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Abstract: This study used X10CrAlSi24 (1.4762) sheet material, which is widespread in bending processes of the energy sector. During bending of X10CrAlSi24 (1.4762) 
sheet materials, cracking and tearing occur due to these materials’ brittleness at room temperatures. To avoid this phenomenon, bending was carried out by applying 
normalization treatments at 800 ºC, 850 ºC, 900 ºC and 950 ºC. V-bending processes were performed at three different bending angles (30º, 60º, 90º) and by a 4.5 mm 
punch tip radius. V-bending processes were carried out without leaving the punch on the material, and crushing of the punch on the sheet material sectional area was 
allowed. As a result of the bending processes, spring-go occurred in the 30º and 60º bending applications, whereas spring-back occurred in the 90º bending applications. 
The formation mechanism of capillary cracks (depending on deformation) due to internal stress especially at low temperatures was introduced by the microstructural 
characterization of the specimens.   
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1 INTRODUCTION 

Spring-back and spring-go are two of the most 
common problems in sheet metal forming operations. In 
the bending process, the elasticity limit of specimens is 
exceeded, but the yield stresses are not exceeded. For this 
reason, the material maintains a part of its original 
flexibility. The material exhibits some spring-back or 
spring-go when the exerted load is removed. Spring-back 
is defined as reduction of bending angle after the bending 
process (Fig. 1a) while spring-go is increase of bending 
angle obtained as a result of bending (Fig. 1b). In the 
sheet material industry, especially in sheet bending 
processes, spring-back and spring-go have a significant 
effect. In the manufacturing industry, die designers and 
manufacturers try to find a die angle either by calculation 

or trial. As it is known, these methods cause both a waste 
of time and increasing costs. The spring-back and -go 
amounts are determined. According to the type of the 
bending material, this determination provides suitable die 
design and manufacturing by subtracting or adding values 
(obtained during die manufacturing) upon the bending 
angle. This process decreases the material waste and 
allows re-gaining the time that is lost with the method of 
trial and error [2]. Bending processes have an important 
place in the manufacturing industry. Owing to several 
bending applications, materials can be prepared in the 
desired accuracy of size and dimension [3]. Among 
bending applications, the most preferable one is the V 
bending method. 

Figure 1 Determination of spring-back and spring-go [1] 

Steel sheets, copper and stainless-steel materials can 
easily be bent. During bending processes, it is seen that 
waiting time and material thicknesses are effective on 
spring-back [4-6]. The effect of material thickness on 
bending processes was reported in previous studies [7]. 
Studies are also increasing on the spring-back and -go 
amounts in V bending processes [8-11]. It is also known 
that there are significant improvements decreasing the 
amount of spring-back. Besides, elasticity modulus, 
friction condition and material properties are also 
effective on the amounts of spring-back [12-14]. In 
addition to this, in the processes of V bending, an 
important point is the spring-go amount and studies to 

decrease spring-go amounts are becoming more prevalent 
[15, 16]. The effects of process parameters such as 
bending angle, material thickness, material properties and 
punch radius on V-bending processes were analysed with 
the Taguchi and finite element methods, and suitable 
bending conditions were taken into consideration [17-20]. 
Formability and spring-back characterization of TRIP800 
steel are investigated by finite element analysis method 
using different material models like Hill-48, Barlat-89 and 
YLD2000. Additionally, the capability of the Hill-48 and 
Barlat-89 models to predict the variation of the yield 
stress and anisotropy values were investigated by 
different methods like Lankford parameters and ErrMin 
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approaches [21]. In U and V bending processes the sheet 
material was cut in angles of 0°, 45° and 90° throughout 
the rolling direction and the obtained spring-back and -go 
amounts were examined after the bending process [22]. In 
U and V bending processes, the effect of sheet thickness, 
sheet anisotropy, material properties, coefficient of 
friction, punch tip and size on spring-back/go was also 
considered by researchers [23]. Accurately measuring the 
spring-back amounts in three distinct tooling regions (i.e., 
die corner, punch corner and side wall) were explained in 
detail under a wide range of operating conditions. 
Additionally, the effects of spring-back over blank holder 
force (BHF), friction condition and forming rate were also 
analysed [24]. Researchers also examined parameters like 
punch, die radius, punch radius and punch holder by using 
genetic algorithms to reach the most suitable die design 
[25]. In the literature, there are also studies about spring-
back amounts in cold bending processes as another type 
of bending process [26]. In flanging processes, spring-
back values were estimated with different die radiuses and 
die drops [27, 28]. Moreover, in draw bending processes, 
the effects of die radius and waiting time of punch on the 
amounts of spring-back were also among the examined 
subjects [29]. Researchers have obtained spring-back 
values in free bending processes at different radius and 0 
angles and compared them to each other by modelling a 
number of artificial neural networks [30]. Some 
researchers used coined bending techniques of spring-
back and spring-go values. The coined bending technique 
is commonly applied in the process of V-bending to 
eliminate spring-back and spring-go and achieve the 
required bending angle. These studies also illustrated the 
variations among spring-back and spring-go 
characteristics for different coined-bead widths and 
heights [31, 32]. 
Furthermore, a noteworthy study was carried out about 
investigating the effects of coining force on spring-back 
reduction in the process of V-bending [33]. 

Additionally, fracture and cracking occurred when 
Hardox 500 sheet material was formed at 90 V bottoming 
bending into dies at room temperature. Hardox 500 sheet 
materials were normalized at different temperatures to 
increase formability [34]. 

In this study, V-bottoming bending processes were 
carried out by using 4-mm-thickX10CrAlSi24 (1.4762) 
sheet materials (they are widely used for bending 
processes in the energy sector) for 30°, 60°, 90° bending 
angles and a 4.5-mm punch tip radius. V-bottoming 
bending processes were carried out without leaving the 
punch on the material and allowing the punch to crush the 
sheet material sectional area. During bending of 
X10CrAlSi24 (1.4762) sheet materials, cracking and 
tearing occur due to their brittleness at room 
temperatures. To avoid this phenomenon, bending was 
carried out by applying normalization treatments at 
different temperatures. 

 
2 EXPERIMENTAL 

 
In the experiments, 4-mm-thick X10CrAlSi24 

(1.4762) specimens were chosen and their chemical 
composition is given in Tab. 1. The specimens were 
prepared by hydraulic shearing in dimensions of 30×60 
mm, with a 0° rolling direction. The burrs that occurred as 
a result of shearing were cleaned. The male punch and the 
female die (matrix) of the bending die used in the 
experimental study were made of C1390 shear steel and 
manufactured in a CNC Vertical Machining centre with 
precision. In bending die materials, cracking and 
fracturing may occur because of impact. For this reason, 
tempering was applied to avoid the internal stresses in the 
die material. Fig. 2 shows V-bottoming bending die and 
punches. 
 

Table 1 Chemical composition of X10CrAlSi24 material 
Material C Si Mn P S Cr Al 

X10CrAlSi24 0,11 1,11 0,91 0,037 0,011 22,87 1,27 
 

 
Figure 2 V-bottoming bending die and bending punches: a) Bending die, b) Bending punches 

 
While a 30° V-bottoming bending process was 

carried out on X10CrAlSi24 sheet materials, 60° and 90° 
V-bottoming bending processes could not be applied. 
During the 60° and 90° bending processes, cracking and 
fracturing occurred on the sheet material (Fig. 3). To 
avoid this, normalization was applied at different 
temperatures (800°, 850°, 900° and 950 °C) to determine 
at which temperature interval micro cracking occurred. 
Besides, the bending processes were carried out on the 
heat-treated specimens (30º, 60° and 90°) without keeping 

the punch on the sheet material and by allowing the punch 
to crush the sheet material deformation area. After the 
bending process, the micro structures of non-heat-treated 
specimens (bent at room temperature) were compared at 
the end of normalisation heat treatment at 800°, 850°, 
900° and 950 °C and the temperatures at which the cracks 
occurred were determined. In the experiment series, 
normalization was applied to X10CrAlSi24 specimens of 
30×60 mm sizes at different temperatures. V-bottoming 
bending processes were carried out by leaving and not 
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leaving space (equal to sheet thickness) between the 
punch and the die. Tests were conducted at free bending 
force and a 25-m/min punch drop speed. The parameters 
used in the bending processes are given in Tab. 2. In the 
study, different parameters were used and a total of 130 
tests were made. For the purpose of reliability, each test 
was repeated 5 times. Spring-back and spring-go graphics 
were obtained by taking the arithmetic mean of the 
values. The results were also compared to each other. 
  

Figure 3 Specimen image obtained after 60° bending of X10CrAlSi24 sheet 
material

 
Table 2 Bending parameters used in the experimental study 

Material Bending 
parameter 

Normalizing temperature  
T, °C 

Bending 
process 

Sheet thickness  
S, mm 

Bending angle  
α, ° 

Number of 
tests 

X10CrAlSi24 unheat-treated at room temperatures direct crushed 4 30 10 
heat-treated 800-850-900-950 direct crushed 4 30-60-90 120 

Total experiment number 130 
 

The specimens that were obtained in the V-bottoming 
bending processes were subjected to a pre-measurement 
process with an angle gauge and then each piece was 
measured accurately by using a CMM device. During 
measurement, 8 points were taken on the specimen and 
the angle values between these points were measured with 
precision (Fig. 4a). So, any potential measurement error 
was minimized, and the reliability of the results was 
increased. At the end of the V-bottoming bending process, 

material micro structure characterization was examined 
by cutting a piece from specimen deformation areas with 
the aid of a wire erosion machine for the purpose of 
observation of micro crack formations in the specimen 
interior structures depending on deformation (Fig. 4b). A 
Leica brand optical microscope was used for this purpose, 
and especially the material deformation in the bending 
area was evaluated. 

 

 
Figure 4 Points taken in CMM device and the area cut at wire erosion 

 

 
Figure 5 Spring-go values obtained in 30° bending applications, arithmetical mean of these values and spring-go angle 

 
In order to investigate the changes in the deformation 

zones before and after the bending process, sanding, 
polishing (600, 800, 1000, 1200 grid) and etching process 
were applied. 5% Nital solution (5 ml HNO3, 95 ml H2O) 

was used as an etchant. Microstructure views were than 
obtained with the Leica optical microscope. 
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3 RESULTS AND DISCUSSION 
 
While the 30° bending processes were carried out on 

the X10CrAlSi24 specimens, cracks and tearing were 
observed in the bending areas of the 60° and 90° bending 
processes. Normalization heat treatment was applied at 
different temperatures to improve the formability of the 
X10CrAlSi24 specimens. 

As a result of the normalization treatment, no 
cracking or fracturing was observed on the specimens that 
were subjected to the bending processes. Spring values 
were measured on the specimens with precision by a 
coordinate measuring device (CMM) and spring-back and 
spring-go values were determined. The spring-go values 
of the X10CrAlSi24 sheet material obtained in the 30° 
bending processes at room temperature and the 
arithmetical mean of these values are shown in Fig. 5. 
Fig. 5 shows that the spring-go amount of the processes 
carried out by the coined sheet material bending area with 
the punch was 66% lower in comparison to the processes 
in which the punch was directly taken away without 
waiting on the sheet material.The spring-go amount is 
obtained by subtracting the bending angle from the angle 
obtained at the end of the V-bottoming bending process. 
For example, the spring-go value was obtained as 0.599° 
by subtracting the bending angle of punch 30° from the 
spring-go value 30.599° that was obtained as a result of 
the direct bending process. The ideal bending angle was 
obtained by adding the spring-go value to the punch 
bending angle. The micro structure image of the specimen 
taken from the central deformation area after the 30° V-

bottoming bending processes at room temperature is 
shown in Fig. 6. From the micro structure image (Fig. 6), 
it was observed in the interior deformation area of the 30° 
bending process specimen that crack formations occurred, 
and this could be significantly effective from the point of 
material forming and strength. As it is known, the 
X10CrAlSi24 sheet material is hard and resistant to 
formability, and it consequently caused interior cracks 
during the bending process. 

 

 
Figure 6 Deformation area microstructure image after 30° bending process 

 
So, in the material shaping process, for the purpose of 

decreasing the stress areas (in the structure) of high 
density and increasing the material ductility by decreasing 
the hardness value, normalization annealing was carried 
out at 800°, 850°, 900° and 950 °C. 

 

 
Figure 7 Spring-back and spring-go values and their arithmetical mean obtained after the normalization made in between 800° - 950° 

 
After the heat treatment, V-bottoming bending 

processes were carried out on the materials. The 
arithmetic means of the spring-back and spring-go values 
after bending are given in Fig. 7. Direct and coined V-
bottoming bending processes were carried out on the 
normalization annealed specimens (at 800°, 850°, 900° 
and 950 °C) by using 30°, 60° and 90° bend punches. 

As a result of bending, in the direct and coined 30° 
and 60° bending applications at increasing normalization 
temperatures, the spring-go value decreased when the 
spring-back value decreased in the 90° bending 

applications.  After 30°, 60° and 90° direct and coined 
bending tests, materials which were normalized at 800, 
850, 900 and 950 °C were compared to each other at the 
same and different temperatures from the point of spring-
go and -back values.  As a result, when the coined 
bending process at 800 °C was compared to direct 
bending, it was determined that it decreased the spring-go 
amount by13.53% and 28.67% in the 30° and 60° bending 
processes respectively, and it decreased the spring-back 
value by 30.41% in 90° bending. When the coined 
bending process at 850°C was compared to direct 
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bending, it was observed that it decreased the spring-go 
value by 15.25% in 30° bending and by 7.14% in 60° 
bending, whereas it decreased the spring-back value by 
16.80% in the 90° bending process. 

When the direct and coined V-bottoming bending 
applications of 30° at 950 °C were compared to those at 

900 °C, it was seen that the heat treatments decreased the 
spring-go values by 77% and 80.78% and again decreased 
the spring-go values by 56.45% and 63.07% in the 60° 
applications respectively. It was observed that the spring-
back value was decreased by 30.60% in the direct bending 
processes, whereas 60.57% in coined bending. 

 

 
Figure 8 Microstructure images of the normalization annealed specimens during 30º, 60º and 90º bending process; (a) 800 ºC, (b) 850 ºC 

 
The spring-go amount is obtained by subtracting the 

bending angle from the angle obtained in the V-bottoming 
bending process. For example, after normalization at 
900°, the spring-go value of 0.653° (taken from Fig. 7) 
that was obtained during 30°  direct bending of the 
material is added to the 150° bending angle (bending 
angle of the punch), and the ideal bending angle is 
obtained. From here, the angle calculation which is to be 
adjusted in the male punch is as follows:  

Angle which is to be adjusted in male punch = Angle 
of bent + spring-go: α = 150° + 0.653°=150,653°. 

The spring-back value is calculated by subtracting the 
obtained angle from the bending angle. For example, after 
normalization at 950°C in the 90° direct bending of the 

material, the obtained spring-back value 0.447° (From 
Fig. 7) is subtracted from the 90° bending angle (bending 
angle of punch).This way, the suitable bending angle is 
obtained. From here, the angle calculation which is to be 
adjusted in the male punch is as follows: 

Angle which is to be adjusted in the male punch = 
Angle of bent + spring-back: α = 90° ‒ 0.447° = 89,553°. 

So, when punches are manufactured, bending at the 
desired angle is realized by the addition or subtraction of 
spring-go or-back to the desired angle. The designer 
makes the suitable die design with respect to the value 
calculation of which is described above. 

After normalization treatment at 800°, 850°, 900° and 
950 °C, the bending processes were carried out with 30º, 
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60º and 90° punches. The microstructure images of the 
specimens that were normalized at 800 °C and 850 °C are 
given in Fig. 8. When the microstructure images were 
examined from the point of the specimen areas that are 
shown in Fig. 4a and 4b, it was observed that increased 
bending angle in the 30°, 60° and 90° bending processes 

and capillary cracks also increased in the deformation 
areas. After the bending of specimens that were 
normalized at 900° and 950 °C, the micro structure 
images of the specimen areas indicated in Fig. 4b are 
given in Fig. 9. 

 

 
Figure 9 Micro structure images of normalization annealed specimens obtained in 30º, 60º and 90º bending process; (a) 900 ºC, (b) 950 ºC 

 
In the micro structure images and especially in the 

deformation areas, no capillary crack formation was 
observed. This behaviour was minimized by the effect of 
the temperature increase in the material deformation area. 
It is seen from the micro structure images that the similar 
effect triggers capillary crack formation at low 
temperatures as a negative effect in terms of material 
strength. When an evaluation is made from the point of 
heat-treated specimens both at room temperature and low 
temperatures, it is reported that this situation which is 

created by material shaping studies and deformation is 
due to internal stresses and consequently based on 
capillary crack formation. When Fig. 10 is examined, it is 
seen that the polynomial curve equations that were 
obtained with the data from the experimental study were 
in harmony with each other. As a result of the R2 values 
approaching 1 in the obtained polynomial curve 
equations, it is concluded that the relationship between 
experimental data and polynomial curve equations was 
significant. 
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Figure 10 Spring-back and forward stretching quantities and obtained polynomial curve equations;( a) 30° direct bending,  (b) 30° crushed bending, (c) 60° direct bending, 

(d) 60° crushed bending, (e) 90° direct bending, (f) 90° crushed bending 
 

4 CONCLUSIONS 
 
 The test results that were obtained by bending 4-mm-
thick X10CrAlSi24 specimens with a punch (R-6 mm) at 
30°, 60° and 90° degrees are given below. 
 While spring-back occurred at 90° bending, spring-go 
took place at 30° and 60° bending applications. In the 30° 
and 60° bending processes, while the coined bending 
processes decreased the spring-go amount with respect to 
direct bending processes, it decreased the spring-back 
values at 90°. In the 30° bending processes at room 
temperature, it was seen that coined bending decreased 
the spring-go value approximately by 66% with respect to 
direct bending. After bending the specimen at 30°, no 
crack was observed in the macro scale and capillary 
cracks were seen in the micro structural examination. In 
the 60° and 90° bending applications, large scale cracks 
and tearing occurred in the specimens. As a result of the 
normalization treatment at 800 °C and 850 °C, with the 
increased bending angle, the capillary cracks in the 
internal structure of the specimen increased. In the 
normalization treatments at 900 °C and 950 °C, no crack 
was observed. 
 When the 30° direct and coined bending processes at 
950 °C were compared to those at 800 °C, it was seen that 
direct and coined bending at 950 °C decreased the spring-
go values by 88.72% and 95.73% respectively, while in 
the 60° bending practices, it decreased these values by 

71.42% and 83.03% respectively. When the comparison 
was made for 90°, it was observed that the decrease in the 
spring-back value was 69.38% in direct bending and 
79.82% in coined bending. 
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