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Abstract: This scientific study aims to validate the applicability of a micromechanical model for
predicting the static shear strength of hybrid interfaces that are pressure-reinforced and bonded
with anaerobic adhesives. To identify the parameters for the micromechanical model, a systematic
experimental test plan involving high-strength steel butt specimens bonded with anaerobic adhesive
in a finite thickness was performed. The experimental investigation was based on torque tests,
which provided the shear strength of two anaerobic adhesives subjected to different values of contact
pressure, ranging from 0 up to 1000 MPa. Based on the intrinsic high-pressure properties of the finite-
layer adhesives, the formerly developed micromechanical model of hybrid interfaces satisfactorily
predicted the macroscopic strength of tightened-bonded joints taken from the literature.

Keywords: anaerobic adhesives; finite thickness; micromechanical model validation; experimental
torque tests

1. Introduction

Although welding remains the main joining technique for metallic materials, the
application of adhesive joints is increasingly showing potential [1,2]. Welding is used in
shipbuilding for connecting ship structures [3] and also for connecting dissimilar metal
parts of structure and superstructure by means of dissimilar welded joints [4]. However,
welding techniques cannot always be employed, and the use of adhesives is crucial. Typ-
ical applications of anaerobic adhesives are mechanically tightened metal joints, where
these thermosetting acrylic polymers can improve strength over the purely frictional
dry interface.

The use of adhesives ranges from automotive and off-road vehicles to railway and
marine fields or any industrial case where bolted joints, flanged couplings, and interference
fits must ensure high strength and reliability [5].

Regarding marine applications, environmental attacks, due to different factors (i.e., water,
temperature), can degrade structural adhesive joints. As reported by Myslick et al., underwater
joining by adhesive bonding represents an innovative approach and underwater glued stud
bonding fasteners for offshore structures were investigated [6]. Adhesive joints are increasingly
being used in shipbuilding, but their application requires better knowledge of their mechanical
properties and durability within a hostile environment, such as those faced by ships.

Specifically, anaerobic adhesives cure in the absence of air and/or by means of metal
contact, filling bond gaps from 0.025 mm to ~1 mm. They are less toxic than other acrylics,
and they do not produce corrosion to metals. Advantages also include cure-on-demand
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functionality, low odour levels, single-part room temperature curing and high levels of
durability, thanks to their tolerance to organic solvents and water, weathering, and temper-
atures of up to about 200 °C [7]. Anaerobic adhesives can be applied to structural bonds,
principally with materials such as metals and glass and, to a minor extent, wood, and
plastics. Within this context, anaerobic adhesives could represent a new frontier in metal
joining in the marine industry [7].

Currently, anaerobic adhesives find several applications in the marine field [5] includ-
ing the securing of steering mechanisms, raw material processing for propeller hubs, end
cap fixings on hub shafts, and securing dowel pins in propeller blades, as displayed in
Figure 1.

Figure 1. Typical application of anaerobic adhesives in propeller blades (securing dowel pins in
propeller blades and thread lockers).

In the technical literature, many researchers investigate the mechanical response of
anaerobic adhesives.

Several types of steel and aluminium structures glued by means of adhesive are
analysed by the authors of [8]. Hybrid joints involving the manufacturing procedure for
adhesively bonded K-joints used in offshore structures are proposed in [9].

Romanos [10] evaluated the static and fatigue strength of friction-bonded interfaces.
Yoneno et al [11] examined the interface stress distribution of bonded shrink-fitted joint
under push-off force. Dragoni and Mauri [1] investigated the contributions given by
friction and adhesive to the overall strength of an annular friction-bonded interface.
Sekercioglu [12-14] analysed which factors affect the static and dynamic strength of adhe-
sively bonded cylindrical components. Mengel et al. [15] showed the beneficial effect that
hydrostatic pressure has on adhesive (during the curing process) concerning the strength of
the joint. Aronovich et al. [16] and Sineokov et al. [17] focused on the curing mechanisms of
anaerobic adhesives. Croccolo et al. [18-24] evaluated: the strength of adhesively bonded
interference fit under both static and dynamic excitation, the effect of temperature, the effect
of the engagement ratio for pin-collar joints, and the improvements in threaded connections
thanks to the application of anaerobic adhesives on different materials and configurations.
Oinonen et al. [25-27] focused on the static and fatigue shear strength of epoxy adhesives
in steel interfaces. Kleiner and Fleischmann [28] provided a summary of technologies for
threadlocking and interference-fit adhesive joints. Gallio et al. [29] the contribution of
adhesives concerning the interference on the performance of hybrid joints and press-fitted
and bonded joints. Abdel [30] presented a literature review on fatigue in adhesively bonded
joints, including anaerobic adhesives, noting that only a few works from other authors
have dealt with the shear strength of hybrid friction-bonded interfaces [18,31-33].

This literature review highlights the lack of a clear constitutive model able to predict
the shear strength of hybrid interfaces press-fitted and bonded with anaerobic adhesive,
as a function of the type of adhesive, of the adherends, and the contact pressure applied.
In addition, relatively low values of contact pressure were investigated experimentally.
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Thus, one of the objectives of this paper is to extend, apply, and validate a micromechanical
model to higher contact pressures by means of experimental torque tests.

According to the results of a systematic test plan, Dragoni and Mauri [1,2] proposed a
micromechanical model able to assess the shear strength of the hybrid interface.

This model assumes piezoresistive behaviour of the adhesive, specifically:

- the adhesive filling the voids around the protrusions of the mating surfaces, which at
zero contact pressure, exhibits its intrinsic shear strength;

- by contrast, the adhesive exposed to high contact pressure between the crests of the
mating surfaces remarkably improves its shear strength [34-38].

More recent experimental and numerical investigations by Castagnetti et al. [39-42]
preliminarily confirmed the applicability of this model.

On the basis of a systematic experimental test plan, which measured the shear strength
of the joint up to complete failure, Castagnetti et al. [42,43] proposed a simple constitutive
model combining a cohesive law and a pure friction law that describes the post elastic
behaviour of the hybrid interface.

To assess the hypothesis of piezoresistive behaviour of the thin adhesive proposed
by Dragoni and Mauri [2], Corigliano et al. [44] investigated how to measure the shear
strength of an anaerobic adhesive layer with a finite thickness and surface area, subject
to nearly uniform contact pressure, up to 1000 MPa. Specifically, they focused on the test
bench setup and specimen preparation and validation, also performing a full-field strain
measurement through Digital Image Correlation (DIC).

This scientific study completes this preliminary experimental investigation with the
aim of validating the capability of the micromechanical model proposed by Dragoni et al. [2]
in predicting the static shear strength of hybrid interfaces, pressure-reinforced and bonded
with anaerobic adhesives.

To identify the parameters for the micromechanical model, a systematic experimental
test plan involving high-strength steel specimens made of two adherends bonded head-to-
head on an annular surface, was performed.

The experimental investigation was based on torque tests, which provided the shear
strength of the anaerobic adhesive in a finite thickness and surface area, with contact
pressure ranging from 0 up to 1000 MPa, both for a weak (Loctite 243) and a strong (Loctite
638) anaerobic adhesive.

Based on the intrinsic shear strength vs. the pressure properties of the adhesive in
finite layers, the formerly developed micromechanical model of hybrid interfaces was able
to satisfactorily predict the macroscopic strength of tightened-bonded joints taken from the
literature [1,2].

2. Micromechanical Model
2.1. Assumptions

As described in Figure 2, the model condenses the roughness of the contacting surfaces
into two protrusions that face each other over a fraction, A,, of the nominal contact area, A.

‘ P
Y i
Tao

A\}\ Ar » lay

Figure 2. Schematic representation of the hybrid interface according to the micromechanical model.
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According to the model, the adhesive fills the voids all around the protrusions, where
it receives no pressure, and forms a thin layer between the protrusions, subject to the yield
pressure, Y, of the softest adherend.

Based on the typical response of polymeric materials, the shear strength of the adhesive
7, under an effective contact pressure p, can be written as [1,2]:

Ta(p) = Ta0 + ATup(P) (1)

where Arﬂp is the shear strength increment of the adhesive at a given pressure, p, and 7, is
the unit shear strength of the adhesive at zero pressure.

2.2. Theory

According to the micromechanical model, the shear failure load of the joint amounts to:
T =10 A+ (Tay — Tao)P/Y = To + Ty (2)

where:
T,y is the shear strength of the adhesive under a pressure Y (i.e., 7,(Y) = T + ATap(Y));
A is the nominal area of contact;
Ty = 140 A is the constant term of the shear failure load;
Ty = (T;y — Tao) P/Y is the variable term of the shear failure load.
In case the shear strength of the adhesive is directly proportional to the effective
contact pressure p, it follows that:

ATap(P) =ap 3)

Hence, for an effective contact pressure equal to the yield strength of the adherends, Y,
it follows that:
Atgp(Y) =a Y 4)

which turns Equation (1) into the following;:
Ty =TY)=To+aY (5)

thus, the shear failure load of the joint (Equation (2)) becomes:

TITa0A+(D(Y+Tu()*Tgo)P/Y (6)
T=10A+ (axY)P/Y (7)
T=10A+aP (8)

In conclusion, assuming that the relationship between the shear strength and the
applied pressure on the adhesive is linear, the shear failure load of the joint is independent
of the adherend material properties.

The main aim of this work is to find out the true form of relationship (1) and check
whether it can be reduced to a linear form, leading to Equation (2).

3. Materials and Methods
3.1. Adherends

Figure 3 shows the geometry of the specimen used in the test plan, corresponding to
the one used by Corigliano et al. [44]. Two cylindrical adherends, manufactured from a
J22H7 ground bar made of quenched and tempered high strength steel, 39NiCrMo3, were
bonded end-to-end on an annular surface. The specimens were of the same material batch
used by Corigliano et al. [44], thus having the same material properties (Rs = 992 MPa and
R =995 MPa).



Metals 2022, 12,1141

50f12

10

@16
P22

(@) (b)

Figure 3. (a): Geometry of the bonded specimen (units in mm), and (b): picture of an adherend
after preparation.

To reproduce the microscale configuration of a thin adhesive film bearing high pres-
sure, like the one trapped between the surface protrusions in Figure 1, a 0.1 mm thickness
for the adhesive layer in the specimen was chosen. According to simple geometrical analy-
sis, this thickness value, combined with a surface roughness equal to 1.0 um or lower, gives
a configuration where the roughness of the adherends is negligible compared to the finite
thickness of the adhesive layer; thus, this configuration reproduces in the macroscale the
microscale condition of a thin adhesive layer, bearing a high and uniform pressure over the
whole surface area of the adhesive [44].

The preparation of the bonding surface of the adherends started with sandpaper,
followed by degreasing via Loctite 7063, and finally the roughness of the surface was
measured. Figure 3 also shows a picture of an adherend after preparation. A weak (Loctite
243 [45]) and a strong (Loctite 638 [46]) anaerobic adhesive were investigated.

3.2. Test Bench and Test Procedure

The tests were executed on a bi-axial 8854 Instron machine, with a load cell of 250 kN
and a maximum torque of 2 kNm.

Firstly, the adherends were setup on the top and bottom fixture. Secondly, the top
adherend was slowly brought towards the bottom one until contact with zero pressure: this
position was registered as zero strokes. Thirdly, the top adherend was raised up to allow
adhesive application on the annular surface of the bottom adherend. Fourthly, the top
adherend was slowly brought towards the bottom one, up to a 0.1 mm gap from the zero
strokes previously registered. According to the curing conditions suggested by Murokh [16]
and Sineokov [17], the joint region with a thin aluminium sheet was wrapped in order to
ensure electrical continuity between the top and bottom adherend.

The polymerization of the hybrid interface lasted 6 h at 45 °C, which was a temperature
originated by the servo-hydraulic test machine; at the end, we removed the aluminium
sheet. The test applied the prescribed axial preload in a time period equal to 120 s, followed
by a quasi-static relative rotation between the adherends, at a speed of 0.2°/s, up to
complete failure of the joint.
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Figure 4 shows a picture of the setup of a specimen on the test machine.

Figure 4. Picture of a specimen on the test machine.

3.3. Test Plan

The test plan investigated two variables. Firstly, the adhesive type: a weak (Loctite
243 [45]) and a strong (Loctite 638 [46]) anaerobic adhesive in addition to a dry contact
condition. Secondly, the nominal contact pressure between the adherends over five levels:
0 MPa, 250 MPa, 500 MPa, 750 MPa, and 1000 MPa (see Table 1).

Table 1. Variables of the test plan.

Variables Levels
Adhesive Type Loctite 243 Loctite 638 Dry Contact
Nominal contact pressure (MPa) 0 250 500 750 1000

These contact pressure levels allow for the investigation of the response of the adhesive
over a wide range of conditions experienced in real applications, e.g., zero pressure corre-
sponding to a joint without any mechanical tightening or to the adhesive filling the voids
between the mating protrusions of the adherends, and non-zero pressure corresponding to
clamped fitted and bonded joints.

The test plan involved five replications for each experimental configuration, with the
exception of the dry contact condition for which no replications were performed, for a total
of 50 tests.

4. Results
4.1. Test Results

A typical torque-rotation curve obtained for the Loctite A 638 adhesive with a contact
pressure of 1000 MPa is shown in Figure 5. The first failure of the Loctite A 638 adhesive
is observed via the strong decrease in torque (at about 5°), which is also accompanied
by partial plastic strain in the adherends. The subsequent torque transmitted after the
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adhesive failure is due to the friction between the two adherends, mediated by the residual
adhesive layer.

250

200

150

Torque (N m)

100

50 E
0

0 10 20 30 40

Rotation (°)

Figure 5. Torque-rotation curve obtained for the Loctite A 638 adhesive with a contact pressure of
1000 MPa.

For all the test configurations of the test plan, Table 2 presents the values of the failure
torque of the joints, retrieved from the experimental torque-rotation curves.

Table 2. Experimental failure torque.

Nominal Contact Pressure Failure Torque (Nm)

(MPa) 243 638 Dry Contact
0 46.7 51.2 0.0
0 8.1 40.1 -

0 - 54.1 -

0 - 63.1 -

0 - 44.2 -
250 65.6 140.0 92.9
250 70.9 120.0 -
250 84.4 151.0 -
250 32.0 120.0 -
250 33.0 152.6 -
500 110.5 210.0 124.6
500 93.3 229.0 -
500 122.7 237.0 -
500 76.0 213.0 -
500 68.0 223.0 -
750 154.4 291.5 184.8
750 1414 285.7 -
750 140.9 300.0 -
750 132.0 296.0 -
750 138.0 300.0 -
1000 151.4 336.0 229.1
1000 192.4 - -
1000 159.3 - -
1000 149.0 - -
1000 - - -

The test results in Table 2 highlight that some data are missing, specifically for the
Loctite 638 adhesive at a nominal contact pressure of 1000 MPa. This was a consequence of
an experimental problem; given the high strength of the adhesive and the high torque at
failure, the collapse of the bonded joint causes the release of a large amount of elastic energy
from the specimen, with strong dynamic oscillations on the load cell, thus preventing the
registration of a representative value of the failure torque.

The shear strength 7 was calculated according to the following relationship:

16 M;
(D2 —d?)(D +d)

©)

T =
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where M; is the applied torque, D is the external diameter of the adherend, and d is the
diameter of the inner hole.

Figure 6 shows the shear strength as a function of the contact pressure registered in
the experimental test plan for all the investigated configurations. The solid red triangles
refer to Loctite 243. The solid blue squares refer to Loctite 638. The black crosses refer to a
dry interface. The dashed lines are the linear regression of the corresponding points.

250
A Loctite 243
200 — M loctite 638 —1
e
© X Dry contact e
o 7
2
— 150
o
C
g
% 100
©
(]
<
(%]
50
0

0 250 500 750 1000
Contact pressure (MPa)

Figure 6. Shear strength as a function of the nominal contact pressure.

Table 3 presents the coefficients of the linear regression lines in Figure 6, corresponding
to the micromechanical model (Equation (2)).

Table 3. Coefficients of the linear regression lines for both adhesives and dry contact.

Adhesive Type Loctite 243 Loctite 638 Dry Contact
T,0 (MPa) 14.16 31.58 0
« 0.0851 0.1738 0.1421

4.2. Model Evaluated in the Present Study and Validation with Collected Literature Results on
Hybrid Joints

In order to validate the applicability of the micromechanical model in the prediction
of real hybrid interfaces press-fitted and bonded with anaerobic adhesives, literature data
from Dragoni and Mauri [1,2], Castagnetti and Dragoni [40,42], Ragni et al. [43] were
retrieved. All these experimental data refer to anaerobic adhesive in a thin film, as this
usually occurs in real industrial applications.

Figures 7 and 8 show the comparison between the obtained micromechanical model
predictions by means of Equation (1) using the parameters reported in Table 3, according to
the results of the present investigations reported in Figure 6, with respect to the data from
the literature for the Loctite 243 and the Loctite 648 adhesives, respectively.
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Figure 7. Comparison between the computational model prediction and experimental data from the
literature [2,40,42] for the Loctite 243 adhesive.
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Figure 8. Comparison between the computational model prediction and experimental data from the
literature [1,40,42,43] for the Loctite 638 adhesive.

5. Discussion

For both adhesives, the shear strength values as a function of the nominal contact
pressure in Figure 6 show the typical scatter of these types of tests.

It is worth noting that both adhesives clearly exhibit a linear dependence between
the shear strength and the applied contact pressure; as Table 3 clearly shows, the strong
anaerobic adhesive (Loctite 638) has a shear strength at zero pressure (7,0) and a coefficient
of the linear term («) that nearly doubles that of the weak anaerobic adhesive (Loctite 243).
Specifically, Figure 6 shows that the shear strength of the weak anaerobic adhesive becomes
lower than dry contact for nominal contact pressure higher than 250 MPa; this behaviour
confirms the results of preliminary investigations [2,44] and underlines that, above a given
contact pressure, the weak anaerobic adhesive acts as a lubricant compared to dry contact.
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By contrast, the strong anaerobic adhesive exhibits a higher slope than dry contact and a
remarkably higher strength over the whole range of investigation.

The comparison between the micromechanical model prediction (Equation (1), accord-
ing to the coefficients in Table 3) and the literature data shows good agreement, specifically
with the data from Dragoni and Mauri [2]. With regard to Loctite 243, Figure 7 highlights
that the micromechanical model prediction has a slightly lower slope than the data from
Dragoni and Mauri [2], while a more significant difference appears between the microme-
chanical model prediction and the data from Castagnetti and Dragoni [40,42]. Specifically,
the micromechanical model tends to overestimate the response at low contact pressure
and underestimate it at high contact pressure. This may be imputed to an effect of the
adherends material that the micromechanical model neglects.

In Figure 8, we can observe a similar scenario, but with closer agreement; for the strong
anaerobic adhesive (Loctite 638), the micromechanical model exhibits a close agreement
with the results from Dragoni and Mauri [1] despite a slight overestimation of the response
of the joint. The comparison between the micromechanical model and more recent data
from Castagnetti et al. [40,42] and Ragni et al. [43] highlights nearly the same value at
zero pressure but with a higher slope of the test results compared to the micromechanical
model prediction.

On the whole, this simple micromechanical model, which relies on two parameters
only, appears to be a good tool for predicting the shear strength of structural joints bonded
with anaerobic adhesives.

6. Conclusions

A systematic experimental test plan involving high-strength steel specimens made
of two adherends, bonded head-to-head on an annular surface, was performed. The
experimental investigation was based on torque tests, which provided the shear strength
of the anaerobic adhesive in a finite thickness and surface area, with contact pressure
ranging from 0 up to 1000 MPa, both for a weak (Loctite 243) and a strong (Loctite 638)
anaerobic adhesive. Both adhesives clearly exhibit a linear dependence between the shear
strength and the applied contact pressure, which allowed us to define the coefficients of
the theoretical micromechanical model; the strong anaerobic adhesive (Loctite 638) has
a shear strength at zero pressure (7,0) and a coefficient of the linear term () that nearly
doubles that of the weak anaerobic adhesive (Loctite 243). The shear strength of the weak
anaerobic adhesive becomes lower than dry contact for nominal contact pressure higher
than 250 MPa, meaning that, above a given contact pressure, the weak anaerobic acts as a
lubricant compared to dry contact.

Overall, this simple micromechanical model can predict the shear strength of structural
joints bonded with anaerobic adhesives, taking into account only two parameters.
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