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Abstract
The goal of the work reported was to determine the influence of selected shot peening parameters on the deflection of the 
Almen strip and the load capacity of single-lap adhesive joints made of 2-mm-thick aluminium alloy EN AW-2024-T3. 
Moreover, the research was aimed at checking the possibility of using the Almen strip deflection indicator to predict the load 
capacity of adhesive joints after shot peening. The analysis was carried out according to Hartley’s PS/DS-P:Ha3 plan. The 
input factors were the shot peening parameters: treatment time t (60–180 s), ball diameter  dk (0.5–1.5 mm) and compressed 
air pressure p (0.3–0.5 MPa). It has been proved in this work that shot peening treatment of the outer surface of single-lap 
adhesive joints can be used to strengthen the joint. The maximum increase in the load capacity of the shot peened joints was 
33.4%. It was observed that the load capacity of the joints decreases with an increase in the deflection of the Almen strip 
(in the assumed area of variability of technological parameters). Moreover, the results obtained indicate that the adoption of 
too intensive treatment, manifested in high values of deflection of the Almen strip, may weaken single-lap adhesive joints.

Keywords Almen strip · Adhesive joint · Aluminium alloy · Hartley’s plan · Load capacity · Shot peening

1 Introduction

Single-lap adhesive joints offer many benefits, such as sav-
ing time, economising on costs, very high strength and 
good damping properties in comparison with other con-
ventional joining processes [1, 2]. Ahmed and Tehami [3] 
and Gültekin et al. [4] showed that bond length, adhesive 
thickness, adherend thickness, curing conditions and joint 
end geometry are the factors that affect the strength of the 
adhesive joints. Surface treatment was the most important 
among these factors because it could influence the surface 
roughness and wettability of the adherend [5]. Moreover, 
the problem of fatigue in mechanical joining elements such 
as screws, fasteners and rivets, and their lower strength-to-
weight ratios are successfully resolved by adhesive bonding 
technology [6, 7].

The shear stress distribution in the overlap zone in single-
lap adhesive joints loaded in tension is not uniform. Maxi-
mum stresses are located at the ends of the adhesive layer. 
The changes in dimensions at the ends of the overlap (geo-
metric notch) are one of the causes of uneven stress distribu-
tion. Another reason for this phenomenon is the differential 
straining of the adherends. The stresses are formed at the 
ends of the overlap owing to the differences in plastic prop-
erties of the adherend and adhesive [8–11]. The failure of the 
adhesive joint begins at the point where the stresses are the 
highest. Therefore, these stress peaks should be decreased 
in order to increase the strength of the joint [12].

One of the methods that allow the reduction in residual 
stresses in the edge zone of the overlap is the use of an adhe-
sive with ductile behaviour and low modulus. Adhesives 
characterized by high flexibility and ductility are generally 
not strong. However, they deform plastically and provide a 
more uniform stress distribution than a rigid adhesive [12]. 
Another method is to apply an optimum adhesive layer. 
The peak values of the residual stresses increase with the 
decrease in adhesive thickness. One of the explanations for 
this phenomenon is that a thinner adhesive is more vulner-
able to deformation than a thicker one [13]. The presence 
of the adhesive flash in the zone of stress concentration is 
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another factor reducing these stresses [14]. The positive 
effect of the adhesive flashes was observed, in particular in 
joints with small dimensions of the overlap [15].

The stresses in the near-edge zone can also be reduced 
by changing the geometry of the laps. These changes may 
include, for example, rounding adherend corners [16–18], 
tapering [16, 19, 20] and notching the adherends [21, 22]. 
Changing the adherends’ geometry allows the peel stresses 
concentrated at the ends of the overlap to be reduced and, 
as a result, increases joint strength. However, these solu-
tions are associated with an increase in the production costs 
of adhesive joints and may be troublesome in the case of 
processing thin sheets. A simple method that also allows 
stress peaks to be decreased and improves the strength of the 
adhesive joints is shot peening. Shot peening is one of the 
methods of dynamic burnishing. In this cold working pro-
cess, the component surface is bombarded by small spherical 
particles which are propelled by a stream of compressed 
air [23–25]. The basic parameters influencing the efficiency 
of the shot peening process include: processing time, ball 
diameter, compressed air pressure, total number of balls in 
the working chamber and nozzle structure [26]. The intensity 
of the process can be determined by the value of the Almen 
strip deflection. Another method of controlling the process 
is assessing the degree of surface coverage with traces of 
the treatment [27].

As a result of shot peening, local plastic deformations are 
created and a compressive residual stresses field is formed 
in the near surface layers of the workpiece [24]. In addi-
tion, shot peening affects surface roughness and hardness. 
Therefore, it can be used to improve fatigue fracture resist-
ance, hydrogen cracking fracture resistance and the life of 
stress corrosion [23, 27]. Moreover, as already mentioned, 
this treatment strengthens the adhesive joints. It intro-
duces compressive residual stresses in the outer surface 
of the laps. These stresses deform and press the edge of 
the overlap against the bonded material. In the near-edge 
zone of the joint, a stress state is established in which the 
maximum principal normal stresses as well as the peel and 
tensile stresses are negative. Applying an external load to 
joints subjected to shot peening causes summation of the 
stresses caused by the external load and the stresses formed 
in the shot peening process. As a result, the principal normal 
stresses, tensile stresses and peel stresses decrease (Fig. 1) 
and the strength of the adhesive joints increases [26].

The positive effect of shot peening on the strength of 
adhesive joints has been proved in several studies [11, 28]. 
However, the effect of peening parameters on the adhesive 
joint strength is still controversial. Zielecki [26] investigated 
the effect of shot peening on the shear strength of S235JR 
steel adhesive joints made with Epidian 5 (CIECH Sar-
zyna S.A, Nowa Sarzyna, Poland) composition with PAC 

Fig. 1  Distribution of normal 
(peel) stresses σyy (Syy) in the 
middle layer of the adhesive 
joints: n—shot peened joints, 
z—joints loaded with external 
force P = 2000 N, nz—joints 
shot peened and loaded with 
external force P = 2000 [26]
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hardener (flexible adhesive joint) and Epidian 5 composi-
tion with Z1 hardener (rigid adhesive joint). The treatment 
time was 60 s, the ball diameter was 2 mm, and the pressure 
was 0.35–0.55 MPa. For the samples with a flexible joint, a 
17–27% increase in joint strength was observed. Moreover, 
it was found that the strength of the joints increases with 
increasing pressure. For the samples with a rigid joint, the 
strength of the joints increased by 93–112%.

According to the results presented by Korzyńska et al. 
[11], the shot peening treatment increases the strength of 
adhesive joints by 18–57%. The authors also showed that 
the strength of the joints is related to the state and magni-
tude of stresses in the samples treated with shot peening. 
The influence of shot peening on the strength of adhesive 
joints made of 2024 aluminium alloy was investigated in 
work [28]. The variable parameters in the treatment were: 
ball diameter (2–2.5 mm), pressure (0.2–0.3 MPa) and time 
(60–180 s). As a result of the shot peening, the load capacity 
of the test joints increased by 3.6–20.3%.

Shot peening can be used as one of the methods of 
increasing strength in adhesive joints. Moreover, this treat-
ment has numerous advantages (low energy consumption, 
wide application, easy controllability, no waste in the form 
of shavings and dust). The impact of the shot peening pro-
cess on the load capacity of adhesive joints is still little 
known. The analyses carried out so far are partial and mainly 
concern iron and titanium alloys. Therefore, it is reason-
able to conduct further research in this direction, search for 
optimal parameters of shot peening and search for methods 
of evaluating the correctness of the process. Shot peening, 
along with other methods (alkaline degreasing, anodising, 
anodising combined with shot peening, laser treatment, sand 
blasting), is mainly used as the surface treatment method for 
preparing adherend surfaces for adhesive bonding. In this 
paper, the shot peening is used to increase the load capacity 
of adhesive joints by (i) creating compressive stresses in the 
outer layers of the single-lap adhesive joint and (ii) work 
hardening of the material. To the best of authors' current 
knowledge, similar studies, initiated by Zielecki [26] and 
investigated in later years [11, 28], are not reflected in the 
open literature.

The research presented in the article had two main goals. 
The first was to determine the influence of selected shot 
peening parameters on the deflection of the Almen strip and 
the load capacity of single-lap adhesive joints made of EN 

AW-2024-T3 aluminium alloy sheets. The second aim was to 
check whether it is possible to use the Almen strip deflection 
indicator to predict the load capacity of adhesive joints after 
shot peening. The tests were carried out according to three-
leveled Hartley's polyselective quasi D (PS/DS-P: Ha3) plan, 
described in [29]. As part of the work, regression and cor-
relation analysis was carried out on the relationship between 
the load capacity of adhesive joints and the process intensity.

2  Materials and methods

The single-lap adhesive joints were made of 2-mm-thick 
EN AW-2024-T3 aluminium alloy sheets. This alloy distin-
guishes itself through its high strength to weight ratio, good 
fatigue and high temperature resistance. However, it has 
low corrosion resistance and is non-weldable. The chemi-
cal composition is listed in Table 1.

The first step of the study was to prepare the surface for 
bonding. The adherend surface of the samples was sub-
jected to abrasive blasting with 95A electrocorundate hav-
ing a granularity of 0.27 mm. The abrasive blasting process 
parameters were: air pressure 0.7 MPa and time 30 s.

The average values of the roughness parameters of 
the surface prepared for gluing were Ra = 4.53  µm, 
Rz = 25.95 µm, Rq = 5.67 µm, Rku = 2.99, RSm = 0.141 mm. 
The surfaces were then degreased manually using acetone. 
Figure 2 shows a profilogram of the surface prepared for 
gluing.

The dimensions of the plates for making single-lap 
joints were 100 mm (length), 25 mm (width) and 2 mm 
(thickness). The length of the adhesive joint overlap was 
12.5 mm. The joints were bonded with the use of EA3430 
two-component epoxy adhesive (Loctite, Düsseldorf, Ger-
many). It is a general-purpose adhesive suitable for poorly 
fitting and rough surfaces made from wood, metal, rigid 
plastics or ceramic. After applying a uniform layer of adhe-
sive using an application comb for adhesives and joining the 
surfaces, the samples were placed in a mechanical device 
shown in Fig. 3a.

The mechanical device consisted of a set of levers at the 
end of which weights are mounted (Fig. 3b). This device 
allows one to glue six sets of specimens simultaneously. 
The samples were manually placed in the bearing insert 
(Fig. 3b). Then a manual lever was placed on the specimen 

Table 1  Chemical composition 
of EN AW-2024-T3 aluminum 
alloy in wt.% [30]

*Others, total ≤ 0.15%

Si Fe Cu Mn Mg Cr Ni Zn Ti V Others* Al

max
0.50

max 0.50 3.8
-
4.9

0.30—0.90 1.2
-
1.8

max 0.10 - max 0.25 max 0.15 - max 0.05 remaining
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pack, at the end of which weights were placed manually. 
Thus, the jigging fixture allowed the samples to be laden 
with constant force using one-kilogram weights for each set 
of specimens. The samples were cross linked at 24 ˚C for 
3 days. In this way, a reproducible thickness of the adhe-
sive layer was ensured on all specimens. The thickness of 

adhesive determined as the average of 10 measurements was 
0.09 mm (standard deviation 0.012 mm). An electronic slide 
caliper with an accuracy of 0.01 mm was used to measure 
the thickness of the adhesive layer on the basis of the differ-
ence in the thickness of the overlap joint and the thickness 
of the adherends.

Fig. 2  Profilogram of the 
adherend’s surface prepared for 
gluing

Fig. 3  (a) Samples placed in a 
mechanical device and (b) prin-
ciple of operation (units in mm)

3016 The International Journal of Advanced Manufacturing Technology (2022) 119:3013–3028
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After cross-linking, the outer sides of the joints in the 
overlap zone (Fig. 4) were subjected to shot peening treat-
ment. The rest of surfaces was protected during processing 
using covers (Fig. 5). The values of the shot peening parame-
ters were based on the experience gained in previous studies 
and on the relevant literature [11, 28]. The distance between 
the nozzle and the specimen was 100 mm. The shot peening 
parameters for individual variants were selected according 
to the matrix of Hartley’s PS/DS-P: Ha3 plan. The experi-
ments were performed with three different values for the 
input factors: time t, ball diameter dk and pressure of the 
compressed air p. The values of shot peening parameters 
for the individual variants are presented in Table 2, and the 
main values of the shot peening parameters (input factors), 
change intervals and coded values are presented in Table 3. 
Eight specimens were produced and tested for each variant.

The adhesive joints were subjected to a static tensile test 
on a Z030 (Zwick/Roell, Ulm, Germany) universal testing 
machine (Fig. 6). The samples were axially loaded at a speed 
of 5 mm/min until the joints were broken. The time between 
specimen shot peening and mechanical testing was 72 h. The 
force at break was taken as the load capacity of the joints Pt.

The tests also included an assessment of the shot peen-
ing intensity. The treatment intensity was determined using 
the value of the Almen strip deflection fA. Type A2 control 
strips were used in the study. These plates are intended for 
medium process intensity, the thickness of the strips being 
1.32 mm, hardness 44–50 HRC and flatness ± 0.038 mm. 
Only one side of the strips was shot peened. As a result of 

Fig. 4  (a) Drawing and (b) pic-
ture of specimen of an adhesive 
joint used in strength testing 
(units in mm)

Fig. 5  Schematic illustration of the shot peening process: 1—specimen,  
2—cover, 3—steel balls, 4—compressed air nozzle, 5—de Laval nozzle,  
6—bottom of the working chamber, 7—adhesive, 8—compressed air 
supply

3017The International Journal of Advanced Manufacturing Technology (2022) 119:3013–3028
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the shot peening process, compressive residual stresses were 
introduced to the surface layer of the strips. These stresses 
caused deflection of the strips. The amount of deflection 
was measured with a TSP-3B Almen Gage (Electronics Inc., 
Mishikawa, IN, USA) measuring device.

3  Results

3.1  Tensile test

Load–displacement curves for non-peened and peened 
specimen (variant 4) are shown in Fig. 7a, b respectively. 
The curves for variants 1–9 have a similar slope. At a dis-
placement of 0.8 mm, the tensile force was equal to approxi-
mately 6000 N. In the case of variant 4, specimens no 4 and 
7 showed significantly lower load capacity than the other 
specimens. This is a result of the dominant adhesive failure 
mechanism for these joints. The reasons for the occurrence 
of adhesive failure can be found in the incorrect preparation 
of the surfaces of the adhesively bonded elements. However, 
this also occurs in properly prepared joints, usually due to 
the high strength of the adhesive material in relation to the 

adhesive strength of the joint [31]. The slope of most of 
the curves for non-peened specimens (Fig. 7a) was smaller 
than in the case of variants 1–9. This means shot-peening 
increased the stiffness of the joints for these variants.

A view of the fracture surfaces of the specimens after the 
tensile test is shown in Fig. 8. The failure mechanism was 
similar in different variants of the joints. We selected adhe-
sive joints prepared according to variant 4 for presentation 
in order to show the difference of the failure mechanism for 
specimens showing Pt = 883 N and Pt = 9707 N.

In general, all the joints analysed showed a mixed 
adhesive-cohesive fracture mechanism. The samples made 
within the same variant were characterized by different 
proportions of adhesive and cohesive zones. Specimens 
with a greater share of adhesive failure zone showed 
reduced load capacity (Specimen 4 and 7 in Fig. 7b). 
The adhesive failure mechanism is the loss of adhesion 

Table 2  Values of shot peening parameters for individual variants

Variant Shot peening parameters

Time t, s Ball diameter  dk, 
mm

Pressure 
p, MPa

1 60 0.5 0.5
2 180 0.5 0.3
3 60 1.5 0.3
4 180 1.5 0.5
5 60 1.0 0.4
6 180 1.0 0.4
7 120 0.5 0.4
8 120 1.5 0.4
9 120 1.0 0.3
10 120 1.0 0.5
11 120 1.0 0.4

Table 3  Variability levels, main values, variability ranges and encoding methods of the factors for the model tests

Factor name Value at the top and bot-
tom level

Central values of input factors Variation units Method of 
encoding 
factor

Processing time t, s  + 180
− 60

x
10

=
180+60

2
= 120 Δx1 =

180−60

2
= 60 x

1
=

t−60

60

Ball diameter dk, mm  + 1.5
− 0.5

x
10

=
1.5+0.5

2
= 1 Δx2 =

1.5−0.5

2
= 0.5 x

2
=

dk−1

0.5

Pressure
p, MPa

 + 0.5
−0.3

x
10

=
0.5+0.3

2
= 0.4 Δx3 =

0.5−0.3

2
= 0.1 x

3
=

p−0.4

0.1

Fig. 6  Picture of the testing apparatus to estimate the joint load
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of the adhesive to the joined elements. A joint damaged 
as a result of the adhesive failure mechanism is character-
ized by complete detachment of the joined surfaces and a 
relatively low value of load capacity (Specimens 4 and 7 
in Fig. 7b).

The specimens fractured due to the dominant share of the 
cohesive mechanism (for example Specimen 6 in Fig. 8) and 
showed a much higher load capacity. In general, the larger 
the cohesive failure area, the greater the joint strength. The 
cohesive failure mechanism results from the loss of load 
capacity of the adhesive material. It occurs when the stress 
state caused by an external load leads to the destruction 
of the adhesive layer. The cohesive failure mechanism is 
desirable in structural adhesive joints. A joint damaged in 
a cohesive manner is characterized by a delamination of 
the adhesive layer (Specimen 6 in Fig. 8). Most of the shot 
peened specimens with a wide range of process parameters 
have failed by a combined adhesive/cohesive failure mecha-
nism. Thus, a clear relationship between the shot peening 
parameters and the failure mechanism cannot be established.

Conducting the experiment in accordance with the 
Hartley PS/DS-P:Ha3 plan allows us to determine a math-
ematical model of the object being tested. The model takes 
the form of a second-order polynomial (1):

where x1 is the coded value for the treatment time t (s), x2 
the coded value for the ball diameter dk (mm), x3 the coded 
value for the pressure p (MPa) and b0, …, b23—coefficients 
in the regression equation.

(1)
y =b

0
+ b

1
x
1
+ b

2
x
2
+ b

3
x
3
+ b

11
x2
1
+ b

22
x2
2
+ b

33
x2
3

+ b
12
x
1
x
2
+ b

13
x
1
x
3
+ b

23
x
2
x
3

The critical value of the coefficients in the regression 
equation is used to determine the critical area. If the criti-
cal value is either greater than or equal to the calculated 
value, then the null hypothesis should be rejected and 
an alternative hypothesis adopted, according to which 
the tested coefficient has a statistically significant influ-
ence on the variable explained in the regression equa-
tion. Non-significance of specific coefficient justifies its 
removal from the regression equation. In the first step, 
the values of the coefficients in the regression equation 
were determined. Then, the coefficients were evaluated 
for significance. Calculations and significance assess-
ment were performed in accordance with the methodol-
ogy given in [29]. The results of the analyses are pre-
sented in Table 4.

Regression analysis allows to evaluate the amount of 
the error that estimates the explained variable (with the 
assumed probability) and allows to determine how much 
the linear regression model explains the observed variance 
of the dependent variable. Regression analysis aims to cal-
culate such coefficients in the regression equation so that 
the model predicts well the value of the dependent vari-
able and that the estimation error is as small as possible. 
If the coefficients in the regression model are statistically 
significant, the regression equation is useful to estimate 
the value of the dependent variable on the basis of the 
values of the explanatory variables (time t, ball diameter 
dk and pressure p.

After the significance assessment of the regression equa-
tion coefficients and elimination of the non-significant coef-
ficients, the following regression equation was obtained:

Fig. 7  Load–displacement curves for (a) non-peened specimen and (b) shot peened specimen (variant 7)
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(2)y = 8936 − 629.4x
1
− 1950.5x2

2
− 1101.3x

2
x
3

Then, the regression equation was decoded. For this purpose, 
the coded values of the input factors have been replaced with 
the appropriate values from Table 3:

Fig. 8  View of the fracture surfaces of specimens (variant 4) after the tensile test

Table 4  Calculated values, 
critical values and significance 
of the regression coefficients 
in the regression equation 
describing the load capacity of 
joints

Coefficient Critical value
of the coefficient

Calculated value of the 
coefficient

Significance of coefficient

b
0

701.2 8936.0 ||b0
|| > b

0kr Significant

b
1

518.8 –629.4 ||b1
|| > bkkr Significant

b
2

518.8 –365.9 ||b2
|| < bkkr Non-significant

b
3

518.8 –275.7 ||b3
|| < bkkr Non-significant

b
11

816.8 94.1 ||b11
|| < bkkkr Non-significant

b
22

816.8 –1950.5 ||b22
|| > bkkkr Significant

b
33

816.8 63.9 ||b33
|| < bkkr Non-significant

b
12

635.5 –602.5 ||b12
|
| < bkkr Non-significant

b
13

635.5 –572.1 |
|b13

|| < bkjkr Non-significant
b
23

635.5 –1101.3 ||b23
|| > bkjkr Significant
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After decoding and re-arranging, the regression equation 
takes a form:

where ypt is the load capacity of the joint, xt is the time 
variable, xdk is the ball diameter variable and xp is the com-
pressed air pressure variable. The regression equation thus 
obtained (4) is a mathematical model describing the effect of 
processing parameters on the load capacity of the single-lap 
adhesive joints made of EN AW-2024-T3 aluminium alloy 
sheets (for the variability of input parameters assumed in the 
research). This model is nonlinear.

Table 5 shows the values of the load capacity  yi of the 
adhesive joints determined in the static uniaxial tensile 
test. The static tensile tests wwere carried out for 12 vari-
ants (one variant for non-shot peened joint and 11 variants 
relating to shot peened joints). Strength tests were carried 
out for 8 adhesive joints from each variant.

The average value of the load capacity for specific vari-
ant was determined from the following formulae:

where yi is the load capacity of the i-th joint in specific vari-
ant and r is the number of repetitions.

Variance of the measurement error can be determined 
on the basis of the following relationship:

where yui is the result of u-th repetition in i-th experiment.
The penultimate column in Table 5 lists the values of 

the load capacity of joints calculated from Eq. (4).
The results calculated from the equation agree with the 

experimental results; the Pearson’s correlation coefficient 
is 0.85. A comparison of the load capacity of the joints 
determined experimentally and by Hartley’s model is pre-
sented in Fig. 9.

The graphs shown in Fig. 10 present the influence of 
selected shot peening parameters on the load capacity of 
the adhesive joints. Based on the results in Fig. 10 and 
the results listed in Table 5, it can be concluded that the 
highest load capacity was achieved for variant 10 (the 
highest pressure, average time and average ball diameter) 
and for variant 6 (the longest time, average ball diameter 

(3)

y =8936 − 629.4

(
t − 120

60

)
− 1950.5

(
dk − 1

0.5

)

− 1101.3

(
dk − 1

0.5

)(
p − 0.4

0.1

)

(4)

ypt = − 6417.6 − 10.49xt + 24414.4xdk + 22026xp

− 7802x2
dk
− 22026xdkxp

(5)yi =

∑r

i=1
yi

r

(6)S2(y)(i) =

∑r

i=1

�
yui + yi

�2

r − 1

Table 5  Results of the static tensile test and mathematical modelling 
of the load capacity of single-lap adhesive joints *
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and average pressure). The lowest value was achieved for 
variant 4, which has the highest values of the shot peening 
parameters. Low load capacity and the large dispersion 
of the test results for variant 4 may indicate that the pro-
cessing parameters were too intensive. Too intense shot 
peening parameters could lead to damage to the adhesive 
or cohesive bonds and weaken the joint. Moreover, based 
on the graphs shown in Fig. 10 and the regression Eq. (4), 
it can be concluded that the influence of the ball diameter 
on the load capacity of the joints is nonlinear. The highest 
value of the load capacity (extreme) is observed for balls 

with a diameter of about 1 mm. In the case of peening 
time, a decrease in load capacity is observed with increas-
ing time. The pressure is involved in two ways (it occurs 
independently and is related to the diameter of the balls). 
Nevertheless, it can be stated that an increase in pressure 
reduces the load capacity of the joints.

3.2  Almen strip deflection results

The treatment intensity was determined using the value of 
the Almen strip deflection fA. Type A2 control strips were 
used in the study. A device called the Almen holder is used 
to fix the strip to the metal block with four bolts. Only one 
side of the strips was shot peened. Strips are mounted on 
their holders and subjected to the same peening conditions 
as the actual parts. The shots were fired to the surface of 
the specimens at an angle in order to avoid collision with 
the rebounding balls. As a result of the shot peening pro-
cess, compressive residual stresses were introduced to the 
surface layer of the strips. These stresses caused deflec-
tion of the strips. The amount of deflection was measured 
with a TSP-3B Almen gage measuring device. Table 6 and 
Fig. 11 list the Almen strip deflection (fA) measurement 
results and the results of mathematical model. In accord-
ance with the Hartley's PS/DS-P:Ha3 plan methodol-
ogy [29], the values of the coefficients of the regression 
equations were determined and their significance was 

Fig. 9  Comparison of the load capacity of the joints determined 
experimentally and using regression equation (mathematical model)
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load capacity Pt (dk = 1 mm), (c) the effect of ball diameter dk and pressure p on load capacity Pt (time t = 60 s)
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assessed. The results of the analyses are presented in 
Table 7. As mentioned in Sect. 3.1, if the critical value is 
either greater than or equal to the calculated value, then 
the null hypothesis should be rejected and an alternative 
hypothesis adopted, according to which the tested coeffi-
cient has a statistically significant influence on the variable 
explained in the regression equation. Non-significance of 
specific coefficient justifies its removal from the regres-
sion equation.

The average value of the Almen strip deflection for spe-
cific variant is determined from the following formulae:

(7)yj =

∑r

j=1
yj

r

where yj is the Almen strip deflection of the j-th joint in 
specific variant and r is the number of repetitions.

Variance of the measurement error can be determined 
on the basis of the following relationship:

where yuj is the result of u-th repetition in j-th experiment.
As a result of the significance assessment of the regres-

sion equation coefficients and the elimination of the non-
significant coefficients, the following regression equation 
was obtained:

Then, the regression equation was decoded. For this purpose, 
the coded values of the input factors have been replaced with 
the appropriate values from Table 3:

After decoding and re-arranging, the following regression 
equation was obtained (11):

(8)S2(y)(j) =

∑r

j=1

�
yuj + yj

�2

r − 1

(9)

y = 0.04194 + 0.035222x
1
+ 0.046556x

2
+ 0.041x

3

+ 0.013535x2
1
+ 0.042871x2

2
− 0.010467x2

3

+ 0.054667x
1
x
2
+ 0.040667x

1
x
3
+ 0.045x

2
x
3

(10)
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Fig. 11  Comparison of the Almen strip deflection fA determined 
experimentally and predicted by Hartley’s model

Table 6  Results of 
measurements of Almen strip 
deflection fA*

* yj−  Almen strip deflection fA, S2(y)j− variance of experimental results, ŷj− Almen strip deflection fA 
determined using regression Eq. (11), 

(
yj − ŷj

)2—variance determined using regression Eq. (11)

Variant Almen strip deflection fA, mm Results of the calculations

No x1 x2 x3 y1 y2 y5 yj , mm S2(y)j,  mm2 ŷj , mm (
yj − ŷj

)2 ,  mm2

1 - -  + 0.070 0.070 0.072 0.071 0.000001 0.028 0.001790
2  + - - 0.050 0.052 0.052 0.051 0.000001 0.003 0.002902
3 -  + - 0.042 0.042 0.044 0.043 0.000001 0.011 0.000973
4  +  +  + 0.242 0.242 0.242 0.242 0.000000 0.363 0.014700
5 - 0 0 0.048 0.050 0.048 0.049 0.000001 0.033 0.000261
6  + 0 0 0.080 0.080 0.080 0.080 0.000000 0.103 0.000527
7 0 - 0 0.034 0.036 0.036 0.035 0.000001 0.051 0.000230
8 0  + 0 0.152 0.152 0.152 0.152 0.000000 0.144 0.000070
9 0 0 - 0.028 0.026 0.026 0.027 0.000001 0.003 0.000573
10 0 0  + 0.052 0.054 0.056 0.054 0.000004 0.085 0.000944
11 0 0 0 0.070 0.066 0.066 0.067 0.000005 0.054 0.000173
Σ - - - - - - 0.87 0.000017 - 0.023144
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where yfA is the Almen strip deflection output variable, xt is 
the time variable, xdk is the ball diameter variable and xp is 
the compressed air pressure variable.

The regression equation thus obtained (Eq. (11)) repre-
sents the effect of processing time, ball diameter and com-
pressed air pressure on deflection of the Almen strip (for the 
ranges of input parameters assumed in the research). The 
model is nonlinear. The penultimate column in Table 6 lists 

(11)

yfA = 0.688794 − 0.004848xt − 0.828524xdk − 0.46598xp

+ 0.000004x2
t
+ 0.171484x2

dk
− 1.0467x2

p
+ 0.001822xtdk

+ 0.006778xtp + 0.9xdkp

the values of deflection of the Almen strip calculated from 
the model (Eq. (11)). The results calculated from the equa-
tion agree with the experimental results. The Pearson’s cor-
relation coefficient is 0.95.

Figure 12 shows the influence of selected shot peening 
parameters on deflection of the Almen strip. It was observed 
that the highest values of deflection of the Almen strip were 
achieved for variant 4 which had the highest values of shot 
peening parameters and variant 8 which had the largest ball 
diameter, average time and pressure. The lowest value was 
observed for the lowest pressure, average time and ball diam-
eter (variant 9). Moreover, on the basis of the graphs shown 
in Fig. 12 and the regression Eq. (11), it can be concluded 
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Fig. 12  Graphs showing: (a) the effect of the time t and ball diam-
eter dk on the deflection of the Almen strip fA (p = 0.4  MPa), (b) 
the effect of time t and pressure p on deflection of the Almen strip 

fA (dk = 1  mm), (c) the effect of ball diameter dk and pressure p on 
deflection of the Almen strip fA (t = 60 s)

Table 7  Calculated values, 
critical values and significance 
of the regression coefficients 
in the regression equation 
describing the Almen strip 
deflection

Coefficient Critical value
of the coefficient

Calculated value
of the coefficient

Significance of coefficient

b
0

0.000829 0.054194 ||b0
|| > b

0kr Significant

b
1

0.000614 0.035222 ||b1
|| > bkkr Significant

b
2

0.000614 0.046556 ||b2
|| > bkkr Significant

b
3

0.000614 0.041000 ||b3
|| > bkkr Significant

b
11

0.000966 0.013535 ||b11
|| > bkkkr Significant

b
22

0.000966 0.042871 ||b22
|| > bkkkr Significant

b
33

0.000966 -0.010467 ||b33
|| > bkkkr Significant

b
12

0.000752 0.054667 ||b12
|| > bkjkr Significant

b
13

0.000752 0.040667 ||b13
|| > bkjkr Significant

b
23

0.000752 0.045000 ||b23
|| > bkjkr Significant
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that the ball diameter and compressed air pressure greatly 
increase the value of the deflection of the Almen strip. 
Peening time had a smaller influence on the intensity of the 
process. Nevertheless, it can be concluded that increasing 
the shot peening time increases the deflection of the Almen 
strip.

4  Discussion

According to the analysis, it can be concluded that the shot 
peening treatment affects the load capacity of the adhe-
sive joints and the deflection of the Almen strip. Figure 13 
shows the values of the load capacity of the joint and the 
values of the deflection of the Almen strip obtained for 
individual processing variants, and Table 8  shows the 
highest and lowest load capacity of the joints after shot 

peening and the corresponding deflection values for the 
Almen strip.

Based on the diagram (Fig. 13) and Table 8, it can be 
concluded that high values of the technological parameters 
increase the intensity of processing and the degree of deflec-
tion of the Almen strip. However, high processing intensity 
does not translate into high joint strength.

Treatment variant number 4 had the greatest deflection of 
the Almen strip. Nevertheless, the load capacity of the joint 
for this variant is the lowest. It is 31.9% lower than the load 
capacity of the joints that were not subjected to shot peen-
ing. In this case, the shot peening treatment contributed to 
the weakening of the joints. The load capacity of the joints 
may have decreased rapidly as a result of too intensive treat-
ment which damaged the cohesive or adhesive bonds. In the 
remaining shot peening variants of the treatment, an increase 

Fig. 13  Load capacity of joints 
versus deflection of the Almen 
strip

Table 8  Comparison of load 
capacity in test and deflection of 
the Almen strip for shot peened 
and non-shot peened variants of 
the joints

Variant Load capacity 
Pt, N

Almen strip  
deflection fA, mm

Improved/decreased
load capacity, %

Without shot peening treatment 7080 - -
Shot peened—the best result (variant 10) 9443 0.054 33.4 (improved)
Shot peened—the worst result (variant 4) 4819 0.242 31.9 (decreased)
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in the load capacity of the joints was observed. The greatest 
increase in load capacity was 33.4%.

The regression equation presented in the diagram 
(Fig. 14) describes the impact of the deflection of the Almen 
strip on the load capacity of the adhesive joints. Based on 
the assessment of the significance of the coefficients of the 
regression equation, it can be concluded that both coeffi-
cients are significant. The p-values in both cases are less 
than 0.05 and are as follows: for the constant term 0 and for 
the parameter fA = 0.01. According to the regression equa-
tion, the load capacity of the joints decreases with Almen 
strip deflection (in the assumed area of variability of the 
input factors). This is confirmed by the value of the Pearson 
correlation coefficient, which is –0.733. The determination 
coefficient indicates that 54% of the load capacity results 
can be described by the regression equation presented in 
the diagram (Fig. 14). This means that the deflection of the 
Almen strip can be used to assess the load capacity of the 
adhesive joints after shot peening.

The results of the experimental tests presented in this 
paper may be supplemented by the results of previous stud-
ies of the authors [11, 26, 28, 32]. The plates treated using 
SP exhibited high compressive residual stresses in the outer 
zone. This results in a better stress distribution and tighten-
ing of the joint edge, thereby increasing the strength of the 
joint.

Shot peening was carried out exactly along the length 
of the overlap so that (i) the residual stresses had an effect 
on the entire adhesive joint and (ii) the maximum stresses 
occurred at the edge of the overlap [32]. Shot peening 
causes compressive residual stresses in the adhesive layer 
with the highest value at the edge of the overlap [32]. Shot 
peening on longer or shorter lengths than the overlap length 
would not provide the maximum edge stresses. SP at a 
greater length than the overlap length would also cause the 
plates to deform beyond the joint zone, which we wanted 
to avoid.

5  Conclusions

The results of the research show that the shot peening pro-
cess can be successfully applied to strengthen adhesive 
joints. Moreover, the relationship was determined between 
the deflection arrow and the load capacity of the joints 
after shot peening. It has been proved that the shot peening 
treatment of the outer surface of joints in the overlap area 
can be used to strengthen adhesive joints. The maximum 
increase in the load capacity of the shot peened joints was 
33.4%. The load capacity of the adhesive joints after shot 
peening can be predicted from the value of the deflec-
tion of the Almen strip. As far as varying the relevant 
input factors is concerned, the load capacity of the joints 
decreases with the increase in the deflection of the Almen 
strip. Therefore, aluminium alloys should be shot peened 
with lower values of the process parameters, which will 
result in lower values of Almen strip deflection and thus 
lower stresses.

Shot peening affects a small subsurface depth of the 
sheet metal. So, the greater the thickness of the sheet (with 
other SP parameters constant), the lower will be the effect 
of shot peening on the value of the load capacity compared 
to the non-peened adhesive joint. On the other hand, if the 
sheet thickness decreases, the beneficial effect of introduc-
ing compressive stresses in external layers of the joint will 
be visible up to a certain sheet thickness. Shot peening of 
a very thin sheet may cause its deformation.
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