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Abstract 
 
Computer Aided Engineering (CAE) has been widely used by automakers for Crash 
Simulation of new cars during design and development process. Finite Element Method 
(FEM) is used for CAE Crash Simulation, where motion of elements is determined over very 
short periods of time during the plastic deformation caused by an impact. Mechanical 
Properties of structural components need to be specified for the FEM-based Crash Simulation 
software before simulation starts. These components mostly stamped or hydro-formed have 
very different mechanical properties than those of as-received sheet metal before forming 
operation. Common practice is to determine these properties at the locations of interest by 
tension testing of tensile coupons cut out from these locations on the components. There are 
many difficulties associated with this common practice such as recognizing critical locations, 
marking coupons, efficiently cutting samples from complicated areas, machining samples, 
and etc. All these complexities lead to higher cost and longer time of development. To avoid 
these difficulties, an analytical model/method is developed and proposed in this work to 
deliver post-formed mechanical properties of formed components. The model takes the as-
received mechanical properties of the component and the level of the plastic strain that each 
element on the component has experienced during forming process to calculate post-formed 
mechanical properties for each element on the component. The strain data can be extracted 
from forming simulation of the component during early stage of die development, and be 
verified by circle grid analysis of the formed prototype during early stage of die tryout. 
Trends predicted by the proposed model match well with the experimental evidence. This 
work provides promising outcomes that significantly reduce the experimental efforts needed 
for post-formed mechanical properties required for Crash Simulation.    
               
Introduction 
 
Computer Aided Engineering (CAE) has been widely used by automakers for Crash 
Simulation of new cars during the design and development process. A crash simulation is a 
virtual recreation of a destructive crash test of a car using computer simulation. Crash 
simulation is used to examine the level of safety of the car and its occupants. The data 
obtained from a crash simulation indicate the capability of the car structure to protect the 
occupants in the event of collision. The important results of a crash simulation are the 
deformations of passenger compartment and the decelerations felt by the occupants [1]. 
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These values should meet the safety regulations set by the federal government to assure 
safety of the cars and their occupants. To comply with these federal regulations, auto-
manufacturers extensively use crash simulation for different modes of collisions such as 
frontal impact, side impact and rollover. In the recent years, more advancement has been 
made since virtual models of crash test dummies and passive safety devices such as seat belts 
and airbags have been incorporated in the crash simulation models. All these different crash 
simulations are beneficial since they produce the results without actual destructive testing of 
a new car. Simulation can be performed quickly and inexpensively giving the opportunity to 
the design team to modify the design before the actual prototype of the car has been 
manufactured. Pitfalls and problems can be explored in the early stage of design and 
development leading to saving of huge amounts of money and time. While simulation 
provides all these benefits, it may endanger the future of a product if the results delivered are 
not accurate enough. The importance of accurate results is even more crucial these days as 
auto-manufacturers highly desire to design lower-weight vehicles to improve fuel efficiency. 
Thus the efforts that promise to improve the accuracy of crash simulation would be highly 
desirable.   
 
CAE Crash simulation is commonly based on Finite Element Method (FEM), where motion 
of elements is determined over very short periods of time during the plastic deformation 
caused by an impact [1]. The mechanical properties of structural components need to be 
specified for the FEM-based crash simulation software before simulation starts. These 
structural components are mostly stamped or hydro-formed. These formed components have 
very different mechanical properties than those of as-received sheet metal before forming 
operation. That is because of strain hardening phenomenon that the components have 
undergone during the forming operation. The mechanical properties are even different from 
point to point on each component due to the fact that different levels of plastic strain and 
consequently different levels of strain hardening each component has experienced at different 
locations. This non-homogeneity of material properties should be incorporated in the crash 
simulation model to improve the accuracy. Common practice is to determine these properties 
at the locations of interest by tension testing of tensile coupons cut out from these locations 
on the components as shown in Figure 1. There are many difficulties and disadvantages 
associated with this common practice such as:   
 
1. For each individual part, it has to be decided at what locations the tensile coupons should 

be cut out to represent the properties in a corresponding region. Recognizing critical 
locations may need engineering calls, which may not be straight forward all the time.  

2. Even if the locations of interest are known, it is not always feasible to cut out a sample. 
That may be due to the geometry of the part at the location of interest or the space 
available surrounding the location for the cut out. For instance no tensile sample could be 
cut out from curvilinear locations on a part. 

3. So many preparatory efforts need to be taken to have the tensile coupons ready for 
tension testing. The locations should be accurately marked. Then the coupons should be 
cut out. Appropriate cutting methods such as laser cutting should be utilized to avoid the 
undesired material properties change due to heating up the metal. Next the coupons cut 
should be machined carefully to remove the stress raisers before testing starts. 
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4. Tension testing needs to be conducted carefully; the results should be collected and 
validated before being used in simulation. 

5. One sample from one location on a particular part is not statistically enough. 
6. There are several locations per part that need to be tested. 
7. There are many structural parts that need to be tested with the same process. 
8. An auto-manufacturer manages many active car programs that need to be supported with 

similar effort. 
 
 
 

            
 

Figure 1: Tensile coupons cut out from the locations of interest for 
                                     mechanical properties determination. 
 
 
All these difficulties and disadvantages lead to higher costs and longer development time. An 
alternative analytical/computational method is highly desirable to replace these experimental 
efforts.    
                                                
Objective 
 
The objective of this study is to propose an analytical/computational method/model to 
calculate material properties of the formed parts for crash simulation applications to avoid 
and minimize the disadvantages associated with the traditional experimental method. 
 
As shown in Figure 2, the proposed model takes the as-received mechanical properties of the 
sheet metal before forming operations along with the level of strain that a particular point on 
the formed part has experienced to deliver the mechanical properties of that particular point 
on the part. This process may repeat locally from point to point to cover the mechanical 
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properties of all points on the part. The calculated properties of the formed part are then 
inputted into the CAE crash simulation model for more accurate simulation. 
 

 
 

Figure 2: Mechanical properties of the sheet metal along with the level of the strain  
               the formed part has experienced are inputted into the proposed model for  
               post-formed mechanical properties estimation for CAE crash simulation. 

 
Modeling Approach 
 
The material model of as-received sheet metal before forming operation is shown in Figure 3. 
Depending upon whether the stress exceeds the yield strength of the material, the 
deformation can be divided into two different deformation zones that are called Elastic and 
Plastic deformation zones. As shown in Figure 3, the material model may be expressed as 
[2]: 
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=σ True stress 
=ε True strain 
=E Modulus of elasticity (Yong Module) 
=yσ Yield strength of as-received sheet metal (before forming operation) 
=K Strain hardening coefficient (K-value) 
=n  Strain hardening exponent (n-value) 

 
In the elastic deformation zone, the material behaves linearly as opposed to the plastic 
deformation zone where the material behaves non-linearly. 
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Figure 3: Material model representing elastic and plastic deformation zone 

 
In the Elastic deformation zone, removing the loading leaves no permanent deformation. 
Conversely, in the Plastic deformation zone, permanent deformation remains after the 
loading is removed [2]. 
 
As shown in Figure 4, when forming operation begins, sheet metal starts to deform linearly 
in the elastic deformation zone (from point O to point A). As the deformation continues, and 
the stress level increases, the material enters the non-linear plastic deformation zone (beyond 
point A), once the stress level exceeds the yield strength of the material yσ . At the end of the 
forming operation (at point B) after the part gets released from the die, the loading is 
completely removed linearly parallel to the elastic line (to point O’) leaving permanent 
deformation behind on the part. This permanent deformation corresponds to a plastic strain 

Pε  remaining on the formed part as shown in Figure 4. 
 
Now, if the formed part were loaded as a result of a crash incident, the material would not 
behave as it used to along the curve OAB. Instead, it would start to deform elastically along 
load-releasing line O’B, and enter the plastic deformation zone at point B, at some higher 
level of yield strength yσ ′ . Then it would continue to deform in the plastic deformation zone 
to higher level of stress (such as point C). Increase in the yield strength is due to strain 
hardening phenomenon; The material becomes stronger as a result of the plastic deformation 
during the forming process. Now that the material strain hardened, a post-formed material 
model, which lies down on O’BC should be specified for crash simulation model. It should 
be noted that the hardened material also becomes more brittle as it undergoes repeated cycles 
of this work-hardening.     
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Figure 4: Forming operation occurs along OAB (OA and AB represent elastic 
                    and plastic deformation during forming, respectively; Loading removes 
                    along BO’ at the end of forming process when the formed part releases 

                         from the die; Post-formed deformation (such as crash) occurs along O’BC 
               (O’B and BC represent elastic and plastic deformation during crash 

                               deformation, respectively) 
 
To estimate the post-formed material properties, first the new yield strength should be 
estimated. On one hand, point B is on the plastic deformation zone of the as-received 
material model. That leads to 
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where 
 

yσ ′ = Post-formed yield strength (new yield strength after forming operation) 

yε ′ = Total strain corresponding to the post-formed yield strength 
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On the other hand, point B is right at the end of elastic deformation zone of the post formed 
material model. That leads to 
 
 ey Eεσ =′                                (4) 
 
or 
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where  
 

eε = Elastic strain corresponding to the post-formed yield strength yσ ′  
 
As shown in Figure 4, the total strain at point B consists of the plastic strain and elastic 
strain. Thus 
 

ePy εεε +=′    (6) 
 
where 
 

Pε = Plastic strain corresponding to the post-formed yield strength  
     = Plastic strain the formed part has experienced  
 
Substituting (3) and (5) into (6) leads to 
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Equation (8) contains the post-formed yield strength (new yield) yσ ′ , material properties of 
the as-received sheet metal ( E , K , n ), and the plastic strain the formed part has experienced 

Pε . The as-received mechanical properties of the sheet metal are known. The plastic strain 
the formed part has experienced may be obtained through circle grid analysis [3] during the 
die tryout of the part. Alternatively, the plastic strain may be obtained from the results of the 
forming simulation, which may be available before the die tryout in the early stage of die 
design and development. Either way, the plastic strain is known. The only unknown is the 
post-formed yield strength yσ ′ . Since equation (8) is non-linear with respect to yσ ′ , it should 
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be solved numerically. Since the level of plastic strain Pε  is different from point to point on 
the formed part, equation (8) needs to be solved for a range of plastic strains to estimate the 
corresponding post-formed yield strengths yσ ′  at different points. Although it is possible to 
solve equation (8) numerically for yσ ′ , there is an alternative solution. Equation (8) may be 
algebraically re-organized as 
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Since it is due to strain hardening, yσ ′  is always greater than original yield strength yσ , a 
different plastic strain may be calculated for a range of incremented yσ ′  (starting from the 
original yield strength yσ ) using equation (9) as follows 
 
    
 
 
                                                               (10) 
 
 
 
 
where =TSσ Tensile strength  
 
Plotting out the different values of yield strengths yσ ′  versus the different values of plastic 
strains Pε  calculated, the variation of post-formed yield yσ ′  is estimated with respect to the 
plastic strain Pε . (Such curve is presented in the results and validation section in Figure 6.)  
 
Now that the post-formed yield strength has been determined, the whole new material model 
should be estimated. As mentioned earlier, a post-formed deformation (such as crash) occurs 
along O’BC (O’B and BC represent elastic and plastic deformation during crash deformation, 
respectively). Although the formed part is pre-strained with the amount of the plastic strain 

Pε , any post-formed deformation is considered fresh independent deformation, which starts 
from zero strain. That means a post-formed deformation treats a formed part as an as-
received sheet metal by measuring the strain from the origin as the deformation starts. That 
implies that the post-formed material model should shift to the left with the amount of the 
plastic strain Pε  to start the deformation from the origin as shown in Figure 5. A shift to the 
left with the amount of Pε  coincides the new and original elastic lines O’B and OA 
respectively. However, the new yield strength yσ ′  is positioned at point B’, which is at a 
higher level than the original yield strength as discussed previously. The shift causes the 
plastic deformation zone simply shifts to the left with the same amount. Using Figure 5, the 
material model of the post-formed deformation is achieved as:       
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Figure 5:   Post-formed material model starting from the origin for crash simulation 
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This model should be calculated for different levels of plastic strain Pε  to deliver the material 
model for each point on the formed part that has experienced such plastic strains during 
forming operation. (Such an effort is presented in the result and validation section in Figure 
7.)  
 
Results and Validations 
 
A vehicle structural part has been selected to estimate the post-formed properties based on 
the model proposed. The material is coated medium-strength steel with the following 
mechanical properties: 
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yσ  = 216 Mpa 
=K 600 Mpa 
=n 0.2  

 
Using equation (9) and the method explained in (10), the post-formed yield strengths yσ ′  
have to be estimated for different levels of plastic strains Pε  as shown in Figure 6. As 
expected, the model predicts higher amounts of yield strength for higher plastic strains. That 
is due to the strain hardening phenomenon where higher plastic strains lead to more 
hardening. The model also predicts no hardening where there is no plastic strain.   
 
    
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6: Calculated post-formed yield strength yσ ′  as a function of plastic strain Pε  

 
 
For the same material, using equations (11-a) and (11-b), and the calculated function of yield 
strengths with respect to the plastic strain shown in Figure 6, the post-formed material 
models have been estimated for different levels of plastic strain. These results are shown in 
Figure 7. The curve with 0% plastic strain corresponds to the original as-received sheet metal 
before forming operation takes place. As seen in Figure 7, for the higher levels of the plastic 
strain Pε , the post-formed material models (stress-strain curves) have been shifted to the left 
exhibiting higher levels of post-formed yield strength. As a trade off the plastic deformation 
zone will be smaller for higher Pε  if it is assumed the material can only sustain up to the 
maximum stress level that the original as-received sheet metal can sustain as discussed in [4-
8]. These results can be directly fed into the crash simulation model depending on the level 
of the plastic strain the formed part has experienced at different points.   
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Figure 7: Calculated post-formed material models for different levels of plastic strain Pε  
 
Some level of validation has been conducted on the model/method proposed using existing 
data previously collected for other purposes. An L/H (left-handed) structural part shown in 
Figure 8 was selected.    
 
 

 
 

Figure 8: L/H structural part used for testing and validation of the proposed model. 
 
The existing data was available as a result of tension testing conducted on the tensile coupons 
cut out from different locations of the part. These locations have been shown with different 
numbers on the part in Figure 8. The material is Dual phase steel with 590 MPa of tensile 
strength (DP590). The results of the tension testing have been depicted in Figure 9. Similar 
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trends, as compared to what the model predicted is seen in Figure 9. For the areas of the part 
that experienced less plastic strain (less stretch), lower yield strength and larger plastic 
deformation zones are observed. These areas are where coupons # 11, #1 and #2 are located. 
In contrast, for the high stretch areas, where higher levels of plastic strain have been 
experienced, higher levels of yield strength are observed. As a trade off the plastic 
deformation zones have become smaller. Furthermore, it is seen that all the curves have 
limited to approximately the same level of stress. This behavior is similar to the prediction 
trends of the proposed model. That could be a good indication that the assumption that the 
material is able to sustain only up to the maximum stress level that the original as-received 
sheet metal can sustain is a fair assumption. Another set of existing data have been presented 
in Figure 10 with trends similar to that of the proposed model.       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: Tension test results conducted on different coupons cut out from a structural part  
                made of DP590 showing similar trends as the proposed model predicts  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10: Tension test result on another structural part with similar trends 
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Conclusion 
 
A model/method has been proposed for prediction of post-formed mechanical properties of 
structural parts for CAE crash simulation. The model takes the mechanical properties of the 
as-received sheet metal before forming operation along with the level of strain the formed 
part has experienced during forming to calculate the post-formed mechanical properties of 
the part. The trends predicted by the model are similar to the trends obtained by the existing 
experimental data. The prediction results of the model are promising. The broader impact of 
the model is to minimize costly time-consuming experimental efforts that auto-manufacturers 
utilize as a common practice to estimate the post-formed material properties for crash 
simulation application.   
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