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ABSTRACT. The paper studies the adhesive strength of aluminum alloy 
specimens bonded with the use of an epoxy adhesive, under the tensile-shear 
stress state, depending on the testing temperature. Tension of modified Arcan 
specimens with load angles of 0, 22.5, 45, 67.5, and 90° with respect to the 
plane of adhesion is chosen as the experimental method. Experiments were 
performed at temperatures of −50, +23, and +50 °С. The analysis of the 
obtained results yields a linear fracture criterion and a fracture locus for the 
adhesive failure strain energy density, which takes into account the ratio of 
the elastic properties of the adhesive to those of the substrate. The region 
bounded by the fracture loci of adhesive strength and ultimate strain energy 
density determines the conditions for the safe loading of the bonded assembly 
in terms of the energy and force criteria of adhesive failure. The proposed 
fracture loci can be used, preferably simultaneously, to estimate the in-service 
strength and reliability of adhesively bonded assemblies. 
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INTRODUCTION 
 

n designing advanced machinery and predicting its further development there is a consistent trend of increasing 
external mechanical, thermal and other loads and maintaining performance and durability under extreme operating 
conditions, including emergency situations. This clearly manifests itself in the development of aerospace equipment, I 
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structures and devices to be operated in the Arctic. For example, thermal stresses resulting from a great difference 
between the temperatures on the sunny and shady sides of structures in the regions of the Far North and Antarctica cause 
cyclic thermal strains. This may significantly damage protective coatings and adhesively bonded assemblies, the material of 
which is subjected to additional loads due to the different thermal expansion coefficients of the coating and the metal 
base. Construction, snow, and wind loads on structures induce a complex stress state in protective coatings and bonded 
assemblies, which is aggravated by the effect of negative temperatures. As a rule, in the engineering specifications for 
adhesive materials there is information only on ultimate shear strength (less frequently on cleavage strength) and mostly at 
room temperature. This prevents making adequate design calculations of the strength of coatings and adhesively bonded 
assemblies in operating structures and mechanisms, particularly with the use of advanced CAD/CAE systems.  
The current world trend and potential practical requirements are met by models of cohesive and adhesive failure of 
bonded assemblies and coatings that take into account the effect of the stress state on failure; these models can be used as 
a basis for an approach to evaluating the sufficiency of the strength properties of coatings and adhesive joints. In 
engineering practice, an assumption is widely accepted that adhesive failure occurs as soon as certain criteria are met 
which are some limiting values of a combination of stresses acting in the plane of the joint [1-2]. Generally, these stresses 
are normal and tangential. This approach organically takes into account the effect of the values and signs of the acting 
stresses, as well as their ratios, on adhesive failure. A number of the most widely used criteria for modeling failure under 
complex stress conditions can be highlighted [3–6]. Nevertheless, the application of these criteria to the prediction of 
adhesive failure has a number of constraints, which are as follows: they cannot be used when there are stress singularities; 
the effect of adhesive layer thickness can hardly be reproduced correctly [7]; the stress-strain history of the material being 
loaded is not taken into account.  
In mechanics, one of the most fruitful ideas for describing the failure of glued boundaries is the idea of introducing an 
interlayer having the same mechanical properties as the adhesive or different from them [8-11]. This enables one to use 
the known continual models of strength or to create new specific models of media, taking into account the effect of 
interface discontinuities on the strength of the assembly. When linear mechanics models describing fracture under elastic 
stresses are used, the values of the critical cleavage and shear stress intensity factors Ic and IIc, respectively, are 
determined experimentally; for other types of the stress state the fracture criterion is composed of various combinations 
including Ic and IIc. Despite substantial constraints (applicability to assemblies with low adhesive strength, assumptions 
on the presence of significantly large defects, etc.), publications on studies using this approach are fairly numerous in the 
current scientific and technical literature on adhesion. For example, [12] and [13] are noteworthy among the latest 
publications. The criteria of nonlinear failure mechanics have found no application since it is necessary to take into 
account the crack opening angle, which is a priori unknown [14]. 
The approach using the strain energy release rate Gc to characterize adhesive failure is widespread [15, 16]. (The strain 
energy release rate Gc is defined as a decrease in the total elastic energy in the specimen per unit specimen width with an 
infinitesimal increase in the delamination length.) It was experimentally found that the ultimate values of Gс at fracture are 
different for cleavage and shear (GIс and GIIс, respecrively); therefore, to predict the values of Gс for mixed loading 
conditions, when the normal n and tangential t stresses act simultaneously, J. Hutchinson and Z. Suo [17] proposed to 
consider Gс as dependent on the phase angle  = arctg(t/n). According to ASTM D5528, the values of GIс and GIIс for 
an adhesive joint are determined at the corresponding fixed stress state arising at the start of the displacement of a 
previously arrested crack or the tip of an artificially applied glue line defect. The value of energy release rate characterizes 
the ability to resist spontaneous delamination crack propagation along the interface under the action of external loads, and 
it conceptually characterizes the survivability of the joint in the presence of discontinuities on the interface. The presence 
and sizes of defects on interfaces are a priori unknown, and this decreases the applicability of this parameter to 
engineering developments. Therefore, for the design estimate of the adhesive strength of a bonded assembly, it is 
important to have phenomenological fracture criteria describing the conditions for the initial discontinuity of the joint.  
The ultimate stress state, at which the adhesive joint fractures, is an important force characteristic to be considered when 
designing adhesively bonded assemblies. The work required to break an adhesive joint characterizes the energy 
consumption of the fracture process, and it is also an important parameter to determine operational safety [18-20]. With a 
sufficient level of energy consumption, upon reaching the ultimate load, an adhesive assembly will preserve its bearing 
capacity for some time due to deformation (viscous-elastic-plastic in the general case) appearing in the assembly materials. 
Therefore, for prediction purposes, it is necessary to know the energy and load bearing limits of an adhesive joint. The 
tension+shear loading pattern is fairly widespread in practice and the most dangerous for the structural integrity of an 
adhesive assembly, when the angle between the normal to the bond line and the resultant of forces (external and gravity) 
is at most 90°. 
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The limit characteristics of adhesive assemblies are generally determined from the results of mechanical testing, which can 
be aimed either at the physical laboratory simulation of the behavior of specific assembly components under expected 
operating conditions or at obtaining empirical information for identification of failure criteria and models used in design 
and verification calculations. The latter aim can be effectively achieved by using modification of Arcan specimens [21-31], 
which enable the cleavage stress to shear stress ratio to be varied in a wide range. The test results can offer fracture loci 
determining the limit states of adhesive assemblies as dependent on the stress state and thermomechanical loading 
conditions [30-32]. However, it is noted herewith that, in order to obtain correct results, it is necessary to decrease or take 
into account the effect of stress concentration at the specimen edges [25-28]. 
The aim of this paper is to study the temperature dependence of the adhesive strength of epoxy-bonded aluminum alloy 
specimens under the tension+shear stress state and to describe the obtained experimental results with the use of criteria 
applicable to predicting the probability of the failure of the assembly under operating conditions. 
 
 
MATERIAL AND METHODS 
 

he adhesive strength of specimens made of the 1570 aluminum-magnesium-lithium alloy containing 5.18% Mg, 
0.23% Sc, and 0.07% Zr was studied. This alloy is used in aerospace industry for making structural components. 
Epoxy resin (bisphenol A diglycidyl ether) with 21.1% epoxy groups (Sverdlov Plant, FSE, Russia), cured with 

polyethylene polyamine (36.16% N content and 232 g/mol molecular weight) was used to bond the specimens. To study 
the effect of the stress state on adhesive strength, we used modified Arcan specimens [22] with inserts from bonded 
specimen halves (Fig. 1). 
 

 
Figure 1: General view of the specimen (dimensions in mm) 

 
The specimens were made from a 32-mm hot-rolled plate. The specimen surface was first machined by milling in order to 
obtain the required roughness and to remove the oxide film. The roughness Ra 0.4 μm on the plate contact surfaces after 
machining and abrasion was determined by an NT 1100 non-contact profilograph/profilometer (Fig. 2). 
The Epoxy resin was mixed with the hardener in a ratio of 10:1 and applied onto the degreased surfaces of the specimen 
halves, which were then joined together and left for 24-hour polymerization at room temperature. The adhesive layer 
thickness was 0.2±0.02 mm. The testing was performed in a Zwick/Roell Z2.5 universal testing machine equipped with a 
KTKh-20 environmental chamber enabling testing to be performed at temperatures ranging between −80 and +180 °С. 
For calculations, the necessary values of the normal elastic modulus of the adhesive material at the test temperatures were 
determined from the results of dynamic mechanical analysis with the use of a DMA Eplexor 100 N. Specimens with a 
diameter of 4 mm and a height of 6 mm were made by molding and hardened for 24 hours at room temperature. The 
following test parameters were used: compression as the loading type, a static load of 100 N, a dynamic load of 5 N at a 
frequency of 10 Hz, a temperature variation of −60 to +95 °С at a rate of 1 degree per minute. The specimens were 
cooled in the test chamber of the device in liquid nitrogen vapors and heated by the heating elements placed in the test 
chamber. The heating/cooling temperature conditions were controlled automatically by the actuating systems of the 
device. The force and displacement parameters as functions of the testing time were recorded into the built-in controller  

T 
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Figure 2: A 3D profile of the contact surface of the 1570 alloy insert and the measured roughness characteristics  
 
of the device, and they were used to calculate the dynamic elastic modulus E* represented in the form of a complex 
operator as  
 

E*= E' + iE'',               (1) 
 

where E' = E* cos  is the storage modulus, E'' = E* sin  is the loss modulus, E*= E’ 2+ E’’ 2 ,  is the lag angle (the 
loss angle) between the changes of strain and stress under sinusoidal loading conditions, E* = Δ/Δ, Δ and Δ are the 
stress and strain ranges in a loading cycle. 
The real part of the complex operator (1) characterizes the elastic properties of the material, and the imaginary part 
characterizes the viscous properties. The higher the value of tan () = E′′/E′, the more pronounced are the viscous 
properties of the material.  
The authors of [32] et al. studied the effect of the shape of Arcan specimen edges on the inhomogeneity of the stress state 
at the interface between the adhesive and the specimen and proposed to make the specimen edges beak-shaped [29].  
Such specimens are rather difficult to make; therefore, we used specimens bonded so that the profile of the lateral surface 
had a mushroom shape. The profile was formed by using a special mold to remove excess adhesive squeezed out of the 
interface between the insert halves to be bonded. The profilogram of a portion of the adhesive ridge, which was obtained 
by non-contact scanning with the NT 1100 profilograph/profilometer, is shown in Fig. 3a. The ridge thickness was equal 
to an adhesive layer thickness of 0.2 mm, and the average width was about 0.3 mm. In order to assess the effect this shape 
of the lateral surface of the adhesive layer has on the distribution of contact stresses, tensile and shear testing was 
simulated with the use of the ANSYS v.16.2 software package. The calculation was made in the Shared Access Center of 
the Institute of Mathematics and Mechanics, UB RAS. For comparison, testing of specimens with a flat shape of the 
adhesive layer was simulated. The problems were solved in the elastic statement under plane stress conditions. The ridge 
thickness and width values were assumed equal to the average values obtained from the measurements of the ridge profile 
(0.2 and 0.3 mm, respectively). The spherical radius was conventionally assumed to be 0.15 mm since, according to the 
measurement results, the rounding portion had a complex and variable shape, which is difficult to describe analytically. 
The values of the elastic modulus Е* and its components are presented in Tab. 1, wherefrom it follows that the value of 
the loss tangent tan (δ) is small; therefore, the adhesive material can be simulated by an elastic medium. Similar 
assumptions were made for the material of the metallic specimens. Quasi-static loading is considered, the heat and inertial 
effects being negligible. The contact pair was not specified on the interface. The model parts belonging to the adhesive 
and the specimens had nodes in common on the interface. In the simulation of shear, the following boundary conditions 
were specified (Fig. 4): displacements ux = uy = 0 (surface A2), ux = 0 (surface A1); pressure p = p* (line L1). In the 
simulation of cleavage, the boundary conditions were specified as follows: displacements ux = uy = 0 (surface A2), ux = 0 
(line L4); pressure p = p** (line L2). Here, p* and p** are the pressures specified by the problem conditions.  
PLANE 183 finite elements with refinement near the specimen edges were used for constructing the computational grid. 
A series of computational experiments was performed with varying the shape of the lateral surface of the adhesive layer, 
e.g. convex, concave, etc. The effect of the geometric dimensions of the specimens was not discussed since, with the 
design of the testing equipment used in the study, the possibility to vary these dimensions was limited. As a result, the 
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lateral surface was chosen in the form of a small mushroom-shaped adhesive ridge with a thickness equal to that of the 
adhesive layer. Fig. 3a shows the finite-element grid near the specimen edge with a ridge, the simulation results being 
shown in Fig. 3c,d,e,f. It follows from the data that, when a mushroom-shaped ridge is formed at the specimen edges, a 
favorable stress state appears at the interface near the specimen edges as distinct from that of the specimens with a flat 
lateral surface of the adhesive layer. Namely, in cleavage testing, the tensile stresses decrease rather than increase; in shear 
testing, the normal tensile stresses decrease by more than a factor of 7. As distinct from the case of the specimens with a 
flat lateral surface of the adhesive layer, this makes the appearance of delamination cracks hardly probable. Due to a small 
thickness of the adhesive ridge, its presence insignificantly affects the tensile force.  
 
           (a)                                                                                                          (b)     
 

     
 

           (с)                                                                                                                (d)     
 

   
 

           (e)                                                                                             (f)     
 

 
 

Figure 3: Finite-element model of a specimen with an adhesive ridge on its lateral surface (a); profilogram of the adhesive ridge on the 
specimen (b); results of the simulation of the stress state for the flat lateral surface of the adhesive layer (c, e) and the presence of a 
mushroom-shaped ridge (d, f) in cleavage testing (c, d) and shear testing (e, f). 
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The modified Arcan specimens were fixed in the machine grips so that the angle  between the tension direction and the 
normal to the joint plane was 0, 22.5, 45, 67.5, and 90° (Fig. 5). Separation under the action of normal tensile stresses was 
implemented at  = 0, the shear stress state caused by the action of tangential stresses was implemented at =90°, and a 
complex tension+shear stress state was implemented at intermediate values of . 
The testing was performed at −50, +23, and +50 °С. The specimens were placed in the environmental chamber of the 
testing machine, fixed in the grips, and held for 15 min until reaching the temperature of the environmental chamber. A 
preload of 50 N was applied in order to eliminate clearances in the joining parts of the testing machine. The specimens 
were then tensioned at a rate of 1 mm/min to failure. The force Р and the relative displacement Δy of the specimen halves 
along the loading direction during the testing were varied by a dynamometer and an extensometer complementing the 
testing machine. 
After testing, in order to identify the failure pattern, the specimen surface was examined with a binocular microscope and 
the NT 1100 non-contact profilograph/profilometer. 
 
 

T, °С −50 +23 +50 

E′ (MPa) 5230 4530 4220 

E′′ (MPa) 41 91 163 

E* (MPa) 5239 4518 4211 

tan 0.009 0.021 0.031 
 

Table 1: The values of the components of the complex elastic modulus for the adhesive. 
 

 
Figure 4: To the determination of boundary conditions. 

 
 
RESULTS AND ANALYSIS 
 

t follows from the results of the finite-element analysis that the chosen shape of the lateral surface of the adhesive 
layer significantly impedes the formation and propagation of end cracks at the interface. The stress state is 
homogeneous through more than 95% of the interface length; therefore, to evaluate the stress state at fracture, the 

average values of normal n and shear s stresses can be used, 
 

  n
P= cos ,S    s

P= sinS         (2) 

 
where P is the ultimate tensile force recorded by the force-measuring gauge of the testing machine at the fracture of the 
adhesive joint; S = 150 mm2 is the bond area.  
 

I 
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(a)                                                (b)                                               (c)    

 

     
 

                                              (d)                                               (e) 
 

   
 

Figure 5: Modified Arcan specimens used to determine adhesive strength under tension with shear; the angle  between the tensile 
axis and the joint plane: 0 (a); 22.5° (b); 45° (c); 67.5° (d); 90° (e) 
 
The loading diagrams are straight lines, and this enables us to consider that the fracture occurs within the elastic strain of 
the adhesive layer. 
When formulating the local fracture criterion, we used the assumption that the value of strain energy density in a selected 
microvolume including the interface is the driving force for the delamination of the adhesive joint under the force action. 
To do this, we arbitrarily select a microvolume at the interface, which simultaneously belongs to the adhesive and the 
substrate (the aluminum insert) and contains the interface inside, along which slip and delamination are prohibited (Fig. 6). 
The microvolume is in the equilibrium at the moment, and on its opposite faces there are equal stresses ij in the local 
coordinate system (x', y', z'). The z'-axis is directed along the normal to the interface, and the x'- and y'-axes lie in its plane. 
The stresses ij are calculated by solving the problem of stress-strain state determination. The effective values of the 
components of elastic strain ij in the microvolume can be found from the physical equations  
 

     
 
 

ij ij ij ij
1

- =2G -   ,
3  

 
where  = /3k  is hydrostatic stress, G= E / (2 (1+  )) ,  is the Poisson ratio,  = ii is volumetric strain, k=(1-2/is the 

bulk compression modulus, ij is the Kronecker delta ( = 1 when i = j, δ = 0 when i ≠ j). 
 



 

S. Smirnov et alii, Frattura ed Integrità Strutturale, 59 (2022) 311-325; DOI: 10.3221/IGF-ESIS.59.21                                                                 
 

318 
 

 
 

Figure 6. Selected microvolume 
 
To determine the effective values of the normal elastic modulus E , the shear modulus G , and the Poisson ratio   for 
the selected microvolume under plane stress conditions, we can use the following formulas found in [33,34]: 
 

 
    1 2 1 1 2 2 2 1 1 2

1 2 1 2 2 1 1 2

h h h E + h E h hh h
 ;    = ;    ,       

E E E h E +h E G G G       (3) 

 
where h1, h2 are the adhesive and substrate layer thicknesses in the selected microvolume; E1, 1, G1 and E2, 2, G2 are the 
values of the normal elastic modulus, the Poisson ratio, and the shear modulus of the adhesive and substrate materials, 
respectively.  
The ratio between the values of the layer thicknesses h1 and h2 in the selected microvolume is here considered to be 
inversely proportional to the values of the normal elastic moduli of the adhesive and the substrate according to the 
following equation: 
 

2
1 2

1

E
h =h .                                                                         

E
      (4) 

 
Substituting Eq. (4) into Eq. (3), after simple transformations, we obtain the following formulas to calculate the effective 
values of E , G , and   for the selected microvolume: 
 

 
2 2

1 2 1 2 2 1 1 2
2 2

1 2 1 21 2

2 1 2 1

E +E E + E G +G
E= ;   = ;  G=           

E E G GE +E+ +
E E G G

.       (5) 

 
           (a)                                                                                         (b)     

 
 

Figure 7: The effect of temperature on the behavior of the elastic modulus. 
 
Determined by dynamic mechanical analysis, the temperature dependence of the normal elastic modulus of the adhesive 
material is shown in Fig. 7a. The glass transition temperature Tg = 68 °С was determined according to ASTM D7028 at 
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the points of intersection of the tangents to the lines showing the dependences of log E′ on the testing temperature Т 
before and after the inflection point (Fig. 7b). Thus, at the testing temperatures, the adhesive material was in the 
crystalline state. 
Taking this into account, when calculating by Eq. (5), we assume the following values of the elastic constants: from 
Tab. 1, depending on the testing temperature, Е1 = Е*, 1 = 0.35 for the adhesive [35]; E2 = 69.58 GPa, 2 = 0.27 for the 
1570 alloy substrate [36]. 
It follows from Tab. 2 that the values of the effective elastic moduli for the selected microvolume exceed those for the 
adhesive material by 5 to 7%. The value of the effective Poisson ratio is practically the same as its value for the adhesive 
material. 
 

Т, °С E, GPa 
E-E

E
100% G, GPa 

G-G
G

100%  
-


100% 

−50 5603 6.9 2084 6.6 0.349 −0.1 

23 4793 6.0 1783 5.6 0.349 −0.1 

50 4448 5.6 1656 5.3 0.350 < −0.1 
 

Table 2: The effective characteristics of the elastic properties of the selected microvolume. 
 

The values of the strain energy density components Wn and Ws in the selected microvolume are calculated by the formulas  
 

 
 22

sn
n sW = ;  W =

2E 2G           (6) 

 
Tab. 3 shows the experimental values of the specimen failure load Рmax averaged from the results of testing 3 to 5 
specimens for each combination of temperature and the angle . It also demonstrates the values of n, s, Wn, and Ws, 
calculated for the averaged values of Рmax, some graphic interpretations of the data from Tab. 3 being shown in Figs. 8 and 
9.  
Tab. 4 shows the ultimate values of strain energy density Wn* for pure cleavage ( = 0) and Ws* for pure shear ( = 90°) 
determined for various testing temperatures. The values of Wn* and Ws* were calculated by Eq. (6) for the averaged mean 
values of n and s from Tab. 3. 
It follows from Tab. 4 that, when Т = 23 and 50 °C, the values of ultimate strain energy density in cleavage and shear Wn* 
and Ws* are approximately equal, but Ws* > Wn* when Т = −50 °С. 
Under the complex stress state, when cleavage and shear stresses act simultaneously, the correlation of the values of Wn* 
and Ws* at adhesive failure are described by straight lines in Fig. 8. 
 

 
 

Figure 8: The diagrams of ultimate strain energy density at adhesive failure. 
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Т, ºС , ° Pmax, N n, MPa s, MPa Wn, kJ/m3 Ws, kJ/m3 

−50 90 1215 0 8.10 0 15.74 

 67.5 1242 3.17 7.65 0.90 14.04 

 45 1394 6.57 6.57 3.85 10.36 

 22.5 1546 9.52 3.94 8.09 3.73 

 0 1698 11.32 0 11.44 0 

23 
 

90 675 0 4.50 0 5.67 

 67.5 720 1.84 4.43 0.35 5.51 

 45 812 3.82 3.82 1.53 4.11 

 22.5 970 5.97 2.47 3.72 1.72 

 0 1127 7.52 0 5.89 0 

50 90 252 0 1.68 0 0.85 

 67.5 275 0.70 1.69 0.06 0.87 

 45 310 1.46 1.46 0.24 0.64 

 22.5 380 2.35 0.97 0.62 0.29 

 0 451 3.01 0 1.02 0 
 

Table 3: Experiment results. 
 
The equations of the approximating lines in Fig. 8 can be written as 
 

 
sn

* *
n s

WW
+ =1

W W            (8) 

 
where the denominators are equal to the lengths intercepted by the straight lines intersecting the coordinate axes and 
equal to the values of the strain energy density components at fracture under cleavage Wn* and shear Ws* from Tab. 4. 
Eqn. (8) has the meaning of a fracture criterion under the tension+shear complex stress state for adhesive failure. In the 

normalized coordinates 
 
 
 

sn
* *
n s

WW
,

W W
, the fracture locus has a generalized form in Fig. 9. Note that the linear fracture 

criterion like that represented by Eq. (8) was used, e.g. in [37], to predict crack propagation conditions, but with energy 
release rate G used instead of strain energy density. 
 
 

T, °С −50 +23 +50 

Wn*, kJ/m3 11.44 5.89 1.02 

Ws*, kJ/m3 15.74 5.67 0.85 
 

Table 4: The ultimate values of the strain energy density components Wn* and Ws*. 
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Figure 9: Graphic representation of the fracture criterion expressed by Eq. (8): the dots on the graph correspond to the experimental 
data. 

 
Since under elastic loading the cleavage and shear stress components are related to the corresponding strain energy 
components by Eq. (2), the criterion represented by Eq. (8) can be written in the known quadratic form [38] as 
 

 
 

 
 

 

 
s

2

n

2

2*

n
2

s
*

=1+           (9) 

 
where n*, s* are the ultimate stresses at fracture under cleavage and shear, their values being shown in Tab. 5. The 

fracture locus has the form of a circumference in the normalized coordinates 


 
 
 
 

*
sn

n s
*, , which is shown in Fig. 10b. 

The diagrams of the adhesive strength of the joint for the studied testing temperatures, which show the relations between 
cleavage stress and shear stress under the complex stress state at adhesive failure, are elliptic lines (Fig. 10a). It follows 
from the results that the adhesive joint has higher strength under cleavage than under shear in the entire range of 
temperatures studied. 
 

Т, оС n*, MPa s*, MPa 

−50 11.32 8.10

23 7.52 4.50

50 3.01 1.68

 

Table 5: Fracture stresses under cleavage n* and shear s*. 
 
In view of the different values of the covalent chemical bond energy (800 to 1600 kJ/mol) and the intermolecular energy 
(at most 13 kJ/mol), the comparison of the mechanical testing results (Tabs. 3–5) with the chemical structure of the 
adhesive joint (Fig. 11) suggests that the main contribution to the cleavage strength is made by the covalent bonds (С–С 
and С–О) of the Epoxy resin, whereas the shear strength is mainly provided by the covalent bonds of the Epoxy resin 
with the hydroxyl groups of the surfaces to be bonded (Al–O–C). Besides, the decrease in the values of both shear and 
cleavage strengths with the temperature increase to the glass transition temperature (Fig. 7) demonstrates that a great 
contribution to adhesive strength is made by molecular interactions. Herewith, a greater decrease in shear strength with 
increasing temperature as compared to cleavage strength testifies to a greater contribution of molecular interactions in the 
surface–adhesive interface than that in the bulk of the adhesive layer.  
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Thus, the analysis of the obtained experimental data provides a chemical explanation for the influence of the composition 
of the metal surfaces on the strength of their adhesion to each other; this influence was previously observed and 
exemplified in [39, 40]. Besides, the detailed specification of anisotropy in the chemistry of adhesion by means of 
mechanical testing enables us to design targeted epoxy materials with a required chemical structure depending on the 
metal surfaces to be bonded and the conditions of mechanical loading. The regions bounded by the diagram lines in 
Figs. 8 and 10a determine the conditions for the safe loading of the adhesive assembly under study in terms of the energy 
and force fracture criteria, which can be used, preferably simultaneously, to estimate the in-service strength of an adhesive 
assembly under a complex stress state.  
 
(a)                                                                                                (b)     

              
 

Figure 10: Adhesive strength diagrams for various testing temperatures (a) and a graphical representation of the quadratic fracture 
criterion in stresses under tension+shear loading for adhesive failure (b). 

 
 

 
 

Figure 11: The basic chemical structure of cured epoxy resin (bisphenol A diglycidyl ether). 
 
 
CONCLUSION 
 

odified Arcan specimens with glued inserts have been used to study the effect of the stress state on the 
adhesive strength of a 1570 aluminum-magnesium-scandium alloy assembly bonded with ED-20 epoxy resin 
cured with polyethylene polyamine. In order to decrease stress concentration, a mushroom-shaped ridge was M 
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formed on the lateral surface of the adhesive layer. Finite element simulation has shown that this significantly decreases 
the level of normal and shear stresses near the lateral surface. This makes the appearance of edge delamination cracks 
hardly possible. The testing was performed at temperatures of −50, +23, and +50 °С at different values of the angle 
between the normal to the adhesion plane and the direction of tension, i.e. from 0 (shear) to 90° (cleavage). In the 
formulation of the fracture criterion, an assumption was used that the delamination of an adhesively bonded assembly of 
two bodies under a force action is driven by the value of strain energy density in a selected microvolume including the 
interface. The normal and shear components of strain energy density Wn* and Ws* at the moment of the fracture of the 
adhesive joint were determined with allowance made for the calculated effective properties of the selected microvolume 
considered as a unidirectional composite. The formulated fracture criterion takes into account the ratio of the elastic 
characteristics of the adhesive to those of the substrate.  
It has been found that the values of the ultimate strain energy density of the adhesively bonded assembly in shear and 
cleavage Wn* and Ws* are approximately equal at Т = 23 and 50 °С, but Ws* > Wn* at Т = −50 °С. In the entire 
temperature range studied, the adhesively bonded assembly has higher strength in shear than in cleavage. 
The fracture loci can be used (preferably simultaneously) for evaluating the durability and reliability of adhesive assemblies 
at temperatures below the glass transition temperature under the following restrictions: 1) the materials of the metallic 
specimens and the adhesive can be viewed as linear elastic isotropic media; 2) the failure of the adhesive assembly can be 
considered to have an adhesive nature; 3) the heat and inertial effects in the adhesive are negligible under mechanical 
loading. 
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