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Nowadays, the adhesive technology is gaining relevance in industrial sectors where impact operating conditions
are very common. At the same time, tests on cylindrical joints represent a well-established method for deter-
mining the static strength of structural adhesives. This work aims at assessing the impact properties of structural
adhesives by means of cylindrical joints. The investigation involved two adhesive formulations (an epoxy resin
and an anaerobic) and has been carried out under static, quasi-static and low-velocity impact conditions. The
main outcomes of the work are: (i) the pin-collar specimen is well suited to analyzing the impact properties of

adhesives; (ii) both adhesives showed a dependence of the strength and stiffness properties on the strain rate; (iii)
the epoxy product showed a greater impact toughness than the anaerobic. In appendix, the authors report the
tuning procedure of a CZM numerical model in a commercial FE package, based on the experimental results.

1. Introduction

Structural adhesives are widely used in industrial applications, due
to a vast array of well-known favourable features, as reported in text-
books by da Silva et al. [1] and Adams et al. [2]. Nonetheless, a common
characteristic of structural adhesives is their comparatively high sensi-
tivity to the strain rate. As a general statement, adhesives’ sensitivity to
the strain rate means increased tensile and shear properties associated to
areduced fracture energy at high strain rates. In the past, such limitation
hampered the adoption of structural adhesives in applications charac-
terized by frequent impacts during the components’ life [3]. In fact,
polymeric materials, among which are included most adhesives, are
known to display strain rate dependency, as reported by Lindholm [4].
Nowadays, the adhesive technology is gaining importance in industrial
sectors where impact and bump are very common, as the automotive
sector: due to that, extensive experimentation has been performed over
the years to characterize the impact properties of several kinds of ad-
hesives [5-71].

In the literature, two distinct approaches in impact testing of adhe-
sives can be recognized: (i) bulk testing, aiming at isolating the response
of the adhesive to impact loading — see da Silva et al. [8], (ii) testing of
joints, in which other effects come into play, such as joint geometry,
surface preparation, properties of the adherends (see You et al. [9],
Blackman et al. [10], Beevers et al. [11] and Goglio et al. [12]). The
latter approach is particularly suitable for assessing the combined in-
fluence of all the parameters that govern the joint strength, thus it is
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usually preferred for use in industrial applications. According to Adams
[13], impact tests on adhesive joints may be further classified based on
impact velocity: low (v < 5 m/s), medium (5 m/s < v < 10 m/s), high
(above 10 m/s and usually up to 100 m/s). As a rule of thumb, one can
assume that, in the case of low-velocity impacts, the problem can be
treated as a vibrating system; in the medium-velocity range, strain and
stress propagate as waves in the material, whereas in the high-velocity
range the body (joint) collides with a body travelling faster than the
sound velocity of the bodies [1]. Impact tests on adhesive joints can be
performed according to different techniques: among others the Block
Impact test [14,15], the Split Hopkinson Pressure Bar (SHPB) [5,16], the
Drop-weight test, as reported by Maurel-Pantel et al. [7] and Vaidya
etal. [17]. A literature survey reveals that the most widely adopted joint
geometries for impact testing are Single and Double Lap Joints and Butt
Joints, even if other configurations [6] have been explored by several
authors.

In the last 15 years, following the steadily increasing demand for
reliable and lightweight joints coming from the industry, Croccolo et al.
devoted significant efforts to the characterization of cylindrical joints,
by considering both purely adhesive joints [18] and hybrid-joints [19],
investigating, among others, the static performance of mixed
composite-metal hybrid joints [20], the fatigue performance of metal
hybrid joints [21], the effect of the assembly process on the final
strength of the joint [22], the thermal degradation of the adhesive [23].
Nonetheless, attentive examination of the literature reveals a compar-
atively small number of contributions dealing with the impact testing of
cylindrical specimens. Among these, Bezemer et al. [24] used cylindrical
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List of symbols:

A Coupling surface [mm?]

Anin Minimum elongation at break [%]

D¢ Coupling diameter [mm]

Dg, Pin external diameter [mm]

Dy; Collar internal diameter [mm]

Ds. ave  Pin external diameter — average of three measurements
[mm]

Dhiavg  Collar internal diameter — average of three measurements
[mm]

E, Absorbed energy at a given time [J]

Eam Average (calculated over the replicas) of the energy
absorbed by the joint [J]

Faq Decoupling force [N]

L¢ Coupling length [mm]

Re min Minimum yield strength [MPa]

Rmmin  Minimum ultimate strength [MPa]

T Maximum equivalent tangential contact stress [MPa]

g Standard Earth gravity in [m/s?]

m Mass of the impactor [kg]

V; Impact velocity in [m/s]

v(t) Impactor velocity at a given time in [m/s]

S(t) Impactor displacement at a given time [m]

8¢ Tangential slip at the completion of debonding [mm]

Tad Adhesive shear strength (averaged over the mating
surface) [MPa]

AR Radial clearance [mm]

List of Acronyms

SHPB Split Hopkinson pressure Bar

ER Engagement Ratio

SEM Scanning Electron Microscope

FEA Finite Element Analysis

CZM Cohesive Zone Modelling

Fig. 1. Drawing of the specimen (not to scale).

specimens to load three different adhesives under shear: (i) Kommerling
Korapur 649, a two-component polyurethane adhesive (PU); (ii) Araldit
LY 5052, a two-component epoxy adhesive and (iii) Threebond 1132, an
anaerobe sealing product, used with the Threebond Primer 3095C. The
first is a tough adhesive whereas the second is a very brittle one. The
third, an anaerobic adhesive, has its typical application in cylindrical
joints. They investigated both the low-velocity and the high-velocity
ranges, making use of a drop-weight machine and of an airgun

respectively. They concluded that the pin-collar specimen is suitable for
testing adhesive joints through the whole range of velocities, thus
making it possible to directly compare their static and dynamic perfor-
mance levels. Yokoyama [25] and Yokoyama and Shimizu [26] still
made use of pin-and-collar specimens (bonded with a cyanoacrylate
adhesive) but focusing on high-velocity impacts, carried out by means of
a SHPB. They concluded that the combination between pin-collar
specimens and SHPB allows measuring the shear strength of such
joints up to stress rates in the order of 10° MPa/s but limited to metallic
specimens. Engineering plastics, composites and rubbers cannot be
tested on the same apparatus due to the large impedance mismatch
between the Hopkinson bars and such comparatively soft materials.
They observed that cyanoacrylate adhesive joints showed an increased
shear strength at high strain-rates, also highlighting a significant effect
of the following parameters of the joint: adhesive layer thickness and
adherends material. Sawa et al. [27] tested pin-collar, epoxy bonded
joints on a SHPB apparatus, assessing the effect of different adhesive
thickness levels (0.1, 0.2 and 0.3 mm with a coupling diameter of 8 mm)
and different stress rates (approximately 5010°-107 MPa/s). They found
out that the strength of the tested epoxy adhesive displays a clear
dependence on the stress rate, whereas the effect of the thickness
parameter was less evident, suggesting the need to investigate broader
thickness ranges.

Based on the outcomes of the literature survey, and with the aim of
including the evaluation of impact loading scenarios in the assessment of
cylindrical adhesive joints, the authors tested pin-collar joints like those
used for standardized static tests [28,29] by adapting an existing
drop-weight apparatus in service at the University of Bologna. The issues
of novelty of the present investigation deal with: (i) direct comparison of
two different adhesives (an epoxy resin and an anaerobic), under a range
of low testing velocities of practical interest; (ii) assessment of the
suitability of the pin-collar specimen geometry and test setup to evaluate
the performance of the adhesive joint under a range of testing velocities.

Additionally, in the Appendix, the authors show the tuning process of
a numerical CZM model in a commercial FE package (Ansys) based on
the data retrieved by both the literature and the results of the present
experimentation. This section may be useful to researchers and design
engineers tasked with numerically simulating similar joints.

2. Materials and methods
2.1. Experimental tests

The specimen has been designed inspired from international
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Fig. 2. Drop-weight test bench of the University of Bologna: (a) global view, (b) detail of the locking mechanism.

Fig. 3. Cross sectional view of the test fixture: (1) Plate, (2) Collar, (3) Pin, (4) Cover, (5) Rubber block, (6) M14 screw. The red arrow indicates the side of impact

with the end-impactor (not to scale).

standards ISO 10123 [28] and ASTM D4562 — 01 [29]. Nonetheless,
some adjustments had to be made to match the characteristics of the
specific drop-weight apparatus used in the experiment. Particularly, the
specimen had to be scaled down by a ratio of about ' with respect to the
standard sizes reported in Ref. [29]: the chosen coupling diameter is
then D¢ = 6 mm (see Fig. 1). The proportioning adopted for the pin and
the collar turns into an Engagement Ratio ER ~ 1 — see Croccolo et al.
[18], quite close to that suggested by the standards (ER ~ 0.90).

Pins and collars have been machined out of normalized C40 (steel
number 1.0511) low carbon steel [30], cold drawn bars (Re min = 290
MPa, Ry min = 550 MPa, Apin = 17%). Two different adhesives have
been tested:

(i) high strength, single component, anaerobic adhesive LOCTITE
648, specifically developed for cylindrical joints with or without
interference [31];

(ii) bi-component, high strength epoxy adhesive LOCTITE Hysol
9466, characterized by a working life of 60 min (e.g., useful when

re-positioning of the adherends is needed in the assembly line)
[32].

Experimental tests have been performed at three different velocities:
310 2 mm/s (static), 3¢10! mm/s (quasi-static) and 3e1 0° mm/s (low-
velocity impact). Such values have been chosen based on the needs of
automotive manufacturers, and suitably spaced by setting them apart on
the velocity axis by at least two orders of magnitude. For statistical
evidence reasons, 5 Pin-And-Collar specimens (replicas) have been
prepared for each kind of adhesive and for each velocity level to be
tested, for a total population of 30. Static and quasi-static tests have been
performed on a hydraulic universal test machine (Instron 8032), while
low-velocity impacts have been carried out on a drop-weight test bench
(Fig. 2), originally developed for testing laminate plates according to
standard [33]. Such test bench is provided with a laser sensor which
allows determining the impact speed, while the contact force is
measured by a piezoelectric load cell (PCB 208C05), mounted on the tip
of a hemispherical end impactor made of steel (E = 200 GPa, v = 0.30).


astm:D4562
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Fig. 4. Drawing of the end-impactor (not to scale).

The impactor is mounted on a sled made of EN AW 7075 T6 aluminium
alloy, to which an additional steel weight is attached, in such a way that
the total impact mass is about m = 2.57 kg. The dimensions of the
impactor are much higher than those of the specimens, therefore it
might be assumed as rigid. The maximum drop height is 3 m, which
corresponds to a maximum theoretical impact energy of 76 J.

The force signal is sampled at a frequency of 10° Hz for a suitable
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duration to cover the whole impact event. Since the impact device can
monitor the contact force and the impactor velocity just before impact,
the velocity and displacement of the impactor can be calculated by
single and double (numerical) integration operations, respectively [33]:
the detailed procedure of this calculation may be found in Zarei et al.
[34]. The energy absorbed during the impact is then calculated ac-
cording to Eq. (1).

m(v? —v()?)

+ mgs (1) €y
where E, (t) is the absorbed energy at a given time, m is the mass of the
impactor in kg, v; is the impact velocity in m/s, v(t) is the impactor
velocity at a given time in m/s, g is the standard earth gravity in m/s?
and 8(t) is the impactor displacement at a given time in m. Proper
installation of the cylindrical test specimen on the drop-weight appa-
ratus required the development of a suitable fixture, shown in Fig. 3,
whereas a drawing of the end-impactor is reported in Fig. 4.

The experiment encompassed standard preliminary phases of
dimensional control and cleaning [35], eventually followed by bonding
of the specimens. All the pins have been initially measured by means of a
micrometer (range 0-12 mm, accuracy 1073 mm) to determine their
diameters. The collars’ hole diameters have been preliminarily checked
by means of a 6 mm, H7 (—0 mm; +0.012 mm) go — no go gauge and
then by a digital caliper (accuracy 10~2 mm). The axial length of the
collar has been measured by means of the same caliper mentioned
above. All the diametral dimensions have been averaged over three
measurements made at equally spaced points along the circumference.
In addition, pins P4 and P24 have been checked by means of a digital
profilometer, retrieving an average roughness of R, = 0.86 pm. Then,
the samples have been arranged in pairs, to maintain the scattering of
clearance within the values recommended by Refs. [31,32]. As for the
anaerobic specimens, an average bonding area A = 111,7 + 0.3 mm?
and an average radial gap of AR = 0,050 + 0.002 mm have been

Fig. 5. Pin and collar specimens: (a) right after application of the adhesives — anaerobic bonds in the background and epoxy bonds in the foreground; (b) epoxy
bonded specimen after polimerization, on the left and upon removal of the excess of adhesive, on the right.
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Fig. 6. (a) Sputter coating machine; (b) metallised surfaces of some pins right
after sputter coating with gold.

Fig. 7. Typical force — displacement diagram of a static test (v = 3e10~2 mm/
s): anaerobic (blue curve) vs. epoxy (orange curve).
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Table 1

Results of the static tests (stresses are averaged along the overlap).
Adhesive Fr (kN) Fsq (KN) Tm (MPa) Tsq (MPa)
Anaerobic 3.33 0.30 30.3 2.7
Epoxy 3.67 0.45 32.9 4.0

Fig. 8. Experimental Force-Displacement plots of the static test: (a) anaerobic,
(b) epoxy.

obtained. In the case of epoxy specimens, an average bonding area A =
111,7 4+ 0.3 mm? and an average radial gap of AR = 0,051 =+ 0.004 mm
have been obtained.

Cleaning operations have been carried out by means of a specific
degreaser (Loctite 7063). Finally, the pins and the collars have been
bonded, complying with the instructions provided by the adhesive
manufacturer [31,32]. Once all the specimens have been bonded, they
were left to polymerize at room temperature (RT = 20 °C) for a week,
without changing their orientation (Fig. 5 (a)). In order to achieve the
maximum strength of the joint, still following the lines of the adhesive
manufacturer, the specimens have then been heated in an oven, at the
following conditions: (i) 40 °C for 24 h for the anaerobic bonds, (ii) 80 °C
for 30 min for the epoxy bonds. After that, the unpolymerized anaerobic
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Fig. 9. Typical force — displacement diagram of a quasi-static test (v = 310!
mm/s): anaerobic (blue curve) vs. epoxy (orange curve).

Table 2

Results of the quasi-static tests (stresses are averaged along the overlap).
Adhesive Fm (kN) Fsa (kN) Tm (MPa) Tsq (MPa)
Anaerobic 4.25 0.27 385 2.5
Epoxy 4.95 0.23 44.4 2.1

adhesive in excess has been removed by a cloth. On the contrary,
epoxy-bonded specimens unavoidably display some polymerized adhe-
sive at the re-entrant corner just outside of the coupling length. This
excess of adhesive would have redistributed the stresses with respect to
the theoretical condition, as reported in da Silva et al. [36,37], hence it
has been accurately removed by means of a lathe running at slow speed
(approximately 120 rpm): the result of this operation is shown in Fig. 5
(b). Lastly, some randomly chosen samples have been assessed with
respect to their total runout to ensure coaxiality between the pin and the
collar, thus the presence of a constant thickness layer.

After testing, all the fracture surfaces have been observed by means
of an optical microscope (Zeiss Stemi 508) at approximately 10x
magnification. The pins have also been observed by a scanning electron
microscope (Phenom ProX). Due to the non-conductive nature of the
residuals of adhesive on the surfaces of the specimens, observation has
been enhanced by sputter coating, which is the standard method for
preparing non-conducting or poorly conducting specimens prior to
observation in a SEM. This process has been carried out by means of a
sputter coater machine (Quorum Technologies, Laughton, UK, model
SC7620), which allowed depositing a thin golden layer (about 10 nm
thickness) over the fracture surface of the specimens: see Fig. 6 (a) and
(b). Microscope observations allowed determining the failure mode
(adhesive, cohesive or mixed) of each specimen, as well as assessing the
correlation between the aspect of the fracture surface and the impact
velocity.

3. Results

This section collects and analyzes all the data retrieved from the
experimental tests, over three strain rates and for both types of adhe-
sives. All stresses measured and reported in this section are calculated as
average along the overlap area.

International Journal of Adhesion and Adhesives 122 (2023) 103334

Fig. 10. Experimental Force-Displacement plots of the quasi-static test: (a)
anaerobic, (b) epoxy.

3.1. Static tests

Fig. 7 shows the force — displacement trend obtained from a generic
test on the hydraulic press, in the static test condition (v = 3102 mm/
s). Although with slight differences in the numerical values, all the
graphs obtained with this impact velocity share the trend illustrated in
Fig. 7.

Looking at Fig. 7, it is possible to highlight slight differences in terms
of static behaviour between the two adhesives. Firstly, the initial linear
portion of the epoxy adhesive curve is characterized by a steeper slope,
owing to its comparatively high stiffness with respect to that of the
anaerobic, as reported in the literature by da Silva [1] and Ochsner [38].
Moreover, the shape of the curve beyond the peak of force is charac-
terized by one or more rebounds in the case of the epoxy adhesive,
probably related to a retention of adhesive debris at the interface,
momentarily interlocking the pin and the collar even after the collapse
of the bond (such outcome has been documented in the literature, e.g.,
see Croccolo et al. [23], Gallio et al. [39]). Results in terms of release
forces (F,q) and static strength values (t,q) of the two adhesives have
been recorded and reported in Table 1, in terms of mean and standard
deviation values (subscripts p, and gq, respectively).

As for the anaerobic samples, an average value of the release force
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Fig. 11. Typical force — displacement diagram of a dynamic test (v = 3¢10°
mmy/s): anaerobic (blue curve) vs. epoxy (orange curve).

Table 3

Results of the dynamic tests (stresses are averaged along the overlap).
Adhesive Fm (KN) Fsq (KN) Tm (MPa) Tsq (MPa) Eam (J) Easa (J)
Anaerobic 6.69 0.30 59.5 2.7 2.30 0.19
Epoxy 10.76 0.21 96.2 2.0 4.55 0.09

Fp, = 3.33 + 0.30 kN, has been retrieved. Based on that figure, an
average static shear strength 1, = 30.3 &+ 2.7 MPa can be calculated.
Such result is in perfect agreement with the static shear strength
measured by the adhesive manufacturer (31 MPa) for pin and collar
samples polymerized for 7 days at 22 °C [31] and tested according to
Ref. [28]. Tests carried out on the epoxy adhesive returned an average
value of the release force F, = 3.67 4 0.45 kN. Based on that, an average
static strength T, = 32.9 + 4.0 MPa can be calculated. For the same
epoxy adhesive, the manufacturer claims a static shear strength of 37
MPa [32], obtained on steel single-lap specimens in accordance with
[40]. Finally, Fig. 8 ((a) anaerobic, (b) epoxy) shows the
force-displacement curves obtained for all the specimens tested in the
static condition.

3.2. Quasi-static tests

Fig. 9 shows the force — displacement trend obtained from a generic
test on the hydraulic press, in the quasi-static test condition (3e10* mm/
s). Although with slight differences in the numerical values, all the
graphs obtained with this impact velocity share the trend illustrated in
Fig. 9. The same remarks made for the static tests can be repeated for this
load case, except the behaviour of the two adhesives in the linear portion
of the force displacement curves. In fact, the quasi-static test reveals
quite a different behaviour in terms of sensitivity of the stiffness with
respect to the strain rate. Looking at Fig. 9, it can be noticed how the two
linear portions are now almost coincident, in contrast to what shown in
Fig. 7. This outcome will be clarified better in the discussion section.
Experimental results are reported in Table 2.

As for the anaerobic samples, an average value of the release force
Fm = 4.25 £ 0.27 kN, has been retrieved. Therefore, an average shear
strength 1, = 38.5 + 2.5 MPa can be calculated. The epoxy adhesive
showed an average value of the release force Fy, = 4.95 + 0.23 kN. Then,
an average shear strength t;, = 44.4 + 2.1 MPa can be calculated.
Finally, Fig. 10 ((a) anaerobic, (b) epoxy) shows the force-displacement
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Fig. 12. Experimental Force-Displacement plots of the dynamic test: (a)
anaerobic, (b) epoxy.

curves obtained for all the specimens tested in the quasi-static condition.
3.3. Dynamic tests

Fig. 11 shows the force — displacement trend obtained from a generic
test on the drop-weight apparatus, corresponding to the dynamic test
condition (3¢10° mm/s). Although with slight differences in the nu-
merical values, all the graphs obtained with this impact velocity share
the trend illustrated in Fig. 11.

For the sake of clarity, some key features of the force-displacement
curves obtained with this impact velocity have been indicated by bal-
loons applied to the anaerobic adhesive curve in Fig. 11 and are here
below summarised:

1. The end impactor comes into contact with the pin, and after an initial
plateau, the force starts rising

2. Humps on the initial (pseudo-linear) portion of the curve, due to the
excitation of the natural frequencies of the testing apparatus

3. Peak of force generated upon rupture of the adhesive layer

4. Sudden force decrease (expulsion of the pin).
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Fig. 13. Evolution of the fracture surface vs. impact velocity for anaer-
obic samples.

Fig. 14. Evolution of the fracture surface vs. impact velocity for epoxy samples.

Based on the results reported in Table 3, the following observations
can be made. As for the anaerobic samples, an average value of the
release force Fy, = 6.69 & 0.30 kN has been retrieved. Therefore, an
average shear strength 1, = 59.5 + 2.7 MPa can be calculated. The
epoxy adhesive showed an average value of the release force F, = 10.76
+ 0.21 kN. Then, an average shear strength t,;, = 96.2 + 2.0 MPa can be
calculated. For both adhesives, the total energy absorbed by the sample
has been calculated, according to Standard [33]. Anaerobic samples
showed an E,, = 2.30 &+ 0.19 J, whereas Epoxies scored a higher value
of E;m = 4.55 £ 0.09 J. Finally, Fig. 12 ((a) anaerobic, (b) epoxy) shows
the force-displacement curves obtained for all the specimens tested in
the dynamic condition.
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Fig. 15. Shear strength vs. impact velocity for: (a) anaerobic samples; (b)
epoxy samples. Stresses are averaged along the overlap.

3.4. Microscope observation of the fracture surfaces

The outcomes of the microscope observations are summarised in
Fig. 13 for the anaerobic samples and in Fig. 14 for the epoxy samples.

According to the evidence reported in the figures above, the
following conclusions may be drawn: (i) failure is of the cohesive type
for all observed specimens; (ii) both adhesives display a clear transition
between a ductile failure towards a fragile failure for increasing impact
velocities. Such behaviour can be better appreciated by attentively
examining the SEM images reported on the last row of each figure.
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Fig. 16. Comparison of the absorbed energies (anaerobic vs. epoxy) in the
dynamic test conditions.

4. Discussion

Static tests returned shear strength values well in accordance with
those reported by the adhesive manufacturer, in both cases. Based on
that outcome, the authors concluded that the specimen was able to
provide a suitable mechanical strength (at least in the static condition),
hence excluding any major deficiencies affecting the bonding process,
which might affect the following dynamic tests.

By looking at Fig. 15, it is possible to observe the different behaviour
of the two adhesives at increasingly high impact velocities. Although in
the static test conditions, the two adhesives display similar strengths, the
epoxy is characterized by a marked strain-rate strengthening behaviour.
This outcome can be better appreciated by considering the second-order
polynomial interpolations of the mean strength values proposed in both
Fig. 15 (a) and (b): the interpolating function relevant to the epoxy
adhesive is characterized by a greater derivative with respect to the
impact velocity.

Analysis of the mean absorbed energy values (Fig. 16) confirms the
favourable behaviour of the epoxy adhesive, in contrast to that of the
anaerobic.

Attentive analysis of the experimental data, in terms of force —
displacement plots (Fig. 17), leads to drawing one more interesting
conclusion: while the epoxy adhesive does not undergo any strain-rate
stiffening (Fig. 17 (a)), the anaerobic product shows a sharp increase
in stiffness when the impact velocity shifts from 3102 mm/s (static) to
3¢10! mm/s (quasi-static), with a ratio between the quasi-static and
static stiffnesses of approximately 2.6 (see Fig. 17 (b)).

Such different behaviours are well in agreement with the literature:
Goglio et al. [5] noticed little difference between the static and dynamic
stiffness of an epoxy adhesive, whereas careful analysis of the data
provided by Bezemer et al. [24] suggests an opposite behaviour of
anaerobic adhesives. Moreover, such differences further justify the
comparatively favourable behaviour of the epoxy adhesive when the
impact velocity increases.

5. Conclusions

This work analyzed the effect of impact loading on cylindrical ad-
hesive joints, making use of pin-collar joints like those used for stan-
dardized static tests. The investigation involved two different adhesives
(an epoxy resin and an anaerobic) and comprises an experimental
comparison between their static (0,03 mm/s), quasi-static (30 mm/s)
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Fig. 17. Comparison between the slopes of the first portion of the force —
displacement curve for (a) epoxy and (b) anaerobic adhesives, as a function of
the impact velocity.

and low-velocity (3 m/s) impact strength. The main outcomes of the
work can be summarised as follows: (i) the pin-collar specimen is well
suited to analysing the impact properties of adhesives, as well as it al-
lows direct comparison to their static strength evaluated according to
well-established international standards; (ii) both adhesives shown a
strain-rate strengthening effect, whereas only the anaerobic product
displayed a strain-rate stiffening effect; (iii) the epoxy product showed a
better performance (greater toughness) than the anaerobic for
increasing impact velocities.
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Appendix A. numerical analysis

In order to provide researchers and design engineers with a practical example of the numerical assessment the impact strength of cylindrical joints
by means of a commercial package, finite element analyses (FEA) have been performed by means of Ansys® 19.2 and by exploiting the Cohesive Zone
Modelling (CZM) [41-43], combined with a non-linear implicit analysis solved by the Newton Rapson method. The CZM properties have been tuned
up based on the outcomes of both the experimental outcomes of this research and the data reported in the literature for similar adhesives (e.g., see
Pirondi et al. [44] and Campilho et al. [45]).

The problem is axisymmetric in nature; hence it has been modelled by 2D axisymmetric elements and imposing the following boundary conditions:
(i) the collar has been constrained by restraining the displacement of its bottom face along the axial direction (y); (ii) a displacement along the axial
direction (y), was imposed to the upper face of the pin, according to the experimental results. Both adherends have been discretized by second order
(8-node) axisymmetric quadrilateral plane elements (PLANE183 in the Ansys nomenclature). The CZM interface between the two adherends has been
modelled by bonded contact elements (CONTA172 with Pure penalty formulation, Asymmetric behaviour, small sliding set to OFF), through which the
interfacial separation is defined in terms of contact gap and tangential slip distance. A bilinear CZM traction separation law, based on the model
proposed by Alfano and Crisfield [46], have been used to represent the adhesive debonding behaviour in pure mode II (shear), because the tangential
slip dominates the separation behaviour, due to the axial symmetric geometry and loading condition.

Although the numerical analysis herein reported is not a dynamic simulation (inertial effects are not considered), the solution steps have been
defined in terms of time instead of divisions, in order to have full control of the artificial viscous damping of the CZM debonding parameter, which is
expressed in units of time. Indeed, as recommended by the Ansys guidelines, the artificial damping coefficient should be smaller than the minimum
timestep size, so that the CZM traction separation behaviour is not affected by it. The complete duration of the nonlinear analysis has been artificially
set to 1 s, with a timestep set to 10~ 2 s, in order to correctly catch the evolution of stresses and strains over time, and an artificial damping coefficient
setto 1073 s (i.e., one order of magnitude smaller than the timestep).

The adherends have been discretized by a grid mesh (face meshing), refined towards the overlap edges in the axial and radial directions (edge
sizing bias factor set to 5), in order to capture the high stress gradient which develops at the free edges [23]. The average element edge size has been set
to 0.2 mm. A mesh study on the influence of the CZM element dimension on the accuracy of the simulation was performed. The average cohesive
element edge dimension was varied between 1 mm and 0.02 mm, keeping the bias factor set to 5. In Fig. 18, the joint strength (Fii ") normalized to the
average strength of all the simulations with different sizes (F‘;E“’;Vg) is plotted vs the average CZM element edge dimension. The graph shows a
negligible influence of the mesh size lower than 1 mm on the adhesive strength prediction of the pin collar joint. This can be ascribed to the length of
the cohesive zone, defined as the distance from the crack tip to the point where the maximum cohesive traction is attained. As observed in the
following (see Fig. 21 (c)), the maximum tangential stress is distributed along a wide zone that covers most of the bond length and for at least 5 mm.
This is due to the loading condition (mode II) and comparatively high stiffness of the adherents with respect to the adhesive. Turon et al. [47] and
Harper et al. [48] suggest that at least 3 elements are needed to accurately represent the tangential stress developed ahead of the crack tip and to
predict the propagation of delamination, which correspond to an element dimension smaller than 1.67 mm in the present case. Such prescription is in
perfect agreement with the choice made herein.

101.5
101.0 A
100.5 A
100.0
99.5 A
99.0 A
98.5 A
98.0
97.5 A
97.0 A
96.5
96.0

FadFEM / Fad angEM (%)

0 0.5 1 L5 2 2.5
Coehesive element lenght (mm)

Fig. 18. Convergence analysis for the choice of the cohesive element length.

A detail of the boundary conditions (Fig. 19 (a)) and of the meshed model (Fig. 19 (b)) is shown below.
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Fig. 19. (a) Boundary conditions of the numerical model; (b) detail of the meshed model.

The material model of both the pin and the collar is a structural steel (E = 200 GPa, v = 0.3) with a linear elastic behaviour.
As mentioned above, the adhesive behaviour has been modelled by a bilinear traction separation law which assumes an initial linear elastic
behaviour followed by linear evolution of damage. The parameters needed to define such behaviour in the Ansys code are the following:
(i) Maximum equivalent tangential contact stress (T{"®* = 1,4): this value represents the pure mode II maximum stress. It has been determined
based on the outcomes of the experimental tests, according to Eq. (2), where F,q is the joint release force and A is the coupling area of the joint
(average values):

Fa
T == =1 2

(i) Tangential contact stiffness (Kt): this value represents the linear elastic stiffness of the adhesive layer before damage initiation. It has been
calculated as the ratio between the maximum equivalent tangential stress (T{"®*) and the corresponding tangential displacement (5{"**) as
average values of the experimental test:

Tmlu
K=" 3
== 3)

(iii) Tangential critical fracture energy (G.p): this value represents the energy absorbed upon failure by the adhesive, hence it is equal to the area
under the traction separation curve (tangential stress vs. tangential slip distance). This value has been extrapolated from the literature.

The static test of the epoxy bonded joint has been simulated by means of the FE model described above, in order to evaluate the accuracy of CZM on
modelling the pin-collar adhesive joint. According to Eq. (2) and Eq. (3), the preliminary maximum tangential contact stress (Tt max) and stiffness (K¢)
have been derived by the results of the present experiment, whereas the tangential critical fracture energy (G.;) has been extrapolated from the
literature [44,45] and then it has been fine-tuned to fit the model to the experimental data.

In Fig. 20, the experimental load-displacement curve of the epoxy bonded sample P26, subjected to static loading, (blue solid curve) is compared to
the numerical results of two different levels of tuning of the CZM input parameters, hereafter named as realistic (red dashed curve) and unrealistic
(purple dashed curve) tuning parameters. The preliminary CZM input parameters were the following: T; max = 35 MPa, K; = 164 N/mm® and G = 7.5
N/mm. After fine-tuning, the realistic parameters turned out to be T pax = 36.5 MPa, K¢ = 190 N/mm? and G¢; = 7.5 N/mm. Tangential stress and
stiffness have been incremented by 4% and 16%, respectively, while the fracture energy has undergone no changes. Such modifications to the pa-
rameters can be justified in the light of the following remarks: (i) final T; oy assigned to the CZM is higher than the one estimated by Eq. (2), because
the latter oversimplifies the stress distribution along the coupling length as constant while a stress gradient develops at the free edges [23]; (ii) Kt is
higher than the experimental value taken from the load displacement curve, because the latter includes the compliance of the adherends. As expected,
the force-displacement curve predicted by the numerical model (CZM with realistic parameters) fits the linear part of the experimental curve up to
failure, but then it is not able to accurately capture the failure process of the joint, in particular underestimating the absorbed energy. For this reason,
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the fracture energy G in the CZM unrealistic parameter was incremented up to 42 N/mm in an attempt to predict the second part of the curve.
However, an increment of the adhesive fracture toughness of 460%, if compared to the values reported in the literature, is definitely unrealistic, thus

suggesting that the representation of a physical phenomenon is missing in the numerical model.

4.5

4 Epoxy_3*10"-2 mm/s_P26

----- CZM_Realisite

W
W
L
d

v eeea- CZM_Unrealistic

Force (kN)
= N
W [\ W w

—_
!

0.5 1

2
Displacement (mm)

Fig. 20. Experimental force-displacement curve of an epoxy bonded sample vs. two CZM models.

An insight into the missing phenomenon may be derived based on the work by Dragoni and Mauri [49]. They made annular frictional samples
reinforced with adhesive, subsequently testing them in torsion, to understand the strength of the hybrid frictional-adhesive joint. By looking at the
torque-angle curves they provided, it is quite clear that, after crack initiation, the friction that develops between the crack faces contributes to the
global absorbed energy of the joint. Therefore, also in this work, the increment in absorbed energy compared to the one inherent in the adhesive, can
be ascribed to friction dissipative phenomena. However, while in Ref. [49] the measured frictional force was constant for the entire test, in the case of
adhesive pin collar joints it decreases. As a matter of fact, in the latter, the crack frictional area is reduced during the pin extraction and the radial
pressure caused by debris interlocking is not controlled. This results in a high variability of the second portion of the force-displacement curves (see
Fig. 20) and makes it difficult to be predicted by numerical simulation.

Fig. 21. Stress plots provided by the CZM model at the peak of release force: (a) von-Mises equivalent stress, (b) shear stress, (¢) CZM tangential stress.

Fig. 21 shows the von- Mises equivalent stress (a), the shear stress (b) and the CZM tangential stress estimated by the model with the realistic CZM
input parameters just before failure (i. e. at the time when the maximum force is reached). Note that the models well estimate the linear portion of the
force-displacement curve and hence the results reported in the figure can be considered realistic. It is possible to observe that: (i) there is an equivalent
stress peak of 360 MPa at the radiused corner a few millimeters above the upper collar surface. The stress peak overcomes the minimum yield point of
the material (290 MPa) but in a very narrow area and therefore it can be neglected; (ii) the shear stress developed on the two adherends near the
interfaces and the CZM Tangential stress is evenly distributed over the whole length of the joint.

In summary, the CZM model as conditioned can accurately represent the behaviour of the joint up to fracture initiation, whereas failing to
represent the tail of the force-displacement curve which is dominated by frictional phenomena: this point deserves further investigation and will
constitute the object of future research.
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