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ARTICLE INFO ABSTRACT
Keywords: Hybrid bi-material concepts in engineering structures where fibre-polymer composites are used together with
Bonded joints steel structural members have potential to reduce material usage, extend fatigue life and improve structural

Composite materials
Surface roughness
4ENF tests

reliability. The bond performance of the bi-material composite-to-steel interface is of crucial importance and
highly relies on the surface preparation quality of the steel element. This paper investigates the influence of steel
Fracture toughness surface roughness on the mode II fracture toughness and fatigue crack growth behaviour of the bonded
Fatigue crack growth composite-to-steel joints. Glass fibre composite and mild structural steel material is considered directly bonded in
Friction a wet lay-up process. 4-point end notch flexure (4ENF) tests are conducted on specimens with the steel plates
Paris curves prepared with low, medium and high roughness, respectively. In addition, morphology of the fracture surfaces
are characterised by a 3D profilemeter and the friction coefficient is measured by a tribometer for each roughness
level. Results show that in quasi-static fracture, fibre bridging is dependent on the surface roughness. A
roughness level with Sq > 22 um of the steel surface can promote significant fibre bridging thus improved
fracture toughness due to enlarged effective bonding area. Under cyclic loading, no fiber bridging is observed
across all roughness levels tested. However, the Paris curve parameter C is significantly affected by the roughness
level, which decreases by approximately 100 times as the steel surface roughness increases from the low level of
Sq = 5 um to high level of S; = 22 um. The m parameter of the Paris curve remains fairly constant across all the
roughness levels tested.

by wrapped glass fibre reinforced polymers (GFRP) through direct
1. Introduction bonding at the composite-to-steel interface. No separate adhesive was
applied at the interface while the resin of the composite was utilized to

The composite materials, e.g. fiber-reinforced polymers (FRPs), have provide direct bonding to the steel adherend. While the bonded wrapped

been widely used for composites-to-metal hybrid structures in aerospace composite joints offer significant improvements compared to the welded
[1], automotive [2] and construction [3] industry due to its high joints, they still experience debonding failures at the interface when
strength-to-weight ratio, design flexibility, and high fatigue resistance. subjected to extreme loading conditions, such as fatigue loading, once
The synergy of these two materials highly relies on the appropriate the surface of steel is not prepared well enough. Large shear stress
joining in between. Among different joining technologies, adhesive concentrations may arise at the end of bonded area due to the contrast in
bonding is widely utilised due to its effectiveness in load transfer stiffness of the composites and steel materials, thus enhancing the po-
expressed by high stiffness of the connection, exclusion of necessity to tential of debonding failure. Proper surface preparation of the adherends
drill holes in original steel element, thus no weakening of the original plays an important role in avoiding such failure in wrapped composite
cross-section and faster execution, compared to bolted joint and riveted ~Jjoints. For the composite-to-steel bonded joints, an appropriate prepa-
joint [4]. In the construction field, the bonded joint has been increas- ration of the steel surface should provide sufficient surface roughness
ingly used in strengthening existing steel structures [5,6] and connect- that would prevent pure adhesive (interfacial) failure of the bonded
ing elements in new structures. Recently an innovative joining technique connection.

for steel hollow sections, the wrapped composite joints, was developed Surface roughness of the metal adherend resulting from different pre-
by the authors [7,8] to improve the fatigue performance of the tradi- treatments has a significant influence on the mechanical properties of
tional welded joints. In this joint, the steel hollow sections are connected the bonded joints. The bonding performance under quasi-static loadings
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Nomenclature Prax The maximum force during fatigue tests
R The force ratio during fatigue tests
4ENF 4 point bending end notched flexure DIC Digital image correlation
FEA Finite element analysis SERR Strain energy release rate
E; Young’s modulus of the upper arm of the specimen EGM Extended global method
E, Young’s modulus of the lower arm of the specimen Gn4ene Mode II SERR of 4ENF specimen
hy Height of the upper arm of the specimen W Bending stiffness ratio of the upper and lower arm
hy Height of the lower arm of the specimen £ Bending stiffness ratio of the upper arm and the whole
B Width of the specimen beam
ap/a Pre-crack length/crack length L Moment of inertia of the upper arm
L, Lever arm of the specimen I, Moment of inertia of the lower arm
P Applied force during tests (EDeq Equivalent bending stiffness of the specimen
CSM Chopped strand mat VCCT Virtual crack closure technique
Ex¢ Longitudinal tensile modulus of composites n Exponent in B-K criterion of VCCT
Ey; Transverse tensile modulus of composites Pt Critical force at crack initiation
Exc Longitudinal compressive modulus of composites Gy / G Mode I/1I fracture toughness in VCCT
Ey. Transverse compressive modulus of composites Gi/ G / G Mode I/1I/111 SERR in VCCT
Vxy In-plane Poisson’s ratio of composites Gt Total SERR in VCCT
Gyy In-plane shear modulus of composites Gy, ini Initiation value of mode II fracture toughness
E, Out-of-plane modulus of composites Geqe Equivalent SERR in VCCT

Gy, / Gy, Out-of-plane shear modulus of composites

Uxz / Vy; Out-of-plane Poisson’s ratio of composites

E Young’s modulus of steel material

fy Yield strength of steel material

fu Ultimate strength of steel material

Sq Root mean square roughness

Sar Developed interfacial area ratio

A Definition area for roughness measurement

U Friction coefficient at the composite-to-steel interface
Fn Normal force when measuring the friction coefficient
Fy Horizontal force when measuring the friction coefficient
F bar x Plateau of the horizontal force

CoV Coefficient of variation

Prin The minimum force during fatigue tests

d/ dy,;  Test displacement /Critical displacement at crack
initiation

k Slope of the crack growth curve after crack initiation

A; /Ao The initial and final values of the fracture toughness
variation function

Xo The mid-point of the fracture toughness variation function

P The power of the fracture toughness variation function

N Number of cycles during fatigue test

k1 / ko / k3 Coefficients of the SERR variation surface function

c/C Intercept parameter of Paris curves
m Exponent parameter of Paris curves
q Intercept parameter of C variation function
b Exponent parameter of C variation function

has been widely studied during the past decades using metal-to-metal
bonded joints. As the primary mechanical property, it is usually char-
acterized by the bond strength or the fracture energy, G. Lucchetta et al.
[9] investigated the correlation of surface roughness with the adhesion
of aluminium sheets in polymer metal hybrid overmolding. They found
out that higher surface roughness and glass fibre content lead to a higher
shear strength. This is due to the fact that a rough topography helps the
polymer to flow within metal surface cavities, and glass fibers anchor
the polymer to the substrate. Zhang et al. [10] confirmed by an exper-
imental study that increasing the surface roughness can enhance the
fracture toughness of epoxy-aluminium interfaces. Such an enhance-
ment is caused not only by the increase in the actual contact area due to
roughness, but also by the change of local mode-mixity, as well as
bridging and friction behind the crack. According to van Dametal. [11],
higher surface roughness, S,, and interfacial area ratios, Sq;, result in
higher bond strength of steel-epoxy adhesive interfaces. Meanwhile,
specimens with similar roughness but altered morphology, which can be
reflected by the skewness, Sg, showed further improvement in the
adhesion strength. Zhang et al. [12] investigated the surface roughness
and bond line thickness on the bonding performance of epoxy adhesive
joints on mild steel adherends. It was found out that both bonding
strength and elongation at fracture of epoxy adhesive joints improved
with the increase of surface roughness of the steel adherends. Smith [13]
correlated the mode I and mode II fracture toughness to the surface
roughness of a ductile epoxy adhesive bonded to aluminium adherends.
It was found out that the mode I fracture energy was influenced by the
bond area and is quantitatively correlated to the R, parameters. The
mode II fracture energy was mainly affected by the mechanical

interlocking between the peaks and valleys of the adherends, which is
driven by the angle of the hypotenuse of the idealized triangles on the
surface, R,/R,.

In the case of composite-to-metal bonded structures, additional
challenges are imposed to the analysis. The composite member can be
laminated directly on the surface of the metallic member as used in the
wrapped composite joint [7]. However, existing research has predomi-
nantly focused on adhesively bonded joints, where a layer of adhesive or
epoxy is applied between the adherends. Hwang et al. [14] conducted
the shear lap adhesion test on a composite/steel hybrid joint using a
carbon fiber reinforced polymer (CFRP). They found out that the bond
strength increased as the surface roughness increased until R, = 45 pm,
and decreased at 60 um. The decrease of the strength at very high
roughness levels is related to the fact that the epoxy cannot be uniformly
impregnated, and pores are generated at the interface. Arouche et al.
[15] showed that inducing a rougher crack propagation path can in-
crease the fracture toughness of CFRP-steel bonded joints. P. Kumar
et al. [16] compared the effects of emery-paper roughening and sodium
hydroxide treating on the fracture toughness and shear strength of the
bonded interface between aluminium alloy skin and FRP patch. The
results showed that the latter preparation method led to substantially
higher roughness of the surface, thus higher shear strength (44.5 MPa
vs. 32.6 MPa) and higher mode II fracture toughness (734.5 J/m? vs.
282.4 J/m?) of the specimen. Manuel A.G. Silva et al. [17] studied the
effect of different surface preparations on the bond performance of the
CFRP-steel joints by double strap specimens. Pre-treatment with sand
blasting and steel gritting improves the surface roughness thus higher
shear capacity. J.Ou et al. [18] conducted tests on double lap shear
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Table 1
Test specimens.
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Loading type Blasting pressure Specimens Total thickness (mm) Displacement rate / Frequency
Static low RL-S-1/2/3 17.64 1 mm/min

medium RM-S-1/2/3 17.47

high RH-S-1/2/3 15.38
Fatigue low RL-F-1/2/3 17.64 4 Hz

medium RM-F-1/2/3 17.47

high RH-F-1/2/3 15.38

joints between CFRP sheets and steel, where the steel surface was treated
with sand papers of different grit sizes and grit blasting. The results
showed the Wenzel roughness factor has a strong positive correlation
(with a correlation coefficient of 0.78) with the ultimate load of the
joints. Based on the literature review above, it is shown that additional
research is required regarding the effects of surface preparation on
bi-material structures where a composite member is laminated directly
on the surface of a metallic member.

Besides the static behaviour, the influence of surface roughness on
the fatigue performance of bonded joints has also been studied by
several researchers. Azari et al. [19] investigated the effect of roughness
on the steel bonded joints under cyclic loading by double cantilever
beam (DCB) and asymmetric double cantilever beam (ADCB) tests. They
found out that the fatigue threshold strain energy release rate, Gy,
increased with the roughness, R,, until a plateau is reached between 3.9
and 6.4 pm, then decreased for very rough surfaces. Shikimoto et al.
[20] investigated the effect of laser patterning pre-treatment on the fa-
tigue strength of adhesive bonded joints using thin steel plates. A sig-
nificant improvement of the fatigue bond strength was achieved by
producing an anchor effect and removing the weak boundary layer. A.
Manoli et al.[21] conducted fatigue tests on single lap joints of GFRP
plates joined by nanoparticles modified adhesive. Specimens with
roughness of R;= 3.3 um exhibited an enhancement of 30% of the fa-
tigue life than specimens with R,= 3.3 pm. Carrera [22] investigated the
fatigue life, stiffness degradation and residual static strength of
CFRP-to-steel joints with different surface conditions. It was shown that
the fatigue life is not affected by the surface characteristic. Specimens
with surface pits (high roughness) had a reduction of stiffness degra-
dation under low to moderate fatigue loads compared to specimens with
smoother surfaces.

Although the effect of surface roughness on the performance of metal
bonded joints has been largely studied using quasi-static tests, the fa-
tigue behaviour has not been thoroughly investigated. Furthermore,
existing literature related primarily focused on the total fatigue life of
simple joint designs, with limited attention given to study the fatigue
crack growth behaviour. Additional research is required on both the
static and fatigue fracture behaviour of bi-material bonded joints be-
tween metal and composite members.

The present work investigates the influence of surface roughness on
the fracture toughness and fatigue crack growth of the composite-to-
steel bonded joints, where glass fibre composites are directly bonded
to the roughened steel adherends with no separate adhesive layer. Static
and fatigue 4-point-bending end notched flexure (4ENF) tests are con-
ducted for specimens with different surface roughness. The roughness of
the steel plate and the fracture interface is characterised by a 3D pro-
filemeter. The friction coefficients between the fractured interface are
measured by a tribometer, serving as the inputs for interpretation strain
energy release rates (SERR) through finite element models which take
the friction effect into account. The surface roughness is correlated with
the fracture toughness and fatigue resistance in the end.

2. Specimens and surface characterisation
2.1. Specimens and materials

In this study, a total of 18 bonded joint specimens are used for the
static and fatigue 4ENF tests as shown in Table 1. For each loading type,
surface of the mild S275 steel plates were grit blasted with low, medium
and high blasting pressures, respectively, to achieve 3 different surface
roughness. 3 identical specimens were tested for each configuration. The
steel-composite specimens were manufactured by hand lay-up of the
glass fiber plies on the steel treated surface. Before lamination, the
surfaces of steel plates were chemically degreased to ensure good
bonding quality and a non-adhesive insert of 32 pm thickness was placed
to induce a pre-crack between steel and composite arms. Each composite
ply is formed by woven glass fibre reinforcement fabric interleaved with
chopped strand mat (CSM) and a vinyl ester matrix system with fibre
volume fraction of approximately 30%. CSM layer is adjacent to the
steel-composite interface. Finally, steel-composite specimens are cut
from the plates using water jet. Geometry and dimensions of the speci-
mens used in this study are shown in Fig. 1. The half-span (L), width (B),
upper and lower arm thicknesses (h; and hy), pre-crack length (ag) and
the load-to-support point distance (L,) are indicated in the figure. For
the bi-material configuration, the thicknesses of steel and composites are
designed to meet the criterion described in Eq. (1), such that the two
arms have the same longitudinal strain at the faying surfaces to obtain a
pure mode II loading condition [23].

E\l} = Exh; (€))

where E; and Ej are the elastic modulus in the longitudinal direction for
the upper and lower arms, respectively. The actual thickness of the
specimens vary among different roughness series due to variation of
applied pressure during hand lamination and curing conditions. The
measured average total thickness of the specimens are listed in Table 1.

The material properties of steel plates and composite laminate are
obtained by standard tensile/compressive coupon tests according to ISO
[24-27] and are summarised in Table 2.

2.2. Surface roughness

The surface roughnesses of the steel plates were measured by a 3D
optical profilemeter (Keyence VR6000) with 40 x magnification. The
surface roughness was obtained from two 20 x 20 mm areas selected on
the steel plates of each roughness series. Optical images and 3D profiles
of the scanned areas for each roughness series are shown in Fig. 2. It can
be seen that, compared to the relatively smoother surface of low
roughness, sharper peaks and valleys are found in the medium and high
roughness plates. Two surface roughness parameters, namely Sy and Sg;,
are chosen here according to [28] with the definition given by Egs. (2)
and (3). Sq represents the root mean square value of ordinate values
within the definition area, A. It is equivalent to the standard deviation of
heights. Since different surface profiles can have similar S, values,
another parameter, the developed interfacial area ratio Sq;, is selected to
assess the surface topology. Sq; is expressed as the percentage of the
definition area’s additional surface area contributed by the texture as
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Fig. 1. Dimensions of specimen (in millimetres).

Table 2 1 2(x, ) 2 d2(x,y) 2
Materials properties. Sgr = — // 1+ Yy 2 —1 | dxdy 3)
A A ox dy
Material Mechanical property Average value and
(CoV [%])
Composites  Longitudinal and transverse compressive 12077.11 MPa (4.50)
modulus — Ey = Ey o+
Longitudinal and transverse tensile 11798.20 MPa (6.37) Table 3
modulus — By =Ey * Surface roughness measurement results.
In-plane Poisson’s ratio — vy, 0.15 (6.50)
P 1 S, Sar (%
In-plane shear modulus - G,y 3120 MPa (6.81) arameters a () ar (%)
Steel Young’s modules — E™* 190 MPa (5.42) Low roughness 4.56 + 0.75 0.99 + 0.16
Yield strength - f; 278.30 MPa (0.22) Medium roughness 14.14 +1.24 5.87 + 0.06
Ultimate strength — f,, 637.83 MPa (0.40) High roughness 21.99 £+ 0.62 11.67 + 0.46
*Eo equals to the average of the compressive and tensile modulus in the present
study
**equals to E; in the present study Table 4
Fracture toughness.
compared to the planar definition area. The average measured results for Specimens  Peitgest  Perigpra  Error (%) Guni —~EGM  Gjni — VCCT
each roughness series are summarised in Table 3. From low to high (kN) (kN) (N/mm) (N/mm)
roughness, the Sq value increases from 4.56 to 21.99 um, while the RL-S-1 2.05 - - 0.49 0.39
developed interfacial area ratio Sg; increases from 0.99% to 11.67%. Sar RL-§-2 2.09 0.50 0.40
is plotted against Sq in Fig. 3 and a quiet linear relationship can be found RL-5-3 3.10 111 0.85
bet th ¢ f indicating that h £ leads t Average 2.41 2.43 0.77 0.70 0.55
etween these two Parame .ers, indicating that a rougher surface leads to RM-S-1 5.74 ) X 3.82 297
a larger developed interfacial area. RM-S-2 5.47 3.47 2.06
RM-S-3 4.68 2.54 1.86
Average 5.30 4.87 -8.07 3.27 2.07
Sq = @ RH-S-1 4.40 - - 3.33 2.15
RH-S-2 4.96 4.24 2.61
RH-S-3 4.84 4.03 3.70
Average 4.73 5.00 -5.61 3.86 2.82

Fig. 2. Optical image and 3D profile of steel surface with different roughness.
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Fig. 3. Relationship between Sq and Sg;.

2.3. Friction coefficient

In order to account for the friction effect between the cracked sur-
faces in fracture and fatigue crack growth tests, the friction coefficients
were measured at the pre-crack region and the fractured composite-to-
steel interface after the tests. Fig. 4 shows the samples cut from the
fractured specimens in static tests, whose failure modes will be discussed
in detail in Section 4.1. Three samples are cut from the pre-crack region,
with the insert remaining on top of the composites. Nine samples are cut
from the fractured interface, with three samples selected from each
roughness series. The friction coefficient was measured by a multi-
function tribometer (Rtec MFT-5000). As shown in Fig. 5(a), the
normal force, Fy, is applied on the steel plate through a customized
cylinder. The composite laminate is fixed on the bottom and moves with
the XY stage. A load cell embedded in the horizontal direction is used to

Construction and Building Materials 411 (2024) 134358

monitor the friction force, Fx. During the fatigue 4ENF test, an obvious
relative movement is observed between the fractured steel and com-
posite arms. Therefore, a relatively large amplitude, i.e. 0.8 mm, is
chosen here to mimic the reciprocating gross slip regime during the test.
The composite laminate moves in the X direction, leading to the same
relative movement direction against the steel arm during the 4ENF tests.
Samples cut from fatigue tested specimen are measured with 4 Hz,
which is the same as that used in the fatigue tests, while samples cut
from the static tested specimen are measured with 0.2 Hz to mimic the
quasi-static process.

A typical frictional hysteresis loop is shown as Fig. 5(b). The friction
force remains nearly constant around the middle position but increases
obviously at the extreme position. This results from the decreasing ve-
locity when the movement direction changes and the static friction,
instead of kinetic friction, takes place. Since the influence of friction on
the SERR at the crack tip is related to energy dissipation mechanism
during the kinetic friction process, the average friction force at the
plateau (red dash line in the figure), Fy, is employed to calculate the
friction coefficient by the equation of ¢ = Fx/Fx. The friction coefficient
variation against number of cycles is shown in Fig. 5(c), where each
point in this figure represents average results of two directions. The
plateau of the curve is taken as the result of each sample to exclude the
possible ‘running-in’ effect [29] during the initial cycles. Average fric-
tion coefficients between the cracked surfaces of the different roughness
under fatigue (4 Hz) and quasi-static (0.2 Hz) loading protocols are
shown in Fig. 5(d). The friction coefficient increases slightly with the
surface roughness for both cases. Specifically, friction coefficient at 4 Hz
increases by 10.9% from 0.46 for low roughness series to 0.51 for high
roughness, while friction coefficient at 0.2 Hz increases by 9.6% from
0.52 to 0.57. Friction coefficient at 0.2 Hz are 12% to 19% higher than
those at 4 Hz for different roughness. It should be noted that the results
of all the samples reflect friction coefficients at the fractured surfaces,
instead of the pure interface between steel and composite materials. The
failure modes will be further discussed in the following sections. In
addition, the friction coefficients at the pre-crack region are 0.23 under
4 Hz and 0.3 under 0.2 Hz. This values are relatively lower than that in
the fractured interfaces due to the existence of an insert between the
surfaces. The measured friction coefficients will be used in the FE models

(R

[[0leiel (0i |

Fig. 4. Samples used for measuring friction coefficient (from static tested specimens).



W. Feng et al.

(a)

(c)1.0

0.8

0.6

0.4

0.2 4

0.0 T

100 150 200 250

N

(b) 30

Construction and Building Materials 411 (2024) 134358

-20 4

T T T T T T T T
-05 -04 03 -02 -01 00 01 02 03 04 05
Displacement (mm)

[ 0.2Hz

[_J4Hz
036 0.57
0.6+ 0.52 T
.51

47
46 I

w
O 0.4
O

0.3 0.23

|
0.2 l

0.0

PR RL RM RH

Fig. 5. Friction coefficient measurement: (a) test set-up; (b) frictional hysteresis loops; (c) friction coefficient versus cycles; (d) friction coefficient versus sur-

face roughness.

for each roughness series under both static and fatigue cases in the later
sections.

3. Experimental methods
3.1. Test set-up, instrumentation and loading protocol

Tests were conducted in a universal testing machine (UTM) with a
load cell of 15 kN. The 4-point bending test set-up is shown in Fig. 6,
where the steel arm is on top to avoid crack migration to the composite
layers [30]. The specimens are loaded by two loading cylinders attached
to a loading beam, which is connected to the actuator by a shaft such

that equal forces are applied on the two loading points. The static tests
are conducted by displacement control with the loading rate of
1 mm/min, while the fatigue tests are conducted by displacement con-
trol with the frequency of 4 Hz. For the fatigue tests, the load ratio
R= 0.1, namely Ppjn/Pmax= 0.1, is adopted. For each roughness series,
the fatigue tests are started with the force level (Ppax) corresponding to
60% of the critical SERR obtained by the static tests. This starting load
level is chosen to be high enough to cover as wide SERR range as
possible since the SERR values will decrease during the tests, but to be
low enough to avoid too fast crack propagation (e.g. 0.1 mm/cycle) for
the convenience of crack length monitoring.

A white paint coating followed by a black speckle pattern is applied

LED Light

Fig. 6. Test set-up and instrumentation.
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on one side of the specimens to allow measurements by digital image
correlation (DIC). The speckle size is chosen between 0.2 and 0.5 mm
based on the requirement of DIC analysis. A digital camera (51 Mpx)
assisted by a LED light is positioned perpendicularly to the specimen for
crack length monitoring during the tests. With the camera connected to
the controlling system, photos are taken at the minimum and maximum
displacements every 500 cycles or every 1% stiffness degradation. Shear
strains are extracted at the interface afterwards during the DIC analysis
and are quantified by the strain thresholds to determine the crack
length. The explanation of crack monitoring technique can be found in
[31].

3.2. Fracture data analysis

The crack growth driving force is calculated by the extended global
method (EGM), proposed by Moslem, et al. [32] based on the global
method by Williams [33]. The global method is developed based on the
beam theory where the SERR is calculated by the bending moments and
loads in a cracked specimen. EGM modified this global method in order
to consider asymmetric cases where the crack propagates between two
different orthotropic layers. The mode II SERR at the crack tip of 4ENF
specimens can be calculated as:

PL (1
Grapvr = g | —— — 4
11 AENF SBE111(1+UI f) ( )

where y and ¢ are the bending stiffness ratios of arms for the specimens,
which can be calculated by:

_ElL

=il (5)
EiL

= 6

¢ ()., (6)

In Eq. (4), (5) and (6), E; and Es are the longitudinal modulus of the
upper and lower arms. I; and I are the moment of inertia of the upper
lower arms, respectively. (EDeq is the equivalent bending stiffness of the
specimen.

Another commonly used method for calculating SERR at the crack tip
is the virtual crack closure technique (VCCT), based on finite element
(FE) model. The VCCT assumes the energy released for a small crack
extension is equal to the work required to close the crack to its original
length. By the VCCT, all components of the SERR can be obtained while
the influence of friction on the SERR values at the crack tip is taken into
account [31]. A 3D finite element analysis (FEA) is performed in ABA-
QUS software. The geometry and boundary conditions of the FE model
follow the design of the 4ENF specimens, as shown in Fig. 7. The spec-
imen dimensions are taken as the average measured values indicated in

U1=U3=0, U2=10
UR1=UR2=0

pre-crack
penalty formulation
‘hard’ contact

U1=U2=U3=0,

‘ UR1=UR2=UR3=0
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Table 1. Elastic and plastic material properties, indicated in Table 2, are
defined for the steel arm. The composite laminate is modelled as one
piece of solid part in this model. As stresses in the composite during the
tests are much lower than the strength of the material, only elastic
material properties are used to model the composite laminate. Trans-
versely anisotropic material properties are defined based on the tests
results shown in Table 2 for the in-plane properties of the laminate: Ey,
Ey, Gxy and vyy. In absence of experimental data, the out-of-plane elastic
properties of the laminate E,, Gx;=Gy, vx,= Uy, Were estimated through
the classical laminate theory for an equivalent unidirectional material.
Linear, hexahedron 8-noded solid elements with reduced integration
(C3D8R) are used for both steel and composite parts.

The VCCT fracture criterion in combination with a friction behaviour
are defined for the composite-to-steel interface. When modelling the
fracture behaviour, the Benzeggagh-Kenane mixed-mode criterion is
employed as Eq. (7):

G G \"
Gege = Gie + (Gm - G,() (%) %)
-

where Geq is the equivalent critical SERR, Gy and Gy are the critical
mode I and mode II SERRs, Gt =G1+Gy+Gyyp, and 7 = 1.8. Since mode L is
not relevant in this study, the same critical value is defined for the mode
I and mode II SERRs. While the FE model is used to obtain SERRs at a
stationary crack tip, sufficiently high instead values of critical SERRs, e.
g. 100 N/mm, rather than the actual values, are provided in the analysis
to prevent crack propagation. The penalty friction formulation is defined
for the tangential behaviour. The friction coefficient of 0.3 and 0.23 are
used for the pre-crack region and in the range of 0.46-0.57 for the
fractured interface of different roughness series in the static and fatigue
test models based on measurements presented in Fig. 5(d). To account
for the friction effect at the contact area between the loading/supporting
cylinder and the specimen, a commonly used friction coefficient, 0.3, is
also defined in these interactions. A mesh sensitivity study has been
discussed in [31] and a global mesh size of 1 mm with aspect ratio of 1 is
used considering the convergence of SERR values and computing effi-
ciency. A typical SERR distribution at the crack tip (with a=67 mm,
P = 2kN) is shown in Fig. 8. Unrealistic values at the edges resulting
from algorithm problems are excluded. It is shown that mode II
component dominates the whole crack width except for the edges,
where mode III arises due to transverse shear deformation of the com-
posite. This proves that the strain-based design for the thickness of the
specimen according to Eq. (1) can successfully guarantee the pure mode
II behaviour and the variation of the thickness due to manufacture does
not affect the results. The average mode II SERRs at the plateau are
considered for the analysis.

bonded interface
VCCT

penalty formulation
‘hard’ contact

Fig. 7. Mesh topology and boundary conditions of FE model.
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(a=67 mm, P = 2 kN).
4. Static test results
4.1. Failure modes

The full field shear strain is analysed using DIC. Deformations of a
representative specimen (RH-S-1) is shown in Fig. 9 at three different
stages during the static test. Shear strains along the interface increases
once debonding happens. The crack length can be determined based on
the strain threshold as explained in Ref. [31] It is observed that the crack
develops along the composite-to-steel interface towards the right
loading point as the force increases.

After the static tests, specimens are opened along the fracture
interface for observation of the failure modes and fracture surface
morphology. Fig. 10 shows representative fracture surfaces of specimens
from each roughness series, including both optical images and 3D height
profiles. Limited amount of resin remains attached covering less than 5%
of the steel surfaces, for low and medium roughness series, and no

F=4.4kN (initiation)
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laminate tearing is found on the composite surfaces. This indicates a
dominant adhesive failure at the interface. For low and medium
roughness series, the strength of the composite-to-steel interface
bonding is lower than that between cthe omposite layers. For the high
roughness series, however, resin and chopped strands covers almost
entirely the steel surface along the fracture plane, except for the areas
near the pre-crack. The crack initiated at the interface but immediately
migrated into the adjacent CSM layer of the composite material. For this
series, the steel surface roughness provided enough bond strength at the
composite-to-steel interface allowing to engage the crack propagation
with fibre tear through CSM and between CSM and woven fabric which
provides more fracture toughness.

4.2. Force-displacement response

Force-displacement-crack length responses of all the specimens are
shown in Fig. 11. The displacements were extracted from DIC using the
average vertical displacements of the facet points 1 and 2 created on the
specimen under the loading points, as shown in Fig. 9, minus the average
vertical displacements of the faced points 3 and 4, created on the
specimen next to the support points. This excludes non-linearities of the
loading fixture. The crack length is monitored by 2D DIC, analysed by
the normalized shear strain method, introduced in [31]. The cack length
ais measured as distance from the left support point to the crack front, as
indicated in Fig. 9. The initial crack length is approximately ag
= 52 mm, varying 2-3 mm between the specimens which is taken into
account in the further analysis in calculating crack extensions. The
initial crack lengths and their development for all specimens are shown
in secondary axis of in Fig. 11. As can be seen in Fig. 11 (a) and (b), for
low and medium roughness series, the force-displacement curves remain
linear until reaching the peak (critical) load level, after which a sudden
drop of the force is observed. Correspondingly, cracks of the specimens
propagated immediately once they initiated at the peak loads, indicating
that the unstable crack growth is mainly due to adhesive failure. Spe-
cifically, for two of the low roughness specimens the cracks propagate
instantly to 100-130 mm and gradually until 200 mm near the right
loading point, while for the remaining one the crack fully propagates to
the 200 mm immediately. For the medium roughness specimens the
cracks propagate instantly to 140 — 180 mm and stabilized after that.
The initial stiffness varies among different specimens due to small var-
iations of specimen thickness and initial crack length. The critical loads

Xy
0.00

4. Facet point 2

-0.01

-0.02

s Facet point 2

-0.03

-~ -0.04

-0.05

Fig. 9. Representative strain field and crack propagation at three different stages (specimen RH-S-1).
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are between 2 and 3 kN for the low roughness series and from 4.7 to
5.7 kN for the medium roughness series. High roughness series shows
comparable critical loads to the medium roughness series. However, the
force of high roughness specimens keeps increasing after crack initia-
tion, at around 4.4 kN, until reaching 6.5 kN at end of the tests. In these
specimens, cracks grow gradually after initiation.

Since no sudden force drop is observed in the force-displacement
curves for the high roughness series, and the non-linearity of force-
displacement curves may reflect not only crack development but also
plasticity in the steel arm, the crack initiation for the high roughness
series was determined based on the crack growth curves, as the one
shown in Fig. 12, instead of the force variation. To detect the crack
initiation point, crack length-displacement curves are fitted with a
piecewise function [34]:

a, d < dy;

k(d — dy) + av.d > dyg ®)

a=ra@~{
where ay is the pre-crack length, d is the test displacement and k is the
slope of the crack growth curve after crack initiation. The crack length
remains constant, as ag, until the displacement at crack initiation, djy;.
After initiation, the crack length measurements are fitted using a linear
function. The values of fitting parameters ay, k and dj,; are determined
by the least squares method. The fitted results of dj; values for the three
specimens are 4.84, 5.38 and 6.05 mm, respectively. The initiation
values of SERR for these specimens are calculated based on the corre-
sponding critical loads.

4.3. Fracture toughness

The initiation value of the mode II SERR, Gy ini;, was calculated by
substituting the critical loads into Eq. (4) of the EGM. The SERRs are also
extracted at the same load levels from FE models with the friction co-
efficient defined at the interface. The initiation SERR values obtained
from the EGM and VCCT are summarised in Table 5. The average
initiation SERR obtained from the VCCT for each roughness series serve
as the critical SERR to model the fracture behaviour, as in Eq. (7). Force-
displacement curves were extracted from the model and plotted together
with the experimental results in Fig. 11. Due to the limitation of the
VCCT in terms of simulating ductile crack behaviour, the numerical
results are only exhibited until the sudden force drop. The initial stiff-
ness matches well with experimental results and the predicted critical
loads are within 10% range of the test results, as shown in Table 5.

150 ‘
o Crack growth
—— piecewise fitting
95% confidence band
95% prediction band
€
£ 100
St
crack initiation
/
50 T

T
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Displacement (mm)

Fig. 12. Determination of crack initiation by pricewise fitting on crack growth
curve (example specimen RH-S-1).
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Table 5
Fitted results for SERR vs. force and crack length.
Coefficients R?
RL RM RH RL RM RH
k, = 0.084, k1 = 0.084, k1 =0.12, 0.99 0.98 0.98
ko = —2.14E-5, ko = —1.30E-4, ko = 2.23E-4,
ks = 0.0038 ks = 0.029 ks = 0.019
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Fig. 13. Mode II SERR versus crack extension for RH specimens.

Since specimens from low and medium roughness series experienced
unstable crack propagation, the resistance curves (R-curves) were only
obtained for the high roughness series, as shown in Fig. 13. The SERR
increases from 3.8 N/mm corresponding to the initiation value, to a
plateau, up to and above 6 N/mm, as the crack propagates. Such high
value of SERR corresponding to crack propagation is attributed to fibre
bridging, identified in profile images in Fig. 10 (c).

The initiation values of SERR are plotted against the surface rough-
ness parameters Sy and Sgy, as shown in Fig. 14. It is found out that
calculated based on EGM, the average Gy ini increases dramatically by
367%, from 0.7 N/mm to 3.27 N/mm, as the roughness transitions from
low to medium level, while increases by only 18%, from 3.27 N/mm to
3.86 N/mm, as the roughness shifts from medium to high level. The
same variation trend is also found in results based on VCCT, where Gyy,in;
increases dramatically by 276%, from 0.55 N/mm to 2.07 N/mm, but
only by 36%, from 2.07 N/mm to 2.82 N/mm for roughness transition
from low to medium, and from medium to high levels, respectively. In
addition, the Gy n; calculated from the EGM is 27% higher than the
value calculated from VCCT for the low roughness, and over 58% and
35% higher for medium and high roughness series, respectively. This
difference is mainly from the energy dissipated by the friction effect at
the cracked surface underneath the loading point, as well as the contact
area between the loading/support cylinder and the specimen [31],
which cannot be excluded in EGM. Higher roughness corresponds to
higher loading forces therefore lager frictional forces, thus resulting in a
larger influence between the SERR values based on FEA and EGM.

Literature [9,14,16] shows that the improvement of fracture tough-
ness with the surface roughness is related to the increased effective
bonding area. This is also the case in the current study from the rela-
tionship between Gy jni and Sg, in Fig. 14 (b). However, the Gy ini doesn’t
increase linearly with S4; and tends to be a steady value at high
roughness levels. This may be because that the effect of roughness di-
minishes when the fracture path moves away from the interface [19].
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Fig. 14. Correlation between mode II SERR and surface roughness using (a) Sq and (b) Sy, parameters.
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Fig. 15. Height profiles of steel surfaces with low (RL), medium (RM) and high (RH) roughness.

Other mechanisms may also be responsible for the variation trend of the
fracture energy measured from the tests. The highly irregular surface, as
shown in Fig. 2(c), and height profile, shown in Fig. 15, of high
roughness series enable the resin of the composites to deeply penetrate
into the steel surface, thus enlarging the effective bonded area and
enhancing the mechanical interlocking between these two adherends.
The presence of fibre bridging, observed in Fig. 10 (c), significantly
contributes to the increased fracture toughness as well. Overall, a larger
effective bonding surface, mechanical interlocking, and fibre bridging
are the major factors that contribute to the increase of fracture tough-
ness. In addition, literature [14,19] indicates that the bond performance
will deteriorate after reaching a certain roughness level. A typical
explanation [19] is that the increase of roughness reduces the wetta-
bility of the substrate such that the adhesive cannot properly spread on
the steel surface and contribute to the formation of air voids during
production. Meanwhile, it is reported in [19] that, above a certain
roughness level, the stress concentration at the tip of asperities may
reduce the strength of the adhesive joints. It is the combination of all the
mechanisms mentioned above that contribute to the unique trend of Gy,
ini versus roughness levels.

Considering the decreasing rate of the increase of SERR values as the
roughness parameters increases, a logistic regression in ORIGIN soft-
ware is applied for characterising the relationship between the two as
defined in Eq. (9). SERR is chosen as dependent and roughness as in-
dependent variable.
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where A1, Ay are the initial and final values of the depended variable, x(
is the mid-point and p is the power of this function. The parameters in
this equation is fitted by the least squares method and the results are
listed in the table of Fig. 14.

5. Fatigue test results
5.1. Failure modes

A typical shear strain field of a representative specimen (RH-F-1) is
shown in Fig. 16 at different number of cycles during the fatigue test at
the state of maximum load. The crack is indicated by the region of high
shear strains at the interface and the same method is applied to deter-
mine the crack length as in Fig. 9, following the DIC facilitated crack
length determination procedure that is detailed in [31]. The crack grows
from the pre-crack location towards the right loading point in a stable
manner. Position of the crack is maintained at the interface between the
steel and composite.

After the cyclic tests, specimens were opened along the fracture
interface for inspection. Optical images and height profiles of a repre-
sentative specimen from each roughness series are shown in Fig. 17. It is
found that the predominate failure mode for the low and medium
roughness series is adhesive failure at the composite-to-steel interface.
The fracture surfaces are smooth with only small portions of resin
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Fig. 16. Representative strain field and crack propagation at three different stages (specimen RH-F-1).
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Fig. 17. Representative fracture surfaces of fatigue tested specimens.

remaining on the steel surface. The high roughness series experienced
mixed adhesive failure and cohesive failure through thin layer of resin
and limited through CSM. The fracture surfaces are more irregular, with
a lot of resin and pieces of CSM remaining on the steel surface as shown
in Fig. 17 (c) although much less than those under static tests. This
means that the crack propagation occurs preferentially in the region of
composite-to-steel interface under mode II cyclic loading. This differ-
ence between static and fatigue failure modes is also reported in liter-
ature [31,32], which stated that the fiber bridging effect is not
pronounced for mode II interlaminar failure under cyclic loading.

5.2. Crack growth and SERR development

The variations of mode II SERR range of each specimen during the

12

cyclic tests were calculated by the EGM and summarized in Fig. 18. The
crack length measurements, determined by analysing the shear strains at
the interface [31], is also shown. Results of specimen RL-F-3 were not
obtained due to a malfunction of the DIC system during the test. It can be
seen that results of each configuration are reproducible. The SERR de-
creases rapidly from the initial cycles and stabilizes gradually as the test
continues. Specifically, the SERR values decreases from above
0.3 N/mm to a stabilized value of around 0.08 N/mm for low roughness
series. The SERR range for the medium and high roughness series are
higher. For the medium roughness series, the SERR range decreases from
above 1 N/mm to a stabilized value of around 0.4 N/mm, while for high
roughness series, the SERR range decreases from above 2.2 N/mm to a
stabilized value of 0.5 N/mm. Driven by the SERR, the crack grows fast
initially and stabilizes gradually towards the end. Tests were stopped
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Fig. 18. Fatigue crack growth and mode II SERR development of (a) RL series, (b) RM series and (c) RH series.

when no further crack growth could be detected by the DIC system,
except for the low roughness specimens where the crack growth stabi-
lised at 165 mm. The crack growth for other two roughness series both
stabilised at around 220 mm, corresponding to the location of the right
loading point.

In order to consider influence of friction on SERR at the crack tip,
FEA was performed as explained in Section 3, next to EGM, to calculate
the mode II SERR at different force levels and crack lengths. Three series
of models are built for specimens with different roughness, each of
which is defined with the friction coefficient obtained by the 4 Hz fric-
tion tests described in Section 2.3 (see Fig. 5(d)). A relationship between
the test force (P), the crack length (a) and the Gy was established, as
shown in Fig. 19. A non-linear surface fit was applied to the numerical
results using Eq. (10). The force term, P, is of second-order to be
consistent with that in the EGM (see Eq. (4)). A linear correlation of the
crack length, a, is included to take into account the geometrical non-
linearity and friction effect [31] which cannot be considered by the
EGM. Parameters ki, ks and k3 are determined by the least squares
method and are listed in Table 5 for different roughness series.
Substituting forces and crack lengths from the tests into Eq. (10), the
mode II SERR with friction effect considered can be calculated. The
calculated SERR based on the non-linear FEA will be used to establish
the fatigue resistance curves.

G=k\P*+ka+k3 10)

13

Fig. 19. Mode II SERR vs. force and crack length from FEA.
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5.3. Fatigue resistance curves

To construct the fatigue resistance curves, namely the Paris curves,
the crack growth rate, da/dN, is calculated by the secant method rec-
ommended in [33], as shown in Eq. (11):

dll/dNﬁ = (a,-ﬂ 7&1-)/(1\],4,1 7N,) (11)
where i represents the ith data point. The average crack length in each
crack increment, @ = (a;41 +a;)/2 is used to calculate the corresponding
SERR. The crack growth rate is plotted against the AGy calculated by
EGM and FEA in Fig. 20 for each roughness series, and fitted by a power
function as described in Eq. (12) such that the Paris curves can be
obtained:

da/dN = C(AGy)" 12
where C and m are parameters determining the intercept and slope of the
Paris curves, respectively. They were determined by the least squares
method and listed in Table 6 for each specimen. It should be noted that
data points corresponding to crack length above 200 mm are excluded in
the Paris curves to eliminate the influence of compressive stresses
resulting from the right loading point [27]. It can be seen from Fig. 20
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Table 6
Paris curve parameters of different roughness series.

Specimen series EGM FEA with friction

C m c Cc m c
RL-F 1.70 3.30 1.99 4.51 3.29 6.85
RM-F 0.04 3.97 0.051 0.14 3.97 0.15
RH-F 0.01 3.07 0.0078 0.03 3.47 0.03
Average 3.45 - - 3.58

that data points from each roughness series are within a reasonable
scattering range. Curves based on calculation of SERR by use of FEA
(dashed lines) always shift towards the left compared to the EGM-based
curves (solid lines). In case of the same slope parameter m the FEA-based
results are reflected by the higher C values compared to EGM-based
results as shown in Table 6. This difference is mainly related to the
friction effect, as discussed in Section 4.3 and Ref. [31]. Friction forces
at the fractured interface, as well as between the loading/supporting
point and the specimen, contribute to load transfer mechanism of the
specimen, leading to reduced portion of forces that need to be trans-
ferred at the crack tip and therefore reduced SERRs at the crack tip. This
effect can be considered by a non-linear FE model but cannot be
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Fig. 20. Paris curves with SERR obtained by EGM and FEA from (a) RL series, (b) RM series and (c) RH series.
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considered by the linear EGM method. By analysing the sets of FEA and
EGM-based results, the pattern emerges at the bottom part of the Paris
curves. Although the bottom part of the curve corresponds to an already
developed crack, therefore larger fracture surface where friction could
be exhibited, the contact stresses at the fractured and support/load
faying surfaces are lower at the stage due to reduced load applied in the
displacement controlled experiment. In total there is less friction at the
stage of developed crack which is shown by a slightly smaller difference
between the curves from EGM and FEA at the bottom of the Paris curves
in Fig. 20.

Data points from all roughness series were plotted together for
evaluating the effect of steel surface roughness, as shown in Fig. 21 (a)
(based on EGM) and (b) (based on FEA). The critical SERRs are also
indicated in these two figures for each roughness series based on EGM
and FEA. The least squares method is used to fit the C and m values for
each roughness independently (solid lines), which are listed in Table 6.
It can be seen that, for both numerical and analytical methods, Paris
curves from different roughness series are generally parallel, namely the
slope of Paris curve, m, is mildly dependent, up to 20%, on the steel
surface roughness. However, the position of the curves changes signifi-
cantly among different roughness, with the C parameter decreasing up
to two orders of magnitude as the roughness increases. This means that
the crack growth rate of the high roughness series can be only 0.5-1% of
the low roughness series at the SERR range of 1 N/mm. On the other
hand, the fatigue resistance of RM series can be higher than that of the
RH series at relatively low (e.g. below 0.1 N/mm) SERR ranges due to
the higher curve slope (m value) of the RM series.

The m values are plotted against the roughness parameter Sq and Sgr
in Fig. 22 (a) and (b), respectively. The variation of m is within an
approximate range from 3.0 to 4.0 for EGM-based and FEA-based re-
sults, which is much smaller compared with the variation of magnitudes
of the C parameter. Therefore, for further comparison of Paris curves
from different roughness series, it is adopted that the m parameter is
independent of the roughness levels. The average values of m for EGM
and FEA based analysis are indicated in Table 6. The EGM-based m value
overlaps well with the FEA-based result, despite the friction effect. The
average values of m parameter, 3.45 and 3.58 for the EGM and FEA-
based results respectively, are therefore taken and the C parameters
are determined again for each series following the least squares method.

The new fitted Paris’ curves are plotted as dash lines in Fig. 21. The
newly obtained C parameters, C’, are listed in Table 6 and are plotted
against the roughness parameter Sy and Sg in Fig. 23 (a) and (b),
respectively. Compared with the initial C parameters, the new C’ pa-
rameters change slightly due to the fixed m values. It can be seen from
Fig. 23 that the C’ parameter decreases as the roughness S; and
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developed area ratio Sq; increases. Generally speaking, the C’ parameter
becomes one order of magnitude lower when the roughness increases
from the low level to the medium level, and also from the medium level
to the high level. Considering the variation trend of C parameter, a
power function, Eq. (13), is used to depict the relationship between C
and roughness parameters:

Cc=q(s) 13)
where S is the roughness parameter, Sq or Sg;, ¢ and b are the fitted
parameters, determined by the least squares method. The fitted results
of g and b are listed in Fig. 23. Comparing results obtained from EGM
and FEA, the FEA-based C parameters are higher than the EGM-based
results. This is again due to the friction effect. Taking the friction at
the interface and the support/load regions into account, the FEA-based
Paris curves shift towards the left of the EGM-based curves as shown in
Fig. 20, thus leading to apparently ‘lower’ fatigue resistance and higher
C parameters.

Compared to the fracture toughness, fatigue resistance of the
composite-to-steel bonded joints seems to be more sensitive to the sur-
face roughness of the steel adherend. Taking the FEA-based results as an
example, the crack propagation rate at AGy= 1 N/mm (represented by
the C values) decreases by 98% from 6.85 mm/cycle to 0.15 mm/cycle
when the roughness S increases by 2 times from the low to the medium
roughness level. A 80% decrease of crack propagation rate is found when
Sq increases by 50% from the medium to the high roughness level. A
similar trend is also found when the roughness is expressed by Sq,. This
means that the improvement of fatigue resistance comes essentially from
a lager effective bonding area. The fatigue resistance is highly influ-
enced by the roughness features on the steel surfaces possibly due to the
fact that the adhesive failure is the predominate failure mode. This is
different from Ref. [19], which stated that the fatigue performance is
insensitive to the surface roughness when the crack path moved farther
from the interface. However, it should be noted that in the current study
the adhesive failure is forced by placing the steel adherend on the top in
order to characterise the minimum possible fatigue resistance of the
bi-material joints. In real application, such as in wrapped composite
joints [35], fibre bridging may be exhibited thus the bi-material bonded
joints could have higher fatigue resistance. Furthermore, the enhancing
effect on the fatigue resistance does not show a decreasing trend at high
roughness level, as observed for fracture toughness, indicating that the
bonded joint is not effected by the same deterioration mechanisms as for
the static performance. In conclusion, the results show that in the
adverse case of adhesive failure, the fatigue resistance of the bonded
joint can be sufficiently ensured as long as an appropriate surface
preparation is applied before joining.
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Fig. 21. Paris curves of different roughness with SERR obtained by (a) EGM and (b) FEA.
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6. Conclusions

Understanding and quantifying the bond performance of the bi-
material composite-to-steel interface, is of great importance for suc-
cessful application of bonded joints in load-bearing structures. The bond
quality is known to be sensitive to production tolerances with respect to
surface preparation quality of the steel element but mildly quantified in
current literature. The present study investigates the influence of the
steel surface roughness on the mode II fracture toughness and fatigue
crack growth properties of the bonded composite-to-steel interface,
aiming to provide important information for predicting fracture
behaviour and fatigue life of the joints. By performing quasi-static and
fatigue 4ENF tests on three specimen series with surface roughness
ranging from 5 pm to 22 pm, the following specific conclusions can be

drawn:

e Under static loading, adhesive failure, directly at steel surface, pre-
vails in specimens with low and medium surface roughness while
fiber-tear failure with fiber bridging is evident in specimens with
highest surface roughness leading to larger fracture toughness.

Correspondingly, initiation value of strain energy release rate in-
creases by more than 2.8 times from low to medium toughness levels
and only increase by 36% from medium to high roughness levels. The
enhancing effect is mainly due to the enlarged effective bonding area
between steel and composite as the roughness increases. Possible
deterioration mechanisms such as voids formation may counteract
this effect at highest roughness.

e In the case of fatigue loading, the low and medium roughness series
are again characterized by adhesive failure while high roughness
series experienced mixed adhesive and cohesive failure through thin
layer of resin. Fatigue crack propagation is found to be following the
Paris regime in the tested range of strain energy release rates. The
slope of Paris curve, m, is mildly dependent, up to 20%, on the steel
surface roughness and is around 3.58. However, the fatigue resis-
tance of the bonded joint increases significantly as the roughness
increases, with the C parameter decreasing one order of magnitude
(6.85-0.15) from low to medium and another order of magnitude
(0.15-0.03) from medium to high roughness. This is due to the fact
that the crack path under fatigue loading is close to the interface and
surface texture plays an important role. Thus, increasing the steel
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roughness by surface preparation to the highest level does not bring
large benefit for fracture bonding performance due to quasi-static
loading but does have beneficial effect for fatigue performance due
to cyclic load.

The friction effects in 4ENF specimens can lead to higher calculated
fracture toughness and fatigue resistance when employing the well-
known analytical solution a.k.a. the extended global method. Spe-
cifically, the fracture toughness against quasi-static loading and
crack propagation rate due to fatigue loading can be falsely charac-
terized 60-70% optimistic (non-conservative) compared to more
accurate estimation of the crack growth parameters by the virtual
crack closure technique in finite element model.

The presented work brings the method to take into account the
friction effects into account by determining the strain energy release
rates in the finite element model where friction at the insert and
cracked interface between composites and steel are incorporated in a
robust non-linear solution utilising Abaqus/Explicit dynamic solver.
The friction coefficients are measured in tribometer tests with the
testing frequency being 0.2 Hz and 4 Hz to mimic the quasi-static
and fatigue loading cases, respectively. The friction coefficients are
found to be approximately 0.25 and 0.5 for the PTFE insert region
and cracked region regardless the steel surface roughness.

In conclusion, effective surface preparation of the steel adherend is
essential to achieve enough sufficient roughness and enhance the fatigue
resistance of the composite-to-steel bonded joints.
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