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Abstract: In adhesive bonding, two different substrate materials are joined together, usually by 
forming chemical bonds. The adhesive can stick things together. The loading rate and deformation 
mode can easily change the mechanical properties of the adhesive material. Hence, a vital aim of 
the current study is to evaluate the strain rate effect on the damage response of adhesive joints for 
Mode I loading scenarios. The adherend material was aluminum AL6061-T6, and Araldite 2015 
was the adherent material. This experiment for delamination had a prescribed adherend size of 
200 mm x 25 mm x 3 mm and an adhesive thickness of 0.5 mm. In situations where the strain rate 
affects the failure mechanism, a displacement rate of 5, 50, or 500 mm/min is sufficient to attain the 
failure mechanism. A double cantilever beam (DCB) specimen was employed to construct the FE 
model geometry for simulation. A hybrid experimental-FE technique was utilized to extract the 
properties of the adhesive interface. FE simulation has proven to have an excellent correlation with 
the experimental findings.

Keywords: Adhesively bonded joints; Mode I fracture toughness; Cohesive zone model; Finite 
element simulation; Strain rate effect

1. Introduction

Adhesive joints have grown in popularity in recent years due to the benefits they offer, 
such as low er stress concentrations and w eight w hen com pared to traditional m echanical 
bonding, such as bolted or riveted joints [1]. The application of adhesive joints can be found 
in structures of various strength levels. Applications include miniature products as well as 
aircraft and vehicle com ponents such as honeycom b and com posite lam inate structures. 
They are also used in a variety of electronic and packaging industries for applications such 
as E M I shield ing and grounding m icroelectronic com ponents [2] . A dhesive joints have 
been used to attach printed circuit boards to heat sinks of aluminum or copper, and they are 
also used in autom otive applications [3 ]. If contrasted w ith other types of jo int fabrication, 
such as w eld ing, riveting, and bolting , adhesively  bonded joints provide a variety  of 
features [4,5 ]. For example, the adhesive joint has the flexibility to disseminate stress further 
uniform ly over the joint area, offers enhanced strength efficiency, m inim izes electrochemical 
degradation among dissimilar metal adherents, and produces the efficiencies of the ultimate 
arrangem ent concerning m any other jo in ing  techniques. The design of adhesive joints
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allows them  to withstand flexural stress and reduce vibration and noise in such applications. 
Both initial tack and resistance to shear and peel are characteristics of these adhesives. The 
dependability of adhesives in microelectronic components is determined by the integrity of 
the assem bly 's different interfaces. In  order to establish  the reliability  of adhesive jo ints, 
both the failure process and the deform ation attributes of the jo in t m ust be quantified [2 ].

The general loads inevitably  contribute to com plex stresses that also include tensile, 
shear, and mixed stresses on the parts that are held together. As a result, various dominant 
jo in t failure m odes such as adhesive failure, cohesive failure, and their com bination have 
been  recognized [6 ]. C racking inside the bond is referred to as cohesive failure, w hereas 
interface delam ination of the adhesive and adherend is referred to as adhesive failure. The 
m aterial strength of adhesive m aterials is also susceptible to loads, loading types, and 
load variations. Fracture events in  the layered structures can occur in M ode I, M ode II, 
M ode III, and m ixed-m ode conditions. These effects have been  studied u sing a double 
cantilever beam  (D C B), end-notched flexure (EN F), edge crack torsion, and m ixed-m ode 
bending tests [7- 14]. M ode I delam ination has been identified as a m ajor failure event due 
to the significant loss of stiffness in polym er-based adhesive jointed structures [15]. W hen 
compared to ductile adhesive, composite joints having brittle adhesive exhibit lower M ode 
I fracture toughness [16].

N um erous factors, such as operating conditions, im proper surface cleaning of adher
ents, and chemical contam ination, influence the strength and correlated damage mechanism 
of an adhesive joint. [17]. From dry to w et environments, fracture toughness can be reduced 
by  92% , and the cohesive m ode of failure is shifted to the adhesive m ode of failure [18]. 
W hen epoxy-to-steel adhesive joints are tested in seawater, the tensile m odulus and strength 
decrease as the aging tim e increases [19]. A t various com binations of absorbed m oisture 
and temperature, a double cantilever beam  (DCB) specimen demonstrated varied m echani
cal properties. At - 4 0  °C, a cohesive mode of failure was noticed [2 0 ] . Temperature effects 
on basalt FRP-alum inum  adhesive jo in ts ' m echanical properties are w ell established [21]. 
In another w ork, the collective effects of the rate of loading and change in tem perature on 
a D C B specim en's strength and fracture energy considering structural acrylic adhesives 
w ere m easured [2 2 ]. M ode I fracture toughness w as also exam ined in a study analyzing 
the behavior of a modified eco-epoxy adhesive (tannic acid (TA)) to assess the performance 
of the new  m aterial [23]. The strain rate dependence has been  show n by the m echanical 
properties of both mild steel adherents and the adhesives. The evaluation of the trustwor
thiness of adhesively bonded structures and assemblies requires in-depth knowledge of the 
m echanism s of degradation that influence the com ponent's reliability [24]. The influence 
of the strain rates on the tensile and shear characteristics governs how  w ell the adhesive 
jo ints react structurally and how  they break.

To ensure the structure's reliability, it is critical to precisely estim ate the prelim inary 
and long-term  reactions of these jo ints. In this regard, the C ZM  is frequently  used to 
sim ulate the dam age process of adhesive joints [25,26]. The C ZM  establishes the relation 
betw een traction and relative disp lacem ent at any m aterial p oint on the interface for the 
onset of dam age and consequent separation. Several traction-separation  law s, including 
bilinear, exponential, trapezoidal, cubic, and rigid linear laws, have been investigated [27]. 
In an FE sim ulation, the C ZM  m odel w as used to explain the bonded interfaces' dam age 
process [28]. To foresee the damage response of an aged single lap jo int specim en, a bilinear 
cohesive law  w as used [29]. The calculated and quantified static strengths, as w ell as 
the responses of load and displacem ent, show  a strong correlation. H ow ever, there are 
few  FE  sim ulations that predict the effects of m oisture and loading rate on the adhesive 
jo in t's  functioning. Through a series of experim ents conducted on adhesive alum inum  
adherend sam ples for M ode I, the effects o f the strain rates on the structural adhesive 
response w ere determ ined. The param eters of the C Z M  are calcu lated  from  the output 
load behavior em ploying a m ethodology that utilizes a hybrid experim ental-finite element 
analysis (FE) approach [30]. The generated load -d isp lacem en t response is em ployed to 
verify the adhesive bonding jo in t's predictive dam age model.



Processes 2023,1 1 , 81 3 of 14

The prim ary goal of this research is to develop a model to predict the deformation and 
failure m echaoism s of adhesively  bonded jo in ts subjected to varying strain rates under 
M ode I loadiog. The essenttal param eters for the C ZM  are determ ined using a hybrid 
exp erim en tal-F E  m ethodology. This m ethodology is described in a context reflecting 
its im portance in the follow ing section. In evaluating the valid ity  ot the C ZM  extracted 
interface properties, it is necessary to em ploy n load-displacem ent response that -would be 
com parable and determ ined by FE.

2. Cohesive Zone M odel

The fracture p rocess is treated as a gradual phenom enon in  cohesive zone m odeling 
(CZM ), w ith  cohesive tractions opposing the separation of nhe m ating surfacer [ng]. The 
interface's cohesive behavioe cars be explained by interface degradation in adhesive joints. 
The CZM  m odel depicts the separation c f  the interface as a progressive (damage initiation 
and propsaation process. The model was developed in 1959 whnn Barenblatt [32] used the 
term  "C Z M " referring to Che brittle interface fracture and separation.

Cohesive Zone M odel Formulation

The cohesive zone model (CZM) is briefly analyzed here for the explanation oi m ixed
m ode interface failure. Figure C show s the traction separation law  fist individual and 
m ixed-m ode loading conditions [33].

Traction

Figure 1. Bilinear traction-separation in mixed mode [33].

Until the damage onnet, the slope of penalty stiffness is linear. In individual mode, the 
interface penalty stiffness (krn, ks) is the rate of developm ent of elastic stress. Tins initiation 
of dam age is char ac terized according to the (quadratic stress cr iteria [33]:

( W + ( ? ) 2 + ( f ) 2 *  1 (D

w here M acaulay 's bracket ( ) m eans that only a positive quantity  of the norm al stress 
a 33 w ill cause dam age (no dam age in norm al com pression as it w ould close the crack). 
The shear stresses are T31 and T32, w hereas S and N  are the in terface's shear and norm al 
strengths, respectively. This signifies that mixed-mode loading delamination onset can take 
place at individual stress levels sm aller than the subsequent in terface's shear or tensile
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strength. A fter the onset of dam age, the evolution  of dam age to fracture is estim ated 
through the release rate of strain  energy. W hen  the follow ing criteria are satisfied, the 
critical m aterial point on the interface is separated [34]:

Gt  =  G/c +  (G//C -  G i c ) ^ 11 g t 111)  (2)

G/c and G//c in  Equation (2) are the fracture energies for M ode I and M ode II, respec
tively. The degree of interaction of each individual m ode is represented by the exponent n  
Table 1 lists the adherend and adherent properties.

Table 1. Araldite 2015 [35] and Al6061-T6 [36] mechanical properties.

Property Araldite 2015 Al6061-T6

Young's modulus, E (GPa) 1.85 69

Poisson's ratio, u 0.33 0.33

Yield strength, ay (MPa) 12.63 289

Tensile strength, a f  (MPa) 21.63 328

Curing temperature/time 
(° C/min) 60/35 -

Glass transition 
temperature/time (°C/min) 67 -

In order to quantify the influence of strain or loading rate on the dam age process of 
the adhesive jo ints, it is essential to take into account the changes that w ere m easured in 
the param eters of stiffness and strength. This effect can be observed by taking into account 
the usual traction-d isp lacem ent law  for various straining effects, as show n in  Figure 2 . 
W ith higher rates, the area under the curve (representing the strain energy release rate, 
G/c) low ers as the penalty  stiffness (kn) and tensile strength (N) grow. Thus, Equation (1) 
predicts a later dam age initiation event, w hile Equation (2) predicts a m ore rapid dam age 
evolution as a result of the decreased toughness. For the shear traction-d isp lacem ent 
reaction, it is expected that sim ilar effects w ill occur. This indicates tha t the contact has a 
response sim ilar to brittleness w hen subjected to a high strain rate.

Figure 2. Influence of strain/loading rate on Modes I traction-displacement law for softening of 
interface material.
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3. M aterials and M ethods
3.1. M ode I  (Crack opening) Test

(a) The Specim en Preparations

The fracture energy of this jo in t configuration w as assessed using a D C B specim en, 
as show n in Figure 3 . A raldite 2015 bonded the A l6061-T6 jo in t; Table 1 sum m arizes 
th e p ro p e rties  of the adhesives and adherents. The dim ensions oS the specim en w ere 
200 m m  x 25 m m  x 3 m m . A fter the jo in t w as bonded, 100 |Mm silica particles w ere em 
ployed to sandblast the alum inum  adherend. Then, the surface roughness -eras determined 
as 5.26 |Mm using a M arSurf CD 140 series m achine.

Figure 3. (a) DCB schematic representation; (b) the actual DCB specimen.

Before the bonding process, acetone was used for degreasing the surfaces of adherents. 
In order to m ake snre that the bond w as uniform ly thick, a spacer w ith  0.5 miss thickness 
was employed. A "Teflon film (~16 |Mm) was placed amid the 0.5 mm polym er adhesive and 
the top adherend to form a pne-crack le n ^ h  of ao = 50. 'The bonded sam ples w ere exposed 
to 2  M Pa for 15 s . dhe sample w as dried at 50 ° C for two hours. The sam ples were at room 
tem perature for 24 h before testing.

(b) M ode I Test

In  order to perform  the crack opening M ode I test, a test m achine (Instron 5982) 
having a 5000 N  load cell w as em ployed. The experim ents w ere conducted using various 
displacements of 5 ,5 0 , and 500 mm/min rates under an ambient environment. In each test, 
the response of load and corresponding d isplacem ent w as recorded and m onitored until 
the sam ple fractured. The test w as repeated three tim es to m ake sure that it w as the sam e 
each tim e and to obtain an average.

(c) Critical Strain Energy Release Rate

The load-displacem ent response curve w as used to assess Giic for different displace
m ent speeds. Sim ple beam  theory Equation (3) determ ines the critical energy release rate:

G ic  —
3Pi 5 
2ab (3)

where Pi is the load at damage onset (N), 5 is displacem ent (mm), b is adherend aluminum 
specim en w idth (m m ), and a is crack length (mm).

3.2. Finite Elem ent Simulation

The CZM characterizes the fracture features of mode I debonding by integrating strain 
rate responses. The sim ulation findings are reported in this paper. Figure 4 illustrates the 
FE m odel discretized into 3D elem ents, illustrating the geom etrical outlook and boundary
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conditions for the DCB specimen. The adherents and the bulk adhesive layer were both dis
cretized using continuum  elements w ith redu ce d integration (SC8R). The interface adhesive 
w as then m ode led using 8 nodes of cohesive elem ent (COH3D) w ith zero thickness.

disp. UK=Uy=0 
along the width

J
Location o f crackfront

disp. U= U ,= U = 0  
along the width

k '

Figure 4. FE model for DCB specimen showing boundary conditions and element mesh.

M aterial properties are listed in  Table 1. The bottom  half of the specim en w as fixed, 
and all the translations w ere zero ( Ux = Uy = Uz = 0). The displacem ent w as applied to the 
top half of the specim en, w hich  could freely m ove in  the z-direction (Ux = Uy = 0). Each 
sim ulation w as perform ed w ith  one d isp lacem ent rate. The d isp lacem ent w as g iven  at 
different required disp lacem ent rates (5 to 500 m m /m in). To -verify that size of the m esh 
d o e sn o t influence the predicted stresses, a m esh convergence stu d y w as perform ed, and 
the sim ulation adhered to its requirem ents. N orm al stress w as taken as the governing 
variable for the m esh convergence study, and the results are shown in Figure 5 . The results 
show that the sm allest elem ent size of 0.3 mm edge length will ensuse the independence of 
calculated variabias based on elem ent m esh size.

0.25 0.5 0.75

Element size (mm)

Figure 5. Mesh convergence study for the adherend/adhesive interface crack tip.
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4. Results and Discussion
4.1. Interfacial Fracture A dhesive Joints under M ode I  D ebonding Loading

Figure 5 show s that the highest load is 85.96 N  for a displacem ent rate of 5 m m /m in, 
100.07 N  for 50 m m /m in, and 114.46 N  for 500 m m /m in. It is noticeable that the reaction 
load increases at first. Then, the am ount of energy that has accum ulated continues to rise 
u ntil it is the sam e as the energy required to initiate the spread of the fracture. O nce the 
applied load begins to drop, it signifies that a crack is starting to extend.

Azevedo [37] performed a study on three different adhesives: Araldite AV138, Sikaforce 
7752, and A raldite 2015. H e found that, com pared to tw o other m aterials, A raldite 2015 
is the m ost flexible adhesive. In preventing cracks from  spreading, the ductile adhesive 
-w/ill w ork better. As dem onstrated in Figure 6, the m axim um  load w ill be higher w hen the 
displacem ent rate is higher.

120

9 0

^  6 0  ca

30  

0

D isplacem ent (m m )

Figure 6. Load-displacement curves for DCB specimens at different loading rates.

4.2. Loading Rate Effect on A dhesive joint Strain Energy Release Rate

Figure 7 illustrates how the measured M ode I fracture toughness shifts for adhesively 
bonded joints w hen the crosshead displacem ent rate is varied from 5 to 50 to 500 mm/min. 
The effect of increasing strain rate on fracture energy clearly indicates that the measured frac
ture energy decreased as the displacem ent rate increased from 5 m m /m in to 50 m m /m in. 
U pon a further increase in  the strain rate to 500 m m /m in, the fracture energy further 
(decreased to a low er value. This if indicated by the squeezing bilinear traction separation 
law, w hich m eans that the covered area beneath the curve decreases w hen the strain rafe 
increases. Also, tire displacem ent a i the onset Sn and displacem ent at the tracture f  shift 
to sm aller values. This m eans that w ith an increasing strain rate, less energy is required to 
fracture the specim en.

4.3. Extraction o f  CZM  Param eters through an Experim ental-FE  Approach

Figure 8 illustrates the load response of the DCB specim en under the M ode I loading 
condition w hen a displacement w ith the rate of 5 m m /m in is applied. It also illustrates that 
the experim ental curve and the sim ulation curve intersect in the center of the curve. Both 
the straight line and the experim ental curve start to deviate at point A  w ith a 5% arbitrary 
slope reduction. This load level is hypothesized as corresponding to dam age onset in 
M ode I. The dashed line shows the response of a perfectly bonded interface (assum ing no 
dam age). The identical sim ulation process is used for all d isp lacem ent rates. In addition, 
the p lot of individual rates of disp lacem ent m ay be em ployed to determ ine the location 
w here dam age initiates.



Processes 2023,1 1 , 81 8 of 14

0 .1
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Figure 7. Effect of loading rates on fracture energy Gjc.

95% slope

l o o t)

Initia
//y>

1 slope Expt.

A

0  1 2  3

Displacement (mm)
Figure 8. Measured and FE results )or 5 mm/min.

The peeling  stress a t point A  has attained the in terface's tensile strength, N. H igher 
norm al itre st at the cen/er of the specim en is predicted as show n in  Figure 9 . The results 
of num erical sim ulations dem onstrate that the m axim um  tensile stress for a 5 m m /m in 
displacem ent rate has been attained in the m iddle of the path of the specim en.
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20

^  15
&4

CDv-<
55
03
g
o

Z

10

0

^ ------------
19.82 MPa

0 255 10 15 20
Distance across interface crack front (mm)

Figure9. Predictedstressat the interface crack-front for 5 mm/min case.

T h eh ig h est am ount of tensile stressw as 19.82M P a, know n as the tensile strength of 
the interface. O nly a sm all p art of the path of the specim en is affected by  the 4.5 M pa of 
tensile stress, signifying the traction-free edge effect. D uring the sim ulation, the rate of 
displacem ent is slowly applied. "When the crack propagates, tine: highest tensile stress occ urs 
in  rhe m iddle o f the specim en. U nder M ode I loadidg, on the other hand, the specified 
path reached the stable tensile stress a t a rate of 5 m m /m in, w hile the m axim um  tensile 
stress w asseen . The corresponding relatived isp lacem ent is plotted against norm al stress 
in F ig u re  10. This show s th en orm al penalty slope of the interface.

20

rj
O,
s

■= 10 -
GO

t—
Eo

0

A

H C

J ?

K

0 0.00160.0004 0.0008 0.0012
Relative Displacement (mm)

Figure 10. The slope of the corresponding normal traction relative.

A n explanation of a CZM  curve that is a bilinear traction separation law  is show n in 
Figure 11. The specim en is loaded to its m axim um  w hen the tensile stress and penalty 
stiffness curves are at their respective h ighest peaks. The critical energy release rate falls 
after the peak load.
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Relative displacement (mm)

Figure 11. Normal traction against relative displacement on each displacement rate.

Table 2  summarizes the extracted param eters of the m ode I interface. As in the case of 
fracture energy, w ith the rising strain rate, the penalty stiffness of the specim en also rises, 
but the norm al strength decreases.

Table 2. A summary of the Mode I CZM propertees that were extracted.

— — ^^^^D isplacem ent Rate (mm/min) 
Parameters " — -—

5 50 500

Penalty stiffness, kn (N/mm3) 1.4 x 105 1.7 x 105 2.0 x 1 0 6

Normal strength, N (MPa) 19.82 28.02 36.76

Fracture energy, Gjc (N/ mm) 0.092 0.082 0.081

4.4. FE M odel Validation fo r  CZM

The sam e FE m odel used in previous discussions is dem onstrated again to validate 
the interface properties. Sim ilar m ethods are practiced fos the validation  of m odel and 
sim ulation processes in previous works [2,7,10,38]. The reaction of the interface is controlled 
by  the bilinear traction-sep aration  law. This, study, through FEA , seeks to determ ine the 
im pact of a varied d isplacem ent rats on adhesive jo ints. It is esteblished how  strain rates 
influence the deform ation of structures. To v srify  this inform ation, the FE sim elatien  
m ethod used a fracture m echaniem  of the adhesive-bonded interface to dem onstrate the 
internal etates' resfon ses. Figure 12 compaees the FE-calculated and experim ental results 
for the d isp lacem snt rate of 500 mm/mire. The good agreem ent of the reaults verifies the 
em ployed technieue and the m odel param eters.

Displacement (mm)

Figure 12. Experimental and FE-calculated results for load vs. displacement.
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As d isp lacem ent loading increases, the load increases linearly  to its m axim um  and 
then decreases gradually. The slope changes slightly w hen the load is approaching its peak 
value. This im plies that a significant am ount of stiffness w as dissipated in the beam  as a 
result of dam age occurring in the short crucial zone of the interface, m ost likely  tow ards 
the crack front. There appears to be an extended, stattle; interface fracture based on the 
progressive reduction in load.

4.5. Fracture Process o f  A dhesively Bonded Joints

D am age onset and evolution for a disp lacem ent rate of 500 m m /m in are show n 
in  Figure 13. The dam age variable for initiation develops in a quadratic m anner under 
liqu ation  (1). W hen the dam age variable for initiation approaches unity, the dam age 
variable for1 evolution ’will start.

0.8

8
*S 0.6 ►—«
<D
W)

a 0.4CS
a

0.2

n11 
/ 1
/ 1 / 1 

/ i
--------- Da m age Initiaition

I i 
i 
i

--------- Da m age Evol ution

i
i
i
v
i
i
i

0 .1 0.2 0 .4 0.5 0.60.3  

Tim e (s)

Figure 13. Distribution of variables for 500 mm/min.

4.6. Interface Damage Accum ulation

Figure 14 shows the dam age to the interface through the FE-calculated result, w hich 
displays the dam age initiation variables (Q U A D SCRT). The dam age initiation variable 
(Q U A D SCRT) is calculated using Equation (1) by FE softw are, as shew n in  Figure 14a . It 
shows that a value ot this damage variable (equal to 1 moans the damage has been initieted. 
It has been  show n th st the m echanism  of failure at the interface o f D C B specim ens is 
governed by the equivalent tensile stress. Figure 14b show s the dam age variable (SDEG) 
calculated  by  Equation (2). This variable w ith  a value of 1 show s that the m aterial point 
is separated, i.e., full fraciure energy has been  d issi°a ted . The crack  advancas from  the 
crack front; tow ards the m iddle. This is because of the traction-free edge effect. As the 
m aterial separatee, the am ount of tensile stress gradually  goes to zero. The collection of 
these sepsrated m aterisl points show s the progressive dam age of she adhesive interfact.

The dam age evolution variable is illustrated wioh she D CB specim en at the adhesive 
jo in t in Figure 15. The m aterial points w here the dam age variable (SD EG ) has reached 1 
are already separated and are show n in red. The dam age propagation shows progressive 
dam age of the adhesive interface with an alm ost straight expanding crack front.
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Figure 14. (a) The contour of QUADSCRT; (b) SDEG of the interface.
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Figure 15. The damage evolution variable SDEG near the front of the crack, indicates the 
separated elements.

5. C onclusions

The process of dam age and failure of an adhesively bonded jo int subjected to M ode I 
loading has been characterized. To take into account the strain rate effect, a validated FE 
technique using the extended CZM has been established. The model w as evaluated for the 
D C B specim en w ith  d isp lacem ent rates of 5, 50, and 500 mm / m in. The findings indi cate 
the following:

>- Adhesively bonded joints under M ode I loads; have been studied experim entally and 
numerically: to determ ine the dam age and failure process.

>  For the D CB test, tensile sSrength, pena°ty stiffness, and fracture energy of the CZM  
interface properties w ere dpterm ined at various disp lacem ent rates of 5, 50, and 
500 m m /m in. It is observed that the tensile strength and penalty  stiffness increase 
and fracture energy decreases w ith increa4ing displacem ent rate.

>  At displaccm ent rates of 5, 50, and 500 m m /m in, an extended CZM -based FE sim ula
tion approaeh for 1:he strain rate of an adhesively bonded ioint w as evaluated.

>  The findings show that the interface fracture process is governed by an adhesive failure 
m echanism  and that crack propagation is stable at the loading displacem ent rate.
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