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The interlaminar fracture and the low-velocity impact behavior of carbon/epoxy composite materials have been
studied using width-tapered double cantilever beam (WTDCB), end-notched flexure (ENF), and Boeing impact
specimens. The objectives of this research are fo determine the essential parameters governing interlaminar frac-
ture and damage of realistic laminated composites and to characterize a correlation between the critical strain en-
ergy release rates measured by interlaminar fracture and by low-velocity impact tests. The geometry and the lay-up
sequence of specimens are designed to probe various conditions such as the skewness parameter, beam volume,
and test fixture. The effect of interfacial ply orientations and crack propagation directions on interlaminar fracture
toughness and the effect of ply orientations and thickness on impact behavior are examined. The critical strain en-
ergy release rate was calculated from the respective tests: in the interlaminar fracture test, the compliance method
and linear beam theory are used. the residual energy calculated from the impact test and the total delamination
area estimated by ultrasonic inspection are used in the low-velocity impact test. Results show that the critical strain
energy release rate is affected mainly by ply orientations. The critical strain energy release rate measured by the
low-velocity impact test lies between the mode I and mode II critical strain energy release rates obtained by the
interlaminar fracture test.

Introduction

Fiber-reinforced polymer composites have been extensively used as fundamental structural members in various engineer-
ing fields because of their superior mechanical characteristics such as strength-to-weight, stiffness-to-weight, and fatigue resistance
compared to other materials. Polymer composite materials, however, have some serious limitations. In particular, fiber-reinforced
laminates are very susceptible to interlaminar fracture and transverse impact, especially at mode I/II fracture and low-velocity im-
pact [1-3].

Fiber-reinforced composites, unlike isotropic materials, have relatively complicated fracture mechanisms. In general, the
fracture damage modes are fiber breakage, matrix cracking, interface debonding, and delamination. Among these modes, the major
forms of interlaminar fracture and impact damage are matrix cracking and delamination [4]. Delamination occurs with fracture at
the interface when adjacent plies are of different orientations and are subjected to interlaminar normal and shear stresses. Appar-
ently, the interlaminar shear stress and the in-plane transverse tensile stress are the dominant stresses causing the critical matrix
cracking. Delamination is usually of a peanut shape, and the longitudinal axis of the delamination tends to orient itself parallel to the
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fiber direction of the layer below the delaminated surface [5]. Such damage is very difficult to detect and quantify with the naked
eye and can impair the strength and stiffness of the materials. These damages may depend strongly on the interfacial ply orientations
and the crack propagation direction, as well as on the thickness of laminates. Since damage initiation and growth involve
delamination, the strain energy release rate should be the best parameter for characterizing the impact behavior of composite mate-
rials. The strain energy release rate means the fracture energy physically and is also called fracture toughness in the literature.

Many experimental and analytical investigations have been carried out on this topic [1-3, 6-25,27, 28]. Recent research on
interlaminar fracture concentrates on the following topics: fiber bridging phenomena [6-8), the effect of ply orientations on fracture
toughness [9], failure mechanism analysis [10], and analytical and theoretical approaches using several FEM methods [11]. Huang
and Hull {6] showed that fiber bridging causes a continuous increase in the mode I fracture toughness with increasing crack length
in unidirectional glass/epoxy laminates. Russell and Street [7] found that the resistance to delamination extension increased consid-
erably under tensile-dominated loading, due to fiber bridging. They analyzed the effect of temperature and moisture content on the
interlaminar fracture toughness, Hwang and Han [8] studied the interlaminar fracture behavior of glass/epoxy laminates under static
and cyclic loadings, using a width-tapered double cantilever beam specimen. The recent research on impact can be classified into
the following topics: failure mode and mechanism analysis [1, 12-14], parametric study on impact damage [15, 16}, comparative
analysis of damage [17, 18], and damage measurement methods [2, 3]. Jang et al. 1] examined the relation of the failure mode to the
impact loading history for a wide range of fiber/resin composites. Choi et al. [12, 13] conducted the study on low-velocity impact to
gain a fundamental understanding of the failure mechanisms and mechanics of fiber-reinforced composites resulting from impact,
and to identify the essential parameters governing the impact damage experimentally and analytically. They also analyzed the effect
of the stacking sequence, thickness, and impacting mass on the damage of graphite/epoxy laminated composites due to low-velocity
impact [15]. Griffin [16] studied the influence of defects, notches, impact damage, and environmental conditions on strength, Lee
and Zahuta [17] investigated the growth of impact damage by comparing instrumented impact and static indentation results.
Kaczmarek and Maison [18] applied ultrasonics in a comparative analysis of the damage after static indentation and low-velocity
impact on a composite with a quasi-isotropic lay-up sequence.

In this study, the interlaminar fracture and the low-velocity impact tests were performed to determine the essential parame-
ters governing the interlaminar fracture and damage of composite materials, using laminated composite specimens with realistic ply
orientations and stacking sequences. A further objective is to characterize the correlation of the critical strain energy release rates
measured by above two kinds of test. The effect of crack propagation (delamination growth) directions 0 and interfacial ply orienta-
tions o on the interlaminar fracture toughness was examined with WTDCB and ENF specimens. We assume that 8 are 0°, 15°, 30°,
and 45°, and a are 0°, 45°, and 90°, respectively. The mode I and mode II critical strain energy release rates (G, and Gy, ) are cal-
culated using the compliance method and the linear beam theory. In the impact test, the effect of ply orientations and thickness of
laminated composites on the impact behavior were examined using Boeing impact specimens. Different energy levels were applied
to each specimen in the impact event. The residual energy was calculated from the impact test, and the shape and total delamination
area were estimated through ultrasonic analysis. The critical strain energy release rate G~ was then calculated.

Theoretical Analysis

Mode I Strain Energy Release Rate. Compliance Method. Since the change in the fracture area of WTDCB is a function
of the beam taper, we have [8]:

C=6/P=m1a2+m2, (1)
c __av 1 g§£=kgd—€:kmlpg,
dd 2 ~ dd d(a®) @)

whereU is the potential energy, 4 is the fracture area, C is compliance, P, is the critical load, 8is the crack opening displacement, a
is the crack length, and & is the taper of WTDCB.

Beam Theory. By considering the boundary conditions in the basic differential equation for the deflection of a composite
beam under pure flexural loading, the compliance and mode T initial fracture energy are given by [8]
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where E is the effective bending modulus of the beam and 4 is the half-thickness of the specimen.
Mode II Strain Energy Release Rate. Compliance Method. Since the change in the fracture area of ENF is d4 = bda, the
compliance and mode II fracture energy are of the form

C=5/P:mla3+m2, (5)
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nc =z T T T

2 “bda b (6)
where b is the width of the specimen. The parameter m, is the slope of C versus a® for the ENF specimen, while m, for WTDCB is

the slope of C versus a>.

Beam Theory. Neglecting the influence of shear deformation, we obtain the compliance and mode II critical strain energy
release rate of the ENF specimen,

_ 213 +34°
8EbR (7

_ 9a2PC2
" 16E2 Y )

where L is the half-span length. The error induced by neglecting the shear deformation may be substantial for large thick-
ness-to-crack length ratios //a and small shear rigidity [19]. In this study, #/a for ENF is 0.1.

Impact Energy.The impact energy absorption can, in principle, be found by integrating the force-time curves. However,
this calculation is extremely sensitive to errors in the measured force. Errors of a few percent in the initial velocity or the force result
in hundred percent errors in the calculated energy absorption. This often leads to physically unreasonable energy absorption results.
A simple yet accurate method to calculate the impact energy absorption is from the velocity data [17]. The initial velocity v, is

v, = A 2gH, (9)
where g is the gravity and H is the drop height. The impact energy absorption E can easily be found as

ﬂﬂ:g-gwg{

(10)
where E, is the initial impact energy
E, =— vi2 .
2 n
The residual energy E, is defined as
Er :Emax _Ei’ (12)

where E . is the maximum absorbed energy.
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TABLE 1. Stacking Sequence of Specimens for Interlaminar Fracture Tests

a, deg 0, deg Stacking sequence

0 0 [036//03]
15 [05, /155 /05 /—153//~ 155 /05 /153/054 ]
30 [05, /305 /03 /— 303 //— 305 /05/303 /03, ]
45 [05,/45 /05 /- 455 //— 45, /05 /453 /05, ]

45 0 (050 /7455 /05 /— 453105, ]
15 [05, /155 /05 /— 153 //305/05 /- 303/05, ]
30 [054/305 /05 /— 303 /153 /05 /— 155 /054 ]
45 [05,/45; /05 /- 453103 1

%0 0 (050 /905 /057905, /05, ]
15 (05 /155 /05 /= 153 /753103 1~ 75310341
30 [05,/30;, /05 /— 303 //603 /05 /— 605 /05, ]
45 (05,745 105 /— 453//145; /05 /— 453105, ]

N ot e: //— a Teflon insert.

L 250.0 .
162.5 G 815
R=37.5
50.0
- —
ol 200.0
. R 2
e) 12.0
3.0 j 135
A ;
O |
“35.0 15.0

Fig. 1. Geometry of the width-tapered double cantilever beam (WTDCB) specimen with a loading
tap (dimensions in mm).

Experimental Procedure

Preparation of Specimens. Carbon/epoxy composite materials, manufactured by Hankuk Fiber Glass Co., were used in
this study. This prepreg satisfied DMS (Douglas Material Specification) 2224, type 1, class T, and grade 2. The volume fraction of
fibers was 53.3 %.

The width-tapered double cantilever beam (WTDCB) specimens with a taper of 3, for the mode I tests, were machined
from 80 layered laminates. These laminates were laid-up by hand, fabricated by autoclave, and cured at 176.7°C (350°F) under 0.7
MPa (100 psi) in accordance with the recommended cure cycle. The stacking sequence of laminates for interlaminar fracture tests is
presented in Table 1. Figure 1 shows a schematic configuration of WTDCB. The geometry of WTDCB is based on the results ob-
tained by Hwang and Han [8]. This specimen also satisfies the conditions proposed by Han and Koutsky [20].

The end-notched flexure (ENF) specimens for the mode 1I tests were manufactured usi?g the same plates and methods as
stated above. ENF specimen geometry is shown in Fig. 2. The geometry of ENF, proposed by Carlsson et al. [19, 21], is designed
such that //a (thickness-to-crack length ratio) is 0.1 for linear fracture behavior and a/L (the crack length-to-span ratio) is 0.75 for
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Fig. 2. Geometry of the end-notched flexure (ENF) specimen (dimensions in mm).
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Fig. 3. Geometry of the impact specimen.

stable crack growth. In particular, we use a beam of about 13.5 mm thickness to minimize the nonlinear behavior in the beam such as
viscoelastic and plastic deformation effects.

The impact specimens of length 150 mm and width 100 mm, as shown in Fig. 3, each containing equal numbers of 0°, 45°, and
90° plies, were manufactured using the process depicted above. The fiber orientations of specimens with 16 and 32 plies are [903 /0 ],
[05/905703/905],,[05/—45,/90,/45;],, and[455 /05 /—455 /905 ., from which we can examine roughly the effect of ply orien-
tation and thickness on impact behavior.

Design of Lay-up. Figure 4 shows the definition of the crack propagation direction & and the interfacial ply orientation a
on the midplane. The laminates are designed and fabricated to have an angle o between the upper and lower fiber directions, and an
angle 0 between the upper fiber direction and the crack propagation direction, in the clockwise sense. Consequently, it is assumed
that the crack propagation direction is normal to the crack front formed by a Teflon film and the crack propagates along the
midplane. In this paper, 0 takes values 0°, 15°, 30°, and 45°, and « is 0°, 45°, or 90°.

In the design of the stacking sequence, we considered three recommendations: the first is to minimize the skewness pa-
rameter, the second is to use small-integer +6 plies, and the third is to form a 0/-0 sequence. The skewness parameter, suggested
by Sun and Zheng [22], is intended to minimize the variation and skewness of the strain energy release rate distribution along the
crack front of the specimen, so as to reduce the experimental error. In addition, the number of £0plies is a small integer in order to
reduce the thermal residual stress, and the lay-up is to form a 6/-0 sequence in order to eliminate the mode III fracture energy
caused by bending-twisting coupling [23]. Therefore, the lay-up sequences are as follows:

. . 2) 1 ae 2) /0
[054/-047/05/00 1103 1 0510103,
where // indicates the insert location for the artificial precrack.
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Fig. 4. Definition of the interfacial ply orientation o and the delamination growth direction 6. 1 —
orientation of the upper ply, 2 — normal direction to the crack front, 3 — orientation of the lower
ply, and 4 — a Teflon film.

Fig. 5. Boeing test fixture. 1 — 150 x 100 mm pic panel, 2 — guiding tip, 3 — rubber tip, 4 — sup-
port base, S — clamp, and 6 —125 x 75 mm cut-out.

Experimental Method. We carried out the mode I and mode II interlaminar fracture tests, the low-velocity impact test,
and the nondestructive analysis. The interlaminar fracture tests were performed with MTS and UTM test systems. The mode I and
mode I tests were conducted at a rate of 1.0 mm/min under displacement control and the crack length measured every 15 sec. In
mode I tests, the aluminum loading tap manufactured for the tensile load was attached to the WTDCB using epoxy adhesive, as
shown in Fig. 1. The separation between the loading tap and WTDCB specimen did not appear, and this experiment was performed
with specially designed grips. Both edges of the specimens were painted with white typewriter correction fluid to make the crack tip
more visible. To obtain more accurate results, the experimental procedure took account of the methods/conditions of Hojo et al. [24]
and Tanaka et al. [25], including the initial fracture toughness measured at the 5 % offset point and the effect of the starter film.

We also performed low-velocity impact tests using a drop-weight impact tester with a hemispherical nose of diameter 12.7
mm. In this experiment, a Boeing impact test fixture (BSS 7260) was used, as shown in Fig. 5 [26]. As for boundary conditions, the
laminated plates were supported by four slap fasteners. The Boeing fixture has a rectangular 125 x 75 mm cut-out. [mpact tests
were conducted at several impact energy levels, controlled by the impact height, 4.7, 9.4, 14.1, 18.9, 23.6, 33.0, or 42.4 J. The
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Fig. 6. Typical load-displacement relation: mode I (for the laminate with o = 90° and 6 = 45°) (a)
and mode H (for the laminate with o = 90° and 0 = 30°) (b).

impactor mass was set to 4.807 kg. Restrike of the drop weight was prevented by capturing it after the first impact. The signals from
the impact tester were recorded through a LeCroy digital oscilloscope and were amplified by a conditioning amplifier.

The fractured surfaces were observed nondestructively to detect and locate the delamination regions at each interface in
the laminated composites. The nondestructive inspection instrument was a SDS 6500 ultrasonic machine (Krautkramer Japan Co.).
We used C-scan with the frequency of 80 MHz.

Results and Discussion

Interlaminar Fracture. Typical relations of the load-displacement at interlaminar fracture tests are shown in Fig. 6. The
load-crack opening displacement (COD) as a function of the load F for the laminate with o.= 90° and 0= 45° is plotted in Fig. 6a.
The critical load is seen to be ~335 N and increases by ~30 % as the crack extends, due to fiber bridging. The fiber bridging, attrib-
uted to nesting, where fibers migrate during the curing cycle in unidirectional laminates, increases the critical load and fracture en-
ergy by the load transferred to the bridged fibers [8]. While the fiber bridging in angle-ply laminates is caused by crack-tip splitting,
this is distinct from the fiber bridging by nesting. Crack-tip splitting occurs in disconnected microscopic subcritical cracks in the re-
gion of differently laminated layers immediately in front of the growing crack tip, leading to further bridged fibers in the specimen.
It is thought that the change in the critical load due to fiber bridging increases as the interfacial ply orientation or crack propagation
angle increases. As shown in the figure, the load increases linearly. But in some regions, the load suddenly decreases because of
crack arrest [27]. This phenomenon results from the non-midplane crack propagation by crack-tip splitting, and could be identified
by observation of the fractured surfaces in this study. A typical load—crack shear displacement (CSD) curve for the laminate with o
=90° and 0=30° is given in Fig. 6b. It is found that the critical load is ~ 2100 N, increases to ~6300 N as the crack extends, and then
drops step by step after the fiber breakage by bending, not by shear fracture. The load temporarily decreases owing to the crack ar-
rest as in mode I. Non-midplane crack propagation behavior by sub-critical cracking is also observed.

Figure 7 shows typical trends of the strain energy release rate G- with increase in the crack length, A/, in the interlaminar
fracture tests. The initial fracture energy (critical strain energy release rate) and crack growth resistance (strain energy release rate)
are evaluated by the compliance and beam theory methods. In Fig. 7a, the mode I critical strain energy release rate G- is~351 Vm?
by the compliance method and ~ 288 J/m® by the beam theory, for the laminate having o = 90° and 8= 15°, and increases as the
crack extends. The difference between these values is mainly due to the fiber bridging by nesting and crack-tip splitting and might
contain the inaccuracy of the anisotropic beam theory, non-midplane crack propagation behavior, or an experimental error such as
the added compliance of the grip [8]. In the mode 11 interlaminar fracture test, the critical strain energy release rate G- is ~ 991
J/m? by the compliance method and ~ 875 J/m? by the beam theory, for the laminate with o= 0° and 8= 30°, as presented in Fig. 7b.
This discrepancy might be due to the inaccuracy of the anisotropic beam theory according to LEFM, the error arising from the ne-
glect of shear deformation, or non-midplane crack propagation behavior by fiber bridging.
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Fig. 7. Typical trends of the strain energy release rate with increase in the crack length in
interlaminar fracture tests obtained by the compliance (#) and beam theory (M) methods: mode I
(for the laminate with a = 90° and 8 = 15°) (a) and mode I (for the laminate with o = 0° and 0 =
30°) (b).

The critical strain energy release rates evaluated by the compliance method and by the beam theory for each mode are sum-
marized in Table 2. The initial fracture energy can be evaluated well by either the beam theory or area methods, while the crack
growth resistance due to fiber bridging can be calculated more reasonably by the compliance method [8]. In this study, thus, the crit-
ical strain energy release rate evaluated by the beam theory is used in reference to the effect of the crack propagation direction and
interfacial ply orientation in each mode. As shown in Table 2, G, has the maximum values at 6= 15° for the laminates having o =

0°, at 6= 0° for & =45°, and at 0= 45° for o = 90°. The laminate with o = 45° and 0 = = 0° has the maximum value of G over all
stacking sequences. The G of the laminates having o, = 45° is much greater than that of the laminates with o= 0° or 90°. These ob-

servations might be due to a difference in the bond area between the matrices of differently laminated layers and the change of mate-
rial properties involved in a variety of ply orientations such as the difference in stiffness of sublaminates, and resistance to
delamination growth. G, has the maximum values at = 0° for the laminates with o= 0°, at 8=45° for 0. = 45°, and at 6=45° for o

=90°. The characteristics of the mode II crack formation mechanism appear to depend on the specimen geometry and material prop-
erties, and vary with the difference in lay-up sequences and especially with the fiber direction of the lower subbeam. The G- of the
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TABLE 2. Mode I and Mode II Critical Strain Energy Release Rates

G, Im? Gpe» Jm?
o, deg 0, deg
Compliance 1 Beam Compliance Beam

0 0 348 302 1419 1417
15 419 348 1401 1394
30 414 317 991 875
45 339 270 762 701

45 0 455 380 915 879
15 397 363 958 824
30 385 322 1004 963
45 426 357 1213 1181

90 0 360 308 631 602
15 351 288 1059 950
30 364 311 1089 1005
45 386 312 1017 1060

s _F , kKN

[05/905/05/90%],

t, sec

0 2 4 6 8 10

Fig. 8. Force-time curves for various impact energy levels.

laminate having o= 0° and 8= 0° is of the maximum value in mode II tests. G~ has much higher values at smaller fiber angles of
the lower subbeam for the same interfacial ply orientation on the midplane as a whole. Putting all results together, the critical sirain
energy release rate is considerably large for the laminate with oo = 45° and 8= 45°. The critical strain energy release rate calculated
by the compliance method is found to be up to 30 % for mode T and up to 16 % for mode 11, greater than the result obtained from the
beam theory. The G ;- is 2.0-4.7 times greater than G, . This is explained by the differing failure mechanisms, sticking features of
fracture surfaces, and the extent of plastic deformation of the matrix [10].

Low-Velocity Impact. Figure 8 shows the force F as a function of time ¢ for the [05/905 /05 /905 ], laminate at various

impact energy levels. Independent of the impact energy levels, the impact force initially increases rapidly to a maximum value and
then decreases gradually to zero. Under low impact energy levels, the impact force increases linearly and then decreases. As the im-
pact energy increases, the force increases with serious fluctuation. It is found that the starting force resulting in initial damage is in-
dependent of the variation in energy levels, and the maximum force increases as the applied impact energy increases. The starting
time of the initial damage tends to occur much earlier under high impact energy levels. The fluctuations in the impact force arise
from fiber breakage and delamination. These fluctuations are known to distort the real impact behavior.

From the energy-time curve, the energy at the peak force (peak energy), the maximum energy, and the residual energy val-
ues are set out in Table 3. On the whole, the panels with more plies have larger values of peak and maximum energies, as expected.
The peak and maximum energies for the four panels, except for the residual energy, increase as the energy level increases. As seen
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TABLE 3. Energy Values During Impact Loading

Stacking sequence | Energy level, J | Peak energy E;, J | Maximum energy E_,., J | Residual energy E,., J

[903 /0% ] 14.1 10.845 11.703 0.858
235 19.9 20.669 0.769
33.0 24.24 25.253 1.013
42.4 31.872 33.974 2.102
[03/905/05/903 ], 4.7 3.3578 3.4476 0.0898
94 7.3203 7.4323 0.112
14.1 10.346 11.267 0.921
18.9 13.231 15.139 1.908
23.6 15.597 18.628 3.031
[05/—45,/90,/45, 1 14.1 10.565 11.963 1.398
23.5 19.373 20.45 1.077
33.0 24.262 25.128 0.866
424 32.332 33.255 0.923
[455/05/~455/905 4.7 3.2385 3.4855 0.247
9.4 7.0705 7.3639 0.2934
14.1 8.7913 11.289 2.4977
18.9 10.143 15.191 5.048
23.6 13.894 19.689 5.795

from Table 3, the energy absorption is clearly influenced by the stacking sequence and increases on placing the 45° fiber in the sur-
face plies, as already mentioned by Hitchen and Kemp [28]. The maximum point for energy absorption coincides with the maxi-
mum deflection point. Under the same levels of impact energy (for example, energy level of 14.1 ), the maximum energy is roughly
constant for all the panels and appears to be independent of the stacking sequence and the thickness of laminates. The maximum en-
ergy, in ideal conditions, should be the same as the applied energy level, but in fact is 10 to 15 percent lower because of energy
losses. Table 3 indicates that the impact energy is strongly affected by the ply orientation (stacking sequence), which seems to have
a greater effect than the laminate thickness. As for the [05/905/05/905 ], and [455/05/—455/905 ], laminates, which have the

same thickness but different fiber orientations, the residual energy is higher in the [455/03/-455 /905 ], laminate which contains

45° plies. This means that the ply orientation is the major factor in dynamic, such as transverse impact, tests.

Non-destructive testing plays an important role in analyzing the damage of composites by supplying useful information on
damage initiation and propagation. The ultrasonic method was applied to delamination detection after a low-velocity impact. From
a ply-by-ply ultrasonic analysis, the shape and size of internal damage at each interface were observed and calculated. After impact
loading, the damage visualization measured by a C-scan instrument was presented in Fig. 9. The interply delamination shape varied
considerably with the stacking sequence and the position penetrated through the thickness [12, 13, 15]. The delaminations generally
appeared to be circular or peanut shaped, as shown in Fig. 9. As the impact velocity increased, the increase in delamination length
was much greater than that in delamination width.

The maximum and total delamination areas calculated from ultrasonic analysis are listed in Table 4. As the impact energy
increases, the delamination area tends to increase, and the increase of impact velocity is more sensitive to the longitudinal length of
the delamination area than to the transverse length. Delamination therefore propagates along the longitudinal direction of the fibers.
The delamination area tends to increase towards the rear face with increasing distance from the impact site. That is, the results ob-
tained by the ultrasonic method with thickness segment analysis clearly show the propagation of internal delaminations in the case
where the delamination areas propagate conically through the thickness. It is found that the maximum delamination area depends on
the stacking sequence and the laminates with 45° fibers can resist much larger impaci forces. As shown in Tables 3 and 4, the resid-
ual energy was found to increase proportionally as the delamination area increases. The residual energy thus can imply the absorbed
energy in the propagated delamination.
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Fig. 9. Damage visualization after impact loading: [05 /905 /05 /905 ], (a) and [455/03/-455/905 ], (b).
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The relation between the total delamination area and the residual energy is presented in Fig. 10. Here, the results for
[905/0g], and [0;/—45,/90;/45, ], laminates are absent because there was no visible sign of delamination in these laminates af-
ter applying lower impact energy levels of 4.7 J and 9.4 J. The slopes of the straight lines, determined from the experimental data by
least squares fitting, correspond to a critical strain energy release rate G for delamination extension. The strain energy release rates
were found to be 512.5 J/m?® for [03 /905 /05 /903 ), and 742.1 J/m® for [455/05/-453 /905 ). The energy threshold may vary for
different ply orientations. It was strongly established that the energy release rate is associated with the energy required to initiate the
impact damage. This information on the strain energy release rate could be useful in design as a guideline for selecting appropriate
composites and for determining the configuration and lay-ups of composite structures in order to sustain impact loads [12].

Correlation between Interlaminar Fracture and Low-Velocity Impact. Since the damage initiation and growth involve
delamination, the strain energy release rate or the fracture toughness should be the best parameter for characterizing the impaci resis-
tance of composites. However, the fracture behavior under impact cannot be explained by using G;- or G alone because the damage
mechanism of impact involves the mode I and the mode 11 effects concurrently in an unknown ratio. In this study, the critical strain en-
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TABLE 4. Delamination Areas with Energy Levels

Delamination area, mm?

Stacking sequence Energy level, J
maxinum total
[05/905/05/905 ], 4.7 439 320.3
9.4 377.0 30159
14.1 820.0 6805.7
18.9 1272.4 9033.7
23.6 1866.1 15302.1
[455/05/-455/905), 4.7 28.1 78.6
9.4 293.7 895.9
14.1 728.9 2361.5
18.9 1206.4 3377.8
23.6 1792.3 6272.9
al E., ] 7k £ b
a
6 .
3F st .
4t
2 L
3t
1t 2r
L S, a— 'r S, mm’
A ! 1 ! @ ., L ; 1 " L i
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Fig. 10. Relationship between the total delamination area and the residual energy:
[05/905/05/9051,, R =0.97278 and G = 512.47 J/m” (a), [45 /05 /—455/905 ], R == 0.97278 and
G=1742.07 J/m’ (b).

ergy release rate G (512.5 J/m”) estimated from the low-velocity impact test using the [05 /905 /037905 ], laminate lies between the
critical strain energy release rates (G,~ = 308 J/m? and G e = 602 J/mz) measured by the interlaminar fracture test using the
[020//903 /05 /905 105, 1, laminate (o= 90° and 6= 0°). The two laminates are of the same ply orientation, though they have differ-
ent thickness and ratio of the numbers of 0° and 90° plies. Also, the G of [455/03/—455/903 ], (742.1 J/m®) lies between Ge
(380 J/mz) and Gy (879 J/mz) of[04,//45, /05 /—455 /0341, (0.=45° and 0=0°). It is found that G has a more significant correla-

tion with G than with G
Conclusions

The interlaminar fracture and low-velocity impact behavior of carbon/epoxy composite materials have been studied with
respect to the effect of interfacial ply orientations, crack propagation directions, and thickness of laminates. The following conclu-
sions are drawn:

1. The critical strain energy release rate calculated by the compliance method is found to be greater than the result obtained
from the beam theory. The difference is mainly due to fiber bridging by nesting and crack-tip splitting for the mode I test and fiber
bridging by mode I for the mode I fracture.
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2. Inmode I fracture, the critical strain energy release rate of the laminates having interfacial ply orientation of 45° is much
greater than that of the laminates having unidirectional or cross-ply orientations. The mode II critical strain energy release rate has
much higher values at smaller fiber angles of the lower subbeam. The difference might be a consequence of the change in the bond
area between the matrice and material properties of sublaminates. Collectively, the critical strain energy release rate of the laminate
having interfacial ply orientation of 45° and crack propagation direction of 45° is rather high. The mode II critical strain energy re-
lease rate is greater than that for the mode I because they have different failure mechanisms.

3. The delamination area, the residual energy, and the strain energy release rate are strongly affected by ply orientations. In
particular, laminates containing 45° plies may have a higher delamination threshold.

4. As the impact energy level is increased, the increase in the delamination length is much greater than that in the
delamination width. At the same impact energy, the maximum impact energy is independent of the stacking sequence and thickness
of laminates.

5. The critical strain energy release rate estimated by the low-velocity impact test lies between the mode I and mode II criti-
cal strain energy release rates measured by the interlaminar fracture test. It is found that the critical strain energy release rate has a
more significant correlation with the mode II than with the mode I critical strain energy release rate.
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