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Abstract: Due to their high elongation at failure and damping capacity, polyurethanes are one of
the main types of adhesives used in automotive structures. However, despite the wide range of
applications of adhesives, their fracture mechanics behavior is still poorly studied in the literature,
especially when both the loading rate and ambient temperature change. Accordingly, the main aim of
the current work is to deal with the research gap. In the current research, mode I fracture energy of a
ductile polyurethane adhesive with adaptive properties for its industrial application is determined at
different test speeds and temperatures. Tests were done at quasi-static, intermediate, and high-speed
levels and each at three different temperatures, including low, high, and room temperature. Mode I
fracture toughness was determined using DCB tests. Increasing the loading rate from quasi-static to
6000 mm/min was found to significantly increase the maximum strength of the tested DCBs (from
1770 N to about 4180 N). The greatest sensitivity to the loading rate was observed for the DCBs
tested at room temperature, where the fracture energy increased by a factor of 3.5 from quasi-static
(0.2 mm/min) to a high loading rate (6000 mm/min). The stiffness analysis of the DCB samples
showed that the transition from below the T, to room temperature decreases the bond stiffness by
about 60%, while a further temperature increase (from 23 °C to 60 °C) has no significant effect on
this parameter. Since polyurethane-bonded joints often experience a wide range of temperatures and
loading rates in service, the obtained results can be used to design these joints more securely against
such loading/environmental conditions.
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1. Introduction

Some of the most common methods used for material joining, such as riveting or
welding, still have significant practical issues. For example, welding dissimilar materials
is very complex, and riveting adds stress concentrations because of the holes made in the
material. Within this context, adhesive bonding has gained a lot of popularity recently: it
is not affected by the issues these other methods have, and allows for lighter structures
while having good fatigue resistance thanks to uniform stress distribution present within
the joint [1]. It is also seen as one of the best ways to join composite structures and highly
dissimilar materials. Furthermore, an increased awareness to global climate change has
made reducing structural weight a key topic in the automotive industry, as it leads to a
significant reduction in the energy consumption of vehicles. The same goes for many other
industries, such as those operating in the aerospace or naval sectors. Adhesively bonded
structures are thus being extensively used to answer the different requirements of these
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industries. However, designing complex structures with modern structural adhesives is
still a challenge, compounded by the fact that the joints need to resist complex loading
conditions under a wide range of environmental conditions.

In the automotive industry, for example, temperatures can vary greatly during the
operation of a vehicle and the bonded parts can be subjected to high loading rates under
impact condition. Therefore, it has become highly important to study the performance
of bonded joints under these different conditions in order to ensure the safety of the
occupants and ensure the smooth and long-lasting operation of the vehicle. To design
efficient adhesively bonded joints for use in automotive construction, the performance of
the bonded materials must be characterized under different loading rates and temperatures,
as the viscoelastic and viscoplastic behaviors of the adhesive are highly dependent on these
parameters.

The effect of several parameters, such as the presence of additives [2,3], cyclic loading,
joint geometry [4], etc., on the fracture energy of bonded joints have been studied in the
literature. However, experimental studies on the effect of loading rate on the fracture
energy are still rare and the dynamic fracture behavior of adhesives is a relatively new
field of study, especially when the influence of both the loading rate and the temperature
are taken into account. However, a few authors have already studied the influence of the
loading rate [5-7] on the impact strength of bonded joints [8-10], almost always using
epoxy-based adhesives.

For epoxy adhesives, the fracture energy in mode I has been shown to decrease as
a function of the loading rate by Bascom et al. [11], Bitner et al. [12], Hunston et al. [13],
Lataillade et al. [14], Blackman et al. [15,16], Raghavan et al. [17], and Karac et al. [18].
Increasing the loading rate can lead to a decrease in the fracture energy of epoxies. In-
creasing the loading rate causes a decrease in the elongation at failure while typically
leading to an increase in the strength of the adhesive. Consequently, the fracture energy
as a product of the displacement and load can be reduced or increased. However, with
epoxy adhesives, the increase in strength usually cannot compensate for the decrease in
displacement, resulting in a reduction in fracture energies. It should be noted that additives
contained in the epoxies can change the behavior of the adhesives, leading to an increase in
the fracture energy by increasing the loading rate [11]. There are also studies where the
authors show that during a single test the loading rate changes as the crack size grows [19].
For the loading rate, a possible explanation was given by Raghavan et al. [17], saying that a
higher loading rate decreases the viscoelastic deformation ahead of the crack-tip, which
reduces the fracture energy. May et al. [20] proposed a different justification, stating that
after a certain value of crack propagation is reached, the conditions ahead of the crack-tip
change from isothermal to adiabatic, thus heating the adhesive and diminishing its local
properties. However, there are also reports of increases of fracture energy caused by an
increase in loading rate. Such reports can be found in the works of Kinloch et al. [21],
Biel et al. [22], Carlberger et al. [23], Marzi et al. [24], Borges et al. [25], May et al. [20],
and Nunes [19]. It should be noted, however, that the loading rate dependency of these
adhesives also implies a precise determination of the true loading rate along the bondline,
which varies drastically from the nominal/engineering loading rate. Indeed, a constant
crosshead displacement rate does not necessarily generate a constant effective loading rate
as shown by Nunes et al. [26]. The use of SHPB specimen over DCB or inversely does
not seem to matter, as the mode I fracture energy obtained with either of these types of
specimens has been found to lead to similar results [27].

Regarding the temperature dependences, Kumpenza et al. studied the effect of tem-
perature on the tensile behavior of different adhesive systems [28]. Banea et al. [29] studied
an adhesive at room and high temperature, showing a sizeable decrease of the fracture
energy of mode I for temperatures above the Tg, but a relatively stable behavior when
below the Ty. The explanation for the results below the T, of the adhesive is the fact
that while the increase in temperature reduces the strength, it also increases the ductility
which adds plastic deformation ahead of the crack-tip. Both these changes can increase or
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decrease the fracture toughness. This temperature-sensitive behaviour, which reduces the
adhesive’s property above the T;, was also studied by Banea et al. [30,31], Jia et al. [32],
and Bernasconi et al. [33].

Compared to epoxies, studies on the mechanical characterization of polyurethane as a
function of loading rate and temperature are rare, while nowadays these types of adhesives
are widely used in various industrial sectors. Tang et al. [34,35] investigated the effects of
additives on the thermal characteristics and flammability of polyurethane. Jia et al. [36]
analyzed mode I fracture toughness of a ductile polyurethane adhesive at different loading
rates limited up to 500 mm/min and at different low temperatures all below the T, of
the adhesive. Their work also shows that the increase in loading rate (or a decrease in
temperature) decreases the fracture energy. However, at lower temperatures, the decrease
linked to the loading rate is less important.

As mentioned above, although extensive work has been carried out on epoxies, similar
studies on joints bonded with ductile polyurethanes adhesives, taking into account both the
loading rate and temperature, are very rare. The work performed in the previous studies
are limited to low loading rates and to the temperatures below the T, of the adhesive.

Accordingly, the current study provides experimental data on the fracture behavior
of a special purpose ductile polyurethane adhesive as a function of loading rate from
quasi static conditions (0.2 mm/min) to high loading rate (6000 mm /min) and at various
temperatures below and above the Ty of the adhesive.

2. Experimental
2.1. Material

A polyurethane-based adhesive was used in this study. This is a ductile adhesive with
mechanical properties adapted for industrial applications. The Ty of the tested adhesive is
—5 °C. The cure cycle of the adhesive is composed of a stage of 24 h at room temperature
followed by with an additional 4 h at 80 °C, during a post-curing process. The substrates
used for the DCB joints are made of a high strength steel (PM300). To prepare the surface
of substrates, they were sand-blasted and then cleaned with acetone before the adhesive
application. Table 1 shows the physical and mechanical properties of the adhesive at room
temperature, with the tensile properties resulting from quasi-static testing of dogbone
shaped bulk specimens. Physical properties were provided by the adhesive manufacturer.

Table 1. Physical and mechanical properties of the polyurethane adhesive.

Property Polyol Isocyanate Mixed
Specific gravity at 25 °C (g/ cm?) 1.57 1.22 -
Viscosity at 25 °C (mPa.s) 7000 20 1100
Glass transition temperature (Tg) (°C) -5
Maximum tensile strength (MPa) 3.4 +0.09
Maximum tensile strain (%) 3344+ 1.34
Young’s Modulus (MPa) 203+1.23

2.2. Geometry and Manufacturing Procedure

Figure 1 shows the geometry of the tested joints.

The adhesive thickness used in the DCB joints under analysis was 4 mm. This specific
value was chosen to be consistent with the thickness found on the typical applications of
this adhesive in car bodies. Furthermore, this adhesive is also suitable for use in wind
blades construction, where the bondlines often exceed 4mm. This thickness was also chosen
knowing that the joint’s properties are a function of the adhesive thickness [4,37-39].

The manufacturing process of the DCB joints started by sand-blasting the surfaces of
both specimens. The sand-blasting procedure removes the iron oxides and creates a surface
which is better suited for adhesion. The surfaces are then degreased with acetone. To ensure
the presence of an initial crack, a sharp razor blade was introduced at the mid-thickness of
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the 4 mm bondline. To ensure this dimension, the razor blade is placed between two steel
spacers bearing a thickness slightly below 2 mm and with its position adjusted to obtain an
initial crack length at 45 mm. On the other side of the joint, a 4 mm thick steel spacer was
placed to help control the bondline thickness.

290 mm
£ '12.7 mm
| o L3 ! 4mm
pa 1= S \ Z
| (D \ \ R\ 4725 mm
Pre-crack tip \ \
Position of the Adhesive High strength steel

razor blade

Figure 1. Geometry of the DCB specimen, dimensions in mm.

A common mold used for DCB manufacturing usually consists of top and bottom
plates with holes for inserting guide pins that hold the DCBs in place during the manufac-
turing process. However, due to the very low viscosity of the adhesive used in this study
and on the other hand the very thick bondline (4 mm) needed it was necessary to modify the
regular mold by adding additional 3D printed parts to make sure that a sufficient amount
of the poured adhesive remains within the joint during the curing process. Accordingly,
the used mold was called special.

To avoid adhesion to the supporting tools, release agent was applied to the spacers,
the blade, and the 3D-printed parts. All blades were removed before testing the joints.

For manufacturing tensile specimens, the French NF T 76-142 standard was followed.
Accordingly, adhesive plates with a thickness of 2 mm were produced in a special steel mold
containing a silicone rubber frame which provides hydrostatic pressure under compression
and minimizes the appearance of voids. The adhesive is applied to this rubber frame, the
mold is closed, and it is then introduced in a hot-plate press. The cure proceeds under
a well-controlled amount of pressure and temperature for 24 h to ensure that the curing
process of the adhesive goes well. As was the case for the DCBs, bulk plates were also
subjected to a high temperature post curing process. The post-curing cycle is divided into
3 phases: the heating ramp, a stage at 80 °C that lasts for 4 h, and the cooling process.
Figure 2 shows the geometry of the dogbone samples tested under tensile loading.

_\.‘ Gauge width=10 _/,,—

20

e T — ]

50 - Gauge length=50

v

Total length=150

Figure 2. Geometry of the bulk tests specimen (dogbone) according to BS 2782 with the thickness of 2
mm, not shown in this image, (dimensions in mm).

2.3. Test Procedures

Different loading rates were considered to conduct mode I fracture tests, including a
quasi-static rate at 0.2 mm/min, an intermediate rate at 200 mm/min, and a high rate at
6000 mm/min. For each loading rate, the joints were tested at different test temperatures
including low temperature at —30 °C (LT), room temperature at 23 °C (RT), and high
temperature at 60 °C (HT), always under mode I loading conditions. Test conditions
considered in this study are summarized in Table 2. For the DCB tests, the quasi-static,
intermediate speed, and high-speed tests were conducted using a hydraulic test machine
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(INSTRON® 8801) equipped with a load cell of 100 kN where the sampling rate was set
to 10 Hz and 10 kHz for the quasi static and high loading rate, respectively. The load and
displacement recorded by the machine were used to analyze the results.

Table 2. Summary of the test conditions.

Temperature LT RT HT
Loading Rate —-30°C 23 °C 60 °C

Quasi—Stati'c Tensile test using
0.2 mm/min DCB, mode I dogbone bulk DCB, mode I

fracture test fracture test

Intermediate Speed samples and
200 mm/min mode I fracture

High Speed test L}smg DCB
6000 mm/min specimens

A specially designed chamber was used for high and low-temperature tests, allowing
to keep the temperature of the sample constant during the test. The samples were kept in
the chamber for 10 min at the required temperature to ensure that the adhesive layer fully
reached the target temperature before testing. Adhesive temperature was also monitored
during the test using a thermocouple attached to the bondline.

3. Data Reduction Approach

The fracture energy was obtained using the Compliance Based Beam Method (CBBM),
a data-reduction scheme which does not require the exact crack length to measured but
instead determines an equivalent crack length, calculated from the compliance of the test
specimen. Accordingly, the mode I critical fracture energy is given by [40]:

6P2 (2az, 1
Gie = bzh<h25f 56 @

where 4, is an equivalent crack length obtained from the experimental compliance and
accounting for the fracture process zone at the crack tip, / is the thickness of the substrates,
b is the specimen width, P is the load, Ef is a corrected flexural modulus to account for
all phenomena affecting the load-displacement curve, such as stress concentrations at the
crack tip and stiffness variability between specimens, Gjc is the mode I fracture energy,
and G corresponds to the shear modulus of the adherents. The Ef is obtained to include the
effect of the added stress concentration around the crack tip which impacts the initial linear
part of the load-displacement curve, as well as the rotation of the substrate [41]:

2(ao + |A)) 1>18(ﬂ0+|A)3 ?

1
Er= <C° T T sGh ' 5G bi

with gg and Cy being, respectively, the initial crack length and the initial compliance. A is a
correction factor for the crack length given by [41]:

E r \?
A=h 11G<32(1+r)> 3)

1.18E
I'=—— 4
G @

where E is the Young’s Modulus of the substrate.

where
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The a4 is obtained with Timoshenko’s beam theory which gives this equation [41],
with C being the specimen’s compliance:

co é _ 8a§q 1244
P bh3Ef 5Gbh

©)

The crack length correction A can be determined using a linear regression based on
three different results, at different loading rates.

4. Results and Discussions

Figures 3-5 show the typical load displacement and the corresponding R-curves of the
DCBs tested at different loading rates and temperatures. The load-displacement curves
show two different types of behavior: a brittle one, with higher Young’s modulus for LT
conditions and a more ductile response for the tests carried out above the T, of the adhesive
(considering a Ty of —5 °C). Both the temperature and the loading rate noticeably change
the response of the adhesive. As shown in Figures 3-5, by increasing the loading rate from a
quasi-static rate to the higher test speeds for joints tested at LTs, crack propagation becomes
more gradual and a saw-like response is observed. Increasing the loading rate at LTs made
the adhesive more brittle and consequently, stepwise crack propagation was observed as a
common failure mode in DCB joints with brittle adhesives, as shown in Figures 4 and 5. In
this type of failure, the energy stores in a small area at the crack tip (due to the low ductility
of the adhesive) and is released when the energy reaches a critical value. The energy release
process occurs through sudden crack propagation. The length of crack propagation at each
step is defined by the amount of energy stored at the crack tip. The work done in crack
propagation is similar to this energy.

P-4 R-curves
4.0
3.5
3.0 RT 23°C
RT 23°C =
E
-E. 2.0
=
© LT -30°C
1.0
HT 60°C
0.5
Pl N N = 0 n s . M . i i
4 6 8 10 50 70 90 110 130 150
& [mm] 3, (mm)

Figure 3. Representative Load-displacement and R-curves of DCB joints under quasi-static loading
rates (0.2 mm/min) at different temperatures.

It is also shown in Figures 3-5 that while the LT Gy, is above the high-temperature
results at quasi-static loading rate, the Gy, in the tests conducted at HT increases significantly
with loading rate while LT makes the joints nearly insensitive to the loading rate.

On the other hand, the maximum strength of the tested DCB joints was less sensitive
to the loading rate below Ty. As shown in Figure 6, at LT, the displacement at failure
is low and also insensitive to the loading rate which is due to the brittle nature of the
adhesive at this temperature. However, increasing the temperature to room significantly
increases the displacement at failure for all loading rates. However, as shown in Figure 6,
a further increase in temperature deteriorates the adhesive properties and reduces again
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the displacement of the joint at failure. Based on the results shown in Figure 6, the best
performance in terms of the maximum displacement at failure (which for DCB tests means
a more stable crack propagation until failure) was obtained for the tests performed at RT
and high loading rates. However, it should be noted that at a higher loading rate, the rate
of crack growth is naturally faster due to the higher test speed. Both the displacement
(Figure 6) and the strength of the joints (see Figure 7) were improved for joints tested above
the T, of the adhesive. For DCBs tested below the Tg, the adhesive strength is relatively
higher but no significant difference was observed between the results corresponding for
different loading rates. However, by increasing the temperature to room condition, the
sensitivity of the adhesive to the loading rate increased which is mainly due to the more
ductile and tough behavior of the adhesive being tested above its Ty. According to these
results, the best joint strength was obtained for high loading rate tests conducted at RT.
Results shown in Figure 7 also show that any further increase in temperature deteriorates
the properties of the adhesive, eventually leading lowered strength of the joints.

P-6 R-curves

RT 23°C

“IM

HT 60°C

LT -30°C

6 8 10 12 14 60 80 100 120 140 160 180 200
& [mm] 8y (mm)

Figure 4. Representative Load-displacement and R-curves of DCB joints under speed loading rates
(200 mm/min) at different temperatures.

P8 R-curves

RT 23°C

HT 60°C

LT -30°C

. Gic (Nc/hmm) B -

0 . . . P . . |
14 50 70 90 110 130 150 170 190

& [mml] 8gq (MmM)

Figure 5. Representative Load-displacement curves of DCB joints under high loading rates
(6000 mm/min) at different temperatures.
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Figure 6. Maximum displacement as a function of temperature for three different loading rates.
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Figure 7. Maximum load as a function of temperature for three different loading rates.

It should be noted that the fracture energy is effectively a product of both the load
and displacement sustained by the specimen until its failure. Accordingly, to analyze the
interaction of temperature and loading rate on the fracture energy, both parameters should
be analyzed. As discussed above, CBBM calculates the energy of the tested joints using
the compliance and the energy of bonded joints as a function of load and the loadline
displacement. The results obtained are shown in Figure 8. According to these results,
below the T (at —30 °C), no significant change was observed in the mode I fracture energy
as a function of loading rate. On the other hand, when tested above its Ty (23 °C and
60 °C), the mode I fracture energy of the adhesive increased with loading rate where
height temperature results showed the highest sensitivity to the test speed. Similar results
were obtained by Machado et al. [40] and Borges et al. [25,41] for ductile epoxy adhesives.
However, such a behavior was not found for the ductile polyurethane adhesive tested by
Jia et al. [36], where a decrease in mode I fracture energy with increasing loading rate was
reported. However, it should be noted that Jia et al. [36] tested the joints always below
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Gy (N/mm)

the T, of the adhesive. According to Figure 8, for HTs, the increase in fracture energy is
relatively stronger than that identified for RT, with an increase of 8.6 times, compared to just
3.4 times between 0.2 mm/min and 6000 mm/min. This was to be expected according to
the obtained tests results, as the maximum load and maximum deformation both increase
strongly at HT when increasing the temperature.

*
RT23°C .
"o
WTeoc - *
---TT T e Ta30%C
—————— e e e )

Displacement rate (mm/min)
Figure 8. Mode I fracture energy as a function of displacement rate for different temperatures.

Blackman et al. [16] showed that considering the kinetic effect can change the mode I
fracture energy of DCBs by 10% for joints tested at 15 m/s, while in the current study, the
maximum loading rate is limited to 0.1 m/s (6000 mm/min), which is much lower than
what considered in the work of Blackman et al. [16]. Accordingly, the kinetic effects were
considered as negligible in the current paper.

The relative discrepancy between maximum load and displacement between RT and
HT decreases when increasing the loading rate, as shown in Figures 3-5. Consequently,
the same statement can be made regarding Mode I fracture energy values as shown in
Figure 8. These results do correlate well with the results reported by Banea et al. [29],
obtained with epoxy adhesives. They showed an increase of the Gjc values with increasing
temperature, while below the Tg, there is a decrease around and above the T, [30-32].
For higher loading rates, the brittle behavior at LT makes the adhesive very hard to use.
However, under quasi-static conditions, with its superior maximum load, stiffness, and
good level of stability below the T, the adhesive’s properties are much more interesting
for engineering applications. In contrast, only above the Ty do the adhesive properties
appear to be excessively sensitive to the temperature. Within a well-controlled environment,
always around RT, the adhesive’s fracture toughness is quite good, especially at higher
loading rates. Furthermore, the same can be said for the adhesives’ strength, maximum
displacement at failure, and for the stiffness (shown in Figure 9) as these values would only
decrease significantly with higher temperatures. Figure 9 also shows that the stiffness of the
adhesive doesn’t change significantly with temperatures above the T¢ while a significant
change was observed between LT (below the Ty) and RT (above the Ty).

The ratio of low- and high- temperature fracture energy to the RT as a function of
loading rate is shown in Figure 10. This analysis shows that increasing the loading rate has
a positive impact on the HT results, while for LT, the fracture energy reduces to around
10% of the fracture energy at RT.

Increasing the temperature decreases the strength of the adhesives and consequently,
reduces their Mode I fracture energy (as shown in Figure 8). On the other hand, increasing
the loading rate can compensate for this strength. Accordingly, to ensure that the fracture
energy remains constant, the temperature and the loading rate should be increased at the
same time. As shown in Figure 10, increasing the loading rate improves the HT fracture
energy of the adhesive compared to RT results. A reduction in fracture energy was also
observed by lowering the test temperature below the T, of the adhesive. This reduction is
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Stiffness [N/mm]

due to reductions in displacement at failure and loading. However, as shown in Figure 10,
in contrast to the HT condition, not only can increasing the loading rate not compensate for
the drop in strength, it reduces the fracture energy.

4500
4000 {
3500 4|
3000 -
2500 é
2000 é
1500 é
1000 é

500 +

0.5

0.5 |
0.4 4
0.35 4
03+
0.25 +
02+
0.15 +

0.1 +

0.05 4

E L3495 + 809

3877 £530

3764 305

1852 + 135
l

6000 mm/min 1472 + 148

1483 £ 68 - — /
o coUmm/min — — 1399 + 83
1322 +51
1186 £ 105
30 -20 -10 0 10 20 30 40 50 60 70
Temperature (°C)
Figure 9. Stiffness as a function of temperature for three different loading rates.
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Figure 10. Mode I fracture energy temperature ratios between both HT and RT (red curve), and LT
and RT (blue curve).

Fracture Surface Analysis

Three different fracture mechanisms were observed. Figures 11 and 12 shows the
fracture surfaces of the joints tested at different conditions. The fracture surfaces at RT
and HT mainly showed crack initiation at the pre-crack tip which then kinks towards one
of the interfaces and propagates close to the interface, always within the adhesive layer.
In quasi-static tests, however, multi-side cracking is seen. HT tests showed a smoother
fracture surface, although more uneven in morphology. For LT, and since the adhesive’s
behavior is brittle, cracking occurs in multiple phases, which correlates with the multiple
peaks of the load-displacement curves, especially for lower speed tests. Another difference
found for LT is the absence of side cracking. It is the very low ductility that prevents the
crack from going to one side of the DCB joint, so the cracking follows a straight line at the
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mid-thickness of the adhesive layer instead of going at one of the interfaces as shown in
Figure 13.

Figure 11. Fracture surfaces obtained under intermediate loading rate (200 mm/min) at, respectively,
23 °C (left), —30 °C (middle), and 60 °C (right).

Figure 12. Fracture surfaces obtained under high loading rate (6000 mm/min) at, respectively, 23 °C
(left), —30 °C (middle), and 60 °C (right).
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Crack path

Figure 13. Fracture surface at the crack tip after an LT (—30 °C) mode I fracture test on the
(left). Typical crack path around the crack tip at 23 °C or 60 °C on the (right).

5. Conclusions

Polyurethane adhesives are well known for their high ductility and damping capacity.
However, the high loading rate behavior of these materials is influenced by the service
temperature. This work sought to determine the effect of temperature below and above
the T¢ on the fracture behavior of a special purpose polyurethane adhesive with adapted
properties based on the application. A wide range of loading rates was also considered for
each test temperature.

Accordingly, the mode I fracture energy of a ductile polyurethane adhesive was
experimentally analyzed under three different test speeds (0.2 mm/min, 200 mm/min and
6000 mm/min) and different temperatures (—30 °C, 23 °C and 60 °C). The main conclusions
drawn from this research are the following:

1.  The adhesive’s mode I fracture behavior and fracture toughness are greatly influenced
by service temperature, as the influence of loading rate is quite different when the test
is carried out below the Ty or at temperatures above the T, of the adhesive.

2. Above the Tg, the increase in loading rate increases the Gy by a factor of 3.5, while it
does not change significantly when the test is running below the T,.

3. It was found that the influence of loading rate is relatively more important for HT
than for RT. Based on the results at HT and a high loading rate, the Gy, increased by a
factor of 10 compared to the factor of 3.5 obtained for RT results.

4. When above the Tg, the increase of temperature greatly decreases the Gj., which is
less important for higher loading rates.

5. From the stiffness analysis, it was found that the transition from LT to RT significantly
decreases the bond stiffness by 60%, while further temperature increase (from RT to
HT) has no significant effect on this parameter.

6.  Based on the experimental results, the best performance in terms of mode I fracture
energy of the adhesive was obtained for RT and at higher loading rates with the Gy, of
around 9.5 N/mm.

Author Contributions: M.P.: Investigation, Visualization, Formal analysis, Data curation, Writing—
Original Draft; A.A.-S.: Investigation, Conceptualization, Methodology, Validation, Data Curation,
Writing—Review and Editing, Supervision; R.J.C.C.: Conceptualization, Resources, Methodology,
Supervision; E.A.S.M.: Conceptualization, Resources, Writing—Review and Editing, Supervision;
S.W.: Resources, Methodology; L.EM.d.S.: Conceptualization, Supervision, Resources, Project admin-
istration. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.



Materials 2022, 15, 8948 13 of 14

References

1.  Antelo, J.; Akhavan-Safar, A.; Carbas, R.J.C.; Marques, E.A.S.; Goyal, R.; da Silva, L.EM. Fatigue life evaluation of adhesive joints
in a real structural component. Int. J. Fatigue 2021, 153, 106504. [CrossRef]

2. Minosi, S.; Cocchi, D.; Maccaferri, E.; Pirondi, A.; Zucchelli, A.; Mazzocchetti, L.; Ambrosini, D.; Campanini, F. Exploitation of
rubbery electrospun nanofibrous mat for fracture toughness improvement of structural epoxy adhesive bonded joints. J. Adv. Join.
Process. 2021, 3, 100050. [CrossRef]

3. Akhavan-Safar, A.; Salamat-Talab, M.; Delzendehrooy, F.; Zeinolabedin-Beygi, A.; da Silva, L. Effects of natural date palm tree
fibres on mode II fracture energy of E-glass/epoxy plain-woven laminated composites. . Braz. Soc. Mech. Sci. Eng. 2022, 44, 457.
[CrossRef]

4. Akhavan-Safar, A ; Beygi, R.; Delzendehrooy, F.; da Silva, L. Fracture energy assessment of adhesives—Part I: Is GIC an adhesive
property? A neural network analysis. Proc. Inst. Mech. Eng. Part L J. Mater. Des. Appl. 2021, 235, 1461-1476. [CrossRef]

5. Houjou, K.; Shimamoto, K.; Akiyama, H.; Sato, C. Experimental investigations on the effect of a wide range of strain rates on
mechanical properties of epoxy adhesives, and prediction of creep and impact strengths. J. Adhes. 2022, 98, 449-463. [CrossRef]

6.  Chen, F; Pinisetty, D.; Gupta, N. Study of the compressive properties of adhesively bonded carbon fiber laminates at different
strain rates. J. Adhes. 2021, 98, 2582-2598. [CrossRef]

7. Arouche, M.M.; Teixeira de Freitas, S.; de Barros, S. Evaluation of the strain-based partitioning method for mixed-mode I+ II
fracture of bi-material cracks. . Adhes. 2022, 98, 577-605. [CrossRef]

8.  Jalali, S.; Ayatollahi, M.; Akhavan-Safar, A.; da Silva, L. Effects of impact fatigue on residual static strength of adhesively bonded
joints. Proc. Inst. Mech. Eng. Part L ]. Mater. Des. Appl. 2021, 235, 1519-1531. [CrossRef]

9.  Akhavan-Safar, A.; Eisaabadi B, G.; Jalali, S.; Beygi, R.; da Silva, L.EM. Impact fatigue life improvement of bonded structures
using the bi-adhesive technique. Fatigue Fract. Eng. Mater. Struct. 2022, 45, 1379-1390. [CrossRef]

10. Machado, J.J.M.; Nunes, P.D.P; Marques, E.A.S.; Campilho, R.; da Silva, L.LEM. Numerical study of mode I fracture toughness of
carbon-fibre-reinforced plastic under an impact load. Proc. Inst. Mech. Eng. Part L ]. Mater. Des. Appl. 2020, 234, 12-20. [CrossRef]

11.  Bascom, W,; Ting, R.; Moulton, R.; Riew, C.; Siebert, A. The fracture of an epoxy polymer containing elastomeric modifiers. J.
Mater. Sci. 1981, 16, 2657-2664. [CrossRef]

12. Bitner, J.; Rushford, J.; Rose, W.; Hunston, D.; Riew, C. Viscoelastic fracture of structural adhesives. |. Adhes. 1981, 13, 3-28.
[CrossRef]

13. Hunston, D.; Bullman, G. Viscoelastic fracture behaviour for different rubber-modified epoxy adhesive formulations. Int. |. Adhes.
Adhes. 1985, 5, 69-74. [CrossRef]

14. Lataillade, J.; Grapotte, D.; Cayssials, F. The impact resistance of CTBN-modified epoxy adhesive joints. Le ]. De Phys. IV 1994, 4,
C8-771-C778-776. [CrossRef]

15. Blackman, B.; Kinloch, A.; Taylor, A.; Wang, Y. The impact wedge-peel performance of structural adhesives. ]. Mater. Sci. 2000, 35,
1867-1884. [CrossRef]

16. Blackman, B.; Kinloch, A.; Sanchez, F.R.; Teo, W.; Williams, ]J. The fracture behaviour of structural adhesives under high rates of
testing. Eng. Fract. Mech. 2009, 76, 2868-2889. [CrossRef]

17.  Raghavan, D.; He, J.; Hunston, D.; Hoffman, D. Strain rate dependence of fracture in a rubber-toughened epoxy system. ]. Adhes.
2002, 78, 723-739. [CrossRef]

18. Karac, A.; Blackman, B.; Cooper, V.; Kinloch, A.; Sanchez, S.R.; Teo, W.; Ivankovic, A. Modelling the fracture behaviour of
adhesively-bonded joints as a function of test rate. Eng. Fract. Mech. 2011, 78, 973-989. [CrossRef]

19. Nunes, P; Marques, E.; Carbas, R.; Akhavan-Safar, A.; da Silva, L. DCB tests at constant strain rate using crash-resistant epoxy
adhesives: A numerical and experimental approach. Proc. Inst. Mech. Eng. Part D J. Automob. Eng. 2021, 235, 3234-3242.
[CrossRef]

20. May, M.; Vo3, H.; Hiermaier, S. Predictive modeling of damage and failure in adhesively bonded metallic joints using cohesive
interface elements. Int. |. Adhes. Adhes. 2014, 49, 7-17. [CrossRef]

21. Kinloch, A.; Kodokian, G.; Jamarani, M. Impact properties of epoxy polymers. J. Mater. Sci. 1987, 22, 4111-4120. [CrossRef]

22. Biel, A. Constitutive Behaviour and Fracture Toughness of an Adhesive Layer. Ph.D. Thesis, Chalmers Tekniska Hogskola,
Gothenburg, Sweden, 2005.

23. Carlberger, T.; Biel, A.; Stigh, U. Influence of temperature and strain rate on cohesive properties of a structural epoxy adhesive.
Int. . Fract. 2009, 155, 155-166. [CrossRef]

24. Marzi, S.; Hesebeck, O.; Brede, M.; Kleiner, F. A rate-dependent cohesive zone model for adhesively bonded joints loaded in
mode L. ]. Adhes. Sci. Technol. 2009, 23, 881-898. [CrossRef]

25. Borges, C.S.P; Nunes, P.D.P; Akhavan-Safar, A.; Marques, E.A.S; Carbas, R]J.C.; Alfonso, L.; Silva, L.LEM. A strain rate dependent
cohesive zone element for mode I modeling of the fracture behavior of adhesives. Proc. Inst. Mech. Eng. Part L ]. Mater. Des. Appl.
2020, 234, 610-621. [CrossRef]

26. Nunes, P.D.P,; Borges, C.S.P.; Marques, E.A.S,; Carbas, R.J.C.; Akhavan-Safar, A.; Antunes, D.P.; Lopes, A.M.; da Silva, L.EM.

Numerical assessment of strain rate in an adhesive layer throughout double cantilever beam and end notch flexure tests. Proc.
Inst. Mech. Eng. Part E ]. Process Mech. Eng. 2020, 234, 415-425. [CrossRef]


http://doi.org/10.1016/j.ijfatigue.2021.106504
http://doi.org/10.1016/j.jajp.2021.100050
http://doi.org/10.1007/s40430-022-03717-2
http://doi.org/10.1177/14644207211002763
http://doi.org/10.1080/00218464.2020.1840368
http://doi.org/10.1080/00218464.2021.1982706
http://doi.org/10.1080/00218464.2021.1981297
http://doi.org/10.1177/1464420721994872
http://doi.org/10.1111/ffe.13666
http://doi.org/10.1177/1464420719871390
http://doi.org/10.1007/BF02402827
http://doi.org/10.1080/00218468108073171
http://doi.org/10.1016/0143-7496(85)90018-1
http://doi.org/10.1051/jp4:19948119
http://doi.org/10.1023/A:1004793730352
http://doi.org/10.1016/j.engfracmech.2009.07.013
http://doi.org/10.1080/00218460213493
http://doi.org/10.1016/j.engfracmech.2010.11.014
http://doi.org/10.1177/0954407020954572
http://doi.org/10.1016/j.ijadhadh.2013.12.001
http://doi.org/10.1007/BF01133366
http://doi.org/10.1007/s10704-009-9337-4
http://doi.org/10.1163/156856109X411238
http://doi.org/10.1177/1464420720904026
http://doi.org/10.1177/0954408920916007

Materials 2022, 15, 8948 14 of 14

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Nunes, P.D.P; Marques, E.A.S; Carbas, R.J.C.; Akhavan-Safar, A.; da Silva, L.EM. kQuasi-static and intermediate test speed
validation of SHPB specimens for the determination of mode I, mode II fracture toughness of structural epoxy adhesives. Eng.
Fract. Mech. 2022, 262, 108231. [CrossRef]

Kumpenza, C.; Pramreiter, M.; Nenning, T.J.; Bliem, P; Reiterer, R.; Konnerth, J.; Miiller, U. Temperature-related tensile modulus
of polymer-based adhesive films. J. Adhes. 2021, 99, 259-276. [CrossRef]

Banea, M.; Da Silva, L.; Campilho, R. Mode I fracture toughness of adhesively bonded joints as a function of temperature:
Experimental and numerical study. Int. |. Adhes. Adhes. 2011, 31, 273-279. [CrossRef]

Banea, M; Silva, L.d.; Campilho, R. Effect of temperature on tensile strength and mode I fracture toughness of a high temperature
epoxy adhesive. J. Adhes. Sci. Technol. 2012, 26, 939-953. [CrossRef]

Banea, M.; da Silva, L.E; Campilho, R. Temperature dependence of the fracture toughness of adhesively bonded joints. J. Adhes.
Sci. Technol. 2010, 24, 2011-2026. [CrossRef]

Jia, D.; Zheng, J.; Chen, X.; Yu, ]. Modeling the temperature-dependent mode I fracture behavior of adhesively bonded joints. J.
Adhes. 2017, 93, 481-503. [CrossRef]

Bernasconi, A.; Lima, R.; Cardamone, S.; Campbell, R.; Slocum, A.; Giglio, M. Effect of temperature on cohesive modelling of 3M
Scotch-Weld™ 7260 B/ A epoxy adhesive. |. Adhes. 2020, 96, 437-460. [CrossRef]

Tang, G.; Liu, M,; Deng, D.; Zhao, R;; Liu, X.; Yang, Y.; Yang, S.; Liu, X. Phosphorus-containing soybean oil-derived polyols for
flame-retardant and smoke-suppressant rigid polyurethane foams. Polym. Degrad. Stab. 2021, 191, 109701. [CrossRef]

Tang, G.; Liu, X,; Yang, Y.; Chen, D.; Zhang, H.; Zhou, L.; Zhang, P.; Jiang, H.; Deng, D. Phosphorus-containing silane modified
steel slag waste to reduce fire hazards of rigid polyurethane foams. Adv. Powder Technol. 2020, 31, 1420-1430. [CrossRef]

Jia, Z.; Yuan, G.; Hui, D.; Feng, X.; Zou, Y. Effect of high loading rate and low temperature on mode I fracture toughness of ductile
polyurethane adhesive. J. Adhes. Sci. Technol. 2019, 33, 79-92. [CrossRef]

Han, X; Jin, Y,; da Silva, L.E; Costa, M.; Wu, C. On the effect of adhesive thickness on mode I fracture energy-an experimental
and modelling study using a trapezoidal cohesive zone model. J. Adhes. 2020, 96, 490-514. [CrossRef]

Delzendehrooy, F; Beygi, R.; Akhavan-Safar, A.; da Silva, L.EM. Fracture energy assessment of adhesives Part II: Is GllIc an
adhesive material property? (A neural network analysis). J. Adv. Join. Process. 2021, 3, 100049. [CrossRef]

Akhavan-Safar, A.; Ayatollahi, M.R.; Moazzami, M.; Da Silva, L.EM. The role of T-stress and stress triaxiality combined with the
geometry on tensile fracture energy of brittle adhesives. Int. . Adhes. Adhes. 2018, 87, 12-21. [CrossRef]

Machado, J.; Hayashi, A.; Nunes, P.; Marques, E.; Carbas, R.; Sato, C.; Da Silva, L. Strain rate dependence of a crash resistant
adhesive as a function of temperature for the automotive industry. Proc. Inst. Mech. Eng. Part L ]. Mater. Des. Appl. 2019, 233,
2189-2203. [CrossRef]

Borges, C.; Nunes, P.; Akhavan, A.; Marques, E.; Carbas, R.; Alfonso, L.; Silva, L. Influence of mode mixity and loading rate on
the fracture behaviour of crash resistant adhesives. Theor. Appl. Fract. Mech. 2020, 107, 102508. [CrossRef]


http://doi.org/10.1016/j.engfracmech.2021.108231
http://doi.org/10.1080/00218464.2021.2011239
http://doi.org/10.1016/j.ijadhadh.2010.09.005
http://doi.org/10.1163/156856111X593649
http://doi.org/10.1163/016942410X507713
http://doi.org/10.1080/00218464.2015.1093938
http://doi.org/10.1080/00218464.2019.1665519
http://doi.org/10.1016/j.polymdegradstab.2021.109701
http://doi.org/10.1016/j.apt.2020.01.019
http://doi.org/10.1080/01694243.2018.1546364
http://doi.org/10.1080/00218464.2019.1601087
http://doi.org/10.1016/j.jajp.2021.100049
http://doi.org/10.1016/j.ijadhadh.2018.09.008
http://doi.org/10.1177/1464420719836914
http://doi.org/10.1016/j.tafmec.2020.102508

	Introduction 
	Experimental 
	Material 
	Geometry and Manufacturing Procedure 
	Test Procedures 

	Data Reduction Approach 
	Results and Discussions 
	Conclusions 
	References

