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The failure of fibre composites and adhesively bonded fibre composites under high rates of
test, up to rates of about 15 ms™" were studied in detail. The present paper, Part | of the
series, considers the experimental aspects of the mode | fracture of the fibre composite
materials and joints. Part [l will analyse the dynamic effects which are invariably associated
with high-rate tests, and will show how these effects influence the observed behaviour of the
test specimens. Part Il will report the results from mode Il and mixed-mode /Il tests on the

fibre composite materials.

1. Introduction
One of the most important mechanical properties of
a fibre composite, consisting of continuous fibres em-
bedded in a polymeric matrix, is its resistance to
delamination. The presence of delaminations may not
only lead to complete fracture, but even partial de-
laminations will lead to a loss of stiffness which can be
a very important design consideration. A popular ap-
proach to the characterization of the propagation of
interlaminar cracks has been through the application
of linear elastic fracture mechanics (LEFM) which
enables the critical strain-energy release rate, or frac-
ture energy, G, to be deduced [1-5]. Various modes
of fracture may be identified. Mode I (tensile opening)
is the lowest fracture energy for isotropic materials
and, thus, a crack will always propagate along a path
normal to the direction of maximum principal tensile
stress. Hence, a crack in an isotropic plate will propa-
gate in mode I fracture, regardless of the orientation of
the initial flaw with respect to the applied stress. How-
ever, this is not necessarily the case for crack growth in
fibre composites which are highly anisotropic mater-
ials. In these materials, the initial interlaminar defect is
constrained and usually continues to propagate in the
same plane between the laminate, regardless of the
orientation of the crack to the applied loads. Thus,
global mode II (in-plane shear) failures are possible
and, obviously, mixed-mode I/II failures may also be
observed. There has, therefore, been considerable in-
terest in determining values of Gy, Gy and Gy
One of the most widely used methods for joining
fibre composites is via the use of structural adhesives
[6]. This class of adhesives, typically based upon ep-
oxy resins, possess a relatively high modulus and
strength and are used to produce load-bearing joints.

00222461 © 1995 Chapman & Hall

Again, LEFM has been widely used to study the
failure resistance of bonded fibre-composite joints and
many papers have been published [6] which consider
the measurement and interpretation of the adhesive
fracture energy, Gy, of such bonded joints.

As fibre-composites, and adhesively bonded fibre
composite joints, have been increasingly used in de-
manding engineering applications, there has arisen an
interest in the failure behaviour of such materials and
bonded joints under high rates of test. However, rela-
tively little work has been published in the literature,
and the results which have been reported have been
conflicting in nature. For example, Smiley and Pipes
[7] reported a very large decrease in the value of Gy, of
both epoxy/unidirectional carbon-fibre and poly
(ether—ether ketone) (PEEK) /unidirectional carbon-
fibre composites as the rate of test was increased from
42 x107° to 0.67 ms~ . However, Beguelin et al. [8]
have reported that the Gy, of the PEEK /unidirectional
carbon-fibre composite suffered only a small reduc-
tion as the rate of test was increased from about
1.7x107°to 1 ms~*. Aliyu and Daniel [9] found that
the value of G, of an epoxy/unidirectional carbon-
fibre composite actually increased slightly as the test
rate was increased. Although, Yaniv and Daniel [10]
subsequently reported that this initial increase was
followed by a decrease in Gy, as the test rate was
further increased. In the case of mode II failure,
a modest decrease in toughness with increasing rate of
test has been reported by Maikuma et al. [11].

The present work aimed to study in detail the fail-
ure of fibre composites and adhesively bonded fibre
composites under high rates of test. The present paper,
Part I of the series, considers the experimental aspects
of the mode I fracture of the fibre composite materials
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and joints. Part II [12] will analyse the dynamic
effects which are invariably associated with high-rate
tests, and will show how these effects influence the
observed behaviour of the test specimens. Indeed, the
experimental difficulties of conducting high-rate tests
and the strong dynamic effects which are frequently
present, are important factors in explaining the con-
flicting findings reported in the literature. Part ITI [13]
will report the results from mode II and mixed-mode
I/IT tests on the fibre composite materials.

2. Theoretical considerations

In the standard mode I double-cantilever beam (DCB)
test, the crack is centrally located, as shown in Fig. 1,
and the two arms of the specimen are subjected to
equal and opposite bending moments. The value of
the interlaminar fracture energy, Gy, may be expressed

[3] by
12P§ 2
= TE“ 1)

where B is the width and 2k is the combined thickness
of fibre composite arms, a is the crack length, P, is the
critical load required to induce crack growth and
E., is the axial modulus of the fibre composite arms.
However, the above equation needs to be corrected
[3] for various effects which are not accounted for in
the simple beam theory used above. Such effects arise
due to (i) large deflections of the arm, (ii) stiffening of
the arms due to the presence of the end blocks, and (iii)
shear deformation and deflection at the crack tip. The
large deflection and end-block effects may be taken
into account by using the correction factors F and N.
The values of F and N may be found from the expres-
sions previously given [3]
F=1-—0,(8/L)y — 0,(8,/L7 @
where [, is the distance of the load-point above the
beam axis, L is the length of the arms of the specimen

(i.e. L = a) and ¢ is the displacement of the arms of the
DCB specimen, and

N =1~ 05(1o/L)* — 04(81,/L?) — 05(8/L)*  (3)

where [, is the half-width of the end-block. For the
mode I DCB specimen, the values of the constants are

0, = 3/10,0, = 3/2,0, = 1,

GIc

05 = 1Tt — (2/a], 05 = 52 @

~B™ |
JI'J_th

Figure 1 The double cantilever beam (DCB) composite specimen.
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The correction factor, y; may be introduced [3] for
end-rotation and deflection of the crack tip. The value
of y; may be ascertained from the expression for the
corrected compliance, C, where
8§ 8N(a+yuh)?
¢= P BWE,, ©)
Now, from Equation 5, the value of y; may be deduced
by plotting (C/N) */* versus the corresponding value of
the crack length, g, and the intercept yields the value of
the correction factor y;. Also, from the slope of the
linear relationship, the value of E;; may be determined.
A typical plot of (C/N) ' versus the corresponding
value of the crack length, a, is shown in Fig. 2, and an
excellent linear relationship is obtained. The average
value of y,, deduced for the PEEK /carbon-fibre com-
posite, was 2.4 and for the epoxy/carbon-fibre com-
posite was 3.0. In the case of the adhesively bonded
fibre composite joints the average value of y; was 3.8.
The expression for the modulus, E; ;, which may be
determined from the DCB test, is now given by

E SN(G + th)?x

En=5—"%p

(©)

The corrected value of the mode I interlaminar frac-
ture energy, Gy, may be deduced from either the
“corrected-load” method

_ 12FP%(a + 1)’

Gy, = 7
Ic B 2 h3 E1 . ( )
or the “corrected-displacement” method
3F Py,
Gre = ®)

" 2N B(a + 1h)

where &, is the critical displacement.

However, as will be shown later, a problem that
arises with the high-rate tests is that the measured
load oscillates violently and an accurate load, P,
cannot be measured, although the displacement, .,
and corresponding crack length, a, can be determined
from high-speed photography. Hence, we may com-
bine Equations 6 and 8 to obtain an expression for
G, which does not require a direct knowledge of the
load, namely

3 F 8hEy,
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Figure 2 (C/N)*"® versus the crack length, a.



This form of expression for obtaining values of Gy, was
employed for all test rates and the value of the
modulus, E;; used was determined from three-point
bend tests and ultrasonic tests, as described below.

3. Experimental procedure

3.1. Materials

3.1.1 Fibre composite specimens

Two different polymeric fibre composites - were used in
the present studies:

(i) a unidirectional carbon-fibre poly (ether—ether)
ketone (PEEK) composite (APC-2, supplied by ICI
plc, UK). The volume fraction of the thermoplastic
PEEK matrix was nominally 35% and the carbon
fibres were AS4 type (from Hercules Inc., USA);

(i) a unidirectional carbon-fibre epoxy-resin com-
posite (Fibredux 6376C supplied by Ciba Composites,
UK). The volume fraction of the thermosetting matrix
was nominally 35% and the carbon fibres were T-400
type (from Toray Inc., Japan).

Unidirectional laminate sheets of APC-2 were
moulded using a hot press, according to the manufac-
turer’s instructions. The epoxy/carbon-fibre com-
posite was cured in an autoclave, according to the
manufacturer’s instructions.

3.1.2. Adhesively bonded fibre composite
specimens

The polymeric fibre composite which was used as the
substrate for the adhesively bonded specimens was an
epoxy/unidirectional carbon fibre (913C XAS-5-34%
composite from Ciba Composites, UK), a thermoset
composite with a modified epoxy-resin matrix. It was
a continuous carbon-fibre composite containing a vol-
ume fraction of fibres of about 63%. Curing was
conducted using a hot press, according to the manu-
facturer’s instructions.

3.2. Preparation of specimens

3.2.1. Fibre composite specimens

The fibre composite specimens were prepared in the
form of DCB specimens as shown in Fig. 1. The initial
delamination was made by moulding in a double layer
of aluminium foil having a total thickness of 20 pm
and a length of 25 mm. This double-layer insert was,
however, stepped, such that the part of the insert
closest to the crack tip was effectively a single layer.
This resulted in a relatively low insert thickness of
12 um which formed the initial delamination, from
which crack growth occurred. Aluminium end-blocks
were then bonded on to each side at the end of the
specimen where the initial delamination was present
and the edge of the specimen was painted with a white
typewriter correction liquid and marked at 5 mm in-
tervals to enable the crack length to be monitored
during the test.

Prior to the actual failure tests, the initial delamina-
tion in the fibre composite specimens created by the
presence of the aluminium foil insert, was extended to
a length, a,, of 35 mm under mode II loading, i.e. the

foil crack was grown by conducting [3] a mode II test
at a constant displacement rate of 0.5 mmmin '
(Mode II loading was used to avoid the development
of any fibre bridging which might have occurred [14]

under mode I loading.)

3.2.2. Adhesively bonded fibre composite
specimens

The adhesive joints were prepared in the form of DCB
specimens as shown in Fig. 3. The substrates were cut
from the laminate sheet, of thickness 1.5 mm, and were
20 mm wide. The adhesive employed was either a two-
part cold-cured epoxy-paste adhesive (EA 9309 from
Hysol Dexter, USA) or a one-part hot-cured epoxy-
film adhesive (FM73M, from American Cyanamid,
USA). The bondline thickness was controlled
when using the film adhesive by a polyester mat
carrier incorporated into the film. Four layers of
the epoxy film provided a uniform bondline thickness
of 0.35mm. When using the epoxy-paste adhesive,
the bondline thickness was controlled by the addition
of 0.5% by mass of 0.35mm glass beads to the
adhesive.

The initial starter crack was made by inserting
a double layer of release-coated aluminium foil. Again
the foil was stepped at the end to provide an initial
delamination thickness of 12 um in between the ad-
hesive-coated composite substrates. To effect cure of
the adhesive, the joints prepared using the two-part
cold-cured epoxy-paste adhesive were held at
21 4 2°C under a pressure of 69 kPa for 4 days, whilst
those using the one-part hot cured epoxy-film adhes-
ive were held at 120°C for 1 h under a pressure of
275 kPa. The test specimen was completed by bonding
on to each side of the DCB joint the aluminium
end-blocks, using a room-temperature curing
toughened adhesive. The edges of the DCB specimens
were painted white using a typewriter correction
fluid and were marked off at 5 mm intervals along
the complete length of the beam. The adhesive joint
specimens were not precracked, because no “resin-
rich” zone could develop ahead of the crack, as it
might for the fibre composite materials. Indeed no
problems with initial crack blunting, or the sub-
sequent development of an R-curve, were observed
with the adhesive materials. Thus, the crack was al-
lowed to initiate directly from the aluminium-foil in-
sert during the test.

Figure 3 The double cantilever beam (DCB) adhesive joint
specimen.
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3.3. Fracture test methods

3.3.1. Slow-rate tests

Slow-rate tests were performed using a screw-driven
tensile-testing machine. The test temperature was
22 +1°C. The tests were conducted in displacement
control at a rate of 2 mmmin~*. The load and dis-
placement were recorded using the chart recorder, and
the length of the growing crack was monitored by the
use of a travelling microscope mounted in front of the
specimen. Each time the crack front passed a 5 mm
marker on the side of the specimen, the chart was
marked, so that the corresponding values of P and
d could be recorded.

3.3.2. High-rate tests
Tests at intermediate rates, ie. up to 1.67x
10" ?ms ™!, were conducted using the screw-driven
tensile testing machine as described previously. How-
ever, at all but the slowest rates it was, of course, not
possible to monitor the crack propagation visually.
Therefore, at all rates faster than 1.67x 10 *ms™ 1,
high-speed photography was used to record the dis-
placement, d, and crack length, a. At test rates in
excess of 1.67x107>ms™ ! and up to 15ms™?,
a servo-hydraulic testing machine, with associated
high-speed data acquisition facilities, was used. The
tests were conducted at a temperature of 23 + 2°C.
The high-rate test rig is shown schematically in
Fig. 4. The servo-hydraulic testing machine (an In-
stron Model 1343) was capable of displacement rates
of up to 25ms~! and was equipped with a piezo-
electric load cell with a signal amplifier. The data were
acquired using a 20 MHz digital oscilloscope (Gould
1600 series) and a 486 Personal Computer loaded with
Dadisp signal analysis software. Each test was photo-
graphed using a high-speed camera. This was a Had-
land 16 mm Photec (IV) camera, with a maximum
operating speed of 40,000 frames per second. The
optics incorporated a 45 mm, f2.8 lens, a rotating
prism and an associated half-frame image converter.
A 16 mm tungsten-balanced 7250 Eastman Film was
used to provide a high-resolution, colour record of the
test. To achieve the correct exposure levels, a variable-
focus tungsten spotlight was employed. This was ac-
tivated immediately prior to the test to avoid any
significant heating of the specimen. Incorporated into
the camera was a timing-light generator which
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Figure 4 A schematic diagram of the high-rate test rig.
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marked the film with a 100 Hz time base for a camera
speed of less than 2000 frames per second, and with
a 1 kHz time base for a camera speed of greater than
2000 frames per second. To determine the actual speci-
men displacement, 4, and the crack length, g, at any
time during the test the film negative was projected,
and so greatly enlarged, on to a screen, from which
accurate measurements could be made. A projector
was used which could project individual frames from
the high-speed film.

Details of the loading arrangement for the high-rate
mode I DCB test are shown in Fig. 5. The DCB
specimens were fixed on to the test rig between two
specially designed titanium shackles. The upper
shackle was fixed to a titanium “lost motion device”
(LMD) which was inserted directly into the hydraulic
ram of the test machine. We will return to the function
of the LMD below. The lower shackle, on the station-
ary side of the specimen, was coupled to the piezo-
electric load cell. The load cell was selected for its high
natural frequency of 70 kHz and its short rise-time of
10 ps. Tts output signal was amplified and then passed
to the oscilloscope. For reference, the oscilloscope also
captured the signal from the displacement transducer
mounted on the ram. Thus, a record of the load versus
time and the ram displacement versus time signals
were captured on the oscilloscope for each test. Prior
to conducting the tests, the position of the LMD was
set to allow a period of pre-travel to ensure that the
test was conducted at constant velocity. Tests were
then performed at rates from 1x 1072 to 15ms™ 1
The oscilloscope and camera were triggered in order
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Figure 5 The loading arrangement for the DCB tests.



to capture the values of the load, ram displacement,
specimen displacement and crack length as a function
of time. Timing marks on the high-speed film record
provided an accurate time base, such that the speci-
men displacement and crack length values could be
accurately correlated to the measured values of the
load. The signals were transferred to the dedicated
computer, where they could be analysed using the
signal analysis software.

Returning to the design and function of the “lost
motion device” (LMD), the purpose of this device was
to ensure that the ram had attained a constant velocity
before motion was transferred to the specimen. The
nature of the contact area between the LMD and the
hydraulic ram was found to have a considerable bear-
ing on the dynamics of the test. If the contact surfaces
between the LMD and the hydraulic ram had been left
unmodified then, on contact, the initial velocity of the
LMD (and hence the specimen) would have been
greater than that of the ram. Thus, a bouncing effect
would have occurred between the LMD and the ram,
resulting in a test with a transient loading rate. This
phenomenon has also been reported by other workers
[8,15], who therefore modified the contact stiffness by
the insertion of a viscoelastic material. If such a modi-
fication is made, the impact is damped and the speci-
men may be smoothly accelerated. Clearly, as an in-
creasing amount of viscoelastic material is inserted
between the contact surfaces, the more gradually the
specimen accelerates, and thus the slower the effective
test rate. In the present work, rubber was inserted
between an “aluminium cup and cone” contact area.
This particular design was chosen because the inclined
contact area resulted in a smoother take-up of the
LMD and provided a larger potential damping area.
Finally, it should be noted that the extent of the loss of
contact may be varied by employing different, and
different amounts of, the viscoelastic damping mater-
ial.

From the above observations it is important to note
that the displacement of the specimen should not be
deduced from the output of the displacement trans-
ducer monitoring the position of the hydraulic ram of
the test machine, because this can lead to very mis-
leading results being obtained. In the present work, all
displacement values used in the various equations
were obtained using high-speed photography to re-
cord the actual deformations of the arms of the speci-
men during the test. The values of displacement so
determined were not, therefore, subject to errors
caused by any dynamic acceleration and oscillation
effects, and/or loss of contact of the LMD during
loading. To illustrate these aspects, the high-speed film
was used to determine accurately the actual specimen
displacement at any instant during the test, and such
values were compared to the values of the displace-
ment of the ram of the test machine, measured using
the transducer connected to the ram. It may be seen
from Fig. 6a that, at a test rate of 1 ms ™!, the displace-
ment of the ram quite accurately predicts the displace-
ment of the specimen. However, Fig. 6b shows that at
a test rate of 15ms ™7, the displacement of the ram
cannot be used to predict the displacement of the
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Figure 6 ([J) Ram displacement and (M) actual specimen displace-
ment versus time from tests conducted using an adhesively bonded
DCB specimen at a ram-displacement rate of (a) 1ms™!, (b)
15ms™ L

specimen. Thus, if the specimen displacement was de-
duced from the ram displacement, the result would be
to underestimate significantly the actual displacement
as correctly recorded from high-speed film, and thus
underestimate significantly the resulting value of
Gy, as determined from Equation 9. This significantly
greater velocity of the specimen, compared to the ram
of the test machine, is yet another aspect of the com-
plex dynamic effects [12] observed in high-speed ex-
periments.

3.4. Evaluation of the axial modulus, £,
of the fibre composites
3.4.1. Flexural tests
To obtain accurate values for the axial modulus of
the fibre composites tested, a number of three-
point bend tests was undertaken. Using composite
beams, possessing an identical geometry and lay-up to
those used in the fracture tests, a series of three-point
bend tests was conducted at a constant displacement
rate of 0.5 mmmin~'. In order to ensure high accu-
racy, an external transducer was used to measure the
displacement of the beam during the test. It was noted
that very good agreement was obtained between the
values of the modulus calculated from beam theory
following a mode I fracture test and the values meas-
ured using the three-point bend test. The values ob-
tained were 120 GPa for the epoxy/carbon-fibre
composite and 115 GPa for the PEEK /carbon-fibre
composite.
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3.4.2. Ultrasonic measurements
The moduli of the fibre composites were also meas-
ured using an ultrasonic technique. Ultrasonic tests
were conducted in order to investigate whether the
moduli of any of the fibre composites were signifi-
cantly dependent upon the strain rate. Clearly, when
undertaking fracture tests at rates of up to 15ms ™, it
is important to use the correct values of E;; in the
beam theory equations when calculating values of G..
Various ultrasonic test methods are available, and
the method followed in the present work utilized the
propagation of Lamb waves [16] in thin plates of the
fibre composite material. Lamb waves are two-dimen-
sional vibrational modes which propagate in free
plates. There are a number of different modes of Lamb
wave, e.g. flexural, termed o, and longitudinal, termed
So. When these “zero order” Lamb waves combine
they form what is effectively a Rayleigh wave. In the
present work, the longitudinal, (sg), wave has been
utilized. It was shown by Kolsky [17] that, as the
frequency times thickness product tends to zero, the
phase velocity of s, tends to the velocity of the longitu-
inal plate wave, ¢,, which is given by

1/2
o= 5| "o

for plane-strain conditions in the plate, where p is the
density and v is the Poisson’s ratio of the material.
Thus, if the 54 longitudinal vibrational mode can be
propagated without the introduction of other modes
and without significant dispersion, then the longitudi-
nal modulus E;; can be deduced for the plate, as
a function of frequency.

The experimental test rig employed is shown in
Fig. 7. Essentially, a pulse and function generator were
used to produce a tone burst of excitation at a particu-
lar frequency, which was amplified and passed to the
transducer at the transmitter station. The transducer
was coupled to the plate by the use of an angled
poly(methyl methacrylate) wedge. An optimum angle
for this wedge existed when the amplitude of the
so vibrational mode relative to other modes in the
plate was a maximum. For the fibre composite mater-
ials under investigation, this angle was found to be
20°. A thin film of water was used to couple the wedge

the transducer at thereceiver station. This transducer
was also coupled to the plate at the same angle of
inclination. This received signal was amplified and
captured on the oscilloscope. The twice-reflected sig-
nal is also detected by this transducer and captured on
oscilloscope. This total signal was then transferred to
a computer. A spectrum analyser with a two-dimen-
sional fast-Fourier transform facility was then utilized
to ensure that significant dispersion of the wave had
not occurred. Next, by measuring the time elapsed
between the captured signals, the velocity of the longi-
tudinal, sy, wave was determined. The frequency of the
tone burst could be altered by using a computer pro-
gram, and frequencies from 240kHz to 1.06 MHz
were employed. This frequency range represented the
effective limits of applicability of this technique when
using specimens which could be readily manufactured.

The parameters used in the calculation of E, from
Equation 10 are given in Table I. The density of the
fibre composites was measured and is given by p. The
Poisson’s ratio is given by v which was obtained from
the manufacturers’ data, the term L, is the length of
the plate employed, and is required for the wave-speed
measurements.

The results in Table II show that for the epoxy
composite the values of E; vary from 119-113 GPa.
These values are in very close agreement with the
values obtained from the three-point bend tests, and
from the DCB tests using corrected beam theory, both
of which were conducted at relatively slow rates of
test. Similarly, the results in Table III show that for the
PEEK composite, the values of E;; vary from
115-112 GPa for the ultrasonic technique. Again,
these values are in very close agreement with the
values obtained at slow rates of test. These results are
in agreement with results published by Harding and
Welsh [ 18], which also indicated that the axial moduli
of these unidirectional carbon-fibre composites are
not significantly strain-rate dependent. Thus, the
static, low-rate, value of E;; may be used in Equa-
tion 9. '

TABLE I Parameters used to deduce the value of E,

Parameter Epoxy composite PEEK composite
to the plate.
The vibrational pulse propagated primarily in the  p(kgm™3) 1566 1540
longitudinal direction of the plate in the direction of v 0.27 028
L,(mm) 291 286
GPIB
Iﬁ j TABLE II Results for the epoxy composite
Osai
seilloscope PC Frequency Time Wave speed Eiq
JL (kHz) (s) (ms™) (GPa)
Receiver Pulse Function Power i
amplifier . generator generator " amplifier 240 64.3 9051 1189
400 64.5 9023 1182
T l 600 64.5 9023 1182
Recei i
coeer Wave propagation Transmitter 800 64.6 9009 117.8
900 64.8 8981 1171
1000 65.4 8899 115.0
posite p 1050 65.8 8845 113.6
1060 659 8832 1132

Figure 7 A schematic diagram of the ultrasonic test rig.
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TABLE III Results for the PEEK composite

Frequency Time Wave speed Eq

(kHz) {us) (ms™1) (GPa)
240 63.5 9008 1152
450 63.6 8994 1148
600 63.7 8980 114.4
650 64.1 8924 113.0
870 63.9 8951 1137
940 64.0 8938 113.7
980 64.1 8924 113.0

1030 64.5 8868 111.6

4. Results and discussion:

fibre composite specimens
4.1. Load versus time traces
The load versus time traces for the PEEK /unidirec-
tional carbon—fibre composites tested at four different
rates of test are shown in Fig. 8. Several interesting
points emerge from these data.

Firstly, at a rate of test of 3.3 x 107 ms ™! the load
versus time trace (Fig. 8a) is associated with the crack
growing in a stable, continuous manner through the
DCB specimen. However, at rates greater than about
83x107° ms™ ! thereis a clear tendency for unstable,
“stick-slip”, crack growth to be observed. This may be
seen from Fig. 8b which shows the load versus time
trace for this material at a test rate of 1 x 107> ms ™1,
In this figure the deviation from linearity of the initial
slope of load versus time trace is associated with stable
crack growth, but this short period of stable cracking
is followed by rapid crack growth which leads to crack
arrest. This sequence of a short period of stable crack
growth followed by unstable crack growth is then
repeated down the length of the DCB specimen. This
sequence can also be clearly seen for a test rate of
0.5ms~* (Fig. 8c). :

However, secondly, Fig.8¢c and d show another
major effect of increasing the test rate. Namely, the
presence of an increasing number of oscillations on the
trace which arise from dynamic effects. As was dis-
cussed earlier, the load versus time signals were never
filtered, because it is not possible to know which part
of the signal represents the true behaviour of the
specimen and which parts reflect the purely dynamic
effects. These dynamic effects are likely to arise from
several causes. The first peak in the load versus time
trace is very likely to be greatly influenced by inertial
effects. On the other hand, the following multiple
oscillations are likely to be caused by stress waves
propagating in the specimen. For example, the DCB
specimen may respond and deform due to the propa-
gation of shear waves through the specimen. The
shear-wave speed is in the order of 5000 ms™!, and
these waves therefore propagate with a frequency in
the range of 3050 kHz. Flexural waves also occur in
the DCB specimen and their wave speed is a function
of crack length. The typical flexural wave speed is in
the range of 200-1000ms™ ', and therefore propa-
gates with a frequency below about 1 kHz. Indeed, if
the higher frequency oscillations are filtered out, then
these lower frequency flexural wave effects can be
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Figure 8 Typical load versus time traces for PEEK/carbon-fibre
composite tests conducted at a ram-displacement rate of (a)
33x107°ms™ L, (b)) 1x 107 2ms %, (¢) 5x10 ' ms™ L, (d) 2 ms™ .

readily observed. Another possible cause of the mul-
tiple oscillations is that the shear waves, having a fre-
quency of about 30-50 kHz, are of the appropriate
frequency to create resonant effects in the piezo-elec-
tric load cell. Recall that the load cell has a natural
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frequency of about 70 kHz, but this is lowered some-
what when the loading shackles are connected to the
cell. Finally, it should be noted that the longitudinal
wave speed is about 9000 ms ™, and this is considered
to be too high to affect the load traces significantly.
Thirdly, the above effects lead to the problem that,
whilst the load versus time traces obtained at the
lower rates of 3.3x107° and 1 x10"?ms™?, can be
readily interpreted and analysed to yield values of the
interlaminar fracture energy, Gy, the traces from the
higher rates of test cannot be readily interpreted.
Also, any load values obtained from such traces
are very susceptible to errors, because the true load
representing the material behaviour may be com-
pletely obscured by the dynamic effects. It is for
these reasons that Equation 9 was derived, which
enables the values of the fracture energy to be ob-
tained without requiring a knowledge of the load
applied to the specimen. However, it should be noted

that Equation 9 is a “static” analysis. It does not take
into account dynamic effects due either to kinetic
energy contributions or to stress waves propagating in
the specimen. These effects are considered in Part 11
[12].

Turning to the epoxy/unidirectional carbon-fibre
composite, for this material the crack propagated in
a relatively stable, continuous manner over the com-
plete range of test rates, with the load versus time
traces revealing no obvious indication of a transition
from stable to typical unstable (“stick—slip”) crack
growth as observed for the PEEK composite. Thus,
clearly the tranmsition from stable crack growth to
unstable crack growth is not only a function of the test
specimen geometry and loading conditions, but also of
the actual material under study. However, as observed
for the PEEK /unidirectional carbon-fibre composites,
the load versus time traces became more complex
in nature as the rate of test was increased, with an

Figure 9 A high-speed film sequence showing the photographic record of a mode I interlaminar DCB test conducted at a ram-displacement
rate of 2 ms™ . The material was PEEK /carbon-fibre composite. The framing rate was 1500 frames per second and the sequence is from top

to bottom of strip one, then two and then three.
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increasing number of oscillations being recorded due
to dynamic effects at the higher test rates.

4.2. Variation of crack length and
crack velocity with time

In the case of the relatively slow rate tests, the vari-
ation of the crack length with time during the test
could be monitored by visual observation, with the aid
of a travelling microscope. For the higher rate tests,
the relationship between crack length and rate was
obtained via analysis of the high-speed film which
recorded the progress of the test. A-typical sequence of
the high-speed film is shown in Fig.9, and this
example is for a PEEK/carbon-fibre composite tested
at a rate of 2ms ', The circular white marks which
may be seen to the right of the frames are timing
marks, and are placed on to the film at 10 ms intervals.
They show that the framing rate employed for this test
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was 1500 frames per second and allow the exact time
interval between successive frames to be calculated.
The high-speed film sequence shows clearly the
position of the crack tip throughout the test and
in this example it enabled the crack.length, a, and
beam opening displacement, 4, to be measured at time
mtervals of 0.66 ms during the test. This test lasted
33 ms. ‘

Fig. 10a shows the variation of the length of the
propagating crack with time for the PEEK /carbon-
fibre composite tested at a rate of 3.3x 10 > ms™!
{The onset of crack propagation is shown in each of
the crack length versus time plots for reference.) As
may be seen, the crack grows steadily during the test
and the resulting crack velocity through the DCB
specimen is shown in Fig. 10b. At the constant test
rate of 3.3x 10”° ms ™!, the initial crack velocity is
about 8 x 107 ° ms ™! and steadily decreases to about
5x107° ms™*. Fig. 10c and d show the variation of
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the length of the propagating crack with time at a
test rate of 1 ms™~!. This figure clearly illustrates the
unstable, “stick-slip” crack growth which occurs in the
PEEK composite at this test rate. The variation of
crack velocity with time, Figure 10d, again reflects this
type of crack growth. Here the crack propagates in
spurts, with the crack velocity being of the order of
several metres per second before crack arrest occurs,
when the velocity is, of course, zero. The results ob-
tained from a test at 10 ms™! are given in Fig. 10e,f.
At this test rate the crack propagation was again
“stick—slip”, but the crack length distance between the
“stick—slip” regions was shorter, giving the appear-
ance of more stable crack growth. However, an exam-
ination of the fracture surfaces clearly revealed that
the crack growth was still of the “stick—slip” type.
Indeed, Fig. 10f shows the highly transient nature of
the crack velocity versus time relationship, with max-
imum crack velocities now significantly higher (up to
about 80 ms ™~ !)in comparison to the values measured
for the slower test rates, as would be expected for this
very high test rate.

From the previous comments on the load versus
time traces for the epoxy/unidirectional carbon-fibre
composite it would be expected that the crack length
versus time, and crack velocity versus time, traces
would show steady, stable crack growth. This was
indeed observed at the lower rates of test. However, at
the relatively high rates of test a more unstable type of
crack growth was observed, as was previously seen for
the PEEK composite. Fig. 11a, for the epoxy com-
posite, shows the length of the propagating crack
plotted against time for a test conducted at 5ms™",
and the resulting crack velocity is shown in Fig. 11b.
Note that irregular acceleration and deceleration
of the crack does occur, and this probably arises
from dynamic effects. The maximum crack velocity
attained is about 90 ms™ !, and this is very quickly
followed by a period of crack arrest when the velocity
is zero. Fig. 11c and d show that similar transient
behaviour occurs for a test conducted at 15ms™?,
and clearly this test is even more affected by dynamic
oscillations. Thus, although not readily evident
from the load versus time traces, the higher test
rates do give rise to irregular crack growth in the
epoxy composite, with transients being observed in
the crack speed as it propagates through the DCB
specimen.

At the higher rates, precisely defining the instant of
crack initiation was achieved using high-speed photo-
graphy. Thus, the accuracy of the instant of crack
initiation was simply limited by the fact that the obser-
vation of the specimen is not continuous, but occurs at
discrete points represented by the interval between
frames, which depends upon the camera speed. How-
ever, with the high framing rates possible with the
high-speed camera which we used, a high degree of
accuracy could be attained for the measured values of
crack length, a, and displacement, ¢, for crack initia-
tion. Hence, Equation 9 could then be used to obtain
accurate values of Gy, for the onset of crack propaga-
tion. On the other hand, examining the load versus
time trace shows that, typically within the interval
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Figure 11 Typical (a, c) crack length and (b, d) crack velocity versus
time traces for the epoxy/carbon-fibre composite tests conducted at
a ram-displacement rate of (a,b) Sms™*, (c,d) 15ms™*

between the crack being stationary and initiating, sev-
eral load oscillations will have occurred. Hence, defin-
ing a critical load for crack initiation from the load
versus time trace, is difficult and becomes a matter of
debate. Thus, if Equations 6 and 7 are used to deduce
values of the fracture energy, Gy, this difficulty inevi-
tably introduces a high degree of uncertainty and
scatter into the values of Gy.



4.3. Evaluation of G, as a function of
crack length

A rising R-curve (i.e. where the value of the fracture
energy, G, increases with the length of propagating
delamination) has been previously recorded [3,4] for
the PEEK /unidirectional carbon-fibre composite at
relatively slow rates, and this effect was observed in
the present studies. At rates of up to Sms™* the
R-curve was still evident, i.e. subsequent initiation
values obtained during the “stick—slip” crack growth
process did indeed show an increasing trend with
crack length. However, at rates above 5ms~ !, an
“R-curve” was not detected.

In the case of the epoxy/unidirectional carbon-fibre
composite, no rising R-curve was observed at any of
the various test rates which were employed, again in
accordance with previous observations [3]. However,
at rates of test greater than about 5 ms ™! there was an
indication that a slightly higher value of G, occurs
immediately after the crack has begun to propagate,
the value of Gy, then returning to the initiation value
as the crack propagates through the DCB specimen.
It is considered that this small peak is associated
with the dynamics of such high-rate tests, and will be
discussed in Part II [12].

4.4. Effect of test rate on G

For the PEEK /carbon-fibre composite, Fig. 12 shows
the values of the interlaminar fracture energy, Gy, for
both crack initiation and arrest (where appropriate) as
a function of rate, from rates of specimen displacement
from 3.3x 10" ms ™! to about 15 ms™*. (In this, and
succeeding graphs, the error bars show the standard
deviation determined from the experimental results.)
As may be seen, firstly, unstable crack propagation
only occurs at rates greater than 8.3 x 10 5 ms™ %
Secondly, there is no major decrease in the value of
Gy, for either initiation, or arrest, with increasing rate.
However, a modest reduction in the value of Gy, at
crack Initiation is apparent at rates in excess of
5 ms~ . This reduction does not exceed about 20% of
the initial static (i.e. low test rate) value of Gy, recorded
at crack initiation. This reduction is far less than that
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Figure 12 G, versus specimen-displacement rate for the

PEEK /carbon-fibre composite. ({J) crack initiation values, crack
arrest values. (l

reported [7] by some other workers. In this respect it
is of interest to note that the reduction in Gy, at crack
initiation obtained from the present work would have
been far greater if we had employed the unreliable, and
inaccurate, values of the measured load at crack initia-
tion to deduce the values of Gy, as was employed by
the previous workers.

In the case of the epoxy/unidirectional carbon-fibre
composite, the value of Gy, remains insensitive to the
rate of specimen displacement across the entire range
of test rates, as shown in Fig. 13.

Finally, it should be noted that we have not taken
dynamic effects into account when deducing the
values of Gy; i.e. we have used a static analysis (i.e.
Equation 9) to deduce the values of the interlaminar
fracture energies. The dynamic effects associated with
testing at relatively high rates will be considered in
detail in Part IT [12]. However, in the context of the
present discussion, it should be noted that dynamic
corrections to allow for kinetic energy effects are negli-
gible, of course, at the lower rates of test. Furthermore,
even at the highest rates of test, such as at 10 ms ™!,
such effects are predicted [12] to decrease the values of
G given in Figs 12 and 13 by a maximum of about
2% for the PEEK composite and about 8% for the
€poxy composite. .

5. Results and discussion: adhesive joint
specimens

5.1. Load versus time traces

The load traces obtained from testing the adhesive
joint specimens show broadly the same trend as those
obtained from the PEEK/carbon-fibre composite,
namely that stable continuous crack propagation
gives way to typical unstable “stick—slip” type propa-
gation as the test rate is increased. The rate at which
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TABLE IV Rates of test for a transition from stable to typical
“stick—slip” crack growth for the adhesive joint specimens.

Adhesive Transition rate (ms 1)
Epoxy film 33x1073
Epoxy paste 1.67x 1072
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the transition from stable to unstable crack propaga-
tion occurs depends on the adhesive employed, and
the transition rates are shown for the two adhesives in
Table IV.

Fig. 14 shows the load versus time signals for the
DCB joints bonded using the epoxy-film adhesive.
Crack propagation was cohesive, i.e. within the adhes-
ive, at all test rates. Fig. 14a shows a load versus time
trace from a test conducted at 3.3x 10 °ms™ !, ie.
well within the stable regime. The load trace is linear
up to the point of crack initiation, after which the
crack propagates in a stable manner with a steadily
decreasing load being observed. However, Fig. 14b
shows an equivalent trace obtained at a rate of
1x 1072 ms™?%, ie. above the transition rate, and thus
depicts “stick—slip” crack propagation. The process of
crack initiation and crack arrest is now repeated along
the length of the specimen, and thus gives rise to the
type of load versus time trace shown in Fig. 14b. This
is clearly similar in nature to that previously described
for the PEEK /unidirectional carbon-fibre composite.
Fig. 14c shows the load versus time trace resulting
from a test at 5x 10 ' ms™'. This signal demon-
strates that although “stick—slip” crack propagation is
still evident, the load versus time trace shows an in-
creased dynamic influence, especially at the onset
of unstable crack growth. It 1s at these initiation
loads that the fibre composite arms are affected most
significantly by flexural wave effects, and this effect
may be clearly seen from the high-speed photographic
studies. Fig. 14d shows a load versus time recorded at
2ms ' It is evident from this trace that the dynam-
ically induced oscillations on the measured values of
load are now masking the crack propagation behav-
iour. The severe oscillations in the load will obviously
introduce serious errors into values of Gy, calculated
using values of the measured load. Some of the oscilla-
tions in the early part of the signal introduce a load
fluctuation of up to + 40 N, which corresponds to
a percentage error in the load values of 4+ 25% for
crack initiation in this adhesive. Therefore, as for the
failure of the fibre composites discussed above, it is
casily possible to deduce misleadingly high or low
values of Gy, depending on how the load versus time
traces are interpreted. Clearly the use of curve
smoothing or data filtering would reduce the amount
of load oscillation in the signal, but such techniques
have not been employed in the present work for the
reasons previously discussed. Similar load versus time
signals were also obtained when testing DCB joints
bonded using the epoxy-paste adhesive.

5.2. Variation of crack length and crack
velocity with time

Fig. 15 shows the crack length versus time, and result-
ing crack velocity versus time, data for joints bonded
with the epoxy-film adhesive at various rates. Fig. 15a
shows these data at a rate of 1.67 x 107> ms ™~ '. At this
slow rate, the crack was monitored using the travelling
microscope, and it can be seen that the crack grows
steadily through the joint. The crack velocity does
oscillate somewhat, but tends to decrease with time,
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i.e. the velocity decreases with an increasing crack
length, as would be expected. (Note that the onset of
crack propagation is shown in Fig. 15a,15¢c and 15¢
for reference.)

Fig. 15¢ and d shows the crack length and crack
velocity data at a test rate of 2 ms ™ *. Crack growth is
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Figure 15 Typical (a,c,e) crack length and (b,d, ) crack velocity versus time traces for DCB joints bonded using the epoxy-film adhesive
tested at a ram-displacement rate of (a,b) 1.6 x 10">ms™ %, (c,d) 2ms™ %, (e,f) 15ms™ %

now “stick-slip” in nature, as may be seen from
Fig. 15c. This is clearly reflected in the resulting crack
velocity versus time trace, Fig. 15d. Fig. 15¢ shows the
equivalent crack length, and crack velocity, versus
time data at a test rate of 15ms ™' Again the crack
velocity data are transient, now showing a maximum
crack speed of almost 90 ms ™! followed within half
a millisecond by an instance of crack arrest.

5.3. Evaluation of G, as a function of crack
length

As reported previously [19], the value of the adhesive
fracture energy, Gy, was deduced using the theoretical
approach developed in Section 2. Neither of the two
adhesives employed in the present work exhibited an
R-curve, 1.e. there was no increase in the value of
Gi. with increasing crack length. For each adhesive,
the crack remained cohesive in the adhesive layer at all
test rates.

When typical “stick—slip” crack propagation was
observed, i.e. at rates above the transition rates (see
Table IV), it was possible to define the points of crack
initiation and crack arrest. At the lower test rates, the
arrest value of Gy, were significantly lower than the
initiation values. For example, at a rate of
33x107°*ms™! the epoxy-film adhesive possessed
a G, (initiation) value of 2.3kJm~2 but an arrest
value of 1.2kIm™2. Also, at a rate of 0.5ms™ !, the
epoxy-paste adhesive possessed a G, (initiation) value
of 4.0 kIm ™2, but an arrest value of only 0.36 kJm ~2.
Thus, the adhesive with the higher initiation value of
G, possessed the lower arrest value.

As the rate of test was increased, the average length
that the crack grew on each “stick—slip” cycle de-
creased; i.e. the stick—slip bands became narrower and
more numerous. At the highest test rates, ie.
10-15ms™?, the “stick—slip” bands had become suffi-
ciently narrow to give the impression that continuous
crack growth had resulted. However, close inspection
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of the fracture surfaces clearly revealed that the crack
growth mechanism was still “stick—slip” in nature.

5.4, Effect of test rate on G

Values of Gy, for the two adhesives are shown in
Figs 16 and 17 as a function of the rate of specimen
displacement. These figures show crack initiation
values of Gy; and arrest values where they were ob-
tained, see Table IV. The error bars show the standard
deviation determined from the experimental results.
Several interesting points are to be seen.

Firstly, the effect of specimen-displacement rate on
the performance of the epoxy-film adhesive is shown
in Fig. 16. As may be seen, at low rates the initiation
value of Gy, is 2.3 + 0.15kJm™ 2. This value is main-
tained up to a rate of about 10 ms™?, after which
a modest decrease was observed with Gy, decreasing to
1.8+ 0.15kJm~2 at 15ms~". The path of joint fail-
ure remained cohesive through the adhesive layer at
all test rates.

Secondly, as shown in Fig. 17, the epoxy-paste ad-
hesive shows a constant initiation value of Gy, of about
3.8 + 0.25kIm™? up to a specimen-displacement rate
of 0.5 ms ™! after which a steady decrease is recorded
with a value at initiation of G, of 2.0 +£ 025 kJm ™2 at
a rate of about 15 ms~*. The failure again remained
cohesive at all rates, but at the higher rates the fracture
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surface became significantly more brittle in appear-
ance, as discussed later in Section 5.5.

Thirdly, considering the aspect of crack arrest, then
the arrest values of Gy, are lower than the initiation
values, as would be expected, and this is especially the
case of the tougher epoxy-paste adhesive. The values
of Gy, (arrest) are not significantly dependent upon the
rate of test. It should be noted that at rates above
about 1 ms™ ! it becomes increasingly difficult to dis-
tinguish between points of crack initiation and crack
arrest. This is at least partially due to the crack-length
distance between the initiation and the arrest points
becoming smaller with increasing test rate, as dis-
cussed above. Also, at these higher test rates it be-
comes increasingly difficult for the crack to arrest fully
before it is driven on again by the increase in the
displacement of the specimen, and thus there is in-
creasing uncertainty as to whether these points repres-
ent genuine arrest points. Hence, for the epoxy-paste
adhesive, the values of Gy, (arrest) at the highest dis-
placement rates cannot be accurately determined and
are not therefore shown in Fig. 17.

Finally, again, it should be noted that we have not
taken into account the dynamic effects when deducing
the values of Gy; 1.e. we have used a static analysis (i.e.
Equation 9) to deduce the values of the adhesive
fracture energies, Gy.. The dynamic effects associated
with testing at relatively high rates will be considered
in detail in Part IT [12]. However, in the context of the
present discussions, it should be noted that dynamic
corrections to allow for kinetic energy effects are negli-
gible, of course, at the lower rates of test. Furthermore,
even at the highest rates of test, such as at 10 ms™ 1
such effects are predicted [ 12] to decrease the values of
Gy given in Figs 16 and 17 only by a maximum of
about 1.5% for both adhesives.

5.5. Fractographic studies

The reasons for the greater decrease in the adhesive
fracture energy, Gy, for the joints bonded using the
epoxy-paste adhesive, i.e. see Fig. 17, may be under-
stood by considering the micromechanisms of failure
[20]. Both the epoxy-film and the epoxy-paste adhes-
ives consist of a cross-linked matrix of epoxy polymer
which contains a dispersed phase of small rubber
particles. The rubber particles having a diameter from
submicrometre to 1 or 2 pm.

The presence of the rubber particles greatly in-
creases the toughness of the adhesive and two - impor-
tant toughening mechanisms have been identified for
such two-phase materials [20-26]. The first is localiz-
ed shear yielding, or shear banding, which occurs
between the rubber particles at an angle of approxim-
ately + 45° to the direction of the maximum principal
tensile stress [20-26]. Owing to the large number of
particles involved, the volume of thermoset matrix
material which can undergo plastic yielding is effec-
tively increased compared to the basic single-phase
epoxy polymer. Consequently, far more irreversible
energy dissipation is involved and the toughness of the
material is improved. The second mechanism is the
internal cavitation, or interfacial debonding, of the



rubbery particles, which may then enable the sub-
sequent growth of these voids by plastic deformation
of the epoxy matrix [24-26]. The importance of this
mechanism is that the irreversible hole-growth process
of the epoxy matrix also dissipates energy and so
contributes to the enhanced fracture toughness. Thus,
from the above toughening mechanisms it is evident
that the ability of the cross-linked epoxy polymer to
undergo plastic yielding is an important requirement,
and the rate dependence of the yield and post-yield
behaviour of the epoxy, will obviously be important in
influencing the rate dependence of the fracture proper-
ties of the adhesive.

Now, scanning electron micrographs of the fracture
surfaces of the adhesives reveal important differences
in the fracture behaviour as the rate of test is in-
creased. At relatively low test-rates the fracture surfa-
ces of both adhesives reveal that plastic deformation
of the epoxy has occurred; for example, as may be seen
from Fig. 18a. This micrograph clearly shows the de-
velopment of the plastic hole growth, triggered by the
cavitation of the rubbery particles, and the extensive
plastic deformation of the epoxy polymer. Further, the
more extensive plastic deformation is seen in the case
of the tougher epoxy-paste adhesive, as indeed would
be expected.

At the highest rates of test, the fracture surface of
the epoxy-film adhesive is not greatly different from
that recorded at the lower test rates, although some-
what less plastic deformation has apparently occurred.
This is in agreement with the observation that the

Figure 18 Scanning electron micrographs of the fracture surfaces of
the epoxy-paste adhesive tested at a ram-displacement rate of (a)
107 % ms™ %, (b) 10ms~L

adhesive fracture energy, Gy, for this adhesive is not
greatly affected by the rate of test, see Fig. 16. How-
ever, for the epoxy-paste adhesive, the extent of plastic
deformation has greatly decreased, as may be seen by
comparing Fig, 18a and b. Indeed, in Fig. 18b vir-
tually no plastic hole growth has resulted, and this is
reflected in the significantly lower toughness for this
adhesive at the high rates of test, see Fig. 17.

Considering the reasons for these differences in the
fracture behaviour of the two adhesives, the hot-cur-
ing epoxy-film adhesive has a glass transition temper-
ature, T,, of about 90°C, whereas the cold-curing
epoxy-paste adhesive has a T, of about 59 ° C. There-
fore, the epoxy-paste adhesive is essentially being tes-
ted closer to its T, than the epoxy-film adhesive. This
is indeed likely to result in the yield and post-yield
properties of the epoxy-paste adhesive being more
dependent upon the rate of test. Hence, the extent of
localized plastic deformation and the measured frac-
ture energy of the epoxy-paste adhesive will be more
dependent upon the rate of test.

6. Conclusion

The present studies have discussed in detail the experi-
mental results from studies designed to measure the
mode 1 failure of fibre composites and adhesively
bonded fibre composites under a wide range of rates of
test, up to rates of about 15ms ™%

Firstly, it has been shown that great care must be
taken in the experimental aspects when undertaking the
tests at high rates of test. For example, the displacement
of the ram of the test machine does not necessarily
reflect the actual displacement of the specimen, and
similarly the loads recorded by the load cell may bear
little relationship to the loads actually experienced by
the specimen. These, and other dynamic effects, have
been identified in the present studies and experimental
techniques, and theoretical expressions for the fracture
energy, Gy, for overcoming these problems have been
reported. It is considered that, because many of the
previous workers apparently have not taken these ef-
fects into account, such effects may explain the conflict-
ing results to be found in the literature. Of major
importance in this respect is the derivation and use of
expressions (e.g. Equation 9) which do not rely upon
values of the measured loads in order to deduce values
of the fracture energy, Gy, because the dynamic effects
typically cause the measured loads to oscillate violently,
and be unreliable and unrepresentative of the loads
actually being experienced by the specimen.

Secondly, detailed analysis of the manner in which
the crack propagates has shown that, as the rate of test
increases, there is an increasing tendency for unstable
“slip—stick” crack growth to be observed. The crack
velocity versus time data emphasizes the highly transi-
ent nature of the crack growth at the higher rates of
test, with these maximum transient crack velocities
being significantly higher than the velocities measured
for the slower test rates.

Thirdly, for the fibre composites, the values of the
interlaminar fracture energy, Gy, deduced from Equa-
tion 9 have been plotted against the rate of specimen
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displacement. For the PEEK /carbon-fibre composite
there is no major decrease in the value of Gy for either
initiation, or arrest, with increasing rate. However,
a modest reduction in the value of Gy, at crack initia-
tion is apparent at rates in excess of 5 ms~!. However,
this reduction does not exceed 20% of the initial static
(i.e. the low-rate) value of G, recorded for crack initia-
tion, where the initiation value was 1.6 kJm ™2 This
reduction due to increasing the rate of test is far less
than that reported [7] by some other workers. To
reinforce the comments made above on the dynamic
effects associated with high rates of test, it is of interest
to note that the reduction in Gy at crack initiation
obtained from the present work would typically have
been far greater if we had employed the unreliable and
inaccurate values of the measured load at crack initia-
tion in order to determine the values of Gy, via Equa-
tions 7 and 8. In the case of the epoxy/carbon-fibre
composite, the value of G, remained insensitive to
rate across the entire test-rate range, the value being
about 0.3kIm™ >

Turning now to the adhesively bonded fibre com-
posite joints, the effect of specimen-displacement rate
on the value of Gy, of the epoxy-film adhesive reveals
that, at low displacement rates, the initiation value of
G, is about 2.3 kJ m ™ This value is maintained up to
a rate of about 10 ms™?, after which a modest de-
crease is observed, with G;, decreasing to 1.8 kJm™?
at 15ms~'. The tougher epoxy-paste adhesive
showed a constant value of G, of about 3.8 kIm ™2 up
to a rate of 0.5 ms™ ', after which a steady decrease
was recorded, with a value of Gy at initiation of
2.0kIm™? at a test rate of 15 ms ™ *. Thus, the tougher
epoxy-paste adhesive shows the greater rate depend-
ence. The failure for the adhesive joints employing
either the epoxy-film or the epoxy-paste adhesive is
cohesive through the adhesive at all rates.

Part II will discuss, and analyse in detail, the dy-
namic effects which are invariably associated with
high-rate tests, and will show how these effects influ-
ence the observed behaviour of the test specimens.
Part III will report the results from mode II and
mixed-mode I/II tests on the fibre composite mater-
ials.
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