepegs are used for high in-plane spe-
cific strength and high in-plane specific stiffness ap-
plications. But such materials have lower interlaminar
fracture properties. One of the ways to enhance the in-
terlaminar fracture properties is to make use of woven
fabric (WF) composites for structural applications. It
may be noted that WF composites have relatively lower
in-plane elastic and strength properties.

For the characterization of behaviour of laminated
composites under transverse loading the interlaminar
fracture properties in mode I, mode II, mixed mode I/11
and mode III are essential. It was observed from the
literature that all these properties are not readily avail-
able for the same material. The objective of the present
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work is to determine all these interlaminar fracture
properties for the same material. The double cantilever
beam (DCB) test and end notch flexure (ENF) test
[1, 14] have been used for mode I and mode II load-
ing. The mixed mode bending (MMB) test [4, 7, 11]
and the split cantilever beam (SCB) test [2, 3, 5]
have been used for mixed mode I/II and the mode III
loading.

Thermomechanical and fracture properties of WF
composites depend upon the weave pattern such as
plain, twill and satin and the fabric geometry. In the
present study, interlaminar critical strain energy release
rate properties have been evaluated for two types of
plain weave fabric E-glass/epoxy laminates. Effect of

fabric geometry on the interlaminar fracture properties
has also been studied.

A general plain weave fabric lamina geometrical rep-
resentative unit cell is shown in Fig. 1. A photomicro-
graph of a typical plain weave fabric laminate cross-
section is shown in Fig. 2. The plain weave fabric is
produced by interlacing the warp and fill strands in
a regular sequence of one under and one over. The
strand width, strand thickness and inter-strand gap are
the main geometrical parameters. The suffixes w and f
refer to warp and fill.

2. Theory

Schematic arrangements of the specimens for different
modes of loading are given in Fig. 3. Interlaminar criti-
cal strain energy release rates are calculated as follows:
Using the DCB test [1, 14]

G — 124 P "
T P3E,
Using the ENF test [1, 14]
9azPﬁC )
16b2K3E
Gtc = G1+ Gn (3)

Figure 2 Photomicrograph of a typical plain weave fabric laminate cross-section.
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Figure 3 Geometry and loading for interlaminar fracture testing.
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3. Test details

The DCB test was used for mode I fracture char-
acterization. The specimen thicknesses were derived
based on the small deflection linear elastic load-
displacement response [15]. Specimen dimensions
were: h =4 mm, specimen length, 2L =140 mm, b =
25 mm, a =25 mm.

The ENF test was used for mode II fracture char-
acterization. Specimen dimensions were: 7 =4 mm,
b=25 mm, L =50 mm, a =25 mm.

The MMB test was used for mixed mode I/II
fracture characterization. Specimen dimensions were:

TABLE I Plain weave fabric geometry

h=4mm,b=25mm, L =50mm,a =25 mm, loading
lever length, ¢ = 63 mm.

The SCB test was used for mode III fracture charac-
terization. Specimen dimensions were: cross-sectional
area (2h x b)=25 mm x 25 mm, specimen length,
2L =280 mm, a =50 mm.

All the interlaminar fracture tests have been carried
out on two types of plain weave fabric E-glass/epoxy
laminates, GLE-12 and GLE-13. The fibre volume
fraction (V;’) for GLE-12 and GLE-13 was 0.44 and
0.40, respectively. The fabric geometry is presented in
Table I. Interlaminar fracture properties have been ob-
tained with respect to warp direction and at 45° orien-
tation with respect to warp direction.

4. Data reduction

During testing, crack propagation as a function of ap-
plied load was noted. Crack length versus applied load
data has been obtained for all the loading cases. For
mode III test, crack length versus crack opening dis-
placement data has also been obtained. Crack length
versus applied load and crack opening displacement
plots have been presented in Fig. 4 for GLE-12 spec-
imens under mode III loading. A polynomial curve fit
of order 6 has been used. Using the local slope of these
curves and corresponding crack length, crack growth
resistance curves, i.e., crack length versus G, plots have
been obtained for mode III loading case (Fig. 5). Simi-
lar data has been derived for mode I, mode II and mixed
mode I/I loading cases also. Critical strain energy re-
lease rate (G.) and total fracture resistance (Grc) val-
ues have been presented in Tables I and III, respec-
tively for both GLE-12 and GLE-13. The properties
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Figure 4 Load and crack opening displacement as a function of crack
length for E-glass/epoxy laminates, WF, GLE-12 : Mode-III.

Fill strand Warp strand
Fabric thickness, Strand count ar he gf Strand count Ay hw Sw
Material h¢ (mm) (per cm) (mm) (mm) (mm) (per cm) (mm) (mm) (mm) 1%
GLE-12 0.26 5.40 1.75 0.13 0.10 5.90 1.60 0.13 0.07 0.44
GLE-13 0.62 2.30 3.75 0.31 0.59 2.80 3.15 0.31 0.42 0.40
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TABLE II Interlaminar critical strain energy release rate (J/m?)

Gic Gie Grc Guic
Material 0° 45° 0° 45° 0° 45° 0° 45°
GLE-12 387 (£10) 260 (£18) 1343 (£59) 1168 (+11) 850 (+59) 558 (£32) 2767 (+85) 751 (£12)
GLE-13 212 (£59) 186 (£85) 1022 (£74) 1369 (£92) 265 (£2) 232 (£14) 1919 (+281) 269 (+£44)
TABLE IIT Interlaminar total fracture resistance (J/m?)
Gire G1Re GTRC Gmre
Material 0° 45° 0° 45° 0° 45° 0° 45°
GLE-12 1063 (4+286) 331 (£89) 2648 (+582) 6469 (+£1799) 850 (£59) 558 (£32) 3250 (£715) 9055 (+738)
GLE-13 445 (£159) 429 (£81) 3642 (£5) 1835 (£41) 679 (£66) 265 (£116) 6134 (£304) 5668 (£1835)
12000 — strands of one layer into the adjacent layers during
GLE-12 consolidation.
| Mode-llI
— (0f . .
s 5. Results and discussion
gooo—o T (45)

4000 —

Crack growth resistance, Gg (J/m?)
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Figure 5 Crack growth resistance as a function of crack length for
E-glass/epoxy laminates, WF, GLE-12 : Mode-III.

have been obtained along warp direction referred to as
0° direction. Also, the properties have been obtained at
45° direction with respect to the warp direction.
Crack length versus load plots can be subdivided into
three regions. In the first region, i.e., upto a critical
applied load, there would not be any crack propaga-
tion as the load is increased. The load at which the
crack just starts propagating is the critical load and
the corresponding strain energy release rate is the crit-
ical strain energy release rate. This particular point
is the second region. Beyond this critical load, there
would be more resistance for further crack propaga-
tion. This indicates total fracture resistance (Gtr). This
is shown in Fig. 5 for mode III loading case. The
corresponding region is the third region. Such plots
are also called R-curves. Here, Gtr increases as the
crack length increases reaching to a plateau. The cor-
responding crack length refers to the limiting case of
stable crack growth. The corresponding value is indi-
cated as Gtrc. The possible reasons for R-curve ef-
fect, i.e., the increase in resistance for further crack
growth are: strand/fibre wandering from one layer to
the adjacent layer, curvilinear path of the interfaces
for the WF composites and the interpenetration of the
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A WF laminate is formed by stacking WF layers one
over the other. For actual fabrics, the distribution of
strands of one layer is not in exact alignment with
the distribution of strands of the adjacent layers. The
strands of one layer can be shifted along the warp, fill
and/or thickness direction with respect to strands of
the adjacent layers. In an actual laminate, the relative
movements of the fabric layers are affected by friction
between fabric layers, local departure in strand perpen-
dicularity, possible variation of strand count from place
to place in the fabric and constraints on the relative lat-
eral movement of the layer, during lamination. Hence,
an actual WF laminate would have scattered zones of
different combinations of shifts as shown in Fig. 2. With
this, the interlaminar properties may vary from sample
to sample. This is the possible reason for a wide scatter
in interlaminar fracture properties as shown in Tables 11
and III. The properties presented are the averages of
four test results.

From Tables II and III, in general, it can be seen that
Gic < Gte < Gre < Gyyc for both 0° and 45° orienta-
tions. Also, it can be seen that G. with respect to 45°
orientation is less than G with respect to 0° orientation.
The scatter is more for Ggc than for G..

For GLE-12, fill strand width is 1.75 mm and warp
strand width is 1.60 mm. For GLE-13, fill strand width
is 3.75 mm and warp strand width is 3.15 mm. If
the width of the strand is less, the deviation from the
linear path of the crack front would be more. This
would lead to more resistance for crack propagation.
Hence, GLE-12 has higher interlaminar fracture prop-
erties compared to those for GLE-13.

For the analysis of laminated composite plates un-
der transverse static/impact loading, material elastic,
strength and interlaminar fracture properties are neces-
sary. In our earlier studies all the elastic and strength
properties for plain weave fabric E-glass/epoxy lami-
nate GLE-12 have been presented [16]. As a part of the
present work interlaminar fracture properties in mode I,
mode II, mixed mode I/II and mode III have been
presented. With these properties structural analysis of



laminated composites made of GLE-12 under certain
loading conditions can be taken up.

6. Conclusions
1. In general, it is observed that Gic < Gtc < Gyc <
Gc.

2. G with respect to 45°orientation is less than G,
with respect to 0° orientation.

3. The plain weave fabric composite with lesser
strand width has higher interlaminar fracture proper-
ties compared to the plain weave fabric composite with
more strand width.
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