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ABSTRACT. This paper presents a systematic methodology for the design and 
manufacturing of deep drawing tools generating high quality components at an extremely 
short lead time. Prototype tools for five different super alloy Inconel 718 sheet metal 
components were designed, manufactured and tested in 15 weeks. Two of these prototype 
tools (A, B) are the topics of this paper. The methodology is based on virtual tool design in 
which the tool concepts are secured and optimized with respect to sheet metal formability and 
shape deviation using FE-analyses. Tool surfaces are compensated for springback, if 
necessary, using the *INTERFACE_COMPENSATED_NEW capability in LS-DYNA v971 (B). 
The compensated FE tool surfaces are used as reference to generate high quality surfaces 
suitable for the milling process. Laser scanning was used to determine shape deviation. The 
CAD-evaluation revealed a minor shape deviation within tolerance of component (A) and a 
small over-compensation of the final geometry of component (B). The maximum shape 
deviation was however in the order of the sheet thickness. The work presented in this paper 
substantiate the idea that it is possible to realize development projects for new applications in 
Inconel 718 accurately, which is of outmost importance when developing tools at a short lead 
time. The key is consistent studies according to the systematic methodology in which FE-
analyses were used for the virtual tool design and compensation. 
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1. INTRODUCTION
A successful development project in the modern industry can be characterized by “direct 

hit” development work, in which the accuracy is high and the lead time is short. The ability to 
realize successful projects with short lead times has become increasingly important for the 
forming industry today. To increase the competitiveness of Swedish aerospace industry, 
alternative manufacturing processes for static load carrying aero engine structures are desired, 
see Figure 1 for an illustration. Currently, these components are mainly manufactured from 
large single-part castings delivered by only a few companies. New manufacturing processes 
imply in this case fabricated components, which mean that components are instead built from 
simple forgings, sheet metals and small castings. The aerospace industry demands extremely 
high safety and reliability. Thus, good knowledge is required regarding the effects of the 
manufacturing process on the material and the influence on the resultant properties through 
the complete manufacturing chain.  

In the design of new products and corresponding tools, considerable costs often arise from 
the traditional product development process. This is a process which often includes prototype 
manufacturing and die tryout. If the product fails to fulfill the requirements, the tools have to 
be re-worked or even re-designed. Today’s advanced Finite Element (FE) technology and 
computer capacity makes precise analyses possible, assuming that proper material 
descriptions are used. The reliability of numerical analyses depends on chosen models and 
methods as well as on the accuracy and applicability of the input data.  Analyses of sheet 
metal forming can provide information on formability, shape deviation, resultant mechanical 
properties and residual stress state. This is important input to analyses of subsequent 
manufacturing processes such as welding and heat treatment. Numerical methods such as the 
finite element method are often employed in simulations of manufacturing processes and 
component functionality, see e.g. [1-5]. 

 
Figure 1. Illustration of location for static load carrying aero engine structures.

This paper presents a systematic methodology, a systematic way of working with the 
design and manufacturing of deep drawing prototype tools generating high quality 
components at an extremely short lead time. Two of these prototype tools (A, B) are the 
topics of this paper. The presented methodology comprises material characterization, tool 
design and tool material selection, analyses of sheet metal forming (FE-analyses), springback 
compensation, tool manufacturing, choice of lubricant, prototype stamping, laser cutting and 
laser scanning for shape deviation determination. The procedure is a completely CAE-
controlled process, in which time consuming and inexact manual die tryout can be kept at a 
minimum. In this work, traditional methods to obtain necessary model input data for Inconel 

Component (A)
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718 were used, i.e. uniaxial tensile tests and a silicon rubber bulge test together with dynamic 
tests on the Young’s modulus. Forming limit tests (FLC) were performed to study strain 
localization limits. 

Rather than stating a “new” methodology, the presented paper contributes to the idea that it 
is possible to realize development projects for new applications, in this case cold forming of 
double-curved Inconel 718 components, accurately at a short lead time. In the modern 
industry, e.g. the automotive industry, long experience using CAE-controlled processes exists 
and numerous papers are published in the field, see e.g. [6-11] and in references therein. 

2. MATERIALS 
When the lead time is of significant importance, finding time efficient and functional 
solutions applicable to the process of interest is critical. Concerning sheet metal forming and 
prototype deep drawing tools, the design, manufacturing and the test stamping procedure are 
the main time-consuming activities. In order to keep the lead time short a “direct hit” 
development work is crucial to avoid extensive die tryout. Through material testing and 
virtual tool design, in which CAD generated forming concepts are evaluated, secured and 
optimized by means of FE analyses, the best starting position for the tool manufacturing were 
obtained. Based on the chosen methods and models, the virtual components are within shape 
and thickness tolerances. Forming concepts are secured and optimized with respect to sheet 
metal formability, material thinning and shape deviation. The springback of each component 
are reduced by performing changes in the virtual tool concepts, such as the geometry of the 
punch and die, punch radii, drawbead geometry and location, draw radii, draw depth and 
blank holder force. Remaining shape deviation is compensated for, if necessary, with the FE-
tool. See figure 2 for a schematic illustration of the tool setup.  

 
Figure 2. Schematic illustration of the tool setup.

The design phase can be divided into four main steps: 
 

i. Drafting stage - generation of preliminary forming concepts. 
ii. Evaluation stage - securing the forming concepts with respect to strain distribution 

and strain localization limits. 
iii. Improvement stage - improving the forming concepts to minimize springback and 

shape deviation. The target is virtual components within thickness tolerance and if 
possible, also within shape tolerance. 

iv. Compensation stage - compensating for the remaining shape deviation, if necessary. 
The target is virtual components within shape and thickness tolerances. 

Component 

Punch

Drawbeads 

Blank holder 

Die
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See Figure 3 for a schematic flow chart of the complete design phase and Figure 4 for the 
compensation stage. 

The lead time associated with tool manufacturing is also of great importance. The choice 
of tool material was therefore made with respect to delivery time, the need for subsequent 
through-hardening and the machinability. Concurrently, the manufacturing phase was initiated 
parallel with the design phase, e.g. were certain dimensions frozen early in the project to gain 
time. During the tool manufacturing and assembly, certain check points were included. Thus, 
features which were of special importance for the forming procedure were checked and 
approved during the specific manufacturing process or assembly stage associated to it. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 3. Schematic flow chart of the design phase.   

2.1. Material description of sheet material 
A material of interest addressing aero engine structures at high operating temperatures is 

super alloy Inconel 718. The alloy is an austenitic stainless steel, with an FCC crystal 
structure [12], which is regarded as advanced high strength steel. The ductile alloy has 
generally, in sheet metal form, anisotropic properties in combination with high yield strength 
implying springback characteristics similar to those of high strength steels. Springback is well 
known to be an issue concerning sheet metal forming in high strength steels. Typical chemical 
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composition of the alloy together with typical mechanical properties can be found in Table 1 
and 2, AMS 5596K [13]. Two different sheet thicknesses were used, a thinner sheet (62.9 % 
of the thickness for (A)) was used for (B) compared to (A).  
Table 1. Typical chemical compositions of the sheet and the tool material (wt-%). For TOOLOX 44 
the phosphorus, sulphur and boron are given in ppm. 

Material Chemical composition 

Inconel 718      C          Mg          Si           P            S           Cr          Ni           Mo            Nb
    0.08       0.35        0.35     0.015      0.015     21.00      55.0        3.30           5.50
      Ti          Al          Co          Ta           B          Cu          Fe   
    1.15       0.80        1.00       0.05      0.006      0.30      reminder   
TOOLOX 44       C           Si          Mn          P            S          Cr          Mo           V              B 

    0.32        1.1         0.8          90          15        1.35        0.8          0.14           20 

Methods for the material characterization are described in section 3. 

2.2. Material description of tool material 
The tool material used for the prototype tools was TOOLOX 44. The material is trough-

hardened in its delivery condition with hardness of 450 HBW, in combination with ESR-
properties [14]. The milling process of the material could be performed fairly time effective 
with standard milling equipment. Furthermore, the delivery time was short. Typical chemical 
composition and mechanical properties of TOOLOX 44 can be found in Table 1 and 2. 
Table 2. Typical mechanical properties of the sheet and the tool material. 

Material Mechanical properties 

  [kg/m3]        E [GPa]             Hardness      RP0,2 [MPa]       Rm [MPa] 
Inconel 718             8200                200        0.29   102 HRB             552                 965      
TOOLOX 44             8000                210         0.3    450 HBW           1300              1450

2.3. Numerical procedure 
The tool design, e.g. punch and die geometry, punch radii, binder geometry, drawbead 

geometry and location, draw radii, and draw depth were designed and optimized to secure the 
forming process and reduce springback. To obtain components within the specified shape 
tolerance, springback compensations were performed for one of the components (B). Based 
on chosen models this procedure implies the best possible starting point for the manufacturing 
of the tools.  

The forming processes in this work are a combination of deep drawing and stretch 
forming, i.e. moderate draw-in occur during the forming process. The tool concepts were 
modeled and analysed using LS-DYNA v971 [15, 16]. The general simulation setup consists 
of a die with physical drawbeads, blank, binder and a punch. Fully integrated shell elements 
with 7 integration points through the thickness were used. An h-adaptive method of mesh 
refinement was used to locally increase the mesh density where needed. The tool surfaces 
were modeled as rigid with a prescribed velocity profile and the contact between the tools and 
the specimen was included and modeled as a contact interface with a friction model assumed 
to follow Coulomb’s friction law. The friction coefficient was set to 0.125. For the springback 
analyses, the implicit solver in LS-DYNA was used. Also, the constrained nodes were altered 
to insure that the obtained shape deviation was not affected by the choice of nodal constraints. 
See Figure 5 and 6 for definition of shape deviation and the constrained node set (translation).  
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Figure 4. Schematic flow chart of the compensation stage, the springback compensation. 

The BARLAT_YLD2000 material model [17] was used with eight parameters to describe 
the yield surface. The yield stress, the hardening and the Lankford parameters were 
determined in the material characterization by uniaxial tensile tests and a silicon rubber bulge 
test for the balanced biaxial stress state. The m-parameter was set to a value of 8, which is a 
typical value for materials with an FCC crystal structure [17].  
 

 
Figure 5. Schematic illustration of the definition of shape deviation. 

The tool surfaces were compensated for springback, if necessary, using the 
*INTERFACE_COMPENSATED_NEW capability in LS-DYNA v971 (B). The springback 
compensation method involves calculation of the deviation from desired part shape and 
compensating the tool surfaces by a scale factor of the deviation. A scale factor of 1.0 
corresponds to a compensation of 100% of the shape deviation. The problem is non-linear. 
Thus several iterations might be required to obtain a component within shape tolerance. In 
this case a scale factor of 1.0 was applied for (B) which yielded an FE-component within the 
specified shape tolerance. The compensated FE tool surfaces were used as input to generate 
high quality surfaces suitable for the milling process using Tebis Optimizer [18].  
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Figure 6. Schematic illustration of alteration of the nodal constraints for springback analyses. 

3. EXPERIMENTAL PROCEDURE 
3.1. Material characterization 

To determine the Young’s modulus, dynamic tests were performed using the non 
destructive impulse excitation technique which is based on the analysis of the vibration of a 
test sample after excitation by a physical impulse. Using the Resultant Frequency and 
Damping Analyzer (RFDA) system 23, version 6.3.0, developed and manufactured by IMCE 
[19], the Young’s modulus is determined through the known relationship between the elastic 
properties of a test specimen and its mechanical resonance frequency. A more detailed 
description of the procedure can be found in e.g. [19, 20]. Specimens were extracted 
transverse, along and diagonal to the rolling direction. 

Uniaxial tensile tests in three directions to the rolling direction (transverse, along and 
diagonal) were performed to determine initial yield stress, material hardening and Lankford 
parameters. A silicon rubber bulge test using ARAMIS optical strain measuring system [21] 
was performed to determine material hardening and anisotropy in a balanced biaxial stress 
state. Also, forming limit tests (FLC) using ARAMIS were included in the material test 
procedure to study strain localization limits. 

3.2. Test stamping 
Test stamping of the prototype tools producing prototype components were performed in 

order to evaluate shape deviation and compare with predicted values. The area of impact 
between the punch and the blank was also studied. Two different presses were used for the 
test stamping due to requirements in blank holder force. For tool (A) a Wemhöner hydraulic 
press, with a stamping/blank holder force capability of 13000/2000 kN, was used and for tool 
(B) a Fjellman hydraulic press, with a stamping/blank holder force capability of 7500/3200 
kN, was used. Special care was made to, as far as possible, maintain the same conditions in 
the test stamping procedure as in the simulations. For example, the blank holder force was 
measured to a maximum of approximately 1850 kN for (A) and to 3.6% higher for (B) of the 
force used in the simulation. The draw in was measured during the forming and used as an 
early indicator to observe deviations between obtained and predicted values. Blank materials 
were coated with a Houghton 500 dry lubricant to reduce friction and prevent wear and 
scratches to occur, especially in drawbeads. 

3.3. Evaluation of shape deviation 
After forming, addendum material was removed by laser cutting, reference points enabled 

 z

 z
 x,y,z 

Modified constraints 

 x,y,z 

Original constraints 

 x,z 

 y,z 
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laser cutting at correct locations. The reference points were produced at the end of the 
forming stage. To evaluate shape deviation and material thinning, 3D laser scanning of both 
sides of the components were made. Best fit evaluations were used as a method to determine 
the shape deviation from the nominal part geometry. The same definition of shape deviation 
as in the analyses was used, see Figure 5. 

4. RESULTS
Measurements revealed an isotropic Young’s modulus. The hardening was substantial in 

Inconel 718. The tensile tests and the bulge test revealed a fairly isotropic behavior in stresses. 
Figure 7 presents normalized hardening curves for one of the sheet thicknesses in the different 
directions to the rolling direction, along (L), transverse (T) and diagonal (D).  

 

 
Figure 7. Normalized hardening curves. 

The uniaxial tensile tests and the balanced biaxial test revealed anisotropic strain 
properties. The Lankford parameters varied within 69% between the different directions to the 
rolling direction including the balanced biaxial state. In Figure 8, the shape of the FLC for one 
of the sheet thicknesses is presented. Five normalized values are presented. 

 
Figure 8. Shape of the normalized forming limit curve. 
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The draw-in was measured with a Vernier caliper during the test stamping to verify the FE-
predictions. The measurements revealed values within 12.4-13.2% in one direction and 9.0-
20.8% in the other for (A) and 3,3% in one direction and 6,6-18,5% in the other for (B) 
compared to the calculated ones. See Table 3 for predicted and measured values. It can be 
concluded that the draw-in was smaller than predicted. 

The difference in draw-in can mainly be explained by the friction condition and small 
differences in draw depth and blank holder force between the FE-models and the 
manufactured tool setups. The sheet thickness for (A) was 2% larger than then the thickness 
used in the simulations, which is expected to yield an increased force in the drawbeads that 
may contribute to a smaller draw-in. 
Table 3. Predicted and measured values of the draw-in during forming (mm). 

Component Predicted draw-in Measured draw-in 

Draw-in direction          X1          X2          Y1          Y2 X1          X2          Y1          Y2

A         12.1        10.5       11.1       10.1          10.5         9.2        10.1        8.0 
B         12.4        12.2       17.6       18.5          10.1        11.4        18.2         - 

 
Results from the laser scanning and best fit evaluation revealed a minor shape deviation, 

within tolerance, of component (A). After compensating tool surfaces (B) using the 
*INTERFACE_COMPENSATED_NEW capability in LS-DYNA v971, measurements 
revealed a small over-compensation of the tool geometry for component (B). See Figure 9 and 
11 for sections of the components. The values in the figures are normalized with respect to the 
sheet thickness in which a value of 1.0 would imply a shape deviation equal to the sheet 
thickness. The maximum shape deviation was however in the order of the sheet thickness for 
component (B) and within tolerance for component (A). The material thinning of prototype 
component (A) is presented in Figure 10, indicating a measured maximum material thinning 
of 11.9%. The corresponding predicted maximum material thinning was 10.9%. A value of 
1.0 corresponds to 100% of the original sheet thickness. 

 
     (a)              b) 

Figure 9. Shape deviation for section of (A) generated by (a) FE-analysis and (b) laser scanning. 
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(a)             b) 
Figure 10. Material thinning for section of (A) generated by (a) FE-analysis and (b) laser scanning 

            
 (a)              b) 
Figure 11. Shape deviation generated by (a) FE-analysis and (b) laser scanning for section of (B). 

5. DISCUSSION AND CONCLUSIONS 
The work presented in this paper substantiates the idea that it is possible to realize 

development projects for new applications in Inconel 718 accurately and with minor (B) or no 
(A) need for modifications of the designed tools. No further need for modifications of the 
tools for the other three double-curved components not presented here were required. Tool 
(B) yielded a slightly overcompensated component. The differences in predicted and 
measured draw-in affect the springback. The shape deviation ought to be improved by 
obtaining a slightly smaller draw-in according to the measured values and reducing the tool 
compensation for the springback. A proper choice of compensation magnitude is not straight 
forward to determine in advance, since it depends on the geometry, the material and the 
forming process, see e.g. [8, 9]. For one case a compensation which exceeds 110% can be 
optimal but for other materials much less compensation is applicable, see e.g. [10, 16]. 
Therefore, test stamping and accurate shape deviation determination is necessary to correlate 
springback predictions and adjust the tool compensation. The chosen compensation of 100% 
for (B) was in this case too high. The commercial FE-code, LS-DYNA, in combination with 
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software to generate high quality surfaces, Tebis Optimizer, were used for the tool 
compensation in the industrial applications. Despite the simplicity of the method it works 
remarkably well. The tool was compensated in only one iteration which yielded a virtual 
component within shape tolerance, see Figure 11 (a). For a more thorough discussion of the 
possibilities and limitations concerning methods of springback prediction and compensation, 
see e.g. [6-11] and references therein.  

Minimizing the die tryout is of outmost importance when developing tools for short lead 
times. The key is consistent studies according to the presented systematic methodology in 
which FE-analyses are used for the tool design and compensation. To obtain equal conditions 
in the stamping procedure as in the simulation, equal tool geometry and process parameters, 
correct boundary conditions and proper material descriptions have to be applied. In the design 
of deep drawing tools for new materials and/or new processes, the FE-technique is a helpful 
tool in avoiding undesirable effects and improving the tool design which increases the chance 
of a successful initial tool design. 
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