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Abstract 

Under the concept of "Industry 4.0", production processes will be pushed to be increasingly interconnected, 
information based on a real time basis and, necessarily, much more efficient. In this context, capacity optimization 
goes beyond the traditional aim of capacity maximization, contributing also for organization’s profitability and value. 
Indeed, lean management and continuous improvement approaches suggest capacity optimization instead of 
maximization. The study of capacity optimization and costing models is an important research topic that deserves 
contributions from both the practical and theoretical perspectives. This paper presents and discusses a mathematical 
model for capacity management based on different costing models (ABC and TDABC). A generic model has been 
developed and it was used to analyze idle capacity and to design strategies towards the maximization of organization’s 
value. The trade-off capacity maximization vs operational efficiency is highlighted and it is shown that capacity 
optimization might hide operational inefficiency.  
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1. Introduction 

The cost of idle capacity is a fundamental information for companies and their management of extreme importance 
in modern production systems. In general, it is defined as unused capacity or production potential and can be measured 
in several ways: tons of production, available hours of manufacturing, etc. The management of the idle capacity 
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Abstract 

Air-bending is a widely used forming process for ultra-high strength steel because it is fast, cost-effective and flexible way to form 
material. The bendability of a material can be expressed by minimum bending radius R/tmin, which is the relation of the smallest 
inner radius to the sheet thickness the material can be bent without damage. Damage usually occurs on the outer surface of the 
bend in the form of intense strain localization that further progresses to cracking. The minimum bending radius contains no other 
information that affects the bendability such as the lower tool width or the desired bending angle. Hence, developing more detailed 
test procedure is critical to better describe the behavior of ultra-high strength steel sheet in bending. In this paper, a method for 
more detailed assessment of bendability for ultra-high strength structural steel is presented. Using optical strain measuring 
techniques and digital image correlation coupled with bending tests in a universal tensile test machine one can measure the strain 
evolution at the outer surface of the bend and determine the critical strains that limit the bendability of these materials. 
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1. Introduction 

Hot rolled ultra-high strength structural steels are widely used materials in different industrial applications such as 
mobile or loader crane booms. In these applications, the benefit of using ultra-high steels is the reduced sheet thickness 
resulting in decreased weight of the design and/or increased lifting capacity. Sheet metal air-bending is the most 
commonly used forming process in these applications and a flexible way to form material because the same tool set 
can be used to bend material in different bending angles.  

The stress-state in bending is complex from the beginning of the bending process. The outer layer of the bend is in 
tensile and the inner layer is in compressive state of stress and this leads to inhomogeneous stress state with high 
gradient over the sheet thickness. Maximum strains are usually obtained at the outer surface of the bend and failure 
often initiates there. Evolution of damage is often commenced by the development of surface waviness that is followed 
by surface cracks and finally fracture [1], [2]. In ultra-high strength steels intense shear banding with microcracks 
through the thickness is often detected in samples with intense surface waviness. Final fracture follows these shear 
bands [3]. Microstructural homogeneity plays a key role in bendability and thus bendability is governed by local 
ductility of the material rather than the uniform or total elongation since as opposed to material deformed in-plane 
there is no global instability in bending [5]. 

Optimizing the bending process of ultra-high strength steel require knowledge of the behavior of the material in 
bending. Commonly used parameter to measure bendability is the minimum bending ratio R/tmin, which is the ratio of 
the smallest radius (R) material can be bent without failure to the sheet thickness (t). This is often achieved by time 
consuming bending experiments where the sample is bent to 90° bending angle and then checked for failure. In order 
to get statistically satisfying result this test has to be repeated several times in order to find the bending limits for the 
material [6]. Standardized bending tests such as VDA 238-100 or ISO 7438 are not sufficient since they provide 
limited data i.e. only punch load and displacement [7]. The angle at which material fails can be estimated using the 
tooling geometry and the punch displacement but this information is not directly transferrable to estimate bendability 
with other bending geometries since it would require strain data. These limitations can be overcome by for example 
using digital image correlation (DIC) techniques to measure the strain during bending as was done in [7] where the 
bendability of several materials with thickness lower than 2 mm was tested using a bending test set-up according to 
the VDA 238-100 standard coupled with DIC. In their study, the lower and upper bounds of failure strains were 
identified and then compared with the failure criterion provided in the standard. DIC has been used by several authors 
to identify limit strains in bending tests and correlate the evolution of strain in bending with the bending angle. 
Kaupper et al. [2] determined characteristic deformation paths in bending for steel sheets with thickness of 1 mm and 
Arola et al. [8] and Ruoppa et al. [9] measured strains at specific bending angles for structural steels with thickness 
above 6 mm using off-line DIC. 

The aim of this paper is to introduce a test procedure for bendability evaluation with online DIC for ultra-high 
strength structural steels with sheet thickness above 6 mm. Results can be used as input and/or validation data for 
bending simulation. In addition, more detailed information of the material behavior during bending can be used to 
improve the industrial workshop instructions.   

2. Experimental procedure 

Air-bending tests were carried out at room temperature using bending tools designed for bending tests in a universal 
tensile test machine. This set-up enables measuring of the bending force as well as the punch stroke which can be used 
to calculate the corresponding bending angle according to [10]. Rectangular samples of 100 mm x 150 mm are used 
to ensure the plane strain stress state during bending. Punch speed is chosen to be 0.7 mm/s. The lower tool has 
adjustable width (W) and the punch radius (R) can be changed according to a specific test plan. Adaptable lower tool 
provides the possibility to study the deformation of material with different tooling pairs. For this study lower tool 
width of 90 mm and 110 mm and punch radii of 12 mm and 20 mm were chosen. The bending tools and the test set-
up are presented in Figure 1a.  

The deformation at the outer surface during bending is tracked using optical 3D strain measuring system 
StrainMaster by LaVision. The placement of the cameras is illustrated in Figure 1b. In this set-up the punch is 
stationary and the lower tool moves upwards which allows the measurement area to remain stationary and in focus. 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.promfg.2019.02.154&domain=pdf
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1. Introduction 

Hot rolled ultra-high strength structural steels are widely used materials in different industrial applications such as 
mobile or loader crane booms. In these applications, the benefit of using ultra-high steels is the reduced sheet thickness 
resulting in decreased weight of the design and/or increased lifting capacity. Sheet metal air-bending is the most 
commonly used forming process in these applications and a flexible way to form material because the same tool set 
can be used to bend material in different bending angles.  

The stress-state in bending is complex from the beginning of the bending process. The outer layer of the bend is in 
tensile and the inner layer is in compressive state of stress and this leads to inhomogeneous stress state with high 
gradient over the sheet thickness. Maximum strains are usually obtained at the outer surface of the bend and failure 
often initiates there. Evolution of damage is often commenced by the development of surface waviness that is followed 
by surface cracks and finally fracture [1], [2]. In ultra-high strength steels intense shear banding with microcracks 
through the thickness is often detected in samples with intense surface waviness. Final fracture follows these shear 
bands [3]. Microstructural homogeneity plays a key role in bendability and thus bendability is governed by local 
ductility of the material rather than the uniform or total elongation since as opposed to material deformed in-plane 
there is no global instability in bending [5]. 

Optimizing the bending process of ultra-high strength steel require knowledge of the behavior of the material in 
bending. Commonly used parameter to measure bendability is the minimum bending ratio R/tmin, which is the ratio of 
the smallest radius (R) material can be bent without failure to the sheet thickness (t). This is often achieved by time 
consuming bending experiments where the sample is bent to 90° bending angle and then checked for failure. In order 
to get statistically satisfying result this test has to be repeated several times in order to find the bending limits for the 
material [6]. Standardized bending tests such as VDA 238-100 or ISO 7438 are not sufficient since they provide 
limited data i.e. only punch load and displacement [7]. The angle at which material fails can be estimated using the 
tooling geometry and the punch displacement but this information is not directly transferrable to estimate bendability 
with other bending geometries since it would require strain data. These limitations can be overcome by for example 
using digital image correlation (DIC) techniques to measure the strain during bending as was done in [7] where the 
bendability of several materials with thickness lower than 2 mm was tested using a bending test set-up according to 
the VDA 238-100 standard coupled with DIC. In their study, the lower and upper bounds of failure strains were 
identified and then compared with the failure criterion provided in the standard. DIC has been used by several authors 
to identify limit strains in bending tests and correlate the evolution of strain in bending with the bending angle. 
Kaupper et al. [2] determined characteristic deformation paths in bending for steel sheets with thickness of 1 mm and 
Arola et al. [8] and Ruoppa et al. [9] measured strains at specific bending angles for structural steels with thickness 
above 6 mm using off-line DIC. 

The aim of this paper is to introduce a test procedure for bendability evaluation with online DIC for ultra-high 
strength structural steels with sheet thickness above 6 mm. Results can be used as input and/or validation data for 
bending simulation. In addition, more detailed information of the material behavior during bending can be used to 
improve the industrial workshop instructions.   

2. Experimental procedure 

Air-bending tests were carried out at room temperature using bending tools designed for bending tests in a universal 
tensile test machine. This set-up enables measuring of the bending force as well as the punch stroke which can be used 
to calculate the corresponding bending angle according to [10]. Rectangular samples of 100 mm x 150 mm are used 
to ensure the plane strain stress state during bending. Punch speed is chosen to be 0.7 mm/s. The lower tool has 
adjustable width (W) and the punch radius (R) can be changed according to a specific test plan. Adaptable lower tool 
provides the possibility to study the deformation of material with different tooling pairs. For this study lower tool 
width of 90 mm and 110 mm and punch radii of 12 mm and 20 mm were chosen. The bending tools and the test set-
up are presented in Figure 1a.  

The deformation at the outer surface during bending is tracked using optical 3D strain measuring system 
StrainMaster by LaVision. The placement of the cameras is illustrated in Figure 1b. In this set-up the punch is 
stationary and the lower tool moves upwards which allows the measurement area to remain stationary and in focus. 
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The imaging frequency used in this study was three frames per second. The outer surface of the plate was sprayed 
with white and black paint to form a stochastic speckle pattern. The digital image correlation software tracks this 
pattern and discretizes the measured surface into smaller subsets called facets. The displacement of the sprayed pattern 
in each facet is tracked and then used to calculate the local velocity vectors in each facet. The displacement information 
can then be used to determine the local strains [12]. High resolution cameras enable the acquisition of high quality 
images from which the onset of the localization and subsequent cracking can be determined. 
 

 

Fig. 1. (a) Bending test set-up and tooling. (b) Placement of the cameras. 

The material used in this study was hot-rolled and direct-quenched ultrahigh-strength strip steel. The chemical 
composition of the steel was 0.09C-0.2Si-1.1Mn-1.2Cr-0.15Mo-0.02Ti (wt.%) and the strip thickness 6 mm. 
Microstructure of the investigated material consisted mixtures of auto-tempered martensite and upper bainite (Fig. 2). 
Material properties for the studied material are presented in Table 1. The uniform strain and the total strain of the 
studied material are low which normally indicate low formability. However, previous studies [8, 11] have shown that 
the local strains at the outer surface of the bend exceed those achieved in standard tensile tests of dog-bone specimens. 
Bendability of the studied material is usually better when the bend orientation is transversal to the rolling direction. 
In this study, the bendability was tested for both orientations. 

Table 1. Mechanical properties of the tested material. 

 Thickness (t) Yield strength 
(Re) 

Tensile 
strength (Rm) 

Total strain 
(A80) 

Minimum bending radius 
at 90deg bending angle 

Material A 6 mm 960 MPa 980-1150 MPa 7 % 3.5*t 

 

                                            

Fig. 2. Microstructure of the tested material showing mixtures of auto-tempered martensite and upper bainite. 

a) b) 
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3. Experimental results 

According to the bending test standard VDA238-100, the bendability of a material is exhausted when the bending 
force reduces, but according to Ref. [10] the continuous decrease of the bending force is a natural phenomenon during 
bending of ductile high strength steels. Thus, the force maximum cannot be used directly as an indication of the 
beginning of material failure in bending. In Figure 3, the bending force is plotted against the bending angle calculated 
according to [l0]. 

    

    

Fig. 3.  Force-diagrams for different tooling pairs when bend axis is a) parallel and b) perpendicular to rolling direction. 

From figure 3, it can be noticed that the bending force increases when the lower tool width is decreased and that 
the maximum force is further increased when the punch radius is increased. The maximum force for different tooling 
pairs with the corresponding bending angles are gathered in Table 2. What is characteristic to the force-bending angle 
diagrams for this material is the decrease and the subsequent increase of the bending force during bending. This 
phenomenon is highlighted with smaller lower tool width and larger punch radius. When W = 90 mm and the punch 
radius is varied between 12 mm and 20 mm, the force has no significant difference until approximately 30° bending 
angle is reached. The subsequent increase in bending force is much greater when the punch radius is bigger. The first 
peak in the bending force appears at the same bending angle of approximately 25° in all tests except in transversal 
bending with W = 90 mm and R = 20 mm where the force does not actually decrease. Visual inspection of the bend 
surfaces showed no cracking on the outer surface of the bend at the force maximum. Bending force generally was 
larger when the bend axis was aligned with the rolling direction. 

Digital image correlation techniques allows the tracking of single points on the surface of the material which then 
can be used to calculate the local deformation and its distribution at the outer surface of the bend as seen in Figure 4a.  
The settings chosen for the strain analysis were a facet size of 31 pixels, step size of 8 pixels and strain filter of 7 
pixels which correspond to a virtual gauge size of approximately 0.2 mm. The facet size is determined by the size of 
the speckle pattern since each facet should contain at least one speckle to prevent loss of data during measurement. 
For the strain analysis, peak strains are extracted from a set of five lines across the bend similar to the forming limit 
determination in the ISO-10004-2 standard. The distance between two consecutive lines is 14 mm. An example of the 
evolution of the average major strain distribution of the five cross sections at the bend is presented in Figure 4b. Figure 
4 shows that the main deformation is localized into a narrow zone under the punch early in the bending process.  
 
 
 
 

 

a) b) 
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Table 2. Maximum bending force.  
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Fmax1  (β1) 

Maximum force 
(Fmax1) 

Bending angle at 
Fmax2 (β2) 

Maximum 
force (Fmax2) 

   First peak Second peak 

110 mm 12 mm 
RD 25° 45.9 kN 51° 43.7 kN 

TD 26° 44.5 kN 57° 42.2 kN 

90 mm 12 mm 
RD 25° 59.9 kN 53° 59.7 kN 

TD 25° 56.0 kN 57° 55.7 kN 

90 mm 

 

20 mm 

 

RD 25° 60.8 kN 63° 67.8 kN 

TD - - 65° 61.9 kN 

 

  

Fig. 4. (a) Placement of the section lines through the bend; (b) average major true strain distribution of the sections at different bending angles. 

 The strain distributions for the tested material for all tooling pairs at 90deg bending angle are presented in Figures 
5-7. For W = 110 mm and R = 12 mm the major strain distributions of the 5 cross-section lines at 90° bending angle 
in Figures 5a and b show only slight deviation from one another. This indicates homogenous strain distribution along 
the bend, which would mean the absence of intense strain localization and surface cracking. Similar strain behavior 
was observed when the lower tool width was decreased to 90 mm as indicated by the strain distribution curves in 
Figures 6-7 even though the material showed signs of strain localization at the surface with R = 12 mm. The 
localization can be seen in Figure 8a in the form of inhomogeneous strain field. By reducing the step size from 7 to 4 
and hence reducing the virtual strain gauge to approximately 0.1 mm the local variation of the strain at the maximum 
deformation area was better detected as seen in Figure 8b. However, reducing the step size also caused the algorithm 
not to be able to determine the displacement fields as accurately because the quality of the spray pattern was not high 
enough. The missing information in the displacement fields shows as holes in the visualization of the strain field (Fig. 
8a). 
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Fig. 5.  Strain distribution across the bend with R=12 mm and W=110 mm when bend axis is (a) parallel and (b) perpendicular to rolling direction. 

 

Fig. 6.  Strain distribution across the bend with R=12 mm and W=90 mm when bend axis is (a) parallel and (b) perpendicular to rolling direction. 

 

Fig. 7.  Strain distribution across the bend with R=20 mm and W=90 mm when bend axis is (a) parallel and (b) perpendicular to rolling direction. 
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Fig. 7.  Strain distribution across the bend with R=20 mm and W=90 mm when bend axis is (a) parallel and (b) perpendicular to rolling direction. 
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Fig. 8. (a) Inhomogeneous strain field at the surface of the bend with R=12 mm and W=90 mm; (b) strain distribution across the bend with step size 
= 4. 

The evolution of the mean maximum strain of each section during bending is presented in Figures 9a and 9b. The 
results show that when the lower tool width is decreased the maximum strain at the outer surface of the bend increases 
especially at larger bending angles and the probability of bending failure is increased. On the other hand increasing 
the punch radius decreases the maximum strain on the outer surface. It is noticeable that with larger punch radius the 
increase of maximum strain stagnates after bending angle of 45° in transversal direction and 70° in rolling direction. 
Similar phenomenon was also noticed in earlier bending deformation study by [8]. The strains are lower when the 
bend is in transversal direction and in general for the tested material has better bendability in this direction.   

 

 

Fig. 9.  Maximum strain evolution during bending when bend axis is (a) parallel and (b) perpendicular to rolling direction. 

4. Conclusions 

Bendability is an important material property for ultra-high strength steels. Determining bending limits is time 
consuming and expensive since great deal of testing to determine the minimum bending radius has to be executed. At 
the moment, no applicable criteria for bendability evaluation exists since the conventional methods to evaluate 
formability, such as the forming limit curve, do not apply to bending. 

In this paper, a bending test set-up with digital image correlation and optical strain analysis was introduced to better 
understand the behavior of ultra-high strength steels in bending. Coupling digital image correlation with bending tests 
in universal tensile test machine enables the monitoring of the deformation of the outer surface of the material during 
bending. Images can then be used to determine the different failure stages and the corresponding strains. With the 
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presented set-up the effect of tooling choices on the deformation and bendability can be easily tested and more detailed 
information of the material behavior can be obtained and used as input or in numerical models or as validation of 
those models. 

The results of the optical strain analysis are dependent on the quality of the imaging. In order to get accurate and 
reliable results it is important that the spray pattern on the surface is good enough so that the displacement field can 
be properly determined. As pointed out in this paper the optimal strain calculation parameters, such as facet size, step 
size and strain filter size are dependent of the size of the spray pattern.   
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