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Abstract: The springback phenomenon that occurs during cold forming is the main problem that affects the dimensional accuracy of bent 
products. This article presents the results of the analysis of the springback phenomenon occurring during a three-point air bending of 0.5 
mm, 0.8 mm, 1.0 mm and 2.0 mm thick AW-2024 aluminium alloy sheet, AW-1050A aluminium clad. For sheets with a thickness of 1.0 mm 
and 2.0 mm, the influence of heat treatment and natural ageing time of sheets on the value of the springback coefficient was also tested. 
The springback characteristics were determined by defining the dependence of the springback coefficient on the bending deflection of the 
band. The experimental results obtained indicate a linear dependence of the value of the springback coefficient on the relative deflection 
w/fg index (w – distance between supports, fg – deflection under load), both in the case of the influence of the sheet thickness and the 
ageing time of the sheets. 
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1. INTRODUCTION 

One of the main criteria in the selection of material for the 
production of parts, especially in aviation and automotive produc-
tion, is the index determining the ratio of its density to the strength 
limit [1]. Therefore, aluminium alloys, due to their properties and 
the well-developed ability to produce them, are widely used in 
aviation and other areas of the transport industry [2, 3]. Currently, 
apart from composite materials, their percentage share is the 
largest in aircraft production. 

In the aerospace industry, the materials used to make aircraft 
skins are mainly high-strength aluminium alloys; however, the 
disadvantage of these materials is usually their low resistance to 
corrosion. Corrosion damage arising during operation is a serious 
threat, especially for many years of operation of aluminium aircraft 
structures [4, 5]. To improve the corrosion resistance of the case 
of high-strength sheets made of aluminium alloys, technically pure 
aluminium is used as the coating material, applied on both sides 
in the rolling process to the parent material [6]. 

An example of an alloy widely used in aviation production is 
the AW-2024 aluminium alloy, whose precipitation hardening 
ability is very often used to obtain the required mechanical proper-
ties [7]. After thermal treatment (heat treatment and ageing), it 
obtains relatively high strength and good fracture toughness [8–
10]. The ageing process can be carried out naturally or accelerat-
ed (artificial ageing) [11]. Natural ageing generally gives better 
results in the form of increasing the strength of the material than 
accelerated ageing, but it takes a long time, even 4–5 days, while 
the use of higher temperatures during artificial ageing shortens 
the time of this process [12, 13]. 

Stampings made of aluminium sheets capable of precipitation 
hardening are most often shaped from the sheet in the delivery 
condition, i.e. after soft annealing, and then subjected to heat 
treatment and ageing. In engineering practice, due to a number of 
advantages, heat-treated sheets are also subjected to shaping in 
the initial stage of natural ageing [14]. For this reason, when 
designing processes for the forming of drawpieces from these 
sheets, it is important to know the value of the springback coeffi-
cient K, both for the sheets as delivered and after the heat treat-
ment during the forming operation. It should be emphasised that 
shaping operations should be performed as soon as possible after 
heat treatment due to the deteriorating technological properties of 
the sheet during natural ageing. 

The shaping of various types of parts and sheet metal coat-
ings is carried out by bending processes. In the bending process, 
three basic stages can be distinguished in this process, i.e. elastic 
bending, plastic bending and springing. The distribution of longitu-
dinal strains and stresses on the cross-section of the bent strip 
(Fig. 1) shows that during loading, the outer and inner layers of 
the material are plastically deformed, while the material in the 
middle layer remains under the influence of elastic stresses. As a 
result, after removing the load, the phenomenon of return elastic 
deformation is observed, i.e. the curvature of the bend decreases. 
The decisive coefficient for the quality of bent elements is their 
dimensional and shape accuracy; therefore, during the analysis 
and design of this process, it is very important to determine the 
springback effect after removing the bending load. 

Quantitative assessment of the springback is carried out by 
means of experimental research, analytical calculations, numeri-
cal modelling and others. The amount of springback is most often 
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determined by the dimensionless springback coefficient K. This 
coefficient is calculated from formula (1) as the quotient of the 
bending radius under load ρg and the bending radius after unload-
ing ρs or as the quotient of the bending angle after unloading γs 
and the bending angle under load γg (Fig. 2). 

𝐾 =
γs

γg
=

ρg

ρs
            (1) 

where γg, γs – band deflection angle under load and after spring-

back, respectively, ρg, ρs – band radius under load and after 

springback, respectively. 

 
Fig. 1. Distribution of longitudinal strains (a) and stresses (b) on the      

cross-section of the bent strip 

 
Fig. 2. The shape of a bent sample: (A) under load and (B) after unload-

ing [15] 

When designing the technological process and the bending 
tools, it is necessary to determine to what angle (radius) the input 
material should be bent to obtain the final product required after 
springing. Knowing the value of the springback coefficient for 
specific cases of bending, we can determine the radius or angle 
that should be used during bending in order to obtain a product 
with the desired shape after bending. This gives an opportunity to 
minimise the effects of springing after bending in the design stage 
of technological processes and technological devices.  

In engineering practise, the correction of the shape of the pro-
totype bending tools specified in the design is often done by trial 
and error. The number of these tests can be significantly reduced 
by increasing the accuracy of calculations that consider a wide 
range of coefficients affecting the amount of springback. There-
fore, it is important to take into account as many coefficients as 
possible that influence the parameters of the analysed process 
when determining the value of the springback coefficient. 

Various research works have been devoted to the analysis 

and study of the springback phenomenon of sheets after bending 
and for various materials, using various approaches to solving the 
issues under consideration – analytical [16-18], numerical [19-21]  
as well as the use of neural networks [22]. However, there is a 
lack of knowledge on the impact of cladding layers on forecasting 
springback of clad aluminium alloy sheets; only studies on bend-
ing aluminium-clad steel sheets can be found [23]. 

Knowledge about the amount of springback of materials after 
bending is practically useful. The lack of data from the literature 
on the influence of thickness, as well as the influence of heat 
treatment and natural ageing time of the clad sheets made of the 
AW-2024 alloy on the value of the springback coefficient K as a 
function of relative deflection (w/fg) was the motivation to under-
take this research. The prepared characteristics of the springback 
coefficient of the tested sheets, in addition to cognitive aspects, 
have practical application in the analysis of the bending process 
and in the design of equipment for bending these sheets, both in 
the delivered condition and after heat treatment and during natural 
ageing. 

The paper presents the results of experimental investigations 
of the three-point air bending process of AW-2024 aluminium 
alloy, with rolled AW-1050A cladding for anti-corrosion protection, 
which, among others, are used to make the outer plating of air-
craft structures. The tests were carried out for four sheet thick-
nesses under delivery conditions, i.e. after soft annealing, for 
which the dependence on the value of the springback coefficient K 
as a function of sheet thickness t and relative band deflection 
(w/fg) was determined. In addition, for two thicknesses of the 
tested sheets, the effect of the natural ageing time after heat 
treatment on the value of the springback coefficient as a function 
of relative band deflection (w/fg) was determined. 

2. MATERIAL AND EXPERIMENTAL PROCEDURE  

The tests were carried out using AW-2024 aluminium alloy 
sheets with thicknesses of 0.5 mm, 0.8 mm, 1.0 mm and 2.0 mm 
– and the thickness of the AW_1050A clad layers (Fig. 3) applied 
on both sides was 12.1%, 10.4%, 10.0% and 5.5% of the sheet 
thickness, respectively. Observations of the microstructure in the 
cross-section of the sheets (Fig. 3) showed good cohesion of the 
clad material with the base material. During the bending tests, no 
loss of cohesion was observed. The microstructure shown corre-
sponds to the softened state of the material, with coagulation of 
precipitates present, without a granular structure. No significant 
differences in structure were observed depending on the direction 
of sample collection. Experimental studies, both determining the 
mechanical parameters of the sheet material and bending tests, 
were carried out for two variants: 

 all sheets are tested for material as supplied, i.e. for annealed 
materials, 

 for sheets with a thickness of 1.0 mm and 2.0 mm, heat treat-
ment was carried out. 
In the heat-treatment process, the samples were successively 

heated in the furnace to a temperature of 493C and kept at this 
temperature for 40 min and 45 min for thicknesses of 1 mm and 2 
mm, respectively [24], and then rapidly cooled in cold water. 
Uniaxial tensile and bending tests were carried out using sheet 
samples of material delivered as delivered, immediately after heat 
treatment and after natural ageing for 20 min, 45 min, 90 min and 
120 min. The ageing time range covered by the tests was deter-
mined based on an analysis of the assortment of produced 
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stamps and engineering practise, taking into account the 
AMS2770 standard [24]. 

 
Fig. 3.   An exemplary microstructure of a clad sheet in delivery condition:   

A – base material, B – cladding layer 

From the supplied sheets, samples were taken for uniaxial 

stretching in the 0, 45 and 90 according to the rolling direction 
of the sheets. The shape and dimensions of the samples for 
testing according to ISO 6892-1 are shown in Fig. 4. Static uniaxi-
al tensile tests of individual samples were carried out on the 
Zwick/Roell Z030 test machine. The tensile speed of the samples 
was 30 mm/min. During the tensile test, the values of selected 
material parameters were determined: 
 yield stress R0.2, 
 ultimate strength Rm, 
 parameters of the strain hardening curve according to Hollo-

mon  = C∙εn , where C and n are the hardening coefficient 
and the hardening curve exponent, respectively. 
Bending samples that were 40 mm wide and 100 mm long 

were taken in parallel with the rolling direction. Experimental 
bending tests were carried out on the Zwick/Roell Z030 testing 
machine in a three-point tool system with the same radii r = 5 mm 
(Fig. 5). For samples of each of the sheets tested, the deflection 
under load was set in eight cycles, successively with the value of 
2 mm, 4 mm, 6 mm, 8 mm, 11 mm, 14 mm, 17 mm and 20 mm. 
The samples were then unloaded and the value of deflection 
springback was measured. 

Then, on the basis of the experimental data, the numerical 
values of the sample deflection arrow after unloading in subse-
quent bending cycles were determined. The bending angle and 
springback angle values were calculated in subsequent cycles, 
together with the numerical values of the springback coefficient 
corresponding to these cycles. Based on the measured deflection 
values, the values of the deflection angles under load γg and after 
unloading γs were calculated. 

As observed above [15], the position of the contact point of 
the sample with the surface of the shaping tools changes with the 
increase of the deflection arrow, which has a decisive impact on 
the value of the calculated bending angle. Therefore, to calculate 
the angle of bend, formula (2) was used, considering the observed 
phenomenon and also considering the effect of the band thick-
ness: 

 γ = arctg(
2f

𝑤−Af
)                         (2) 

where f – band deflection arrow, w – distance between the outer 
bending rollers, A – dimensionless coefficient depending on the 
thinness coefficient t/r, and the size of the distance between the 
outer bending rolls w, determined on the basis of geometrical 
relationships, using the least squares method with the use of the 
Logger Pro programme.  

The author's Eq. (2) was presented in detail together with the 
method of determining the coefficient A in the work [15]. 

 

Fig. 4. Dimensions of the samples for the uniaxial tensile test in mm [15] 

 
Fig. 5. A photograph of a bent sample [15]  

3. RESULTS AND DISCUSSION 

Based on the results of the tensile test, it can be seen that 
both the yield stress values and the strength limit for all thickness-
es of the sheets tested under delivery conditions are more than 
two times higher than the values of these parameters for the clad 
material (Tab. 1). Heat treatment of the sheet material resulted in 
a very significant increase in the value of both the yield point 
(respectively by 110% for 1.0 mm thick sheet and 86% for 2.0 mm 
thick sheet), the strength limit (respectively by 99% for 1.0 mm 
thick sheet and 93% for 2.0 mm thick sheet) as well as for the 
value of the strain hardening exponent (respectively by 24% for 
1.0 mm thick sheet and 44% for 2.0 mm thick sheet). With in-
creasing ageing time, further increases in the values of both the 
yield point and the strength limit were observed. The values of the 
strain hardening exponent decrease with increasing ageing time 
(Tab. 2). Therefore, the observation arises that taking into account 
the course and effect of forming the stamps, as well as the me-
chanical parameters of the finished product, the conditions of heat 
treatment of the sheet material should be taken into account. 
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Tab. 1.  Selected mechanical parameters of the tested sheet material   
under delivery condition 

 

Tab. 2. Selected mechanical parameters of the sheet material after heat  

            treatment and ageing 

 

The springback characteristics were presented as a depend-
ence of the springback coefficient on the value of the w/fg index 
because, as shown earlier [15], it allows one to obtain a linear 
relationship between these parameters described by a linear 
equation of the form: 

𝐾 = −𝐴(
𝑤

𝑓𝑔
) + 𝐵           (3)  

where A and B – material coefficients determined experimentally.         
This is confirmed by the results of the experimental investiga-

tions presented in this study, as evidenced by the high values of 
the correlation coefficients R2 (Fig. 6). The data presented in the 
graph (Fig. 6) show that the springback coefficient K also depends 
on the thickness of the sheet t; so, in this case, it is a function of 
two variables: 

𝐾 = 𝑓 (
𝑤

𝑓𝑔
, 𝑡)            (4) 

In order to take into account the influence of the second varia-
ble, i.e. the thickness of the sheet t, the values of coefficients A 
and B in Eq. (3) should be determined as a function of the thick-
ness of the sheet. Taking into account the determined values of 
these coefficients for the thicknesses tested (see equations in Fig. 
6), the approximation method determined the relationship be-

tween the sheet thickness and the value of coefficients A and B, 
which is presented in the graph (Fig. 7). After substituting the 
coefficients A and B determined as functions of thickness into 
formula (3), we obtain the relationship:    

 𝐾 = −(0,086t2 − 0,0283t + 0,0314) (
𝑤

fg
) 

+(0,8178 + 0,153t − 0,0442t2)         (5) 

allowing us to calculate the numerical value of the spring coeffi-

cient K as a function of the w/fg index and the thickness of the 

sheet t in the range of thickness t = (0.5-2.0) mm and the quotient 

(𝑤/𝑓𝑔) = (2.5–25). 

The above equation can be used for quick and estimated se-
lection of the shape of the bending tools in order to obtain the 
required geometry of the final stamps. 

As expected, the value of the springback coefficient clearly 
depends on the thickness of the sheet. For the sheet with a thick-
ness of 0.5 mm, the values of the springback coefficient are clear-
ly lower than for the other sheets (Fig. 6). This is due to the fact 
that for the curvatures used in bending tests, for the thinnest 
sheet, the share of the elastic stress layer a (Fig. 1) is the largest. 
In addition, for this sheet, the percentage share of the clad thick-
ness in relation to the sheet thickness is the highest; therefore, the 
more easily deformable material in the outer layers of the sheets 
results in a greater value of springback after removing the bending 
load.  

 
Fig. 6.   Dependence of the springback coefficient on the value of the w/fg 

index for sheets of different thickness 

 

 

Fig. 7. The influence of sheet thickness on the value of coefficients  
 A and B in Eq. (3) 



DOI 10.2478/ama-2024-0034                                                                                                                                                          acta mechanica et automatica, vol.18 no.2 (2024)                                                                                                                                                                                                                                                                   

311 

The heat treatment of the material also resulted in a significant 
increase in the springback susceptibility of the sheets, especially 
for small bending curvatures (high values of the w/fg ratio) (Figs. 8 
and 9). The values of the springback coefficient for the material 
delivered, especially for sheets 1.0 mm thick, are clearly higher 
than the values of the K coefficient for sheets after heat treatment. 
The values of the K coefficient decrease (increase springback) as 
the annealing time increases. Taking into account the practical 
use of these relationships, it is recommended to shape products in 
bending processes using sheets in the delivered condition, and 
then heat treat the finished parts in order to increase the mechan-
ical parameters of the material [14]. 

 
Fig. 8.   Dependence of the springback coefficient on the value of the w/fg          

index for sheets for different ageing times for 1.0 mm thick 
sheets (compared to the springback characteristics for sheet with 
mechanical parameters as delivered) 

 
Fig. 9.   Dependence of the springback coefficient on the value of the w/fg 

index for sheets for different ageing times for 2.0 mm thick 
sheets (compared to the springback characteristics for sheet with 
mechanical parameters as delivered) 

The value of the springback coefficient of sheets 1.0 mm and 
2.0 mm thick after different ageing times showed a dependence 
on the tendency of the material to strain hardening (Figs. 10 and 
11). An increase in the value of the strain hardening exponent 
results in an increase in the value of the springback coefficient. 
This relationship is more pronounced as the bending curvature 
(greater deflection of the samples). 

During natural ageing of the tested sheets in the time range of 
0–120 min, an increase of almost 40% and 43% in yield stress 
was observed for sheets with a thickness of 1.0 mm and 2.0 mm, 
respectively. At the same time, a much less intense increase in 
ultimate strength was recorded, which was 10% and 13% for 
sheets with a thickness of 1.0 mm and 2.0 mm, respectively (Tab. 
2). The influence of these parameters, specifically the ratio 

R0.2/Rm, on the springback coefficient for three values of w/fg, is 

shown in Figs. 12 and 13 for sheet metal with a thickness of 1.0 
mm and 2.0 mm, respectively. Both in the case of a 1.0 mm thick 
sheet (Fig. 12) and a 2.0 mm thick sheet (Fig. 13), the value of the 
springback coefficient K decreases with the increase in the 
R0.2/Rm ratio. The intensity of the decrease in the value of the 
springback coefficient K with an increase in the R0.2/Rm ratio de-
pends on the relative deflection w/fg and is greater with the lower 
value of w/fg. In other words, the smaller the radius of the bending 
curvature, the greater the springback after the bending. The 
amount of this springback increases additionally with the increase 
in the R0.2/Rm ratio, and this increase is more intense with a small-
er bending radius. 

 
Fig. 10.   Dependence of the springback coefficient on the value of the  

strain hardening exponent for sheets for different deflection for  
sheets 1.0 mm thick 

 
Fig. 11.   Dependence of the springback coefficient on the value of the 

strain hardening exponent for sheets for different deflection for 
2.0 mm thick sheets 

 
Fig. 12.   Dependence of the springback coefficient on the value of the 

R0.2/Rm ratio for sheets for different deflection for 1.0 mm thick 
sheets 
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Fig. 13.   Dependence of the springback coefficient on the value of the 

R0.2/Rm ratio for sheets for different deflection for 2.0 mm thick 
sheets 

4. CONCLUSIONS 

This work presents the results of the analysis of the spring-
back phenomenon observed during elastic–plastic cold bending of 
0.5 mm, 0.8 mm, 1.0 mm and 2.0 mm thick of the AW-2024 alu-
minium alloy with AW-1050A aluminium clad. For the sheet mate-
rial in the delivery condition and after heat treatment and various 
ageing times, the value of the selected mechanical parameters 
and the springback characteristics were determined. The main 
conclusions of this work can be summarised as follows: 
 Heat treatment of the material in the as-deliver resulted in an 

average approximately two-fold increase in the values of both 
the yield stress and the ultimate strength, and an approxi-
mately 20% increase in the hardening deformation exponent. 
Compared to the parameters of the heat-treated material, the 
increase in the yield stress and the ultimate strength after an 
ageing time of 120 min was on average approximately 40% 
and 11%, respectively. In the tested ageing time range, the 
strain hardening exponent values decrease with increasing 
ageing time, up to a value close to the value of this parameter 
for the material in the delivery condition. 

 For all the tested sheets, a linear dependence of the value of 
the springback coefficient on the value on the relative deflec-
tion w/fg index was observed – with increasing bending curva-
ture (decreasing w/fg index), the value of the springback coef-
ficient increases. In the entire tested w/fg range, for example, 
for the sheet as delivered with a thickness of 2 mm, this in-
crease was 1.28 times, while for the same sheet immediately 
after heat treatment, it was 1.54 times and 2.21 times after 
120 min of natural ageing. It was observed that, regardless of 
heat treatment and ageing time, this increase was greater with 
the smaller the thickness of the tested sheet. 

 The values of the springback coefficient for the material in the 
delivery state are clearly higher than the value of this index for 
sheets after heat treatment. Extending the ageing time of the 
material results in a decrease in the value of the springback 
coefficient. 

 For heat-treated sheets, an increase in the Re/Rm ratio was 
observed with the increase in natural ageing time. In the test-
ed ageing time range of up to 120 min, the value of the 
springback coefficient decreases as the Re/Rm ratio increas-
es. The intensity of this decrease increases with the deflection 
of the sample. 

 An increase in the value of the strain hardening exponent 
results in an increase in the value of the springback coeffi-
cient. 
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