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A B S T R A C T

The rate-dependent failure response of multi-material adhesive joints for three deformation modes is investi-
gated. A combination of carbon fibre reinforced polymers (CFRP) and titanium alloy Ti-6Al-4V is employed.
The experiments provide important information about the failure sequence of a multi-material adhesive
joints, which depends upon the loading rate regime. This is the first time that dynamic fracture mechanics
experiments are performed in multi-material adhesive structures. The observed experimental results suggest
a rate-dependent failure sequence for mode I dominated fracture. Simulations of the experiments are used to
predict and rationalise the failure performance of the multi-material adhesive joint. The numerical analysis
highlighted the importance of the individual knowledge of the rate-dependent mechanical performance of
adhesive and composite to fully understand the fracture sequence of multi-material joints under impact.

1. Introduction and background

Lightweight design is a key technology in several industrial sectors
such as the automotive and aerospace industry, where the decrease of
mass is essential to reduce energy consumption and pollutant emis-
sions [1]. For the electro-mobility, lightweight structures also play a
crucial role to compensate for the heavy battery weight in hybrid and
electric vehicles [2].

These lightweight structures can consist of dissimilar materials to
take advantage of their individual material characteristics beneficial
for the application. Traditionally, the materials are combined using
joining methods such as welding, bolting or riveting. These require the
materials to be thermally and/or chemically compatible to reduce stress
concentrations and to be able to withstand the introduction of imperfec-
tions such as holes. Nevertheless, when using fibre reinforced polymers
(FRP), adhesive joints are increasingly used [3]. The advantages of this
joining technology are numerous: (i) avoidance of holes that introduce
stress concentration; (ii) homogeneous stress distribution over a large
area; (iii) avoidance of very high localised heating and associated heat
affected zone of welded joints; and (iv) adhesive layers do not introduce
significant additional weight.

However, the design of structural applications requires accurate
failure prediction of the adhesively bonded joints. Several researchers
have characterised the mechanical performance of multi-material com-
binations (particularly metal-to-composite) [4–10]. On one hand, some
of these investigations reported the influence of adherent combinations
on the joint strength [11–16] while on the other hand, others examined
the fracture energy, 𝐽 , for multi-material combinations [17–24]. Some
researchers studied the bond behaviour as a function of the adherent
material properties and their combination with brittle and ductile adhe-
sives [8,25]. Others considered multi-material adhesive joints targeting
specific applications such as marine applications or bus structures [7,
26]. Most of these relied upon quasi-static experimentation to mea-
sure strength and fracture energy. However, many applications where
weight reduction is critical are likely to be subjected to various loading
regimes such as crashworthiness in automotive structures, and hail
or bird strike impacts on aerospace structures [27]. To the authors
best knowledge, there are only a few investigations which aim to
understand the mechanical behaviour of multi-material adhesive joints
under those conditions [9,28–30]. These studies relied upon the use of
single lap joint (SLJ) and double lap joint (DLJ) experiments to measure
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Fig. 1. Specimen dimensions for each fracture mode configuration in [mm].

the performance under dynamic loading regimes. Although, adhesive
joints are normally designed to exhibit advantageous shear loading
behaviour (mode II), their performance in normal loading (mode I)
remains critical. Moreover, both the bond strength and the fracture
energy can exhibit rate-dependent behaviour — this has been observed
both in metal-to-metal [27,31–35] and composite-to-composite [36–
39] adhesive joints.

Therefore, in order to understand the mechanical performance of
multi-material adhesive joints, it is necessary to investigate their be-
haviour under different fracture modes and loading rates. This is the
main focus of the present work. Multi-material adhesive joints be-
tween carbon fibre reinforced plastic (CFRP) composites and titanium
alloy have been investigated. Firstly, fracture mechanics experiments
in the form of wedge double cantilever beam (WDCB), end notched
flexure (ENF), and single leg bending (SLB) specimens were performed
both quasi-statically and dynamically. Secondly, microscopy analysis
was carried out to identify the fracture mechanisms for each frac-
ture mode. Thirdly, experimental results for similar and multi-material
combinations (titanium-to-titanium and CFRP-to-titanium) have been
compared in order to quantify the influence of the adherent material.
Fourthly, simulations of the experiments have been performed using
a material model developed for the adhesive layer. Finally, the exper-
imental results have been used to assess the ability of the model to
predict the failure phenomena of adhesively bonded structures with
multi-materials in a rate and fracture mode dependent manner.

Fig. 2. Demonstration of the (a) used bonding fixture to manufacture the specimens
and (b) the adhesive thickness qualification for each fracture mode individually.

2. Experimental methods

This section provides detailed information on the used materials.
Also, the experimental setup for performing rate-dependent investiga-
tions is explained. Then, a special data acquisition method developed
for dynamic fracture mechanics experiments is described [34]. Fi-
nally, the high-resolution method employed to analyse the fracture
mechanisms is explained.

2.1. Adherent and adhesive material

The multi-material adhesive joints were adhesively bonded using
the thermosetting epoxy resin AF 163-2OST from Scotch-WeldTM. AF
163-2OST is supported with a glass fibre carrier matt to enable the
handling of the film adhesive when bonding large structures. The ab-
breviation OST stands for one side tacky with non-woven carrier (matt)
on low tack surface. The as received composite panels were made out
of the CFRP IM7/8552 material system prepregs. The titanium parts
were made out of the titanium alloy Ti–6Al–4V. The characteristics for
each adherent material are listed in Tables 1 and 2. The listed 𝐾 and
𝐻 parameters in Table 1 denote the arbitrary parameters of the fitting
function developed by Hoffmann [40] to consider the rate-dependent
behaviour. This functions is shown as follows

𝜅 = 1 + (𝐾�̇�)
1
𝐻 (1)

where 𝜅 represents the scale factor for the relevant material properties
of the composite and �̇� is the strain-rate associated with the appropriate
deformation mode.



Fig. 3. Graphical demonstration of (a) the experimental setup, (b) the quasi-static image capturing and (c) the image tracking of loading pin and crack length for high-rate
loadings.

Table 1
Material properties of adherents, bars, striker, and supports, [41].

Metal 𝐸 (GPa) 𝜌 (g/cm3) 𝜈 𝜎y (MPa)

Ti–6Al–4V 114 4.43 0.34 900
Steel 200 8 0.29 –

The specimens were designed to investigate the failure performance
of three different fracture modes: the wedge double cantilever beam
(WDCB), the end notched flexure (ENF) and the single leg beam (SLB)
specimen. The WDCB specimens were used to investigate the failure
performance of the joint under normal loading in mode I. The shear
behaviour (mode II) was investigated by the use of ENF specimens. A
combination of both loading modes was investigated when employing
the SLB specimens. Fig. 1 shows the specimen dimensions for each frac-
ture mode. From an application perspective, the composite is reinforced
with titanium through adhesive bonding. The specimens were loaded
such that the metallic adherent deforms first, followed by the composite
adherent. A reversed order is believed to result in a damage of the

Table 2
Material properties of the composite IM7/8552, [40].

QS K H

𝐸11 162000 MPa – –
𝐸22 9400 MPa 6.62𝐸−6 4.73
𝐸33 9400 MPa 6.62𝐸−6 4.73
𝐺12 4634 MPa 8.33𝐸−4 2.29
𝐺13 4634 MPa 8.33𝐸−4 2.29
𝐺23 5600 MPa – –
𝜈12 0.316 – –
𝜈13 0.316 – –
𝜈23 0.5 – –

composite part, which may prevent the damage of adhesive bonding,
which is out of the scope of the paper.

2.2. Carbon fibre reinforced plastic layup

The purpose of the performed fracture mechanics experiments is to
provide an extra set of experimental data to validate a cohesive zone



Fig. 4. Graphical illustration of the data acquisition method used to obtain the
force–displacement behaviour of dynamic fracture mechanics experiments.

model for the adhesive layer, previously developed by the authors [33],
and to understand the failure performance of multi-material adhesive
joints. Therefore, the experiments were designed to obtain mode I,
mode II and mixed-mode fracture within the adhesive layer. Hence,
the composite part in this investigation was designed to have a similar
flexure rigidity (EI) to the titanium part. This was achieved by design-
ing the ply layup accordingly: In the ABD matrix for quasi-isotropic
layups, the parameter 𝐷11 represents the bending stiffness which is here
compared to the bending stiffness of the titanium part calculated with

𝐷11 = 𝐸𝐼 (2)

where 𝐸 is the Young’s modulus of the titanium and 𝐼 is the second mo-
ment of inertia. The length, width and adherent thickness are the same
for both material parts. Hence, the flexure rigidity of the composite is
𝐷11 = 604393.54 MPa for a ply layup of [45∕−45∕0∕0∕45∕0∕0∕0∕0∕0∕−
45∕0∕45∕0∕ − 45∕0]𝑠. Thus, the 45◦ ply angle is in contact with the
adhesive. As a comparison, the bending stiffness of the titanium part
is 608000 MPa. The authors are aware of the difficulty to achieve
the exact same bending stiffness of both multi-material adherents.
However, since these fracture mechanics experiments are not used to
characterise the fracture energy of the adhesive layer, the suggested
specimen configurations (WDCB, ENF, SLB) are considered.

Fig. 5. Rate-dependent experimental results of CFRP-titanium adhesive joints for: (a)
WDCB, (b) ENF, and (c) SLB.

2.3. Specimen manufacture and materials

To accurately manufacture the specimens, a custom made bonding
fixture was designed — see Fig. 2(a). To apply the correct adhesive
thickness, spacers were employed. They had a thickness of 8.3 mm
to account for the ideal total thickness of the adhesive joint. The
individual measurements of the as received titanium and CFRP parts
revealed in a nominal thickness of 3.80 and 4.25 mm respectively.
Preparation of the surfaces of the adherents is required to improve the
bond quality. For the titanium parts, the surfaces were grit-blasted,
cleaned, etched and anodised following a procedure described else-
where [42]. The composite parts were grit-blasted and then wiped clean
with an acetone soaked, lint free cloth. To introduce the initial crack
length, a 12.0 μm thick Teflon sheet was inserted between two layers of
film adhesive. Afterwards, the specimens were cured for 1 h at 121 ◦



Fig. 6. Rate-dependent experimental results of the CFRP-titanium fracture energy
for:(a) WDCB, (b) ENF, and (c) SLB.

C under a pressure of 1.4 bar. The measured adhesive layer thickness
of the manufactured specimens is reported for each fracture mode in
Fig. 2(b). A deviation of 5.96%, 8.00% and 7.40% for the WDCB , ENF
and SLB from the nominal adhesive thickness of 𝑡𝑎 = 0.25 mm was
observed.

2.4. Experimental setup: QS and HR fracture mechanics experiments

The quasi-static (QS) and high-rate (HR) experiments were per-
formed in laboratory conditions to obtain three repeatable test results.
A screw-driven Zwick machine was employed to load the specimens
quasi-statically with a constant cross-head speed of 𝑣 = 0.016 mm/s.

The load–displacement (𝐹 − 𝑢) curve was recorded during the exper-
iment. A prism-based line Jai camera recorded images of the tested
specimen at 2 frames per second and a resolution of 1550 x 2150
pixels. A fine grey-scale speckle pattern was applied to the surface of
the specimen to monitor the crack length advancement 𝛥a using digital
image correlation (DIC). The initial crack length a0 was marked with a
ruler as it is shown in Fig. 3. The HR experiments were carried out using
a Split Hopkinson Pressure Bar (SHPB) to subject the specimen to a
velocity of 𝑣 = 4000 mm/s [34]. Images were recorded using two high-
speed cameras: a Photron SA-5 camera recorded the displacement of the
loading wedge/pin at 150,000 frames per second with a resolution of
716 x 624 pixels while a Specialised Imaging Kirana camera monitored
the crack length growth at 200,000 frames per second with a resolution
of 9244 x 768 pixels. Fig. 3 shows the QS and HR setup for each fracture
mode respectively.

2.5. Data acquisition and analysis procedure

The quasi-static (QS) force–displacement curves for ENF and SLB
experiments can be measured directly from the testing machine and DIC
output. However, for QS WDCB experiments and for all high-rate (HR)
experiments, the force and displacement measurements were obtained
from DIC because the measured load values are influenced by friction
between wedge and adherent as well as the often unreliable force
readings using strain gauges in the SHPB [34]. Therefore, grey scale
recordings from one-camera system for the QS and two-camera systems
for HR experiments were used to determine both the applied displace-
ment and the crack length. The crack length enables the calculation
of the compliance using relevant equations based on the beam theory
for the different fracture modes which is explained below. This step is
followed by the relationship between displacement 𝑢 and compliance
𝐶 to obtain the force 𝐹 following

𝐹 (𝑢) = 𝑢
𝐶

. (3)

Fig. 4 explains schematically this measurement method. Detailed in-
formation about this method and its relevant equations and approaches
can be found in previous work from the authors [34].

The calculation of the compliance follows different equations for the
different fracture modes and is based on the simple beam theory and
the Timoshenko beam theory — to account for shear effects. For the
WDCB experiments, the compliance is obtained following [43]

𝐶(a) = 8𝑎3

𝐸𝑏ℎ3
+ 12𝑎

5𝑏ℎ𝐺
(4)

where 𝑎 is the crack length, 𝑏 is the specimen width, ℎ is the beam
height, 𝐸 is the Young’s modulus and 𝐺 is the shear modulus of the
adherent. This equation is only suitable when the two dissimilar beams
deform equally or with insignificant variations. Otherwise, the reader
is referred to Wang et al. [10].

The compliance for ENF [43] and SLB [44] experiments are esti-
mated following

𝐶(a) = 3𝑎3 + 2𝐿3

8𝑏ℎ3𝐸
+ 3𝐿

10𝑏ℎ𝐺
(5)

and

𝐶(a) = 28𝑎3 + 𝐿3

32𝐸𝑏ℎ3
+

3(𝑎 + 𝐿)
20𝐺𝑏ℎ

(6)

respectively, where 𝐿 is half the distance between the supports for the
ENF specimens and 𝐿 is the whole distance between the supports for
the SLB specimens.

Table 3 summarises all required equations in order to obtain the
force–displacement readings for QS and HR WDCB, ENF and SLB ex-
periments. Detailed information about equations and approaches are
given in the relevant references. For subsequent comparison, equations
for calculating the fracture energy of each specimen configuration are
also given in Table 3.



Fig. 7. Observed crack path for quasi-static SLB specimens for (a) immediate crack propagation into the composite adherent and (b) desired crack propagation within adhesive
layer. The red line highlights the initial crack.

Fig. 8. Profile height of representative fractured surfaces for the investigated fracture mechanics experiments.

As a remark, the performed fracture mechanics experiments are

used to understand the failure performance of a multi-material adhesive

joint in different loading rate regimes. This work’s aim is to investi-

gate the rate-dependent failure performance of multi-material adhesive



Fig. 9. Micrographs of the failure surface of WDCB experiments under quasi-static (left) and high-rate (right) loading rates.

Fig. 10. Micrographs of the failure surface of ENF experiments under quasi-static (left) and high-rate (right) loading rates.



Fig. 11. Micrographs of the failure surface of SLB experiments under quasi-static (left) and high-rate (right) loading rates.

joints — and their sequence of failure. For the characterisation of the
fracture energy, the reader is referred to previous publications of the
authors [33,34]. Therefore, the above-mentioned equations are used for
a simplified analysis of the mechanical response of the adhesive joints.

2.6. Microstructural and fractography analysis

The analysis of the fractured surface was carried out to investigate
the existence of cohesive failure within the adhesive layer and to
understand the failure phenomena of the composite and the adhesive
layer. For that, a 3D optical microscope (Alicona) was used to measure
the profile height of the fractured surfaces. Then, the specimens were
prepared for metallographic studies. The surfaces were gold-coated in
order to make the surfaces conductive for post-mortem SEM analysis.
Measurements were taken using a Zeiss EVO scanning electron micro-
scope (SEM) to investigate the failure mechanisms for each material
independently.

3. Results and discussion

Experiments were performed at two different loading rates in the
three different fracture mode configurations. Microscopy analyses of
the fractured surfaces were used to investigate the fracture processes.
By comparing the current results with experiments of titanium-to-
titanium alloy adhesive joints [34], the influence of the adherent
material has been quantified.

3.1. On the rate dependent behaviour of fracture mechanics experiments

Experiments for three different fracture mode configurations
(WDCB, ENF, SLB) were performed under laboratory conditions. The
force–displacement curves were obtained using the data acquisition
method described in Section 2.5 and Lißner et al. [34].

Fig. 5 shows the experimental force–displacement curves for each
tested condition. The compliance for the two beams of the WDCB

Fig. 12. Shear-Normal behaviour representation of the rate-dependent failure envelope
for the CFRP and the adhesive layer individually.

experiments was obtained individually to investigate whether there
is a significant difference in value. For the titanium, the compliance
is 0.0011 mm/N, while for the composite it is 8.2 x 10−4 mm/N.
The difference between both compliance values amounts to 2.9 x
10−4 mm/N. Analytical analysis suggests that this will induce small
deviations: this difference revealed in an energy and force influence of
3% and 6% respectively. Therefore, the analysis is performed assuming
equal deformation of the two different beams.

For the QS loading rate regime, the maximum force for WDCB
experiments was 1001 ± 24.5 N, while for ENF experiments the max-
imum force was 𝐹 = 4116.8 ± 47.9 N. The maximum force for SLB
experiments was 𝐹 = 1905.7 ± 31.3 N. The experiments in HR loading
rate regime exhibit a maximum force of 𝐹 = 613.2 ± 12.2 N, 𝐹 =



Table 3
Overview of the employed equations for the calculation of the fracture energy in QS and HR loading regimes,[34].

Equations
for analysis

Wedge double cantilever beam
(WDCB)

End notched flexure
(ENF)

Single leg beam
(SLB)

Compliance 𝐶(𝑎) = 8𝑎3

𝐸𝑏ℎ3 + 12𝑎
5𝑏ℎ𝐺

𝐶(𝑎) = 3𝑎3+2𝐿3

8𝑏ℎ3𝐸
+ 3𝐿

10𝑏ℎ𝐺
𝐶𝑐 = 𝐶 − 3𝐿

10𝑏ℎ𝐺
𝑎𝑛𝑑 𝐶0𝑐 = 𝐶0 −

3𝐿
10𝑏ℎ𝐺

𝐶 = 𝐹
𝑢

Energy
release rate

𝐽𝐼𝑐 (𝑎, 𝐹 ) = 12𝑎2

𝐸ℎ3𝑏2
𝐹 2 + 𝐹

𝑏
(𝑤′

1 −𝑤′

2)
𝑤′

1 −𝑤′

2 have been
calculated following
the procedure described in [45]

𝐽𝐼𝐼𝑐 (𝑎𝑒 , 𝐹 ) = 9𝐹 2𝑎2𝑒
16𝑏2ℎ3𝐸𝑓

with
𝐸𝑓 = 3𝑎30+2𝐿

3

8𝑏ℎ3

(

𝐶0 −
3𝐿

10𝑏ℎ𝐺

)−1

𝐽𝐼∕𝐼𝐼𝑐 (𝑎, 𝐹 ) = 21𝐹 2𝑎2

16𝐸𝑓 𝑏2ℎ3 + 3𝐹 2

10𝐺𝑏2ℎ

𝐽𝐼𝑐 (𝑎, 𝐹 ) = 12𝐹 2𝑎2

16𝐸𝑓 𝑏2ℎ3 + 3𝐹 2

10𝐺𝑏2ℎ

𝐽𝐼𝐼𝑐 (𝑎, 𝐹 ) = 9𝐹 2𝑎2

16𝐸𝑓 𝑏2ℎ3

with
𝐸𝑓 = 28𝑎30+𝐿

3

32𝑏ℎ3

(

𝐶0 −
3(𝑎0+𝐿)
20𝑏ℎ𝐺

)−1

Quasi-static

Crack length Obtained with new measuring
technique based on DIC using
high-speed SI Kirana camera images

𝑎𝑒 =
[

𝐶𝑐

𝐶0𝑐
𝑎30 +

2
3

(

𝐶𝑐

𝐶0𝑐
− 1

)

𝐿3
]

1
3 Transform cubic equation to

obtain the crack length 𝑎
𝐶(𝑎) = 28𝑎3+𝐿3

32𝐸𝑏ℎ3 + 3(𝑎+𝐿)
20𝐺𝑏ℎ

Displacement DIC or testing machine output
Force 𝐹 (𝑢) = 𝑢

𝐶
Testing machine output

High-rate

Crack length Obtained with new measuring technique based on DIC using high-speed SI Kirana camera images
Displacement Obtained with DIC using high-speed Photron camera images
Force 𝐹 (𝑢) = 𝑢

𝐶

Table 4
Fracture energy for WDCB, SLB and ENF experiments using CFRP-TI material
combination.

WDCB SLB ENF

QS 4.54 ± 1.04 N/mm 4.05 ± 0.35 N/mm 10.75 ± 0.48 N/mm
HR 2.26 ± 0.21 N/mm 1.90 ± 0.06 N/mm 3.03 ± 0.81 N/mm

3150.8 ± 496.6 N and 𝐹 = 1183.4 ± 103.1 N for WDCB, ENF and
SLB specimens respectively. For all tested fracture mode configurations,
the force decreases with increasing loading rate. This is believed to be
caused by the decrease of fracture energy of the adhesive with increas-
ing loading rate. The calculated fracture energy shown in Table 4 and
Fig. 6 for each fracture mode configuration provide evidence for this.
Similar results were found by Lißner et al. [33,34].

Two of the QS SLB experiments failed before reaching the maxi-
mum force and before exhibiting ductile behaviour — see Fig. 5(c).
Fig. 7(a) shows the corresponding specimens with delamination failure
of the CFRP part which explains the sudden drop in force. The excess
adhesive in these first two tests might have caused the immediate
crack propagation into the composite due to a local higher transverse
stress state. Similar effects have been observed by Blackman et al.
[46] who related the unstable crack growth to the higher transverse
tensile stress generated in the mixed-mode specimens. In comparison,
the remaining QS SLB specimens showed a crack propagation within
the adhesive layer up to a certain point at which the transverse stress
of the composite was reached — see Fig. 7(b). This caused the crack
to migrate into the composite. Fig. 5(c) supports this statement as an
unstable crack propagation can be observed.

3.2. Analysis of the fracture observations

The fracture surface was investigated to identify the mechanisms
of failure. Firstly, it is important to identify when cohesive fracture
within the adhesive layer occurs so that one can confidently relate
the measured force–displacement behaviour and the calculated fracture
energy to the adhesive layer. Three-dimensional optical microscopy
was applied to measure the profile height of the fractured samples.
Fig. 8 shows the profile height for each fracture mode and loading
condition. In the QS experiments, the adhesive layer fractured in a
cohesive manner: this is supported by the average measured profile
height of 0.14 mm. This is observed independently of the fracture
modes. However, in HR, only ENF experiments show cohesive failure

of the adhesive layer. WDCB and SLB experiments experienced failure
within the CFRP.

Figs. 9, 10, and 11 show SEM images of the fractured samples for
WDCB, ENF and SLB respectively. The following features are observed
in all QS samples (numbers correlate with the areas highlighted in
Figs. 9, 10, and 11): voids (3), fibre pull-out (4), fibre debonding
from the matrix (5), hackles (6), cusps (7), fibre fracture (8), matrix
cracking (9) and traces of matrix rupture (10). Typical shear behaviour
phenomena such as hackles (6) and cusps (7) are more pronounced for
ENF specimens — see Fig. 10.

Micrographs for QS conditions presented in Fig. 9 show that WDCB
specimens exhibit a change of fracture mode between the adhesive and
the CFRP — see area (2) in Fig. 9. This boundary area suggests an initial
crack propagation through the adhesive until a certain applied trans-
verse tensile stress of the composite matrix is reached. This enabled the
crack to propagate into the composite, leading to delamination of the
full part — see Fig. 9. Similar crack propagation phenomena is observed
in QS SLB — see the analogous micrographs presented in Fig. 11. On
the other hand, micrographs in Fig. 10 show that QS ENF experiments
failed completely in a cohesive manner of the adhesive layer.

In HR, only ENF experiments show a failure of the adhesive layer.
The length of cusps (7) lines suggests a difference in mechanism as
a function of the loading rate: the cusps lines in QS appear to be
longer than in HR. This behaviour can be related to the decrease of
energy necessary to separate the two surfaces with increasing loading
rate. In HR WDCB, crack initiation was in the adhesive, but the crack
immediately propagated into the composite adherent leading to an
interlaminar failure path. HR SLB samples show complete fracture by
delamination of the CFRP — see Fig. 11.

3.3. Comparison of the fracture properties of adhesive and CFRP

The different failure sequence of the adhesive joint in QS and HR
loadings can be explained by comparing the individual rate-dependent
fracture behaviour of the CFRP and the adhesive. A failure envelope of
the strength for both materials is presented in Fig. 12, where the CFRP’s
envelope is based on Puck’s failure theory. The inter fibre failure (IFF)
criterion for the 2D analysis is summarised in the following

𝑓𝐸,𝐼𝐹𝐹 𝐴 =

√

√

√

√

√

(

𝜏
𝑅⟂∥

)2
+

(

1 − 𝑝(+)⟂∥

𝑅(+)
⟂

𝑅⟂∥

)2 (
𝜎2

𝑅(+)
⟂

)2

+𝑝(+)⟂∥
𝜎2
𝑅⟂∥

𝑓𝑜𝑟 𝜎 > 0

(7)



Fig. 13. Comparison of the quasi-static and high-rate (a) maximum force, (b) compli-
ance and (c) fracture energy of similar (Ti-Ti) and multi-material (CFRP-TI) adhesive
joints for (a) WDCB, (b) SLB and (c) ENF.

where the reader is referred to Puck and Schürmann [47] for the
detailed explanation of all parameters. The failure envelope for the
adhesive was generated using the quadratic stress criterion following
the equation
( 𝑡m1,I

𝑇N

)2
+
( 𝑡m1,II

𝑇S

)2
= 1 , (8)

where 𝑡m1,I and 𝑡m1,II are the yield stress components, and 𝑇N and 𝑇S are
the maximum traction components for mode I and II, respectively [33].

The individual rate-dependent properties are provided in Lißner
et al. [33],Hoffmann [40] for the adhesive and the CFRP respectively.
The shear and normal stresses for the CFRP are represented by the
equivalent stresses in normal and shear direction. It is shown that the

adhesive indicates a more pronounced rate-dependency than the CFRP.
Additionally, due to the difference in thickness of the components
(adhesive and CFRP plate), the adhesive experiences a substantially
higher strain rate than the CFRP. This means that under dynamic
loading conditions, the adhesive and the CFRP have a similar fracture
stress — see Fig. 12. This is supported by our fracture observations:
see for example the thin fractured adhesive line in HR WDCB which
is shown in Fig. 9. Consequently, the knowledge of the individual rate-
dependent behaviour of CFRP and adhesive is of utmost importance for
understanding the failure sequence of multi-material adhesive joints —
this is discussed next.

3.4. Comparison of Ti-Ti and CFRP-Ti material combinations in fracture
mechanics experiments

In order to better understand the influence of the adherent materials
on the mechanical performance of the adhesive joint, experimental
results of similar [34] and multi-material (CFRP-Ti) combinations are
compared. The failure mode of Ti-Ti adhesive joints was cohesive
failure of the adhesive layer for all investigated fracture mode con-
figurations (WDCB, ENF and SLB), Lißner et al. [34]. The results of
this comparison are presented in Fig. 13 for QS (black) and HR (blue)
loading regimes.

For QS conditions, Fig. 13(a) shows that the average maximum
forces for each fracture mode are similar for both Ti-Ti and CFRP-Ti
material combinations. Fig. 13(b) shows that the stiffness of the multi-
material combination appears to be slightly lower than the similar
material combination: CFRP-Ti shows a larger compliance — which is
the inverse of the stiffness. Although, the ply layup of the CFRP was
designed to match the flexure rigidity of the titanium, the bending
stiffness is approximately 3607 𝑀𝑃𝑎 lower. This difference in flexure
rigidity can explain the lower stiffness of the CFRP.

However, in HR, only WDCB and ENF experiments suggest similar
failure behaviour between Ti-Ti and CFRP-Ti material combinations.
This is evidenced in the force and in the fracture energy comparison
graphs shown in Fig. 13(a) and 13(c) respectively. In contrast, HR
SLB experiments with a multi-material combination showed CFRP frac-
ture (see Fig. 11) instead of failure within the adhesive layer. This
is validated by the lower force and fracture energy of the CFRP-Ti
combination when compared to Ti-Ti fracture experiments. The minor
deviation of the force and fracture energy of HR SLB experiments for
both material combinations suggests that the failure stress of adhesive
and CFRP have been similar in the SLB experiments — as suggested in
Fig. 12. Moreover, it is believed that the failure path occurred since the
transverse stress of the composite has been exceeded. Opposed to the
QS mechanical performance – where the adhesive layer is the weakest
link independently of the adherent material of choice – HR experiments
reveal a dependency of the adherent material on the failure sequence.

4. Numerical modelling of multi-material adhesively bonded
structures

Simulations of the experiments were carried out to investigate the
ability of a cohesive zone model to simulate the failure process of a
multi-material adhesive joint. This CZM was previously developed and
validated by the authors [33,34]. This section summarises the model of
the adhesive layer and provides information about the finite element
setup for the fracture mechanics experiments for WDCB, ENF, and SLB
specimens. Fig. 14 illustrates the method which has been followed in
order to achieve a reliable prediction of the failure performance.



Fig. 14. Overview of the numerical method for predicting the failure performance of multi-material material combinations.

4.1. Adhesive material model: CZM

The CZM for the considered adhesive is summarised in Tables 5
and 6. The rate-dependent formulations for the strength, the dissipated
energy and the plateau ratio are represented by Table 5. Since the
adhesive tends to exhibit a relatively large volume fraction of voids, the
model includes its influence by introducing the following relationship:

𝑓𝑣(𝑡𝑎) = 𝑓𝑣𝑟𝑒𝑓 𝑡
−𝑓𝑣0
𝑎 (9)

where 𝑓𝑣𝑟𝑒𝑓 is the reference value and 𝑓𝑣0 is the thickness sensitivity
parameter. The volume fraction of voids affects both the maximum
traction and the dissipated energy.

The traction separation law which describes the CZM shows a
trapezoidal shape. Its mathematical description and its relevant shape
parameters are presented in Table 6. The CZM is graphically illus-
trated in Fig. 15. Finally, the material parameters of the AF 163-2OST
adhesive are summarised in Table 7

4.2. Numerical setup: finite element analysis

For the simulation of the fracture mechanics experiments, finite el-
ement analysis (FEA) was employed. The FEA solver Abaqus/Standard
was used to perform the simulations. The adherents were discretised
using C3D8 elements, while 3D cohesive elements with 4 integration
points were used to model the adhesive layer. The numerical model of
each specimen configuration follows the same dimensions and bound-
ary conditions used in the experiments as it is shown in Fig. 16. The

Fig. 15. Graphical illustration of the shape given parameters for the traction separation
law (TSL).

size of the mesh was 0.125 x 0.5 x 0.5 mm for the adherent elements
and 0.25 x 0.5 x 0.5 mm for the adhesive elements for thickness, width
and depth respectively.

The titanium alloy adherents were modelled using an isotropic
linear elastic material model using the properties presented in Table 1.
For the CFRP adherent, an orthotropic linear elastic material model
has been defined using the engineering constants presented in Table 2.
The obtained stress values for the composites have been evaluated with



Table 5
Overview of adhesive material model developed and calibrated in [33].
Mode I

Strength, 𝑇 𝑇N(�̇�N , 𝑓v) =
[

𝑇refN + 𝑇0N ln
(

�̇�N
�̇�ref

)]

(1 − 𝑓v)

Dissipated energy, 𝐺𝑐 𝐺𝑐𝑁 (�̇�N , 𝑓v) =
[

𝐺refN − 𝐺0N ln
(

�̇�N
�̇�ref

)]

(1 − 𝑓v)(1 −
𝑡0
𝑡𝑎
)

Plateau ratio, 𝑃 𝑃𝑁 (�̇�N) = 𝑃refN

(

�̇�N
�̇�ref

)𝑝N

Mode II

Strength, 𝑇 𝑇S(�̇�S , 𝑓v) =
[

𝑇refS + 𝑇0S ln
(

�̇�S
�̇�ref

)]

(1 − 𝑓v)

Dissipated energy, 𝐺𝑐 𝐺𝑐𝑆 (�̇�S , 𝑓v) =
[

𝐺refS − 𝐺0S ln
(

�̇�S
�̇�ref

)]

(1 − 𝑓v)(1 −
𝑡0
𝑡𝑎
)

Plateau ratio, 𝑃 𝑃𝑆 (�̇�S) = 𝑃refS

(

�̇�S
�̇�ref

)𝑝S

the Puck IFF criteria for matrix failure. The composite laminate was
modelled using one solid C3D8 element per ply through the thickness
and the same ply layup as described in Section 2.2. The adhesive layer
has been modelled using the material model developed and validated
in Lißner et al. [33]. Tables 5 and 6 summarise the adhesive layer
model, while Table 7 presents the used material model properties
calibrated in Lißner et al. [33,34].

To imitate the experimental boundary conditions, the end of the
WDCB specimen is restricted in all the degrees of freedom (DOF). A
friction coefficient of 0.1 between the wedge and the specimen arms
was chosen. This was verified by comparing the experimental and
numerically obtained wedge force–displacement behaviour. Addition-
ally, the movement of the lower supports for ENF and SLB specimens
was restricted in all DOF. The loading pin was restricted in all DOF
except for displacement in the direction of travel. The same velocity
employed in the fracture mechanics experimental setup was applied at
the corresponding loading pin.

4.3. Discussion of numerical results

The results of the numerical investigation in QS and HR loading
regimes are presented in Fig. 17 for the three different deformation
modes. The numerical results for the QS and HR loading regimes
show a good agreement with the experiments. It is believed that
the simulations of the experiments would provide a more detailed
understanding of the failure sequence if one introduces (i) a rate-
dependent damage criteria in the CFRP, (ii) cohesive elements or other
methods to model delamination or (iii) non-linear shear behaviour [48–
51]. Nevertheless, the simulations are in good agreement with the
experimental observations.

Fig. 16. Representation of boundary conditions (BC) and mesh design for the different
experiments.

To understand the individual contribution of each material indi-
vidually (adhesive and CFRP), the experimental rate-dependent failure
envelope presented in Fig. 12 is compared against modelled results.
Figs. 18–20 compare the stress histories of both adhesive and CFRP
most critical element combinations with their respective failure en-
velopes for the WDCB, ENF, and SLB experiments. Additionally, the
failure criteria for these critical elements are calculated using Eq. (7) for
the CFRP and Eq. (8) for the adhesive. The simulations corroborate the
experimental observations: CFRP and adhesive layer demonstrate a sim-
ilar failure performance when loaded in HR and in mode-I dominated
environments.

Numerical results for QS WDCB experiments are presented in
Fig. 18. One can see that the adhesive layer reached its limit to failure
while the CFRP is still at approximately 50% of its full mechanical

Table 6
Overview of the traction separation law shape.

Parameter Yield initiation, 𝛿m1 Damage initiation, 𝛿m2 Final failure, 𝛿mf

Relationship 𝑡 = (1 − 𝑑)𝐾𝛿

Criterion
(

𝛿m1,I

𝛿n1

)2
+
(

𝛿m1,II

𝛿s1

)2
= 1

(

𝛿mi,I

𝛿ni

)

+
(

𝛿mi,II

𝛿si

)

= 1, 𝑖 = 2, 𝑓

Displacement, 𝛿m 𝛿m1 = 𝛿n1𝛿s1
√

1+𝛽2

𝛿2s1+(𝛿n1𝛽)
2 𝛿mi = 𝛿ni𝛿si

√

1+𝛽2

(𝛽𝛿ni+𝛿si) 𝑖 = 2, 𝑓

Displacements, 𝛿n, 𝛿s
𝛿n1 =

𝑇N
𝐾n

with 𝐾n =
𝐸
𝑡el

𝛿𝑛2 = 𝛿𝑛1 +
2𝐺𝑐𝑁𝑃𝑁

𝑇N (1+𝛾𝑁 )
𝛿𝑛𝑓 = 𝛿𝑛1 + 𝛿𝑛2 +

2𝐺𝑐𝑁

𝑇N𝛾𝑁
− 𝛿𝑛2+𝛾𝑁 (𝛿𝑛2−𝛿𝑛1 )

𝛾𝑁

𝛿s1 =
𝑇S
𝐾s

with 𝐾s =
𝐺
𝑡el

𝛿𝑠2 = 𝛿𝑠1 +
2𝐺𝑐𝑆𝑃𝑁

𝑇S (1+𝛾𝑆 )
𝛿𝑠𝑓 = 𝛿𝑠1 + 𝛿𝑠2 +

2𝐺𝑐𝑆

𝑇S𝛾𝑆
− 𝛿𝑠2+𝛾𝑆 (𝛿𝑠2−𝛿𝑠1 )

𝛾𝑆

Equivalent 𝛿m1 displacement with mixed-mode ratio 𝛿m1 =
√

𝛿2m1,I + 𝛿2m1,II with 𝛽 = 𝛿m1,II

𝛿m1,I

Damage variable 𝑑 =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

0 , 𝛿 ≤ 𝛿m1

1 − 𝛿𝑚1
𝛿

⋅
[

1 + (𝛾𝑚−1)(𝛿−𝛿𝑚1 )
(𝛿𝑚2−𝛿𝑚1 )

]

, 𝛿m1 < 𝛿 ≤ 𝛿m2

1 −
[

𝛾𝑚 ⋅𝛿𝑚1
𝛿

⋅
(𝛿𝑚𝑓−𝛿)
(𝛿𝑚𝑓−𝛿𝑚2 )

]

⋅
[

2 ⋅
(

𝛿−𝛿m2

𝛿mf−𝛿m2

)3
− 3 ⋅

(

𝛿−𝛿m2

𝛿mf−𝛿m2

)2
+ 1

]

, 𝛿m2 < 𝛿 ≤ 𝛿mf

1 , 𝛿 > 𝛿𝑓

Mixed-mode plateau 𝛾m =
√

𝛾2N+(𝛽𝛾S )2

(1+𝛽2 )

Mixed-mode stiffness 𝐾 =
√

𝐾2
n+(𝛽𝐾s )2

(1+𝛽2 )



Fig. 17. Numerical results for the investigated fracture modes (a) WDCB, (b) ENF and
(c) SLB.

capacity. This is supported by the experimental observations — where
the failure of the adhesive layer was evident as seen in the fracture
surface micrograph shown in Fig. 9. On the other hand, numerical HR
results demonstrate the similar mechanical performance of CFRP and
adhesive: stresses of both materials are much closer to their respective
failure limits. Considering the relatively small difference in stress (5
MPa) and the inhomogeneous nature of the materials, it is likely that
the failure sequence is transferred from the adhesive to the CFRP — as
shown in Fig. 9.

Fig. 19 shows the predicted stresses for ENF simulations as a func-
tion of material type and loading rate. In both loading regimes the

Table 7
Material model properties for the AF 163-2OST adhesive, [33].
𝐸 (MPa) 𝐺 (MPa) 𝑇𝑟𝑒𝑓𝑁 (MPa) 𝑇0𝑁 𝐺𝑟𝑒𝑓𝑁 (N∕mm) 𝐺0𝑁 𝑃𝑟𝑒𝑓𝑁
2000 220 38.00 1.90 3.00 0.23 0.65
𝑝𝑁 𝛾N 𝑇𝑟𝑒𝑓𝑆 (MPa) 𝑇0𝑆 𝐺𝑟𝑒𝑓𝑆 (N∕mm) 𝐺0𝑆 𝑃𝑟𝑒𝑓𝑆
−0.01 1.00 36.00 1.80 9.00 0.25 0.80
𝑝𝑆 𝛾S 𝑓vref 𝑓v0 𝑡0
−0.03 0.85 0.54 0.02 0.038

predicted adhesive stresses reached their corresponding failure limit
before the CFRP — which is still well within its mechanical capacity for
QS and HR loading regimes. Consequently, the failure of the adhesive
layer is numerically confirmed. This is in agreement with the fracture
observations reported here.

Analogously, Fig. 20 presents the predicted stresses of adhesive and
CFRP in SLB simulations. The SLB specimens shows similar behaviour
to the WDCB specimens: (i) in QS, the adhesive approached its limit
significantly before the CFRP, (ii) in HR, both the CFRP and the
adhesive reached their corresponding failure limits at similar times —
the stress difference for failure of adhesive and CFRP is relatively small
(approximately 10 MPa). Hence, the failure can occur in both materials.
This agrees with the experimental observations which revealed full
CFRP delamination under HR loading — see Fig. 11.

Numerical simulations of the multi-material adhesive joint struc-
tures showed a good reproduction of the experimentally obtained re-
sults for different fracture modes and loading rates. The simulations
provided clarification on the failure sequence which was observed
through the fracture mechanics experiments and analysed via high-
resolution fractography. This proves the validity of the developed
experimental and numerical framework for measuring the most critical
quantities related to the fracture of multi-material adhesively bonded
structures.

5. Conclusions

The rate-dependent failure performance of multi-material adhesive
joints – a combination of CFRP and Ti-6Al-4V adherents – in the form of
fracture mechanics experiments (WDCB, ENF and SLB specimens) was
investigated. Simulations of the performed experiments were carried
out to assess the ability of a CZM for the adhesive layer to predict the
experimental observed phenomena. The following conclusions can be
drawn:

1. Experimental observations of the investigated fracture modes
show a decrease of fracture energy with increasing loading rate.
Additionally, under QS conditions, experiments exhibit failure of
the adhesive layer. Under HR condition, only the ENF specimens
exhibit failure of the adhesive layer while the WDCB and SLB
specimens exhibited CFRP damage.

2. Fracture analysis confirms cohesive failure of the adhesive layer
independently of fracture modes in QS and ENF mode under
HR. HR WDCB exhibits a fracture transition from adhesive layer
damage to CFRP damage while HR SLB experiments exhibit
exclusively CFRP delamination.

3. The behaviour of the CFRP-Ti multi-material combination is
compared to the Ti-Ti combination: the results show similar be-
haviour independent of adherent material. CFRP-Ti joints exhibit
slightly lower maximum forces, slightly higher compliance and
similar fracture energy to Ti-Ti joints. The SLB specimens under
HR loading condition is the exception: The CFRP-Ti specimen
shows significantly lower maximum force and fracture energy
due to CFRP failure.

4. The independent fracture properties of each material are used
to explain the results. Under QS loading the adhesive exhibits
significantly lower stress than CFRP — thus failure of the ad-
hesive layer in fracture mechanics experiments occurs. Under



Fig. 18. Representation of the rate-dependent performance of experimental and numerical observations of adhesive and CFRP for WDCB.

Fig. 19. Representation of the rate-dependent performance of experimental and numerical observations of adhesive and CFRP for ENF.



Fig. 20. Representation of the rate-dependent performance of experimental and numerical observations of adhesive and CFRP for SLB experiments.

HR loading the maximum stresses in the adhesive and CFRP are
similar, thus the increased chances of CFRP dominated fracture
under certain fracture modes.

5. Numerical simulations of the fracture mechanics experiments –
which include material models for both adhesive and adherents
– are able to accurately predict the observed behaviour as a
function of the fracture mode and the loading rate. Hence, the
material model of the adhesive has been constitutively validated.

6. Local stresses extracted from the simulations around the most
critical locations (adhesive and CFRP interface) are compared
to the failure envelope of both adhesive and CFRP. The analysis
supports the experimental observations and rationalises the shift
from adhesive-controlled failure under QS to CFRP-controlled
damage under HR conditions.

7. The numerical analysis emphasises the importance of
rate-dependent models for both the adhesive and the CFRP in
order to capture the observed experimental findings.
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