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Abstract

Adhesives joints are widely developped in aeronautic and automotive design ap-
plications. When subjected to impact loading, the rate sensitivity of adhesively
bonded joints becomes a subject of interest. In this study, the mode I fracture
behaviour of an aeronautic adhesive is characterized. Double Cantilever Beam
tests are realized under different loading rates. A new protocol is developped
to accurately measure the fracture toughness. The corrected beam theory with
effective crack length is extended to measure the energy release rate during the
crack growth stage. The main advantage of this new protocol is to accurately
determine the crack speed without a direct experimental error. The validity of
the analysis scheme is discussed considering dynamic effects. The crack speed
measurement is validated by comparison to a conventional camera monitoring.
The crack velocity is found to decrease with the crack length, while the fracture
toughness remains unchanged.
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Nomenclature

a Crack length

a0 Initial crack length

a(δ,P ) Effective crack length of the DCB specimen

ȧ Crack velocity

ȧ(δ,Gm) Crack velocity assuming a constant value Gm of the energy release rate

ä Crack acceleration

C Compliance

E Young modulus of the substrates

G Energy release rate

Gc Critical energy release rate

Gd Dynamic energy release rate

Gm Mean value of the energy release rate during the propagation stage

I Substrate inertia moment

P Load

b Width of the DCB specimen

fc Cutoff frequency

h Substrate thickness

u0 Half the opening displacement δ

x Distance from the loading axis

u(x) Deflection of one beam of length a at a distance x

u̇(x) Deflection velocity

u̇0 Half the loading rate

Uel Elastic energy

Ukin Kinetic energy

Vmax Maximal crack velocity

Wext External work

δ Opening displacement at the loading axis

δ̇ Opening displacement rate or loading rate

∆ Crack length correction using the compliance

ρ Substrates density
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1. Introduction

Nowadays structural adhesive joints are widely used due to their advantages
compared to mechanical joints. Indeed, adhesive joints present a more uniform
stress distribution and a reduced weight. Load transmissions and stiffness are
both improved, whereas rivets often present stress concentrations, which can
affect the fatigue life. Adhesives are consequently an alternative more and more
developped in the automotive and aeronautic industry. For instance, aeronau-
tic fan blades can involve adhesively bonded joints. Due to its application, fan
blades can be subject to bird strike. During a bird impact, crack propagation can
occur in the adhesive layer, which is subjected to a wide range of loading rates.
Thus, it is necessary to study the fracture behaviour of adhesives, particularly
for different loading rates and during the crack propagation stage. The mode
I critical energy release rate Gc of adhesives can be evaluated at the initiation
stage under quasi-static loading using the standard Double Cantilever Beam
test (DCB) [1][2]. However, there is no standard protocol for fracture tough-
ness determination under dynamic loading nor during a crack propagation stage.

Multiple studies indicate a rate-dependency of the fracture toughness for
different materials, such as epoxy resins [3] [4], carbon fibre reinforced polymers
[5] [6] [7] or adhesively bonded joints [8] [9].
Moreover, the fracture behaviour can vary during the propagation stage, with
a non-constant fracture toughness. A rising "R-curve" tendency at the begining
of the propagation is typically observed for laminated composite materials [10].
Besides, depending on the material and the geometry considered, the crack prop-
agation can exhibit unstable ("stick-slip") or a stable continuous behaviour[11]
[12]. The same material can exhibits both unstable and stable behaviour, de-
pending on the loading rate [13]. Therefore, the single value of Gc at the initia-
tion stage obtained with the standard protocols [1][2] , is not always sufficient to
accurately describe a crack advance. The crack propagation stage necessitates
further understanding.

Crack propagation can be studied with a simple approach based on the no-
tion of velocity. In the litterature, the fracture toughness was found to depend
upon the crack propagation velocity. For epoxy resins [4], a rising crack velocity
implies a higher fracture toughness. Opposite tendencies can be found concern-
ing the relation between the crack speed and the fracture toughness in composite
laminates [9] [14]. For unstable crack propagation, a linear response of the crack
velocity to the energy release rate was proposed for composite laminates [15].
This relation was inspired from the linear relationship between the dynamic
stress intensity factor and the crack speed introduced by Ravi-Chandar [16].
However, various relationships are required to accurately describe the different
loading rates. Indeed, for the same loading rate and same fracture toughness, a
stiffer specimen exhibits a higher crack speed [9].
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Thus, there is not a clear unique trend to accurately describe the coupling
between crack velocity, loading rate and fracture toughness. Modelling this
complex coupling is quite difficult because the experimental evaluation is a
challenging issue. The fracture toughness determination is very sensitive to
the accuracy of the crack length measurement. Due to its singularity, the crack
tip position is intrinsically difficult to monitor. This issue has led many authors
to use various experimental set up. A recent litterature review reported the
different protocols and analysis developped [17]. A conventionnal approach is
to use a camera monitoring. Under a continuous loading, a camera with a high
resolution can be used for the crack tip detection. For loading rate up to 30
m/s, a high speed camera is necessary to acquire the crack tip position with a
sufficient frame-rate [7] [18]. Due to the high acquiring frequency, a lower spatial
resolution has to be used, which can limit the crack length measurement with
a delay on the real crack tip. Moreover, the definition of the crack tip depends
on the experimenter’s interpretation. To avoid the expensive use of high-speed
cameras, others authors used the variation of electrical resistance to measure
the crack length. The electrical resistance can be measured using conductive
paint [19] or wires along the anticipated crack path [20]. The small electric sen-
sitivity to the crack advance is sufficient for monitoring large structures but its
accuracy on crack length measurement generates huge discrepency on the frac-
ture toughness determination. The crack tip position can also be triangulated
using acoustic emission with the flying time difference between the sensors [21].
However, the resolution of this method is directly dependent of the size of the
sensors used. All these developments show that the crack growth acquisition is
very challenging. This explains why, according to the author’s knowledge, few
studies have been focused on the coupling relationship between the crack speed,
the fracture toughness and the loading rate.

The aim of this paper is to present a new protocol, based on DCB tests, to
accurately measure both the crack velocity and the fracture toughness, under
several loading rates, in a structural adhesive joint. In the first section, the
authors describe theoretical considerations on the protocol. The validity of the
protocol is discussed considering dynamic effects due to the crack propagation
and to the dynamic loading. In the second section, fracture tests under diverse
loading rates are presented. The accuracy of the new protocol is experimentally
demonstrated by comparison to a conventional tracking with a camera in section
three. The final section shows that the specimen stiffness is a key parameter
to describe the global coupling between the fracture toughness, the crack speed
and the loading rate.

2. Theory

2.1. Static Analysis

In this section, a protocol is developped to measure both the fracture tough-
ness and the crack velocity during a propagation stage. First of all, the energy
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release rate G is expressed in the common form [22]

d (Wext − Uel − Ukin)

bda
= G −

dUkin

bda
(1)

where Wext is the external work, Uel is the elastic energy and Ukin is the kinetic
energy. The crack is assumed to have a straight front of size b and an extension
da of the crack length a. The kinetic term is often neglected in a static analysis.
The energy stored in the adhesive is also negligible compared to the one stored
in the substrates. These substrates are expected to have an elastic mechanical
behaviour.

Equation (1) shows that the crack tip position must be kwown to evaluate
the fracture toughness. The conventional method is to experimentally monitor
the crack length. However, the crack tip position can also be expressed as a
function of the compliance of the specimen with a beam theory. This concept
of effective crack length was introduced by BRK Blackman et al. [23] on the
mode II end-loaded split (ELS) test to calibrate the initial crack length a0 before
crack propagation. It was then applied on the mode I Double Cantilever Beam
test [24] and widely developped for other pure and mixed-mode tests by MFSF
De Moura et al. [25] [26] [27]. Indeed, considering the DCB test described in
Figure 1 with two balanced arms of thickness h and of width b, the effective
crack length can be obtained with the following equation :

a(δ,P ) =

(

Ebh3

8

)1/3 (

δ

P

)1/3

(2)

Where E is the elastic modulus of the arms, P is the load applied to the
arms and δ is the displacement at the loading axis. The new protocol consists
in extending this Corrected Beam Theory with Effective crack length method
(CBTE) to the crack propagation stage. Consequently, a crack length time
history and crack velocity can be evaluated using equation (2).

Then the static energy release rate G becomes independent of the crack
length :

G =
3Eh3δ2

16a4
=

3

2h

(

8P 4δ2

Eb4

)1/3

(3)

Therefore, the extended CBTE allows the dynamic acquisition of G and a(δ,P )

during a crack propagation stage, only using the load and the opening dis-
placement. The experimental monitoring of the crack position is not necessary.
Besides, assuming a constant mean value Gm of the energy release rate during
the test, the crack position and velocity can also be derived from equation (3)

ȧ(δ,Gm) =

(

3Eh3

16Gm

)1/4
δ̇

2
√

δ
(4)

which means for a constant fracture toughness the crack velocity is expected to
diminish during a DCB test. Indeed despite a constant displacement rate δ̇ the
crack velocity is not constant. Equation (4) demonstrates that the crack speed
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Figure 1: Double Cantilever Beam test

is sensitive to the geometry of the specimen and to the Young modulus of the
substrates.
The extended CBTE gets the advantage that the effective crack length can be
estimated without the experimental error, due to the images post treatment of
the crack tip position, monitored with a camera. However some requirements
have to be fullfiled to ensure its validity during a propagation stage and for
dynamic loading rates.

2.2. Validity of the extended CBTE

The crack propagation stage is intrinsically a dynamic phenomena with cre-
ation of kinetic energy. Moreover a dynamic loading implies some kinetic energy
in the substrates. These two phenomenon can be taken into account consider-
ing the kinetic term of equation (1). The dynamic energy release rate is then
defined as

Gd = G −

dUkin

bda
(5)

The evaluation of the kinetic term can be quite difficult. BRK Blackman
[13] presented a simplified way to take it into account. His method is detailed
below. The "Berry Method" [28] assumes a static vertical displacement profile
to approximate the deflexion u along the beam :

u(x) = u0(1 −

3x

2a
+

x3

2a3
) (6)

where u0 is the deflexion at the loading point and x is the distance from
the load-line as described in Figure 1. The deflexion velocity u̇ is obtained by
derivation of equation (6). An integration along the beam is used to compute the
kinetic energy of one beam. This energy has to be doubled to model correctly
the DCB test at every instant t with two built-in beams of length a.

Ukin(t) = 2
1

2
ρbha(t)

∫ a

x=0

(u̇)
2

dx (7)

Ukin(t) = ρbha

(

66u̇2
0

280
+

6u2
0ȧ2

35a2
+

33u0u̇0ȧ

140a

)

(8)
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Where ρ is the density of the subtrates, u̇0 is half the loading rate and ȧ the
crack velocity. Equation (8) takes into account the substrates kinetic energy,
due both to dynamic loading rate through u̇0, and to crack propagation through
ȧ.

A first condition to fullfil is that the CBTE accurately describe the energy
in the DCB specimen. Thus the kinetic energy equation (8) must be negligible
compared to the elastic one that follows

Uel =
3EIδ2

4a3
(9)

Where I is the moment of inertia of a single arm.
The second condition to fullfil is that the kinetic term dUkin

bda is insignificant
compared to the static measurement equation (3). From equation (8) the kinetic
term can be calculated :

dUkin

bda
= ρbh

(

66u̇2
0

280
+

6u2
0(2ä − ȧ2)

35a2
+

33u0u̇0ä

140ȧ

)

(10)

with ä the crack acceleration. Then the fracture toughness measurement can
be considered only with the static value equation (3). If these two conditions
are fullfilled, the determination of Gc is possible during a propagation stage and
under dynamic loading.
In order to validate the extended CBTE, the authors choose to conduct Double
Cantilever Beam tests. The fracture characterization of an adhesive is realized
under several loading rates. The extended CBTE is applied and compared to
the standard analysis [2].

3. Experiments

3.1. Sample preparation

The experimental investigation was performed on a viscoelastic-viscoplastic
epoxy adhesive including a fiber polyamid support. The adhesive was pro-
vided by Safran Aircraft Engines. The adherends used in this study were high
strength aluminum substrates (Al2024 T351), to avoid the plastic regime. The
substrates were first prepared in a phosporic anodic oxidation bath. An epoxy
primar, provided by Solvay, was applied on the surfaces. According to the sup-
plier requirements, the adhesive was cured between two sheets of aluminum at
150◦C during 360 minutes at 350 kPa. The DCB specimens were then ma-
chined following the recommendations of the ASTM D3433 standard [1]. The
specimens total length was of 350mm for quasi-static testing. A lower length
of 200mm was chosen for dynamic loading rates in order to limit the inertia of
the specimen. The adhesive thickness was controlled every 10mm along each
specimen, using a digital microscope Hirox RH-2000. For each specimen, the
thickness standard deviation was always less than 70µm along the sample. An
average thickness of 291+

−
36µm on all the tested specimens was found.
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The initial crack length was created by inserting a non-adherend teflon-made
film of 40µm of thickness between the adhesive and the sheet of aluminum. Thus
the crack initiates directly from the tip of the film. Specimens are first precraked
using a tensile-testing machine Instron 4302 at a constant displacement rate of
5mm/min. The opening displacement is stopped when the first drop in the load
measurement is observed. The crack tip position before testing is measured
using a digital microscope Hirox RH-2000 as shown in Figure 2. A white zone
of around 20µm can be observed along the crack path.

Figure 2: Crack tip observation after the precracking operation in the joint using a microscope
Hirox RH-2000

As shown in Figure 1, one side of the specimens was painted in white to im-
prove the crack tip detection with a camera monitoring. The crack tip position
monitoring has been performed in order to compare the obtained position with
the one evaluated with the extended CBTE.

3.2. Testing

All specimens were tested under ambiant conditions at a constant displace-
ment rate. Four loading rates varying from 0.5 to 5000mm/min were considered.
The experimental set-up is described Figure 3. The experimental investigation
was performed with a high speed hydraulic machine Instron VHS. The displace-
ment was imposed to the upper holder until final failure of the specimen. The
opening displacement in the loading axis direction was recorded using an optical
extensometer Zimmer 200-XH, with a measurement range of 20mm. The dis-
placement measurement uncertainty was 40µm. The load was recorded with a
device resolution of 0,01N using a piezoelectric load cell Kistler 9031. This load
cell was fixed to the lower holder. One side of the DCB specimen was monitored
with a camera. A pixel resolution of around 0.15mm over a window of 896x312
pixels was considered. A high acquiring frequency was achieved with a Photron
SA-X camera coupled with a Dewetron system, except for δ̇ = 0.5mm/min.
Due to technical issues, a DeweSoft camera GiGe-300 was used the quasi-static
tests at δ̇ = 0.5mm/min, with the same spatial resolution. A MATLAB code
was created for the crack tip detection. A threshold criterion based on the rel-
ative pixel intensity was used for the crack tip detection. The number of tested
specimens are detailed for each loading rate in Table 1.
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Figure 3: Experimental set up

δ̇ (mm/min) 0.5 50 500 5000
Samples 3 5 3 2

Camera frame rate (fps) 1 125 1500 12500
Displacement/Load acquisition frequency (Hz) 10 1250 15000 125000

Table 1: Summary of the testing conditions

For each loading rate, one experimental load-displacement curve is plotted
in Figure 4.

Figure 4: Load-Displacement curves for different loading rates
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The slope of the elastic linear behaviour before crack propagation depends
on the length of the precrack and is not analysed. The Load-displacement be-
haviour exhibits a low sensitivity to the loading rate up to 500mm/min. For the
highest loading rate δ̇=5000mm/min, unstable "stick-slip" crack growth occured
with important drops in the load time history, as shown in Figure 5a. The un-
stable crack growth induced some vibrations in the specimen. These vibrations
were directly observable on the load time history (see Figure 5b). A 1 ms mean
local filter was applied for comparison with the lower loading rates. Despite
a change of rupture mechanism, the load peak values are consistent with the
other tests. The change of propagation behaviour from stable to unstable with
the loading rate has already been observed for composite laminates [9].

(a) (b)

Figure 5: (a) Load-Displacement curve for δ̇ = 5000mm/min. (b) Effect of the mean local
filter on the signal

3.3. Fractography

After complete failure, the substrates were visually controlled and no sign of
plasticity was observed. For all tested specimens the failure was cohesive. The
same fracture surface was observed for specimens tested in the δ̇ range from
0.5 to 500mm/min. Specimens tested above δ̇=500mm/min exhibit a different
fracture surface. Figure 6 shows a comparison of the fracture surfaces between
a steady-state propagation and a "stick-slip" behaviour.

Figure 6: Crack surfaces : 1 not bonded zone, 2 precrack, 3 crack propagation, 4 total failure
of sample
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Four zones can be observed. In zone 1, no adhesive was applied. A teflon
insert was placed to ensure there was no bonding. This teflon film was removed
after testing. Zone 2 and 4 correspond to unstable crack growth with a darker
zone than for the steady-state crack propagation stage zone 3. Indeed, zone 2
corresponds to the pre-cracked zone. Zone 4 can be attributed to a final unstable
failure of the specimen. Concerning the highest loading rate δ̇=5000mm/min,
white crack arrest lines are observable on the fracture surface. The number of
crack arrests lines corresponds to the number of drops in the load time history.
Zone 3 was also observed using a microscope. Micrographics are plotted Figure
7. For a steady-state propagation, some initiation marks from the support are
present while the "stick-slip" surface seems more homogeneous. The authors
suggest one way to consider these fracture surfaces. For a steady-state propaga-
tion, the rupture could first occur at the interface between the support and the
epoxy adhesive, before a failure in the epoxy adhesive. For high loading rates,
the absence of marks suggests a simultaneous failure at the interface and in the
epoxy adhesive. The absence of marks and the darker fracture surface suggests
a more fragile failure behaviour, with a limited plasticity.

(a) (b)

Figure 7: Post mortem microscopic view of the crack surface for (a) steady-state propagation
and (b) "stick-slip" mechanism

For δ̇=5000mm/min the observed vibrations during the test are not taken
into account in the CBTE analysis. Consequently, only the specimens tested
under a lower loading rate will be considered for measuring the crack speed.

4. Validation of the extended CBTE

The extended CBTE previously presented in section 2 was applied to eval-
uate the crack length according to equation (2). During the stable propagation
stage and for all specimens tested, the measured maximal ratio between the
kinetic energy (8) and the elastic energy (9) was 3.8%. The kinetic term was
calculated according to equation (10) and was always less than 0.2% of the
static value (3). Thus, the dynamic effects are neglected and the two conditions
introduced in section 2.2 are fullfiled. The extended CBTE can be considered
valid.
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In the following, this method is compared to the standard Corrected Beam
Theory (CBT) [2], which necessitates the crack length monitoring. The crack
length measurement using the camera monitoring and the evaluated one using
the extended CBTE are plotted Figure 8. An onset of crack length during all
the test can be observed between the two methods.

Figure 8: Comparison of the measured crack length using the extended CBTE and the camera
monitoring for a test performed with δ̇=0.5mm/min

The standard CBT is not meant to be used for a crack propagation stage
analysis. Indeed, only the onset of crack propagation is used in the standard.
However, in order to observe the whole specimen, the field of the camera must
be large. It leads to a low spatial resolution of around 0,15 mm. Consequently,
a crack opening of less than 0,15 mm can not be detected by the camera. This
opening represents half the thickness of the adhesive, so the crack tip measure-
ment is obviously underestimated. Due to their high thickness of 12mm, the
substrates have a high radius of curvature. This high radius makes the crack tip
position even more underestimated. Moreover, the effective crack length does
not coincide with the crack tip. It corresponds more to the built-in point in
the DCB specimen with a zero opening. Therefore the effective crack length
is meant to be greater than the crack tip experimentally observed. Using the
measured crack length and the standard CBT protocol [2], the energy release
rate can be evaluated using the following equation :

G =
3Pδ

2b(a + ∆)
(11)

Where ∆ corresponds to a crack length correction for a beam which is not
perfectly built-in. ∆ is experimentally obtained from the Compliance-Crack
length curve. The energy release rate using the CBT and the extended CBTE
are plotted Figure 9. The crack length underestimated using the camera results
in an overestimated energy release rate. According to equation (11), when the
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Figure 9: Comparison of the energy release rate using the extended CBTE and the standard
CBT for a test performed with δ̇=0.5mm/min

crack grows the relative error diminishes. Therefore, the overestimated energy
release rate, using the CBT, decreases until a plateau is reached. This plateau
can be observed in Figure 9 for a crack length greater than 200mm. In order to
reach this plateau, a sample longer than 200mm is necessary. On the contrary,
the energy release rate remains quite constant in the propagation stage using
the extended CBTE analysis. Thus, a short sample is sufficient to determine
the fracture toughness.

Figure 10: Crack velocity time history using the CBTE analysis and a camera for the moni-
toring of the crack tip position, for a test performed with δ̇=0.5mm/min

Besides, the crack velocities can be obtained using a derivative of the crack
length and applying a low pass filter. The cutoff frequency fc was defined using
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the initial crack length a0 and the maximal observed crack velocity Vmax as
follows

fc = 2
Vmax

a0
(12)

The crack velocities experimentally obtained with the crack tip monitoring
and the extended CBTE are plotted in Figure 10 for δ̇ = 0, 5 mm/min. Ac-
cording to equation (4), even if a constant criticial energy release rate G is
observed, the crack velocity is expected to diminish. This is consistent with the
experimental results. The same decreasing crack speed during a DCB test was
observed for a carbon/epoxy composite laminate [14]. Despite the onset of crack
length measured between the CBTE and the camera, the crack velocities using
the two methods coincide well. This good consistency confirms the application
of the extended CBTE to determine the fracture toughness. Thus, only the
extended CBTE analysis is considered in the next section.

5. Results and discussion

5.1. Rate dependency of Gc

For each loading rate, an R-curve is plotted in Figure 11. The initial crack
length depends on the precrack. A larger R-curve was obtained for δ̇ = 0, 5
mm/min because of the larger length of the specimen. The energy release rate
exhibits a loading rate dependency over five decades from 0.5 to 5000 mm/min.

Figure 11: Normalized R-curve for different loading rates : Energy release rate using the
CBTE analysis

For each specimen, an average energy release rate was determined over the
whole propagation stage. For δ̇=5000 mm/min, only the initiation peak val-
ues were considered. For each loading rate, a mean fracture toughness and a
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standard deviation were evaluated over the set of specimens. The mean fracture
toughness values and standard deviations are summarized in Table 2. A decrease
of 20% is coherent with the assumed limited plasticity under high loading rate.
Indeed, a limited plasticity implies less energy dissipated in the fracture process
zone.

δ̇ (mm/min) 0.5 50 500 5000
< G > /Gm 1 0.918 0.925 0.818

std(G)/Gm (%) 1.8 6.6 1.4 0.7

Table 2: Summary of the normalized measured fracture toughness over five decades of loading
rate

5.2. Crack velocity

In the first section, the authors assumed a constant value of G during the
propagation stage. According to the Figure 11, this assumption can be consid-
ered valid. The crack velocity can be modelled with a constant G value using
equation (4). For a specimen tested with δ̇ = 0, 5 mm/min, the crack velocity
time history experimentally obtained using the extended CBTE, and the ones
calculated using equation (4) with different G values are plotted in Figure 12.
Using the average value of Gm is efficient enough to describe the global crack
speed decreasing. Therefore, there can be a whole range of crack speed for one
single value of Gc and one unique loading rate δ̇. Besides, the crack velocity
exhibits some oscillations.

Figure 12: Crack velocity time history for δ̇=0.5mm/min. Black lines assume a constant value
of the energy release rate.

According to Figure 12, it should take a material dispersion of Gc from
Gm/2 to 2Gm in order to explain the fluctuations of the crack velocity. This
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dispersion is unlikely. The dependence of the ratio ȧ/δ̇ to the crack length is
plotted for different loading rates in Figure 13. The amplitude of the crack speed
oscillations rises with the loading rate. This rising tendency suggests there is a
smooth transition over five decades of loading rate from the steady-state to the
unstable crack growth.

Figure 13: Ratio between crack velocity and loading rate, during the propagation stage, for
different loading rates

The authors present two physical reasons to explain these oscillations.
First, it is possible to consider that a crack propagation is an intrinsic transient
mechanism. The crack growth would consist in a relaxation phenomenon, with
a rising velocity stage and a decreasing velocity stage. In the rising stage, the
potential energy exceeds the fracture toughness. Some kinetic energy is created.
This kinetic energy is expressed through a crack acceleration. Once the poten-
tial energy is lower than the fracture toughness, the kinetic energy is consumed
to balance the equilibrium. The crack decelerates to a new equilibrium position.
However, this scheme seems unlikely. Indeed, the kinetic energy equation (8)
was never significant compared to the elastic one equation (9).

A second mechanism could be an oscillation of the size of the fracture process
zone. One should remember that the CBTE allows to measure the position a(δ,P )

of the built-in point with a zero opening in the DCB specimen. This position is
beyond the real crack tip. The delay between the real crack tip and the built-in
point corresponds to the approximate size of the process zone. Once G = Gc,
the real crack tip and the built-in point move to a new equilibrium position.
The new process zone is expected to be smaller for the crack to be stable. For a
higher loading rate, a limited plasticity would induce a smaller size of the new
process zone. Then, a new loading stage happens. During this loading stage the
process zone has to grow. Thus, a(δ,P ) grows softly to a new position while the
real crack tip sticks to its position. This scheme would result in an oscillating
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crack velocity. A higher loading rate would induce bigger oscillations, until
a macroscopic unstable crack growth behaviour is observed on the load time
history for δ̇ = 5000 mm/min.

6. Conclusion

In this work, the failure loading rate-dependency of an epoxy adhesive joint
was studied. For that purpose, the Double Cantilever Beam test was considered
under dynamic loading. A specific analysis protocol was developped to measure
the fracture toughness. The analytical Corrected Beam Theory with Effective
crack length method CBTE was extended to the stable crack propagation stage.
This new protocol allowed to measure the crack tip position, the crack velocity
and the fracture toughness using only the load and the opening displacement.
The kinetic effects, due both to crack growth and to dynamic loading rates, were
determined. This method was applied to DCB tests in the δ̇ range from 0,5 to
5000mm/min. Kinetic effects were quantified and considered negligible. For a
steady-state propagation, the extended CBTE was compared to a conventional
crack tip tracking with a camera. The new protocol was found more reliable
since it avoids the experimental measurement error on the crack length.
Another key aspect of the extended CBTE, was the possibility to study the
crack speed evolution during the propagation stage. It was found to decrease
despite a constant fracture toughness. The beam theory was proved sufficient to
describe the global coupling between the crack velocity, the fracture toughness
and the loading rate. However, the fracture toughness experimental disper-
sion could not explain some oscillations of the crack speed. The amplitude of
these oscillations rised with the loading rate, until a macroscopic unstable crack
growth behaviour was observed for δ̇ = 5000 mm/min. The unstable behaviour
consisted in important drops on the load time history and visible crack arrest
lines on the fracture surfaces. However, the decreasing fracture toughness and
the rising amplitude of the crack velocity oscillations suggested a more progres-
sive transition over five decades of increasing loading rate, from ductile to brittle
failure, and consequently, from stable to unstable behaviour.

Further investigation could be made to acquire the crack tip velocity using
a microscope at low loading rates, to confirm the crack speed oscillations. The
dynamic acquisition of the size of the white plastic zone near the crack tip could
bring more information about fracture process transition from stable to unstable
crack growth.
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