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composites under mode | loading

N. S. CHOI

Department of Mechanical Engineering, Hanyang University,
Ansan-si, Kyunggi-di, 425-791, Korea

E-mail: nschoi@email.hanyang.ac.kr

The present study has shown the experimental results for characterization of the mode |
delamination fracture of continuous carbon fiber/epoxy multidirectional composites under
a wide range of test rates, up to high rates of 11.4 m/s. At the slow rates of test

<1.0 x 10~!" m/s the delamination fracture energy showed a rising “R-curve”, a strong
function of the length of propagating crack due to the large extent of crack jumping and
following fiber bridging. At the high rates of test >1.0 m/s any loads recorded by the load
cell were largely obscured by such dynamic effects as “spring-mass” oscillations and
flexural wave reflections. In this respect, Equation 11, requiring the values of the actual arm
displacement and flexural (axial) modulus, was better for the deduction of G,c. However the
maximum value of Gic so obtained was considerably underestimated. By increasing the
rate up to 1.0 x 10~" m/s, there were little differences in the delamination fracture
behaviors, whereas at high rates >1.0 m/s the maximum values of G,c decreased
considerably. In the case of a short initial crack length, however, the maximum values
largely increased at a rate of 11.4 m/s. © 2001 Kluwer Academic Publishers

1. Introduction mainly arises from the increasing degree of fiber bridg-
Fiber composites, based on continuous fibers embedng developing behind the crack-tip, crack-tip blunting
ded in a polymeric matrix, are very promising for appli- and/or damage zone developing around the crack-tip.
cations in various mechanical structures where a high As fiber composites have been increasingly applied
stiffness-to-weight ratio and strength-to-weight ratioin engineering structures, characterization of the inter-
are required. A limitation of many fiber composites, laminar fracture behavior under high-rate loading has
however, is their poor resistance to delamination. Théeen significant. For unidirectional fiber composites,
existence of delaminations will not only lead to a lossseveral researchers [17, 18] have reported decreasing
of stiffness, but also to a degradation in strength andeatures ofG¢ with increasing test rates. The extent
service-life, which can be a very important considera-of decreasing rate i,c for similar fiber-composites
tion in the design and use of laminated fiber compositevas considerably varied from report to report. A few
structures. other researchers [19] reported an increasing behav-
The majority of the work on the delamination frac- ior in Gic which conflicted with the former reports.
ture of composite materials has been conducted throughately Blackmanret al. [20] showed that considerable
the application of linear-elastic fracture-mechanicscare mustbe takeninthe experimental aspects when un-
(LEFM), which is concerned with the determination dertaking the tests at high rates of test: the displacement
of the interlaminar fracture energy Gc [1-21]. Sinceof the ram of the test machine and the loads recorded
the propagation of the crack is constrained in the samby the load cell do not necessarily reflect the actual dis-
plane between the laminate irrespective of the applieghlacementand actualload experienced by the specimen,
loads, various modes of fracture, i.e. Mode | (tensilerespectively. They suggested a measurement of the dis-
loading), Mode Il (in-plane shear) and Mixed-Mode /Il placement and corresponding crack length from high-
areidentified. Among the modes, Mode | fracture showsspeed photography for the determinatiore, which
the lowest Gc values. did not require a knowledge of the load showing a vi-
The interlaminar fracture ener@yic often shows an olent oscillation with the high-rate test. For the PEEK/
initial increase with crack length: an increasing resis-carbon-fiber composite only a modest reduction (not
tance effect, i.e. rising “R-curve” is found during the exceeding 20% of the static value Gic at crack ini-
initial propagation of a crack. The behavior of rising tiation) was apparent at ratios in excess of 5 m/s. In
“R-curve” is different depending on the polymer ma- the case of the epoxy/carbon-fiber composite,Ghe
trices [1, 2], layup angles and geometry [3—15], whichvalue remained insensitive to the test rates. They further
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analysed the dynamic effects on the behavidggfbe-  whereh is the thickness of one arm of the specimen;
ing invariably associated with high-rate tests [21]. E11 the axial(flexural) modulus of the laminate arg;
The above high-rate test studies were all con-acorrection tothe cracklength to allow for end-rotation
ducted on unidirectional fiber composites. Theand deflection of the crack tip arid a correction for
purpose of the present study is to characterize th¢he stiffening caused by the metal end-blocks.
mode |—delamination fracture of continuous carbon The axial (or flexural) modulu&;;, which can be
fiber/epoxy multidirectional laminates under slow anddetermined from the DCB test, is expressed [5] by
high rates of test (0.5 mm/min—11.4 m/s). Recently,
the present author studied the delamination fracture P\ 8N(a+ xh)®
of the multidirectional laminates under a slow rate of Eu= (3) T B
test (0.5 mm/min) [15] and showed that the effective

flexural modulus and the interlaminar fracture energy Differentiating Equation 2 and substituting ferin

were a strong function of the length of propagatinggquation 1, the Mode | interlaminar fracture energy
crack due to the large extent of crack jumping andg,. may be expressed [5, 15] by

ensuing fiber bridging. The values @&c at crack
initiation were significantly greater than those for the Gic F 3Ps @)

3

corresponding unidirectional laminates. On the basis N 2B(a+ xih)

of the static test results the present study considers (i) or. alternativel

the variation of the flexural modulus of the multidirec- ' y

tional laminate with test rates, (ii) the dynamic effects s E 3h352E;

. _ . . —_ . 5
in the double-cantilever beam tests, (iii) the evaluation Ic =Nz 716(a+ xhyA (5)

methods for deduction o6,c in the high-rate tests,

(iv) the variation of the propagating crack length andwhereF is a correction for large displacement.

velocity with loading time and, thus, (v) rate effects From Equation 4 the value @,c can be deduced

on the behavior of the delamination fracture energy. directly by measuring the crack lengéhand corre-
sponding values oP andé§. However, a problem that

2. Theoretical consideration arises with the high-rate tests is that the measured load

2.1. Static analysis oscillates violently and an accurate lo®dcannot be

In the standard Mode | double-cantilever beam( DCB)measured. Since Equation 5 does_not require a direct
specimen as shown in Fig. 1 with an end deflectioh of <nowledge of the load, the expression (5) may be used
a crack length o0& and beam widtiB, the two arms of [OF deducing values oG in the high-rate tests. In
the test specimen are loaded by applying symmetricdfiS ¢ase, the value of the modulks, in addition to

opening loads. For the static analysis the value of th&iSPlacemend has to be determined. .
interlaminar fracture energ$c is derived in the usual For the DCB fracturg tests with an a_lssump_l;BOﬁ 0
way from [5] att =0, = VtwhereV isthe testvelocity (or displace-

mentrate) and is a constant for each test. Assuming that

Gic = 1 (d Uext _ d_US> the material has a constant toughn@gsand the crack
B\ da da propagates in a steady state, the crack leagttay be
P2dC expressed [21] from Equation 5 as
= >Bda 1)
a+ yh = AtY? (6)
whereUgy is the external worldJs the strain energyp _ _
the end load an@ the complianced/ P). whereA is a constant given by
From the modified beam theory [5, 6], the expression
for the compliance is given by (3 F hEnV? 4 -
~\16 N2 Gic
C=34/P
8N
- h)3 2
sheg @+ xh) @)

2.2. Dynamic effects
\p For the dynamic analysis of a DCB specimen, the
Mode | energy release ra@®c is derived [5] from

B
hl > G — 1(dUex dUs dUg (8)
P e —— | 2h ““ B\l da da da

| f
M—‘ where Uy is the kinetic energy. Using the “Berry

Method” [22, 23], where the static displacement pro-
file is assumed, useful approximations &y can be

Figure 1 The Mode | double cantilever beam (DCB) composite OPtainedincluding the kinetic energy term. Two expres-
specimen. sions forG,¢ via Equations 5 and 8 can be derived [21]:
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Firstly, prior to crack initiation where crack velocity of 0.67 MPa for two hours in an autoclave according
a=0, to the manufacturer’s instructions. The fiber volume
3 F RE.LV? 33E.h /V\2 fraction and total thickness of the laminate were
G == —. 11 t2 _ 11 (_) nominally 65% and 3.4 mm, respectively.
16 N2 (a+ xh)* 560 \C From the cured panels, the specimens were cut to
(90 nominally 24.5 mm wide and 130 mm long. The speci-
men'’s longitudinal direction was parallel with the di-
rection of the fibers in the“ply of the laminates. The
Ythickness and width of each specimen were measured
12 using a micrometer.
E11 One longitudinal edge of the test specimens was
G = [m] (10)  coated with a white brittle paint, i.e., type writer correc-
tion fluid, to render the crack tip more visible, and was
marked with a millimeter scale to aid the measurement
of the crack-tip location. Aluminium end-blocks were
fhen adhesively bonded onto each side at the end of the
arms of the specimen where the layer of release-film
had been placed.

whereC; is the longitudinal wave speed in the compo-
site arms and is given for the plane strain condition b

where p is the specimen density andthe Poisson’s
ratio.

Secondly, for steady-state crack propagation whe
a> 0,thereisacrack velocity contribution to the kinetic
energy term. Therefore,

s 3 F  hEnVv?) , 111Enh(V 2 _ _
=116 N2 @+ nhy 1120 <C|) :;% 1M§;joeml_|rr;ttzr:‘2rsrlllsnar fracture tests
(1) sjow-rate tests were performed at constant displace-
o ) ) . ment rates of 0.5 mm/min (i.e.,&8 x 10~ m/s) and
The kinetic energy term in Equation 11 at the highg mjmy/min (i.e. 083 x 10~ m/s) using a screw-driven
rate of test (11.4 m/s) n this study is predicted toygngile-testing machine. The tests were conducted at
have a value of B x 102 kd/n?, which is about 9% 3.4 2oc_Three to five replicate specimens were tested
of the static energy term at the crack initiation. Sincesy each loading condition. The load versus displace-
Equation 9 has less kinetic energy term, the crack willent trace was recorded throughout the test and the
initiate atG, (Equation 9)=Gic which is larger than o responding length of the crack was monitored em-
the value ofG\c (Equation 11). There should be a tran- |ving a traveling microscope mounted in front of the
sition region of crack growth before the crack reachegypacimen. These data were also marked on the trace at
its steady state. When the steady-state propagation jgqy|ar intervals. An accurate value of the initial crack

regched, Equation 6 is allowable again, but the value OIfength of each specimen was ascertained by examining
Als then given by the fracture surface after testing of the specimen. Val-

ues of the apparent crack length marked on the trace

Ab _ 3F - Enyh®v? (12)  Were then corrected by reference to this accurate value
1on2( G 1 (Vv 2 for the initial crack length.
( Ic + 11201 (a) )

In the transition region, transient effects will arise lead-3.2.2. High-rate tests
ing to more or less non-linear oscillations and perturbaAt intermediate and high test rates i.e., in excess of
tions in the crack growth. It is to be further mentioned 1.0 x 102 m/s and up to 11.4 m/s a servo-hydraulic
that effects of stress waves propagating in the specimetesting machine (Instron Model 1343) was used. The
are not taken into account in Equations 9 and 11. loading apparatus for the high-rate tests is shown in
Fig. 2. The DCB specimens were fixed on to the test
rig between two titanium shackles. The upper shackle
3. Experimental was fixed to a titanium “lost motion device” [20] which
3.1. Multidirectional composite specimens was inserted into the hydraulic ram of the testing ma-
The multidirectional fiber composite panels werechine. Since the stiff nature of the contact area between
prepared from 24-ply layups of —45/0°/  the device and the ram has a considerable influence on
+45°),5(4+45°/0°/—45°),s utilizing a continuous the dynamics of the tests (eg. resulting in “a bouncing
unidirectional carbon fiber/epoxy prepreg tape (‘Fi-effect”[20,22]and, thus, inatransientloading rate), we
bredux 6376C’ supplied by Ciba Geigy plc, UK). reduced the contact stiffness by setting an “aluminium
A layer of “Teflon” release-film 12.5:m thick was cup and cone” [20] device (inserted with a thin vis-
inserted onto the-45° /+45° interface at the mid-plane coelastic rubber layer between the lost-motion device
of the laminate lay-up in order to make the initial and the hydraulic ram) so that the lost motion device
delamination (that acts as a starter crack for the intereould make the displacement of the DCB specimen arm
laminar fracture testing). This thin film was adopted smoothly accelerate. Prior to conducting the tests, the
to minimize the formation of a resin-rich region in position of the lost-motion device was set to allow a pe-
front of the initial delamination. The composite panelsriod of pre-travel to ensure that the test was conducted
were cured at a temperature of 1Z5and a pressure atconstantvelocity. The lower shackle on the stationary
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High-pressure The oscilloscope and camera were triggered in order
actuators to capture the corresponding values of the load, ram
1‘ displacement, specimen displacement and crack length

as a function of time.

Rubber
+—" damping

3.3. Evaluation of flexural modulus Ejfex

Ram motion To deduce values for the Mode | interlaminar fracture
energyGc of the fiber composites via Equations 5, 9 or
11, the value of the flexural modullgey should be ac-
curately determined. Thus, a series of three-point bend
tests was performed at constant displacement rates of
0.5 mm/min and of up to 11.4 m/s, which corresponded
__— Lost-motion device to the test rates used in the interlaminar fracture tests.
Bend specimens were the multidirectional composite
beams about 1.7 mm in thicknesg,(about 11.5 mm

DCB test speci oo : .
est spectmen in width (b) and 60 mm in test sparf), which was
) the same fiber composite materials as the ones used
L}‘l’adﬁ;’g in the fracture tests. The thickness and width of each
shackies

specimen were measured using a micrometer.

. In the slow rate test, the screw-driven tester was em-
Slgnfﬂ J ployed. Values of th&sex were measured from the ini-
amplifier € PZT load cell tial linear elastic'region of th_e loadP)-displacement
(8) curve employing the relation

Instron base (13)

I Static load cell S3 P
Efex= 75| =
4bh )

In the intermediate and high-rate tests, the servo-
hydraulic tester was used. A small V-shaped striker of
about 1.5 mm in the tip radius and 3.6 g in weight was
side of the specimen was coupled to the piezo-electricnade of a light weight and high strength aluminium al-
load cell (PCB 208A) having a high natural frequencyloy to minimize the inertia effect caused by the striker
of 70 kHz and a short rise-time of 1. The tests were mass during the high speed impacttesting. The dynamic
performed at 23 2°C. Three to five replicate speci- load tothe specimenwas measured as a function oftime
mens were tested for each test-rate condition. Each outhrough the PZT load cell installed between the striker
put signal was amplified and the test data were acquirednd the ram.
using a 20 MHz digital oscilloscope (Gould 1600) and Fig. 3a and b shows the load signals measured at test
a personal computer with a Dadisp signal analysis softrates of 0.1 m/s and 4.94 m/s, respectively. Components
ware. For reference, the oscilloscope also captured thigaving high frequencies beyond 20 kHz were removed
signal of ram displacement versus time from the LVDT in the load signals. At a test rate of 0.1 m/s, the load
transducer mounted on the ram. exhibited alinearly increasing behavior with increasing

Each test was photographed using a high speed cantime in advance of the brittle fracture at the maximum
era (Hadland 16 mm Photec 1V) with a maximum op- load point. Attest rates lower than 1.0 m/s, values of the
eration speed of 40,000 frames per second. The optidéexural modulus were determined through Equation 13
incorporated a 45 mm, f2.8 lens, a rotating prism androm the slope P/8) of the initial linear elastic region.
an associated half-frame image converter. A 16 mnOn the other hand, at a test rate of 4.94 m/s, a consider-
high-speed black and white negative film (KODAK ably high amplitude load signal arose in the initial pe-
RAR 2479/EASTAR-AH base) was used to provide ariod of impact, which might be related not with speci-
high resolution record of the test specimen. A timing-men deformation behavior but with an inertia effect
light generator was incorporated into the camera, whictof the specimen itself. Average values of the dynamic
marked the film wih a 1 kHz time base for a camera loads showed an increase with time, but was drastically
speed of greater than 2000 frames per second. To deteeduced after the fracture. Assuming that one side of a
mine the actual specimen displacemg&and the crack specimen with a half length (S/2) of the total span is
length a at any time during the test, each film negaperfectly clamped while the other side is pin-clamped,
tive was projected and greatly enlarged onto a screemgsonant frequency at the first mode in the free flexural
from which precise measurement of the crack lengttvibration is calculated to be 9.7 kHz. This frequency
and specimen arm displacement could be made. An asvas in a range of the measured ones which increased
curate value of the initial crack length of each specimerfrom 8.4 kHz to 10.2 kHz as the signal cycle proceeded
was ensured by observing the fracture surface after testrom the second cycle onwards. The reason for the in-
ing and was used for correction of the apparent crackrease inresonant frequency might be thatthe deformed
lengths measured with the high-speed photography. specimen was stiffer in the loading direction and its

Figure 2 Schematics of loading rigs for the DCB test specimen.
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Figure 4 Flexural modulusEsex measured as a function of test rate.

Fracture

As the rate increased to 1 mfSyex reached 47.4 GPa.
For the rate beyond 1.0 m/s, valuesEkyx were con-
siderably scattered but more enlarged on average. At
11.4 m/s, average value &fex Was 51.3 GPa.

An ultrasonic test was conducted to evaluate the dy-
namic modulus of the multidirectional fiber compos-
ite. In this study the “zero order” longitudinal prop-
agation &) of Lamb waves in thin composite plates
. was measured in a similar way as Blacknedral. did

™

Load

-100 ; I . , . [20]. For the longitudinal propagation of Lamb waves
0 1 2 3 in the case where the frequency times thickness prod-
Time (ms) uct approaches zero, the phase velocitgatfends to
®) the longitudinal velocity of the plate wavep] [24]
given by
Figure 3 Load-time traces of the multidirectional composites tested at
a displacement rate of (a) 0.1 m/s and (b) 4.94 m/s. £ 1/2
11
con ) "

geometry was largely changed from the initial state of

the specimen at the instant of the impact. However, théor plane strain conditions in the plate, wheres the

measured frequency of the first cycle was about 6.8 kHzspecimen density=1563 kg/n¥) and v is the Pois-

which was considerably lower than the calculated oneSon’s ratio of the material=0.29). Though the lon-

At the impact only, the specimen beam is considered t@itudinal vibration mode in the multidirectional fiber

have behaved basically as the free flexural vibration o£0mposite plates was observed to propagate with sub-

the specimen with a full span [22]. stantial dispersion of the phase velocity, value of veloc-
Suppose that the flexural modulus is not varied withity in the specimen longitudinal direction measured at

the time of loading. Except for the first cycle formed 0.6 MHz transmitting frequency was around 6214 m/s.

by an inertia effect, the two consecutive upper andThis value ofce provided a value oE;; =554 GPa

lower peaks in advance of the maximum load in thefor the ultrasonic axial modulus. Because the ultrasoni-

P — & curve are adopted to measure the average value 6Rlly measured value was considerably higher than that

the corresponding slopes (i.€€1(+ E»)/2 in Fig. 3b),  (51.3 GPa) of the flexural modulus at a test rate of

which is used in the measurement method Eafy 11.4 m/s, it is expected that the flexural modulus can

through Equation 13 at test rated.0 m/s. be still much larger as the test rate increases more.
While the axial modulus of unidirectional fiber com-

posites is not significantly strain-rate dependent due

to their fiber-dominant property [20, 23], the multi- 4. Results and discussion

directional fiber composites having transverse orien4.1. Load versus time curves

tation of fibers (i.e445°, —45° plies) probably showa Load (P) versus timet( traces of the multidirectional

considerable matrix-dominant behavior: Hardei@l. ~ DCB specimens tested at four different rates of test are

[23] indicated that the modulus of epoxy materials in-exhibited in Fig. 5. Several characteristic behaviors can

creased significantly with increasing strain-rate. Fig. 4be observed in the traces.

shows values oEsex for the multidirectional fiber com- Firstly, at a test rate of.0 x 102 m/s (Fig. 5a), the

posites measured as described above. At a test rate lafad increased showing a linear elastic behavior with an

0.5 mm/min (i.e. B3 x 10-°m/s), Eqex Was 45.1 GPa. increase of time in advance of the crack initiation, but
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Figure 5 Typical load ()-time () traces of the DCB multidirec-

@

decreased little by little as the crack began to propagate.
During the initial propagation of the crack, fiber bridg-
ing might be formed behind the crack tip, hindering
the crack propagation and thus, supporting the external
load considerably. The stable crack propagation was
followed by a sudden and rapid propagation which led
to adrastic load-drop in the trace. After crack arrest, the
load decreased little by little again due to stable crack
propagation.

Secondly, however, Fig. 5b, ¢ and d show dynamic
behaviors of increasing the test rate. The presence of
many oscillations on the trace arose from the dynamic
effects. These dynamic effects are likely to occur from
several causes: The first peak in the trace was greatly
influenced by inertia effects. The following multiple
oscillations were caused by resonant vibration due to a
“spring-mass effect” of the specimen and loading rigs,
as well as stress waves propagating in the specimen.
Resonant frequencf may be estimated as 0.6—1.4 kHz
through the spring-mass resonance equation [25]

1 Ko\ 72
fr= o (V) (15)

whereM is the total mass of the specimen, a lower end-
block and a lower loading shackl&y is the effective
transverse stiffness, i.e., a function of flexural modulus
and crack length of the specimen between the upper
and lower loading shackles. The “spring-mass effect”
appeared clearly in the load-time traces measured at
the test rates beyond 3 m/s. The periods of resonance,
T1, T2, T3 ..., as shown in Fig. 5¢ and d, indicated
resonant frequencie$;;~ 1.4 kHz, f,,~1.23 kHz,
f3r~0.97 kHz, ... in the interlaminar fracture tests,
respectively.

Another possible cause for the oscillations may be
the flexural wave propagation in the DCB specimen.
Its wave speed;, a function of crack lengtla given
[26] by

35\Y2 /h En |7
&= (%) '(5)‘[[)(1_,)2)} 4o

is calculated to be 220 m/s at the initial crack length
and, thus, frequency of the wave traveling in the speci-
men is estimated to be about 3.8 kHz. The frequent
oscillations along the load-time trace measured at test
rates>1.0 m/s (as shown in Fig. 5b—d) had frequencies
mainly in ranges 3.1-3.8 kHz, which might correspond
to the flexural wave reflections. The other cause may
be the shear wave propagation having the predicted fre-
quencies of 10—30 kHz. Because the measured frequen-
cies of the load signals were distributed in ranges below
4 kHz without any filtering-out of the oscillations, the
oscillations are believed to have come from the “spring-
mass effect” and flexural wave propagation.

Thirdly, at test rates 3 m/s, the crack initiation time
point (which was measured with a sequence of high-
speed photographic films) (i.e., Fig. 6) was observed

tional composite specimens under a specimen arm displacement ra@round the the first valley site in the load-time trace

of (a) L03x 1072 m/s, (b) 1.0 m/s, (c) 5.7 m/s and (d) 11.4 m/s.
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Figure 6 High speed film photographs of a DCB specimen tested at a rate of 5.7 m/s.
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the general load-time behavior in the static test where 80
the crack initiation time corresponded to the maximum
load point. Therefore, any load values obtained from
such traces are very susceptible to errors, since the trtz 60 7 oo,
load representing the material behavior may be largehS ® °

; S Epex ® °® % o o
obscured by the dynamic effects. For these reason: L) ! L4
Equations 5 and/or 11 can be adopted to enable th _ 40 7 |—°>: (457, 07) 1 (07, 45707
fracture energy to be deduced without a knowledge o§ (+457/-457)
the applied load.

20 1
Crack
linitiation
4.2. Fiber bridging effects on 0 ! ' ' ' '
Gic in slow-rate tests 20 40 60 80 100 120 140

To characterize the mode | delamination fra- a (mm)

cture of multidirectional fiber £45°/0°/+45%),s ' '
(+450/OO/—450)28 |ayup COI’ﬂpOSitGS under high rates Figure 8 The effective flexural r_nc_)dull_JEc/n,ve_rsus thele_zngmofthe _

f test. studi n th low-rate test (0 5 mm/min) réxropagatmg crack for the multidirectional laminate, which varied with
ortes K S _u_ €s o € slo € es_ . a he crack jumping process. The specimen was the same as that of Fig. 7.
very significant because the delamination fracture en-

ergy Gic is a strong function of the length of prop-

agating crack due to the large extent of crack jump- 1.2 Gicmax 2
ing and ensuing fiber bridging [15]. Now, from Equa- _ —e ® GIC(PS), Gi(6°Ech)
tion 2, the value ofy, may be deduced by plotting the ‘g .94 o ©® O G5 Eiex)
measured values of (C/M¥ versus the corresponding = gt e
v [ o

values of the crack length. An example of sucha <~ o oe

lot for a multidirectional fiber composite specimen 0.6 1 e o o
Esed in this study is shown in FigF.) 7. A Iipnear fit 2 Glcgi—iﬂ‘gﬂ—*lﬁ e '
is drawn on the basis of the experimental data. The | PPeasrassy 1B i nane
average value of; was 047+ 0.92, which is much 0.3 Gie (0909
lower than that (3 4- 0.38[5, 20]) of the unidirectional (0, -45%0°)
fiber/epoxy composite. The low value gf indicates a 0.0 . . . . .
relatively small rotation and deflection of the crack tip 20 40 60 80 100 120
on account of the large scale fiber bridging behind the initiation a  (mm)

crack tip.
While the linear fit appears to be reasonable in Fig. 7Figure 9 Values of the Mode ! interlaminar fracture enerGyc, ob-
some deviation of the individual experimental pointstalned by the two data reduction schemes, versus the lengfhthe
. T _propagating crack for the multidirectional laminate. The specimen was
fron_1 the linear fit indicates that the values of th_e ef- 4 e same as those of Figs 7 and .
fective flexural modulusEc/n andy;, do vary consid-
erably during the course of crack propagation as the

crack jumps into different neighbouring plies and fiber ropagating crack length from Equation 3, which is
bridging develops behind the crack tip. The values oﬁiven by

Ec/n of the specimen beam may be obtained at eac
Fig. 8 shows typical values oE/, calculated from

the measured compliance as a functionaofor the

P

8

(a+ xh)? '

Ecn = 8N
c/n Bh3

(17)

2 1.2 1 6_‘;\0"\ specimen used in Fig. 7. For the very initial stages of
< V crack growth on the-45°/—45° interface, the value of
E 0.9 \ Ec/n was almost equal to the independently measured

value of the flexural modulus of the composite beam
(Efiex = 45.1 GPa). However, as the crack had jumped
into adjacent plies£45°, 0°) and considerable fiber
bridging had developed behind the crack tip, the value
of E¢/n increased to a maximum valug$7.3 GPa) at
a =53 mm. With further crack growtt&/, decreased
to a value of about 47.4 GPa and then fluctuated, in

(CIN)'3,

0.0 . li.nmafﬁon. — which stage the crack had almost completely moved
0 20 40 60 80 100 120 into the O ply and along the-45°/0° interface.
a (mm) Utilizing Equations 4 and 5, the values@fc of the

specimenin Fig. 7 may be measured as a function of the

Figure 7 (C/N)Y/3 versus the propagating crack length propagating crack length which is presented in Fig. 9.
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The results obtained through Equation 4 [denoted byause the value OEzex Was considerably lower than
“Gc(Pé)"] are straightforward to deduce. In Equation 5 that of E¢/, (Fig. 8) caused by the presence of the fiber
[denoted by G,c(5% E)"], however, the value of the bridging behind the crack tip. At= 48 mm the major
axial modulusEy; of the composite is required: the partofthe crack frontjumped into the neighboring plies
flexural modulus independently measured by a threeto produce the intraply-{45°, 0°) fractures (Fig. 10a),
point bend testKsey) or the effective flexural modulus inducing crack tip splitting and a high degree of fiber
calculated from the measured complian&g/f). The  bridging behind the crack tip, and thus significantly en-
two methods termed3,c(P38)” and “Gc (52 Ecm)”are  larging the value oE/n. Atlonger crack lengths, when
equivalent via Equation 17 and give the same valueshe crack jumped into the°(ly, it resulted in an in-
of Gc. As shown in Fig. 9, the value @) c obtained traply () fracture, which was initially accompanied
through Equation 4 at the initiation of crack growth, wasby a high degree of fiber bridging. Indeed many bro-
almost the same in valu&0.46 kJ/n?) as that through  ken fibers resulted from the fiber-bridging effect were
Equation 5. This is because the valueEf, at the observed on the non-planar;,(racture surface. As
crack onset was almost similar By, as revealed in the crack steadily propagated via an intraply fracture
Fig. 8. Immediately after the crack began to grow, how-through the 0 ply, the degree of fiber bridging de-
ever, afew intraply€45°) fractures occurred. Thiswas creased. The value @ ¢ eventually decreased to the
in addition to the interlaminari45°/—45) fractures  minimum value Gic min) of 0.30 kJ/nd.
as observed on the fracture surfaces of the correspond- The values ofG,c, determined by Equation 4, were
ing specimen (Fig. 10a and b), which caused a relativelyisually in excellent agreement with those by the com-
higher value of5,c atthe crackinitiation for the present pliance calibration method described in the ASTM
composite (in contrast to that of the unidirectional com-Standard Test Method for DCB tests [27]; no differ-
posite, 0.30 kJ/m[5,20]). With an increase ofi to  ence greater than 5% was ever recorded. Thus, Equa-
about 48 mm, a “rising R-curve” became prominent:tion 4, “G,c(P$)", which does not require a value of the
the maximum value dBc (G\c max) Was obtained from modulus to be used, is suggested as the best method
the “G,c(82 Egex)”, Which was considerably lower, by for deducing the values @,c for the multidirectional
about 13%, than that from theSjc(P§)”. This is be-  fiber composites in the slow-rate tests.
As stated in Section 4.1, however, any load values
obtained from load-time traces in the high rates of tests
Initial >1.0 m/s are largely obscured by the dynamic effects
crack Fracture direction and very susceptible to errors. Thus, Equation 5 or 11,
I —> not Equation 4, might be better employed for deduc-
R e — T tion of the value ofG,c. Because the value dbc
at the crack initiation G,c ;) and the minimum value
B (Gic.min) Obtained via Equation 5 were equivalent to
those via Equation 4, Equation 5 or 11 may be used for
R the deduction 06,c j andG ¢ min. However, the values
] -, ; of G\c,max Obtained through Equations 5 and 11 can be
0=28mm 40 T},g 60 70 80 90 considerably underestimated (as described in Fig. 9),

The maximum and thus have to be compensated for the loss, which
inGic

may be given by
GIC,max =115 GIC(CSZEerX) (18)

and

111E1:h / V \?
G|C’max = 115G|c(82 Eﬂex) — Tzlol (a) (19)

respectively. Thus, Equation 18 or 19 is suggested as a
better method for deducing the maximum value&gf
forthe multidirectional fiber compositesin the high-rate
tests.

4.3. Variation of crack length and crack
velocity with time
For the slow rate tests, the crack lengths with time
during the test were monitored by visual observation
through a travelling microscope. For the high rate tests,
®) on the other hand, crack lengths as well as opening dis-
Figure 10 Optical photograph (a) of the fracture surface for the speci- placements of specimen arms were measured by hlgh_

men used in Fig. 9 and scanning electron micrograph (b) of region “A",Speed film (See Fig- 6) which recorded the progress of
as indicated in (). the test.
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Figure 11 Typical traces of the propagating crack lengtand the cor-
responding crack velocigds a function of time for the DCB specimens 12 (ms'?)
tested at a rate of (a)d3 x 10-2 m/s and (b) 5.7 m/s. ®)

. . Figure 12 Values of crack length as a function of root time for the same
Fig. 11a shows the variation of the length of the prop-pcg specimens as used in Fig. 11a and b, tested at a displacement rate

agating cracka and its corresponding crack velocity of (a) 103x 10-2 m/s and (b) 5.7 m/s, respectively.

a, with timet for the multidirectional fiber composite

specimen in Fig. 5a at a test rate 0@ ¥ 10~2 m/s. The

variation ofa with time in this figure reflects the se- _. .

quence of short periods of “stick-slip” growth of crack Fig. 12aand b prodbjzced grad|_ent&ﬁ65.7 mm (/2
i.e., short repetitions of stable and then rapid cracking?nq 45.4 mm (ms}/, respectively. However the ex-
which revealed the overall appearance of stable cracRerimentally recorded values ashowed a large mag-

growth through the length of the DCB specimen. It iSnitude of oscillations about the straight fitting line pre-

to be noted that the experimentally measured value quicted by the steady state. The variation of the measured

& could be different according to the framing rate of crack length values will directly a_ffect a varia_\tion into
the camera because the valuesiafiere obtained by the deduced values @c when either Equation 5 or
averaging the two frame data of crack length and the-L IS em|_oloyed: I_Equatlons 6and 7 |nd|cat¢ that an in-
corresponding time in high-speed films. The crack Ve_preased interlaminar frgcture ene@y atatime dur—_
locity was measured to be of the order of 0.01-0.13 m/&9 the crgck propagation can cause a decreast in
before crack arrestoccurred when the velocity was zerc}.hus causing a.shorter crack Ie;ngth atthe (_:or_respondmg
Fig. 11b gives the results obtained at a rate of 5.7 m/st,'me' Itis cqn3|dered that the wregglar variations of the
showing the highly transient behaviorsaofersus time cra(_:k V_GIOC'ty and the large magnitude of crack Iengt_h
as the crack propagated through the DCB specimerpScillations occurred not only because of such compli-
The maximum crack velocity was much higher up toca_ted. propagation behavior as crackjumplng and fiber
34 m/s than that for the slow rate test, as would beb“dglng_. but al_so because of the dynamic effects de-
expected for this high test-rate. scribed in Sec_tlon 4.1. o

When we assume the steady state propagation of Fro_m Equation 6the crac_kvelocnylnthe steady state
crack where the value i is constant, a graph of 'S derived as afunction of time
a versust'/2 should be linear with gradient A as given . A
in Equations 6 and 7. The graphsaflescribed as a A= (20)
function oft in Fig. 11a and b were transformed into
graphs ofa versug /2 shown in Fig. 12a and b, respec- and thus, the crack velocity normalized by the specimen
tively. The linear fits to the propagation data shown inarm displacement raté is given by
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Normalized crack velocity (davefy )

w
=

2.0

1.0 B BLLALLLL SR L1 B e L L L R
-5

® with crack jumping, a;=29~37mm
O without crack jumping, a;=33mm
A with crack jumping, a;=61mm

-1

4.4. Rate effects on Gi¢c
In the slow-rate tests, a “rising R-curve” described in
Section 4.2 was initially pronounced for the multidirec-
tional laminates, where it was clearly due to the crack
jumping fromits initial location at the-45°/—45° mid-
plane interface into the neighboring plies, thereby giv-
ing rise to extensive crack tip splitting and large-scale
fiber-bridging. Actually, when the value @ ¢ is plot-
ted as a function of crack length, a very complex re-
lationship may be observed, reflecting the occurrence
of complex delamination paths, which gives scattered
values ofGc max-

Values ofG,c and the corresponding crack velocity
a for the specimens of Fig. 11a and b were plotted as

102 a function of the propagating crack lengthas shown

in Fig. 14a and b, respectively. The sequence of many

“stick-slip” crack growths, as exhibited in crack ve-
Figure 13 Values of the average crack velocity of the DCB s ecimensIOCity oscillations, caused oscillations Gic to occur
nogrmalized by a test ratée(\,g/\/g) as a function of the test rate.p with mcrezase of Fhe crack length. In the SI.OW_raif‘e of

1.0 x 10~“ m/s (Fig. 14a), values d&c, obtained via

Equation 4 5,c (P$)] at the crack initiation, were al-
most the same as that of Fig. 9 at a rate of 0.5 mm/min.
After that, G,c averagely increased to the maximum
value (0.83 kJ/rf) ata=56 mm and then eventually
decreased to the minimum value of about 0.30 RJ/m
The overall behavior dBc as a function o was very
similar to that in Fig. 9.

10 162 100 10 10

Test rate V' (m/s)

3 F hEyn\"
a/V == 11) (21)

1
2(EW " G182

The average crack velocit§,g over the total crack
propagation length up @@= 113 mm (not showing the
edge effect of the specimen end in advance of the fi-
nal separation point of the DCB specimen) is shown
in Fig. 13. Values in this figure are the ones normal-
ized byV (=a&avy/ V). It is seen here that, at the slow
test rates below 1.0 m/s, values&fy/ V were almost
equal to avalue of 2.3, whereas at the high rates beyond
1.0 m/s those values were considerably larger than 2.3.
The presence of the incrementag,q/V at the rates
>1.0 m/s is considered to have been affected by the
decrease in the average value@®t, as indicated in
Equation 21. However, the case of symiholin the
figure indicates a drastically lower value. A fracture
surface examination for the corresponding specimen

exhibited there exposed little crack jumping behavior Crack

and suggested that strong fiber bridging being devel- initiation a
oped behind the crack tip had been kept up to the final
separation time, bringing about a significant increase
in the average value @b c over the total crack length
therefore, areduction @fyg/ V. The above results were
obtained from the specimens with initial crack lengths . L
of g = 29-37 mm. However, in the caseaf= 61 mm
(symbolA), values ofi,g/ V were a bit lower. One rea-
son for the decrease @g/V may be that the average
value ofG,c over the total propagation length increased
duetothe crack jumping and ensuing fiber bridging pro-
ceeding through the majority of the crack propagation
length. The other reason may be that the deformation

0.6 -

Gic  (kJ/m2)

0.3

/WJ/M
0.0 { ]

20

(K/m2)
a (mfs)

GIC

rate at the crack tip decreased due to lower bending
stiffness of the specimen arms, causing the actual dy-
namic loading rate at the crack tip to be less than the
loading rate for short crack length. Besides, the strong

0.0

20 o0

T T
60 80
intiation a (mm)

()

T
100

120

flexural waves caused by the impactive loading wer
slightly relaxed due to the long distance between th

e
Figure 14 Typical delamination fracture energ$,c and the corre-

ponding crack velocity versus crack lengtla for the same DCB

loading points and the crack tip when the initial crack specimens as used in Fig. 11a and b, tested at a displacement rate of

length is long.

(@) L03x 102 m/s and (b) 5.7 m/s, respectively.
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Figure 15 Typical delamination fracture energgc and the corre-
sponding crack velocity versus crack length for a DCB specimen
with initial crack lengthay =37 mm, tested at a displacement rate of
11.4 m/s.

Values of G|¢ for the specimen tested at a rate of
5.7 m/s are shown in Fig. 14b, which were obtained
via Equation 11 G c (8°E14)]. In comparison with the
corresponding value in the slow rate test (Fig. 14a),
the value ofGic (0.38 kJ/mf) at the crack initiation
was a bit lower. In the case @c max the value was
corrected via Equation 19 to be 0.77 k3/mwhich was
also lower. However, the minimum value.30 kJ/n%)
was similar. (b)

Fig. 15 shows a typical feature oBc values
and the corresponding values measured at a rate
of 11.4 m/s for the specimen with the initial crack
length ofg; =37 mm. TheG,c values were obtained
via Equation 11. A drastic increase @ from
Gic.i =0.38 kJ/n? to Gic max= 1.6 kJ/n? took place
during the initial stage of the crack propagation. The
corresponding fracture surface is exhibited in Fig. 16 _ 1.5 L 100
During the initial crack advance of about 3-5 mm, ‘E
one part of the initial fracture region was still on the 2 1.0
+45°/—45° interface (see region D in Fig. 16b, mag-
nified by a scanning electron microscope in the regioru9
B of Fig. 16a), while the other part was in the45
intraply where numerous broken fibers, as well as the
complicated non-planar fracture surface, were observe 0.0
(seeregion CinFig. 13a and b). Such severe non-plani

Figure 16 Optical photograph (a) of the fracture surface for the speci-
men used in Fig. 15 and scanning electron micrograph (b) of region “B”
as indicated in (a).

2.0

- 120

a (mfs)

fractures in the initial crack growth process was neve — , — 0
seen on the fracture surface of specimens tested at rat 30 s0 b0 90 110 130
<5.7 m/s. This indicates that such an initial stage ot Crack initiation (mm)

cracking was accompanied by a very high degree ot

fiber bridging; thus, the value @ c nax Obtained at a  Figure 17 Typical delamination fracture energ@ic and the corre-

rate of 11.4 m/s was much larger than that at 5.7 m/ssponding crack velocitya versus crack length for a DCB specimen

One reason for the Complicated fracture jUSt after thé"ith initial crack lengtha; =61 mm, tested at a displacement rate of
e 11.4 m/s.

crack initiation may be that the strong flexural waves

generated by the impactive loading with a high rate

of 11.4 m/s caused the neighboring plies around thegiving a drastic decrease B c. After several times of

crack tip to be damaged just in advance of the cracKstick-slip” propagation up t@ =120 mm, the value

initiation, rendering the crack tip to significantly split of Gic min Was obtained to be about 0.41 k3/m

into the neighboring plies and then fiber-bridged during The feature of5,c values obtained for the specimen

the initial crack growth process. The crack then grewwith a long initial crack length ofy = 61 mm is exhib-

by about 10 mm at a relatively low speed, keeping ated in Fig. 17. As compared with the case of the spec-

high value ofG,c > 1.4 kd/n? (Fig. 15). After that, the  imen witha; =37 mm (Figs 15 and 16), the values of

crack propagated by about 25 mm with high velocity, G c.max (0.75 kJ/n?) obtained arouna = 64—73 mm,
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Figure 19 Values of Gic versus displacement rate for the45°/0°/
+45°),5(+45°/0° /—45°),s multidirectional carbon fiber/epoxy com-
posite specimens.

Firstly, there is no major difference in the values for
either Gic.i, Gic.max Or Gic.min With increasing rates
upto 10 x 10~ m/s.

Secondly, average values of eith@c; or Gic min
remained constant with an increase of rate until
1.0 x 10~1 m/s and showed a modest reduction only
at rates in excess of 1.0 m/s. This is different from the
result ofG,c; (dotted line) obtained without compen-
— sation of the axial modulus change with test rates, in

40pm whichG ¢ ; decreased gradually with an increase of the
®) test rate from the slow to high rates.
Figure 18 Optical photograph (a) of the fracture surface for the speci- .Thlrd!y’ the values OGIC’maXdecreased conS|derany
men used in Fig. 17 and scanning electron micrograph (b) of region "E”Wlth anincrease of the rate to ‘_5'7 m/s. At11.4 m/S_' how-
as indicated in (a). ever, Gic.max Showed a drastic change depending on
the initial crack lengtla; : at shortg;, values ofG ¢ max
largely increased while at lorag they decreased equiv-
alent to the value at 5.7 m/s. The symhbbimark at a
were much lower. In the initial stage of crack propaga-rate of 1.0 m/s represented the specimen with little crack
tionthe fracture surface (see region Ein Fig. 18a and thfumping behavior (Fig. 13) where strong fiber bridging
crack initiation site in Fig. 18b) appeared quite smoothhad been kept up to the final fracture, inducing a high
and planar. The crack started to grow on+5° / —45° value ofGic.max-
pliesinterface atthe mid-plane of the specimenandthen Finally, values ofGc,; at each test rate were a
shifted only a bitinto the adjacent45° ply, inducinga  bit larger than those o6 cmin. This indicates that
limited amount of fiber bridging. The amount of broken the fracture energy at the crack initiation measured
fibers on the corresponding fracture surface was muchlong the+45°/—45° plies interface was higher than
less than that of Fig. 16, which explains the low valuethat obtained during the crack propagation along
of Gic.max- The longga;, i.e. long arms of the DCB spec- the 0//—45° plies interface. Values o6 c min Were
imen is considered to have damped the impactive flexequivalent to those in the unidirectional fiber/epoxy
ural wave oscillations during the propagation of waveSaminate [5, 20].
through the arm toward the initial crack tip: thus, the
high-rate loading with weak flexural wave effects is
considered to have been applied to the crack-tip regio®. Conclusions
of the DCB specimen and, resultantly, the flatness offhe present study has shown the experimental results
the initial fracture region was obtained similar to the for characterization of the mode | delamination frac-
result of the slow-rate test (Fig. 10). ture of continuous carbon fiber/epoxy multidirectional

For the multidirectional carbon-fiber/epoxy compos-composites under a wide range of test rates up to high
ites, Fig. 19 summarizes the values@t at crack ini-  rates of 11.4 m/s
tiation (Gc i), the maximum valuesGc max) and the
minimum valuesGc.min) as a function of testrate from (1) At the slow rates of test 1.0 x 10~ m/s the de-
0.83x 107°> m/s to 11.4 m/s. The values &fic maxat lamination fracture energy showed a “rising R-curve”,
the high rates>1.0 m/s were obtained through Equa- a strong function of the length of propagating crack
tion 19 with compensation for the calculation loss. Sev-due to the large extent of crack jumping and ensuing
eral remarks emerge from this figure. fiber bridging. In this respect, Equation 4, requiring the

o
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values of the load and displacement, was better for de-.
duction of the interlaminar fracture ener@yc . 4.

(2) At the high rates of test-1.0 m/s any loads

recorded by the load cell were largely obscured by such®>
dynamic effects as “spring-mass” oscillations and flex- g,
ural wave reflections. In this respect, Equation 11, re-7.
quiring the values of the actual arm displacement and8.

flexural (axial) modulus, was better for deduction of
Gic. However, the maximum value db,c obtained

through Equation 11 was considerably underestimatedg,

(3) For deduction of5,c via Equation 11, the values

of the flexural modulus were determined through thelo.

static and dynamic three-point bend test: With an in-
crease of the test rate from 0.5 mm/minto 11.4 m/s, the

values of flexural modulus increased from 45.1 GPatqq

51.3 GPa. Ultrasonic tests showed that the ultrasonic

axial modulus was 55.4 GPa and, thus, the dynamiéz2-
modulus could be much larger with a further increaseﬁ'

of the rate.
(4) At the high rates of test1.0 m/s, the sequence 15
of short period of “stick-slip” growth of cracking was

exhibited, reflecting highly transient behaviors of crack6.
velocity as the crack propagated through the specimert’:

The crack velocity normalized by the displacement rate o
was significantly influenced by the initial crack length,
as well as the average value®f: over the total crack
propagation length.

(5) With an increase of the rate up t@1 10~ m/s,
there was little difference in the delamination fracture
behaviors. However, with an increase of the rate be-
yond 1.0 m/s, the maximum values Gfc decreased

considerably. In the case of short initial crack length,20.

however, the maximum values largely increased at a
rate of 11.4 m/s.
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