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ABSTRACT. To study glass/epoxy fiber orientation effects on translaminar
fracture toughness under Mixed mode(I/1I) load using asymmetric Four
Point Bend specimen. Fracture toughness values for different fiber-oriented
glass/epoxy laminates under Mixed modes ate compared with unidirectional
glass/epoxy laminates. Specimens were fabricated using hand layup technique
with (0/45)° and (0/90)° fiber oriented glass fiber. The experimental study
was conducted for 6 crack positions varying from s/d=0Mode-1I) to
1(Mode-1) with an increment of 0.2 for Four Point Bend specimen. The
specimens were tested under universal testing machine to obtain peak loads
and further evaluate fracture toughness. The experimental test results show
fracture toughness can be increased by orienting the fiber in the laminate.
Fracture toughness is highly dominating for (0/90)° fiber-oriented laminates
compared to 0° and (0/45)° glass/epoxy laminates.
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INTRODUCTION

of crack initiation and orientation with its propagation path under Mixed-mode loading is desirable for life

I | racture mechanics role in providing engineers and researchers with vital informations for designing and prediction

prediction of engineering materials [1,2]. Major failure modes revealed that laminated composite undergoes
intetrlaminar, intralaminar and translaminar fracture. For translaminar fracture, very limited research has been carried out.
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Hence for glass/epoxy polymer composites used in acrospace application comes under failure by Mixed mode loading
under translaminar fracture. Hence, expetimental investigation is necessaty for glass/epoxy composites under Mixed-
mode loading. He and Hutchinson [2] provided accurate results for the stress intensity factors for the asymmetric Four
Point Bend (FPB) specimen with an edge crack. A basic solution for an infinitely long specimen loaded by a constant
shear force and a linear moment distribution provides the reference on which the finite geometry solution is based. This
note was prompted by a comparison of existing numerical solutions for the crack specimen known as the asymmetric
Four Point Bend (FPB) specimen. The specimen has distinct advantages for Mixed mode testing, including the
determination of Mixed mode fatigue crack thresholds [3]. Reeder presented an investigation for Mixed mode bending test
which comprises both Mode-1 and Mode-1I loading simultaneously using a Mixed mode bending apparatus [4]. Kenane
showed delamination fatigue-crack growth experiments have been carried out on unidirectional glass/epoxy laminates
using different Mixed mode loadings [5]. Sham Prasad illustrated the interlaminar fracture toughness by Mixed mode using
Mixed mode bending tests for polymer-matrix composites [6]. Rikards showed interlaminar fracture toughness for glass
fiber reinforced composite was found by testing for Mode-1 to Mixed mode then to Mode-II by using a compact tension
shear (CTS) specimen and finding critical energy release rate [7]. Laffan showed translaminar fracture toughness
measurement can be done in fiber reinforced polymers [8]. Swolfs [9] showed the importance of translaminar fracture
toughness for penetration impact behavior of woven catbon/glass hybrid composites. Experimental work was cattied out
on unidirectional glass/epoxy laminates using FPB specimen and fracture toughness was calculated in our previous work
[10]. Orientation of fiber in laminates is important parameter which will affect fracture toughness. Comparing different
fiber-oriented laminates was done for Compact Tension Shear and Mixed mode Bending specimens by eatlier researchers
[11,12]. Thus, in the present investigation an effort is made to study translaminar fracture toughness for various fiber-
oriented glass/epoxy laminates in a Four Point Bend specimen. Experimentation is done for (0/45)° and (0/90)° fiber
otiented glass/epoxy laminates and is compared with 0° fiber otiented glass/epoxy laminates in terms of fractute
toughness from eatlier research[10].

EXPERIMENTATION

Materials
lass-epoxy reinforced polymers are type of laminated composites, which are becoming increasingly popular for
G various structural applications in the aerospace, automotive and other industrial sectors. The present
investigation has been carried out with epoxy resin (Lapox L.12) at a room temperature with a curing hardener
(H6). All these polymer products were supplied by Atul Limited, Polymer Division (Gujarat, India). The unidirectional
glass fiber of 220 gsm having thickness 0.25 mm was supplied from Marktech Composites, Bangalore, India.

Fabrication of composite

The aim of the test is to determine the fracture toughness of glass/epoxy composite material with different fiber
orientation. To prepare the specimens by hand layup method, 36 layers of glass fiber having 0.25mm thickness with 320
mm length and 190 mm width were put together with epoxy and hardener to form a block with dimension of 320%190*9
mm for fracture test. Later specimen was cut with dimension of 130¥18*9 mm. For (0/45)° laminate, alternate layers of 0°
and 45° oriented fiber direction were arranged with same dimensions. Fig. 1 (a) shows laminate obtained in (0/45)°
manner. In the same manner to achieve (0/90)° laminate, alternate layers of 0° and 90° oriented fiber direction were
arranged with same dimensions. Fig. 1 (b) shows laminate obtained in (0/90)° manner.

Fracture test

Mixed mode (I/II) Fracture toughness test for glass-epoxy composite was cartied out as per He and Hutchinson [3].
Mixed-mode (I/II) fracture tests were conducted on FPB specimens with a thickness of 9 mm (B/W=0.5) for both
(0/45)° and (0/90)° fiber oriented glass/epoxy laminates. The initial crack of 9mm (a/IW=0.5) is carefully introduced in
specimen using a saw cutter of thickness 0.5 mm. The loadings on the specimen used are similar to the one used in the
earlier work [13]. Fig. 2 illustrates the major dimensions of the samples used in the tests and Fig. 3 shows Mixed mode
testing fixture for accommodating all the Mixed mode distances for FPB specimens from pure Mode-1 to pure Mode-II.
In this test method, a notched specimen was loaded in compression that has been initially cracked. Specimens prepared
were loaded on a computer controlled Universal Testing Machine. The specimens were loaded by fixture which were
designed and fabricated using MS steel to perform the fracture test for Mode-I and Mode-II. The tests were closely
monitored and conducted at room temperature, since it is difficult to detect the first point of damage in laminated
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composites. In order to overcome such difficulties, the applied loads are recorded. Using recorded values of peak load, the
fracture toughness Kijc and Kpec will be calculated. The magnitudes of Kic and Kpc have been calculated by analytical
formulations given in Eqns. (1) and (2) [3].

45° lamina 90° lamina

0° lamina

0° lamina

45° Jamina: 90° lamina

0° lamina 0° lamina
Figure 1: fiber directions of glass laminate obtained in (0/45)° and (0/90)° respectively
The analytical formulations of Ky and K (He and Hutchinson) [3] ate as follows:
6sONwa a
K==y @
174 W
K. = Q(ﬂ/W)3/2 P (i) ©)
11 Wl/z(l—a/W)l/z I\ w
where
F(L-d)
= 7 3
© (L+d) &
The functions Fr and Fir were defined by Murakami [14], as polynomial functions:
Fy(a/W)=1.122-1.121(a / W)+ 3.740(a / W)’ +3.873(a / W)’ =19.05(a / W) +22.55(a / W)’ @
Jor a/W <0.7
Fy(a/W)=7.264—-9.37(a/W)+2.74(a /W) +1.87(a /W) —1.04(a /| W)* 5
Jor 0Za/W <1
_ 2 2
Ke/j” =K} +KH (6)
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Here ‘P is the peak load, ¢ is the thickness of the specimen and Fia/W) and Fy(a/W) ate the non-dimensional
geometrical factors for both pure Mode-I and pure Mode-1I. Fracture tests were performed with a universal tensile testing
machine under a loading speed of 2 mm per minute. Tests were conducted three times for each specimen laminates. The
critical stress intensity factor (Kic & Kpc) value was calculated from this peak load by equations that have been established
on specimens of the type described in He and Hutchinson [3].
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Figure 2: Specimen configuration used in the analyses W=18mm, d= 26mm, .=52mm, a=9mm.

Figure 3: Arrangement of FPB specimen loaded at UTM

RESULTS AND DISCUSSIONS

Fracture behavior of glass-epoxcy polymer composite
he specimen is loaded for 6 different crack positions (i.e. 4/IW=1.5 constant for all the specimens). These 6 cases
I cotrespond to the different crack distances from the middle of the specimen by vatying the s/d ratios from 0 to 1
by an increment of 0.2. Fracture behavior of laminates for different loading positions in the specimen, showed
that the crack in the specimen initiated at the crack tp and then propagated along the fibre/matrix intetface. Thus, for
loading positions other than s/4=0 and s/4d=1, the cracks propagate undetr Mixed mode loading conditions. A set of five
specimens were prepared for each loading conditions and the peak load experienced by the specimen is computed by the
average of best three specimen results. It is observed that the deviation in the load is less than 2.5%. The estimated
average load vs. displacement values is plotted in Fig. 4 for (0/45)° and (0/90)° fiber oriented glass/epoxy. Load is applied
for various s/d ratios of the specimen to calculate the stress intensity factor (K). Load displacement cutves from the
experimental fracture are gathered and from these curves, the peak loads (F) at fracture are used to compute critical
Mode-I and Mode-II stress intensity factors. Tab. 1 and Tab. 2 gives peak load values and corresponding stress intensity
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factors for corresponding s/d ratios for (0/45)° and (0/90)° laminates respectively. The magnitudes of Kic and Kjic have
been calculated by analytical formulations given in Eqns. (1) and (2) [3].
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Figure 4: Load »s. displacement (0/45)° and (0/90)° fiber otiented glass/epoxy laminates

7 Average Peak Load Kec Kuc Ky
FN) (MPa(m)'/2) (MPa(m)'/2) (MPa(m)'/2)
0 15000 0.00 10.66 10.66
0.2 14250 19.14 1013 21.65
0.4 13320 35.77 9.47 37.00
0.6 12690 51.12 9.02 51.91
0.8 11930 64.08 8.48 64.64
1 11310 75.94 0.00 75.94

Table 1: Mixed-mode critical loads (F) and Average critical stress intensity factors (Ki, Kue, Kip) [MPa m°9] for glass/epoxy (0/45)°
laminate.

Average Peak Load Kic Kic Ky

/4 FIN) (MPa(m)'/?) (MPa(m)'/?) (MPa(m)'/?)

0 16320 0.00 11.60 11.60
0.2 15420 20.71 10.96 23.43
0.4 14380 38.62 10.22 39.95
0.6 13650 54.99 9.70 55.84
0.8 12880 69.18 9.15 69.79

1 12140 81.51 0.00 81.51

Table 2: Mixed-mode critical loads (F) and Average critical stress intensity factors (Ki Kie, Ky [MPa m°3] for glass/epoxy (0/90)°
laminate.
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Fig. 5 shows Kjc »s. s/d for various fiber-otriented laminates. Critical Stress Intensity factors are increasing from pure
Mode-II to pure Mode-1. Fig. 6 shows Kiic #s. s/d for vatious fiber-oriented laminates. Critical Stress Intensity factors are
decreasing from pure Mode-II to pure Mode-I. Also, we can observe (0/90)° fiber oriented laminate is dominant
compared to other fiber oriented laminate. Critical stress intensity factor is considered as fracture toughness. The failure
under Mixed mode loading i.e. variation of Ky »s. Kic is depicted in Fig. 7. This nature of vatiation of Kycvs. Kicis in good
agreement with the results shown by our earlier experimental work under Mixed mode loading [10]. Fracture toughness
value of (0/90)° fiber otiented laminates are highest among other fiber otiented laminates. Also, (0/90)° fiber orientation
fabrication is simple compated to (0/45)° fiber otientation. Hence (0/90)° fiber otiented laminates can be preferred for
industrial putpose. Fig. 8 shows Ky vs. 5/d for various fiber-oriented laminates. This figure indicates that, the effective
stress intensity factor in Mode-1 is more than that of Mode-1I which indicates specimen fails earlier in Mode-I compared
to Mode-II and Mixed modes.. Also, nature of variation of Ky »s. 5/d is similar to eatlier researchers [2]. Fig. 9 shows
fracture behavior of laminates at different loading positions from s/d=0 to 1. From Fig. 9 we can see that, for s/d=0,
fracture takes in pure Mode-II. For s/d=1, fractutre takes place in pure Mode-I. For s/d=0.2, 0.4, 0.6 and 0.8 fracture
takes place in Mixed mode. As we have conducted experimentation on specimen using crack perpendicular to fiber
direction, the nature of failure will be translaminar. After the experiment crack tip is examined through optical microscope
having 100X magnification which reveals fiber breakage as is shown in Fig. 10.
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Fiber
breakage

Figure 9: Fracture behavior of laminates at different loading position Figure 10: Fiber breakage seen using optical microscope

Mode mixity (Me) is calculated for different s/d ratios for FPB specimen [2] using Eqn. (7). Tab. 3 shows values for mode
mixity for s/d ratios.

2 K,
M, = (;) arctan (K—HJ @)

o/d Mod;—/znmty
0 0

0.2 0.69

0.4 0.835

0.6 0.888

0.8 0.916
1 1

Table 3: Mode-mixity values for vatious s/d ratios

CONCLUSION

laminate is mote compated to 0° and (0/45)° unidirectional fiber otiented laminate for asymmetric Four Point

Bend Mixed mode(I/11) fractute specimen. Consequently, the translaminar fracture toughness for (0/90)° is more
compared to other fiber oriented laminates. In addition, Fabrication process for (0/90)° fibet otiented laminate using
hand layup technique is simple compatred to (0/45)° fiber otiented laminate. Hence, (0/90)° fiber otiented laminate is
preferable for industrial application.

T he major conclusions in this investigation is that, the bearing load capacity for unidirectional (0/90)° fiber otiented
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