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Abstract 

This research develops a methodology for three dimensional, multi-stage, large deformation, finite 

element contact analysis, which considers the effects of thermo-plasticity and austenite decomposition. 

The developed methodology is applied to the forming process of a transmission clutch hub which is 

constructed from UHSS 22MnB5 for the purpose of automotive lightweighting.  The entire process chain 

is considered, including the hot stamping process, in which a high temperature blank enters a stamping 

press with actively cooled tooling.  The press then forms the blank and remains closed, so as to cool the 

part rapidly enough to induce phase transformations in the material.  The resulting part increases in 

strength by up to 250% during this process.  This research focuses on simulating the entire multi-stage 

stamping process including cold formed stages but with the exception of piercing and trimming 

operations.  The clutch hub is currently manufactured from 2.5mm thick HSLA and a transition to 1.5mm 

thick 22MnB5 is proposed. This would represent a 38% mass reduction if successful.  Typically, 22MnB5 

has been reserved for structural components, which have substantially less complex geometry than that of 

a typical transmission clutch hub, thereby increasing the complexity of the problem.  Simulations 

including austenite decomposition were carried out using the non-linear finite element solver LS-DYNA.  

In order to validate the numerical models, three criteria were evaluated and compared to experimental 

data: material thickness, lubrication hole geometry, and Vickers hardness.  It was found that the thickness 

distribution of the numerical model accurately represented the thickness distribution of the cold formed 

stage.  The error in thickness estimation was 0.91% for the cold stage.  Thickness change during the hot 

formed stage was only considered at the splines.  The final geometry of the lubrication hole presented by 

the numerical model also closely resembled that of the experimental result: the error between the 

numerical and experimental model was 1.4% in the major diameter, where the primary stretching 

occurred.  Finally, Vickers hardness values for both models were compared at 11 points distributed along 

the radial direction and the error was found to be an average of 13.5%. 
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Chapter 1   

Introduction 

The ability to form metal substances (inducing plastic deformation) is an integral part of 

manufacturing in modern society.  As with most mainstream manufacturing techniques, the theories and 

methodologies of metal forming have been perfected through many years of physical experimentation.  

However, as our engineering abilities progress, and as the geometries which we attempt to form become 

increasingly intricate, we must look towards new advanced methods of forming advanced materials.  

Ultra-high strength steels (UHSS) have become the focus of many industries due to the promise of higher 

strength coupled with lower weight.  

1.1 Motivation for Research 

Due to increasingly demanding automotive crash safety tests, manufacturers continue to build 

their cars stronger, and thus heavier.  Unfortunately, this increase in vehicle mass reduces the practical 

benefits of increasingly advanced combustion engine technology.  In order to mitigate increases in vehicle 

weight due to stronger crash structures, manufacturers have been moving towards the use of advanced 

materials such as UHSS and optimizing their designs to take advantage of the added strength.  Real-world 

implementations of UHSS, and in particular 22MnB5 boron steel (the focus of this research), have 

demonstrated how this material can be used to lighten an automotive chassis.  Additionally, it has been 

shown that a vehicle weight reduction of 10% can help to realize 3-7% lower fuel consumption [1].  Thus 

far, 22MnB5 has only been applied to large radii static structural components and not used for dynamic 

components such as those found in driveline or suspension systems.  Preliminary forming simulations 

using the finite element method show that through the use of hot forming, 22MnB5 can be made to form 

the tight radii required for the manufacture of transmission components.  This thesis outlines the non-

linear finite element analysis techniques used to simulate these forming processes. 
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1.2 Objectives of Research 

The aim of this research is to create a comprehensive, validated numerical forming model, which 

covers all of the associated cold and hot forming stages for the partner organization’s transmission 

component. In order to accomplish this objective, four sub-objectives are identified as follows: 

1. Demonstrate that currently available commercial FE packages are well suited to solving multi-

stage forming problems, where austenite decomposition is considered 

2. Produce robust models for the cold forming stages of the clutch hub 

3. Produce robust models for the hot forming stages of the clutch hub, which also predict final phase 

fractions and hardness values with reasonable accuracy 

4. Validate both cold and hot forming models through comparison with experimental data 
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1.3 Outline of Thesis 

 The work will begin by modelling all of the stages without consideration for thermal boundary 

conditions.  The seven stages to be modeled are as follows: 

 Step 1. Ring Forming 

 Step 2. Can Forming 

 Step 3. Springback 

 Step 4. Trimming & Piercing 

 Step 5. Heating 

 Step 6. Transfer 

 Step 7. Spline Forming & Quenching 

Once the numerical models have been successfully created for the aforementioned stages, a coupled 

thermo-mechanical model will be constructed to simulate the elevated temperature process which occur in 

Steps 5 - 7.  

Once the numerical models for both cold and hot forming have been completed, experimental 

measurements will be taken.  The partner organization has run sample parts through all the required steps 

using physical tooling which will allow for the measurement of thickness, micro hardness, deformed 

lubrication hole geometry and other metrics pertinent to the validation process.  Following the 

measurement of these samples, the numerical and experimental data sets will be compared and an 

assessment of the numerical model’s validity will be performed. 
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Chapter 2 

Background and Literature Review 

When a part is hot formed, it is heated to a temperature above the material’s recrystallization 

point [1][2].  Due to the fact that the recrystallization temperature of the material is exceeded, the part will 

not achieve any work hardening during the forming operation.  Furthermore, the lower flow stress of the 

material allows for the utilization of far lower press forces than in cold and warm forming.  One of the 

major advantages of hot forming is the increase in ductility and resistance to cracking seen in the material. 

This results in the ability to form intricate geometries that would be otherwise impossible with cold or 

warm forming.  However, there are many drawbacks to hot forming, such as higher energy expenditure, 

poorer surface finish, scale and oxide formation, decarburization in steel, and reduced geometric accuracy 

(when compared to processes where cold or warm forming would have been acceptable).   

In the past it may have been an acceptable practice to construct an entire automobile chassis out 

of only one grade of steel [3].  With today’s legislations, such a practice would struggle to simply produce 

a road worthy vehicle.  Current automobiles are constructed from a multitude of steel grades in order to 

optimize characteristics such as mass, stiffness, and crash-worthiness.  Figure 1 shows a color coded CAD 

model of a BMW chassis which utilizes several different grades of steel to decrease its total mass, 

increase stiffness, and comply with crash-worthiness requirements. 



 

5 

D. Foresi, Non-linear Finite Element Modelling and Analysis of Metal Hot Forming for Automotive Weight Reduction 

 

Figure 1:  Chassis model of BMW 5 series sedan depicting multi-material construction [3]. 

 

When the use of high strength steel is considered, it is typically necessary to use hot forming techniques 

in order to combat the material’s low formability.  High strength steel, however, is a broad term used to 

classify several material types.  Generally, it is accepted that these modern materials fit into the following 

4 classifications: 

1. Dual-phase steels (DP) 

2. Transformation induced plasticity steels (TRIP) 

3. Complex phase steels (CP) 

4. Martensitic steels (MS) 

Figure 2 shows the aforementioned steels on a strength versus maximum achievable elongation graph.  In 

general, as a material becomes stronger it also becomes more brittle and hence less formable. 
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Figure 2:  Max. tensile strength vs max. elongation (%) for common high strength steels [4]. 

These 4 categories provide a system to catalogue behavioral traits and forming requirements.   

Dual-phase (DP) steels 

 Microstructure is comprised of soft ferrite with a dispersion of hard martensite 

 Strength level of the material is proportionate to the level of dispersed martensite 

 In raw form the yield strength to tensile strength ratio is roughly 0.6 

 These steels are bake hardenable, which results in higher strength 

 Increases of 140MPa in strength following forming and baking are commonly seen 

 

Transformation induced plasticity (TRIP) steels 

 Microstructure is composed primarily of soft ferrite, mixed with a composite of martensite, 

bainite and retained austenite  

 In areas of high strain (seen during forming) austenite grains convert to martensite and this results 

in an increased material strength 

 Amount of transformation induced by deformation can be “tuned” by the steel manufacture by 

altering carbon levels in the matrix.  Low carbon levels result in quickly occurring transformation 

while higher levels of carbon result in a high level of retained austenite following the forming 

operation. 
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 This is well suited for crash protection as the strain hardening increases the material strength 

upon collision  

 

Complex-phase (CP) steel 

 Microstructure is primarily composed of ferrite & bainite mixed with a composite of martensite, 

retained austenite and pearlite 

 Can contain precipitates of niobium, titanium or vanadium 

 Strength can range from 800-1000MPa depending on the specific composition 

 

Martensitic steels (MS) – Including 22MnB5 

 Microstructure is composed almost completely of martensite 

 Tensile strength is typically between 900-1600 MPa depending on the composition 

 Typically has good fatigue resistance  

 Typically exhibits brittle behavior and hence low formability 

 

2.1 Crystal Structure and Steel Phases 

When attempting to use any material in a complex manufacturing process, it is imperative that the 

engineer has at least a basic understanding of the material on a microscopic scale.  With respect to 

microscopic properties, materials can generally be classified into 3 broad categories: crystalline, 

polycrystalline, and amorphous.  These categories define the microstructure’s level of orderedness, with 

crystalline solids consisting of a single perfect repeating geometric plane, amorphous being totally 

random with no repeating order or crystallinity, and polycrystalline containing of multiple single 

crystalline grains with different plane normal orientations.  Figure 3 gives a visual depiction of the 

aforementioned structures.  Metal elements in a single phase can be perfectly crystalline in nature; 

however, an alloy or complex phase steel will always be polycrystalline in nature. 
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Figure 3:  Depiction of crystalline, polycrystalline, and amorphous microstructures [5]. 

As it relates to crystalline structures, there are 3 common forms of atomic arrangements, body-centered 

cubic (BCC), face-centered cubic (FCC) and hexagonal close pack (HCP).  These arrangements refer to 

the geometric placements of atoms in a unit cell of the material’s crystal lattice. Examples of BCC, FCC 

and HCP arrangements can be seen in Figure 4. 

 

Figure 4:  Three most common lattice structures in metallic elements [6]. 

The total volume of atoms in a cell, divided by the total volume of that cell, is referred to as the atomic 

packing factor (APF): 

 

 𝐴𝑃𝐹 =  
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑎𝑡𝑜𝑚𝑠 𝑖𝑛 𝑎 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙

𝑡𝑜𝑡𝑎𝑙 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 𝑣𝑜𝑙𝑢𝑚𝑒
 (1) 

 

The atomic packing factor is essentially a measure of the crystal lattice’s atom density, but this does not 

necessarily indicate the mass density of the actual material.  Each of these arrangements have the 

following packing factors: 
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Body-centered cubic 0.68 

Face-centered cubic 0.74 

Hexagonal close pack 0.74 

 

When the atoms are packed into these units they will touch one another, and therefore, if we know the 

atomic radius R then we calculate the cubic edge length a for both the FCC and BCC arrangements using 

Eq. (2) and Eq. (3) respectively. 

 

 𝑎 = 2𝑅√2 (2) 

 
𝑎 =  

4𝑅

√3
 

(3) 

 

However, as it relates to the hexagonal close pack (HCP) body structure, the unit cell is not cubic in 

nature.  In this case there are two dimensions which we are concerned with: edge length along the hex a, 

and length from top to bottom c (Figure 5). 

 

 

Figure 5:  Hexagonal close pack unit cell [5]. 
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Generally, the c/a ratio is 1.633, although for some metals this value slightly diverges.  The edge length a 

is found to be just two atomic radii, and thus given by Eq. (4). 

 𝑎 = 2𝑅 (4) 

 

A phase in the material sense is defined as any homogenous portion of the system which consists 

of uniform chemical and physical properties.  Multiple phases within metals are a result of different types 

of grain formation; these phases are separated by grain boundaries which represent a discontinuous and 

abrupt change in properties.   

 

Figure 6:  Photomicrograph taken at 90x representing pure ferrite microstructure [5]. 

Figure 6 shows a photomicrograph taken of a steel with a pure ferrite microstructure, the dark black lines 

represent the boundaries between adjacent grains and the white areas represent the gains themselves.  

Steels can generally achieve 6 different phases:  

 Cementite 

 Austenite 

 Pearlite 

 Bainite 

 Ferrite 

 Martensite   
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All 6 of these phases have distinct macroscopic as well as microscopic properties.  When a steel is formed 

it is generally not comprised of only one phase, but instead comprised of a heterogeneous mixture of 

several phases.  When designing an alloy the engineer can adjust the relative amounts of each phase, thus 

affecting the macroscopic properties of that material.  Generally, inspection of a steel’s phase composition 

is accomplished visually using a microscope or by taking micro hardness measurements.  Each phase of 

the steel will reflect light in a unique way, and therefore different phases will be represented by different 

darkness levels.  Each phase will also have a distinct micro hardness value, and by measuring these 

hardness values the engineer can make relatively accurate estimations of the phase composition.  Figure 7 

shows a microscopic view of a martensite microstructure. The dark needle-like sections represent 

martensite, while the white sections represent austenite (retained austenite from incomplete 

decomposition). 

 

Figure 7:  Microscopic view of martensite and austenite microstructure [5]. 
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 The primary focus for high strength steels are the austenite and martensite phases.  Martensite is 

the hardest and strongest phase type that can be achieved in carbon based steels.  A martensitic 

microstructure is achieved by heating the steel to its austenite phase (Ac3 or higher) and then quenching it 

rapidly enough to not allow carbon to diffuse out of the microstructure.  The trapping of the carbon in the 

microstructure is what creates the martensite phase.  Due to martensite’s time dependence, it is referred to 

as metastable phase.  A metastable phase is not formed through an equilibrium process, but once formed 

it will exist indefinitely at a stable set of thermal and mechanical conditions (martensite once formed, 

being typically stable at temperatures less than 850-1000K under low applied stress).    

An important point to note when it comes to the hot forming process is that austenite is composed 

of an FCC lattice structure, whereas martensite is composed of a BCT (body centered tetragonal) lattice 

structure.  The BCT structure is similar to the FCC structure; however it is not cubic in shape, but instead, 

slightly rectangular and has a smaller atomic packing factor.  When martensite is formed from austenite, 

the change from a FCC to BCT structure elicits a volumetric expansion.  This volume change is important 

when the hot forming process is used, as large residual stresses can form due to volumetric expansion 

during quenching. 

The transition to a fully martensitic state is what provides the major strength increase in the 

22MnB5 material.  However, it may be noted that the vast majority of steels can be treated to achieve a 

martensitic microstructure, hence making the benefits of 22MnB5 less obvious.  In order to understand 

the austenite decomposition behavior of a given steel, the engineer must examine the corresponding TTT 

diagram.  The TTT diagram allows the engineer to make a comprehensive prediction of the resulting 

phase formations under continuous cooling conditions.  The major advantage of 22MnB5 becomes 

apparent when the TTT diagram of a common AISI 1050 steel is analyzed (Figure 8). 



 

13 

D. Foresi, Non-linear Finite Element Modelling and Analysis of Metal Hot Forming for Automotive Weight Reduction 

 

Figure 8:  Time Temperature Transformation diagram for AISI 1050 steel. 

In order to calculate the minimum cooling rate required to achieve a fully martensitic microstructure, a 

straight line is constructed beginning at the austenite zone at time zero, and down to the x axis at a slope 

which does not result in intersection with the bainite area (as depicted in Figure 8).  The resulting quench 

rate for the AISI 1050 shows that the engineer must obtain a minimum cooling rate of 375K/s if a fully 

martensitic microstructure is desired.  The 22MnB5 boron steel used for this research requires a mere 

27K/s cooling rate for full martensite formation.  This reduced rate is due to the interstitial boron acting to 

slow the diffusion of carbon in the microstructure.  By reducing the rate at which the carbon can diffuse, 

the rate required to achieve a fully martensitic microstructure decreases proportionally.  This minimum 

cooling rate increases the range of processes which can be used to successfully quench the part.  

2.2 Die Quenching 

As it relates to the hot stamping method, there are two classifications which the process may fall 

under: the direct and indirect method [4][7][8][9][10][11][12].  The direct hot stamping process is 



 

14 

D. Foresi, Non-linear Finite Element Modelling and Analysis of Metal Hot Forming for Automotive Weight Reduction 

characterized by hot forming the sheet straight to its final geometry, followed by quenching in an actively 

cooled tool.  The indirect hot stamping process is similar, with the exception of the part being pre-formed 

in a cold state to 90-95% of its final geometry, before entering the oven and proceeding to die quenching 

[4][8][9][10][12].  The indirect hot stamping process is carried out with the goal of increasing the forming 

limits of the material for the production of complex geometries.  A diagram of the direct versus indirect 

hot stamping process (right and left side respectively) can be seen in Figure 9. 

 

Figure 9:  Depiction of the indirect (left) and direct (right) hot stamping processes [13]. 

Generally, tool and die design is similar for cold and hot forming processes with one exception.  

When 22MnB5 is hot formed, it must be quenched immediately following forming to allow the austenite 

to transform into a desirable martensitic phase state (cooling must occur at a minimum of 27K/s).  This 

requires the tool to have some type of temperature regulation mechanism.  Before heating and quenching 

(while in its ferritic-pearlitic state) the tensile strength of 22MnB5 is around 600MPa; however, following 

quenching to a fully martensitic state, the tensile strength can increase to over 1500MPa [2] [17].  The 

current standard for achieving this quench control is through the use of water ducts placed throughout the 

tool [14], as shown in Figure 10. 
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Figure 10:  Tool and die configured with water cooling channels [14]. 

It has been shown that through the use of these cooling channels, quenching rates of up to 80K/s can be 

achieved, thus providing a suitable method for reaching the 27K/s cooling rate required by the 22MnB5 

material.  Alternatively, if the phase transformation is not desired, a methodology of keeping the die at 

high temperatures to prevent quenching must be implemented. 

2.3 Blank Heating 

It is clear that an effective methodology must be devised for heating the sheets to their austenitic 

temperature.  There are many different heating technologies available. The following are three of the 

common technologies used in hot forming:  

 Electrical resistance heaters 

 Induction heaters   

 Gas fired furnaces 

Although all three technologies are able to provide the necessary energy for bringing the part to 

appropriate temperatures, not all are suited for the same purposes.  The following sections will describe 

each of the aforementioned technologies and describe potential drawbacks, advantages, and 

considerations for hot forming. 
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2.3.1 Electrical Resistance Heaters 

A common technology used to increase the temperature of a work piece is electrical resistance, or 

Joule heating.  When electrical current is passed through a conductor, it will release energy in the form of 

heat.  The quantity of heat (Q) released is proportional to the square of the passing current (I) and is 

dependent on the resistance (R) of the material as shown in Eq. (5).   

 𝑄 ∝ 𝐼2 × 𝑅 (5) 

Resistance heating has become a popular practice in the manufacturing industry due to the introduction of 

high strength and ultra-high strength steels which require elevated temperatures to achieve good 

formability. 

Electrical resistance heating has several distinct advantages when compared to traditional 

methodologies of increasing the temperature of a pre-formed part.  As will be covered later, heat loss in 

the pre-formed part while using a furnace can be large due to the fact that the part must leave the furnace 

and be placed into the tool [15].  One of the major advantages to electrical heating is that the part can be 

heated while it is resting in the tool, thereby significantly mitigating any decreases in temperature 

between the heating and forming process.  Figure 11 depicts the method of heating a preformed part 

within the tool and then the following forming operation. 

 

Figure 11:  Work piece heated within the tool through the use of electrical resistance heating [15]. 
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The blank is clamped between one or more sets of electrodes which feed current to the part.  Generally, 

the required contact area of these electrodes is small, and in steel sheet heating, it is ordinarily only 5mm. 

Figure 12 shows a basic conduction setup for sheet heating. 

 

Figure 12:  Diagram of basic conduction setup for sheet heating. 

One of the most attractive benefits to manufacturers is that given enough power, the heating process can 

be completed fast enough to synchronize with a press [15].  Due to the process being so rapid, the 

increase in temperature may be calculated using the adiabatic approximation as follows: 

𝑇 =  𝑅 [
𝐼

𝑤𝑡
]

2 𝜏

𝐶𝜌
 

where 

T – Temperature of the work piece [K] 

I – Electrical current [A] 

R – Resistance of work piece [Ω] 

w – Width of the work piece [m] 

t – Thickness of the work piece [m] 

τ – Time of electrifying [s] 

C – Heat Capacity [J/kg K] 

ρ – Density [kg/m3] 

 

As stated above, heating can be quite rapid if enough power is supplied.  Mori et al. demonstrated the 

ability to increase the temperature of a steel sheet to 900oC in 2 seconds for the purposes of hat-shaped 

bending [15].  The ability to rapidly heat parts plays a significant role in the reduction of scale and 
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oxidization on the part commonly seen in hot forming.  Experiments performed by Mori and Okuda 

showed that scale and oxide formation was reduced with increased heating speed [16]. 

 An interesting advantage of resistance heating is the ability to locally increase the temperature in 

selected areas of the part.  Localized heating can have many advantages, such as varied material 

properties, confined reductions in flow stress, decreased tool wear, etc. 

 As with most processes, electrical resistance heating is not without its drawbacks.  Of significant 

disadvantage is the copious power consumption required in order to heat parts rapidly.  In an experiment 

by Mori et al. where a part was heated to 900oC in 2 seconds, it was stated that they required 7J/mm3 [15].  

In the case of a 304.8304.83.175mm square blank, the energy required will be approximately 2.06GJ, 

representing a significant amount of power consumption.   

 One of the difficulties often encountered with electrical resistance heating is the development of 

an uneven temperature distribution in the work piece.  This irregular temperature distribution is generally 

a byproduct of inhomogeneous contact between the work piece and the electrode.  Figure 13 represents an 

example of the temperature profile caused by inhomogeneous contact on a 130x80mm high strength steel 

sheet (SPFC980Y). 

 

Figure 13:  Temperature profile caused by inhomogeneous electrode contact on steel sheet [15] 

However, if a proper homogenous contact patch is achieved, erratic temperature distributions can be 

eliminated almost completely.  Figure 14 shows the result of homogenous electrode contact on an 
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identically sized sheet of the same high strength steel in Figure 13.  Within the broken red line, 

temperatures are maintained to 810oC +/- 30oC. 

 

Figure 14:  Temperature profile caused by homogenous electrode contact with the steel sheet [15]. 

The images in Figure 13 and Figure 14 were both obtained through the use of infrared thermography.  By 

these examples, Mori et al. were able to prove that electrical resistance heating for applications which 

require even temperature distribution is a viable option [15]. 

 

2.3.2 Induction Heaters 

Induction heating is another example of a clean, non-polluting, and highly efficient electrical 

heating process which can used in the hot forming method.  Similar to electrical resistance heating, 

inductive heating works on the premise of Joule heating, albeit in a slightly different way.  Induction 

systems require two main components: a frequency generator (power supply) and a coil (the inductor) [7].  

The frequency generator sends low voltage, high current AC power to the coil which in turn creates an 

electromagnetic field.  If an electrically conductive material is located within this magnetic field an eddy 

current is induced in the material, and subsequently Joule heating occurs which raises the temperature of 

the material (Figure 15). 
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Figure 15:  Typical coil type induction heater system. 

In naturally magnetic materials, hysteric losses occur, further increasing the heating effect [7].  However, 

once the Curie temperature is reached (at which point the materials lose their permanent magnetism), the 

hysteresis phenomenon stops and the induction system’s efficiency drops significantly. 

Although all induction systems operate on the same principals, they can often be suited for 

different purposes.  The inductor has 3 common designs: longitudinal field, transverse field, and face 

field. Figure 16 depicts the 3 types of coils where “v” denotes the direction of movement of the work 

piece. 

 

Figure 16:  Types of induction coils used for metal heating [7]. 

Careful selection of the inductor type is necessary to ensure that the desired magnetic field and 

accompanying heating characteristics are achieved.  In order to efficiently surpass the material’s Curie 
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temperature, multiple inductor types are typically used.  Typical arrangements begin with a longitudinal 

inductor leading into a face inductor. 

Similar to the inductor, the frequency generator must be selected based on the specific application 

in order for the end heating results to be desirable.  Clearly, the amount of current supplied to the coil will 

have a drastic effect on the heating rate, but the frequency of the power also plays a massive role.  If a 

slow enough signal generator is not selected, full heating penetration of the material may not be achieved.  

Generally, the larger the work piece, the lower the required frequency for full penetration.  This potential 

drawback can provide a significant advantage in cases where only the heating of a surface layer is desired. 

Induction heating systems are typically used in a continuous throughput type furnace with more 

than one induction coil type.  The typical longitudinal inductor achieves 93% efficiency when heating the 

material up to its Curie temperature and creates a fairly homogenous temperature distribution (∆T < 2K) 

[7].  However, in order to surpass this temperature, a face inductor is generally required.  These two 

inductor types are typically used in tandem because the face-type inductor only achieves a 60% heating 

efficiency and does not heat the material in a homogenous way (∆T > 50K).  Combining these two 

inductor types in series within a rolling furnace allows inductive heating to be a viable option for 

processes requiring continuous throughput and provides moderately homogenous temperature distribution 

(+/- 10K) [7].  Figure 17 shows an example of such a system. 

 

Figure 17:  Continuous throughput furnace using both longitudinal and face inductors [7]. 
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Additionally, induction heating systems offer the added benefit of being able to selectively heat precise 

locations of the part geometry, which is not possible in a gas furnace setup.  By altering the frequency of 

AC current sent to the inductors, penetration depth can be controlled.  Based on current induction 

technology, and the increasing demand for machines with smaller foot prints, induction heating systems 

can provide a viable option for hot forming processes. 

 

2.3.3 Gas Fired Furnaces 

The most common heating method used in warm and hot manufacturing processes at the present 

time is traditional gas furnace heating  [7].  In the furnace heating process, preformed parts are generally 

loaded on a conveyor belt and carried through a chamber at elevated temperature (Figure 18). 

 

Figure 18:  Roller hearth gas-fired furnace. 

Once the parts have reached the end of the chamber, they are removed from the furnace and transferred to 

the next stage of the process chain.  It is in the transfer step that many problems arise.  When parts are 

brought to elevated temperatures, their oxidization rate will increase drastically.  This problem is further 

compounded outside the inert environment of the oven where surface scale and oxides can begin to form.  

In gas furnaces, this issue is generally combatted by filling the chamber with an inert gas such as argon.  

The part will inevitably have to be removed from the chamber, and at this point the part tends to oxidize 
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significantly.  Furthermore, when parts are removed from the furnace, significant heat loss will ensue, up 

to 15K/s when parts are exposed to atmospheric conditions.  Due to the significant heat loss, parts are 

generally heated above the required hot forming temperatures to provide some compensation.  This 

methodology represents a significant process inefficiency and energy loss.  Finding a method of 

decreasing the transfer time as much as possible will help to increase production yield and geometric 

accuracy. 

 One of the major advantages of gas fired furnaces, which is probably part of the reason they are 

so commonly implemented, is that they can be used as a constant through-put type system.  In a constant 

through-put system, there is no break in the process chain, parts simply continue to move as they would in 

the cold forming process but are instead put through the furnace.  This means that the manufacturing 

engineer needs to make little to no change in the process chain in order to implement this step.  Once the 

process chain has been reworked there should be no significant delay in the process sequence.  

Furthermore, gas furnaces are more efficient than both conduction and induction when maintaining a part 

at elevated temperature.  Many quenchable high strength steels require a set dwell time and in this case 

gas furnaces can provide considerable efficiency. 

 However, gas furnaces do have their fair share of disadvantages, mainly size and cost.  Typical 

gas furnaces for manufacturing operations are 30-40m in length, mandating vast amounts of floor space 

which some factories, such as many laboratories, simply cannot accommodate.  Additionally, regardless 

of complexity, any piece of equipment with this large size represents a significant capital investment 

which also may not be justified by smaller scale operations.  Typically, these massive lengths are required 

when specific heating curves are necessary to avoid undesirable effects in the material.  In the case of 

USIBOR1500P boron steel, the material cannot be heated at a rate exceeding 12K/s, which is a difficult 

task to accomplish without multiple temperature zones within the furnace.  Additionally, gas fired 

furnaces are generally not considered to be a “clean” form of heating technology as they require a source 

of combustible fuel in order to operate. 
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2.4 Corrosion and Surface Coatings 

One of the main issues surrounding forming at elevated temperatures, specifically those in the hot 

forming range, is the accumulation of surface scale and accelerated oxidization of the part [17].  The 

buildup of surface oxide is the main culprit for the lower dimensional accuracy and higher number of 

rejected parts that is generally seen in hot formed components.  It is important to understand the formation 

mechanisms of surface scale and oxidization so that it can be mitigated during production.   

 The two main factors which affect the formation of scale and oxidization are the part temperature 

and duration it is exposed to the atmosphere.  Generally, the higher the temperature or the longer the 

duration of exposure, the thicker the scale layer will be.  However, not all scale and oxides are created 

equal. In fact they can be classified into 3 categories [18]: 

Ductile: Contains no cracks or fractures, scale deforms with underlying steel and shows sufficient 

plasticity. Outside and inside scale surfaces are smooth. 

Mixed: Cracks tend to run in thickness direction.  Cracks form near outer surface do not reach the 

surface of the steel. 

Brittle: Fragmented scale, brittle in nature.  Scale is indented into the surface steel, therefore scale-

steel interface is rough. 

Scale morphology changes from ductile to mixed to brittle with decreasing rolling temperature and 

increasing scale thickness.  In order to come to this conclusion Utsunomiya et al. [18] performed several 

tests using low carbon steel sheets (0.17%C–0.01%Si–0.46%Mn–0.01%P–0.007%S).  The sheets were 

heated to 1173K, 1273K and 1373K and had their thickness reduced by 30% on a rolling mill running at 

300mm/s with no lubrication.  Among the three temperatures, two scenarios were tested, 0s of exposure 

to atmosphere (no intended duration) and 40s of exposure to atmosphere.  As the sheets exited the rolling 

mill they were coated with glass powder in order to halt further oxidation.  The 6 samples were then 

sectioned and viewed using a scanning electron microscope, the results are shown in Figure 19. 
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Figure 19:  Results of rolling mill oxidization test. 

The results showed that even with no intended exposure to atmosphere, scale formation was still apparent, 

and at 40 seconds of atmospheric exposure scale, thickness increased considerably.  The results of the test 

are summarized in Table 1. 

Table 1:  Results of scale thickness based on temperature at atmospheric exposure [18]. 

Exposure (s) Sheet Temperature (K) Scale thickness (μm) 

0 

1173 2.4 

1273 2.7 

1373 8.1 

40 

1173 32 

1273 33 

1373 43 

 

It was later found that the initiation of surface cracks was mainly due to the scale coming in contact with 

the cold rollers.  The scale which forms on the surface of the steel is called Wustite (FeO) and has a 

ductile-brittle transition temperature (DBTT) of 1120K [18].  When the hot scale comes in contact with 

the roller (300K) the temperature of the scale drops below the DBTT and surface cracks form during 
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rolling.  Hence, a model was created in order to predict the critical scale thickness at which brittle scale 

behavior would occur.  The important variable in this model is the surface temperature of the scale (Ts). If 

this value drops below the DBTT, cracks will occur.  Figure 20 shows the assumed temperature 

distribution of the system. 

 

Figure 20:  Visual depiction of the assumed temperature distribution within the scale [18]. 

One of the dominating issues with the hot stamping process is the drastically increased rate of 

oxidation between the heated steel blank and the atmosphere.  In order to keep process costs low and 

reduce wear on the tools, a method of reducing or completely eliminating this oxidation must be 

implemented.  The most common way of reducing this oxidization is by using steel sheets with protective 

surface coatings.  These coatings are constructed from materials which do not react significantly with 

atmospheric air, such as aluminum.  If an uncoated sheet is heated in atmospheric air, significant 

oxidation as well as surface decarburization can occur [19].  Although furnaces exist where the parts are 

heated in a protective atmosphere, such as an argon rich environment, the part must inevitably leave the 

furnace to be transferred to the tool.  It is during this transfer time that the approach of using an inert 

environment falls short, and significant oxidization and decarburization can occur. 

In deep drawing processes and other high deformation operations, considerable friction is 

generally involved.  In the cold stamping process this is typically combatted through the use of traditional 

oil based lubricants. However, with the high temperatures used in hot forming, these traditional lubricants 
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have a difficult time maintaining sufficient viscosity [11].  Current surface coating technologies typically 

have lubrication capabilities built in. 

As it pertains to the forming of 22MnB5 boron steel, the most common way of reducing this 

oxide and scale formation is through the use of an aluminum-silicon coating [4].  Arcelor Mittal 

manufactures a material dubbed “Usibor 1500P” which consists of 22MnB5 steel sheet with a 23-32μm 

thick aluminum and silicon coating [12].  This coating consists of 10% silicon, 3% iron, and 87% 

aluminum, and it is generated using a continuous hot-dip galvanizing process [4].  This aluminum based 

coating serves as a protective layer to prevent atmospheric oxygen from reacting with the iron in the steel.  

In practice, this coating has proven to be successful in reducing oxidization, decarburization, tool wear, 

and loss of geometric accuracy in the final part.  An additional advantage of this coating to the 

manufacturer is the parts are typically ready to receive paint immediately following forming.   

However, Usibor 1500P is not without its drawbacks, mainly, the resulting increase in process 

time.  It must be noted that the Al-Si coating melts around 600oC, far below the austenization temperature 

(around 900oC) of the underlying boron steel.  As the blank is heated, iron from the steel diffuses into the 

aluminum coating; this creates a Fe-Al-Si layer which has a significantly higher melting point than the 

starting Al-Si composition (Figure 21).   

 

Figure 21:  USIBOR 1500P surface coating following heat treatment [20]. 

Subsequently, this allows the coating to maintain solid form under forming temperatures, which are 

typically around 900oC.  However, because the iron must be given time to diffuse into the coating, heating 

rates must be kept below 12K/s [7][12].  Furthermore, once the part is brought up to austenization 

Ferrite - Pearlite 
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temperature, it requires an additional 6-8 minutes to “dwell” and to allow for further iron diffusion into 

the coating. With this condition in place, heating a sheet from room to austenization temperature must be 

done in 7.5 minutes or longer.  With technologies available such as electrical resistance heating which can 

heat the sheet to 900oC in under 3s, this 7.5 minute heating restriction imposed by the Al-Si coating can 

represent a significant increase in process time.  Additionally, heating the sheet too slowly may also cause 

negative effects.  The upper limit on heating duration and dwell time is dictated by the ternary Fe-Al-Si 

layer’s growth, which should not exceed 40μm if the part requires welding following forming.  When the 

part is allowed to dwell for an excessive duration, it develops an unacceptable level of porosity as shown 

in Figure 22.   

 

Figure 22:  Depiction of increased porosity in surface layer resulting from excessive dwell time [20]. 

A further disadvantage of this coating technology is the limited formability of the Al-Si layer at 

room temperature.  In many instances, this can inhibit the successful implementation of USIBOR 1500P 

in the indirect hot stamping process.  For this reason, USIBOR 1500P is typically used in the direct hot 

stamping process [4].  Currently, Arcelor’s USIBOR 1500P aluminum-silicon coated boron steel remains 

the industry standard for hot forming involving 22MnB5. 
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2.5 Numerical Modeling of the Hot Stamping Process 

Although modern FEM techniques are yet to be perfected, their use in simulating the hot forming 

process is increasing.  With the advent of commonly accessible high performance computing, the number 

of commercially available FE software packages has increased.  This comes as no surprise as the FE 

method has proven to be a robust platform for the vast majority of metal forming problems.  As it relates 

to solvers capable of metal forming analysis, common software packages include Abaqus Explicit, Auto-

Form, PamStamp, DEFORM, and LS-DYNA.  The traditional FE method can be split into two distinct 

solving approaches, the implicit approach and the explicit approach. 

𝑈𝑡+∆𝑡 = 𝑓(�̇�𝑡+∆𝑡, �̈�𝑡+∆𝑡, 𝑈𝑡, … ) - Implicit Approach 

𝑈𝑡+∆𝑡 = 𝑓(𝑈𝑡, �̇�𝑡, �̈�𝑡, 𝑈𝑡−∆𝑡, … ) - Explicit Approach 

The implicit approach attempts to find a solution by making an assumption about the geometry’s 

deformed stiffness characteristics, and subsequently balancing the forces.  If these forces balance within 

the specified margin of error, the solver reports that it has converged to a final solution.  Although this 

method is typically fast and accurate, it struggles to converge to solutions in non-linear or large 

deformation problems where the stiffness matrix of the final geometry has changed considerably.  The 

explicit method functions by scaling the applied loads to much smaller magnitudes.  At this point the 

solver can assume the stiffness matrix of the deformed result will be similar enough to be considered 

equal.  The solver then balances the loads, and recalculates the stiffness matrix based on the new 

deformed geometry.  The loads are then scaled up incrementally and the aforementioned process is 

repeated until the full loads are applied, and the final deformed geometry is calculated.  This can be much 

slower than the implicit method, but is far more likely to converge to a solution in metal forming 

problems.  When hot forming is considered, a coupled thermo-mechanical approach is generally 

implemented [21][14][22][23][24][25][10][26][4][9].  This methodology typically uses an explicit solver 

for the mechanical portion and an implicit solver for the thermal portion.  Due to the thin material 

typically used in stamping, most numerical models employ the use of shell elements for the work piece 
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[27][23][10][28][14][26].  For the tooling, shell or brick elements are employed, although more 

computational resources are required for the latter [14][29][30]. 

As with any numerical model, the accuracy of the results are directly correlated to the accuracy 

with which the boundary conditions are defined.  When attempting to model three dimensional contact, 

coupled with large deformation, the user must be diligent in their contact definitions in order to avoid 

inaccuracy and instabilities.  In addition, when heat transfer, temperature dependent material properties 

and austenite decomposition are considered in the same model, the effects of poor boundary condition 

definitions are intensified.  The following sections will cover experiments aimed at developing highly 

accurate boundary condition definitions for the hot forming problem. 

 

2.5.1 Friction Coefficients  

As it pertains to deep drawn metal components, changes in material thickness can be significant.  

One of the largest factors effecting the thickness change of the material in the deep drawing process is the 

coefficient of friction between the work piece and the tools.  When creating an accurate numerical model 

of the hot forming process, the coefficient of friction between the sheet and tool must be considered.  

Experiments conducted by Yanagida and Azushima [34][35] aimed to find the coefficient of friction for 

22MnB5 under various loads and temperatures, as well as under dry and lubricated conditions.  The tests 

showed that the coefficient of friction increased with temperature for dry conditions, and was 

significantly lower under lubricated conditions with no obvious correlation to temperature.  The results of 

the experiment are summarized in Table 2.  

Table 2:  Friction coefficient vs temperature for dry and lubricated 22MnB5 steel sheet [32]. 

Temperature (0C) Friction Coefficient 

(Dry) 

Friction Coefficient 

(Lubricated) 

600 0.522 0.297 

700 0.576 0.308 

800 0.586 0.284 
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Another experiment by Azushima et al. [33] performed similar friction tests on aluminum coated 

22MnB5 sheets, while specifically looking at the effect of tool surface roughness on the coefficient of 

friction.  Azushima et al. [33] found that for dry conditions surface roughness of the tools did not have an 

effect on the friction coefficient, whereas when lubrication was used the effect of surface roughness was 

substantial. The coefficient of friction was found to be 0.55 when no lubrication was used.  The 

coefficients of friction for lubricated conditions were found to range between 0.2 and 0.35 depending on 

the roughness of the interface.  The results of this study are in agreement with the results previous studies 

conducted by Yanagida and Azushima [34][35]. 

2.5.2 Heat Transfer Coefficients 

 In order for the numerical model  to accurately represent the final material properties of the blank, 

the heat transfer coefficient (HTC) between the blank and tool is required.  The level of austenite 

decomposition and resulting final phase fractions in the numerical model is a direct result of the blank’s 

cooling rate.  An HTC that is too high will over represent the final martensite phase fraction, leading to an 

over estimated final strength.  Conversely, an HTC that is too low will under represent the strength of the 

final part, and will result in unnecessarily long process time.  In an experiment performed by 

Salomonsson et al. [34] the heat transfer coefficients of 22MnB5 and Usibor 1500P were investigated.  

Salomonsson et al. [34] found a positive relationship between the normalized HTC and interface pressure.  

Another experiment conducted by Hung et al. [35] used the inverse calculation method to study the HTC 

of an unspecified alloy of boron steel.  The experiment studied the effect of contact pressure on HTC and 

found the HTC to range from 1764.3 to 3782.0 W/m2K between 0 and 30MPa respectively.  The authors 

also summarized results from various other studies on the HTC of boron steel and compiled them into the 

graph seen in Figure 23. 
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Figure 23:  Results of studies showing HTC vs contact pressure (between tools and blank) [35]. 

A study by Caron et al. [17] also used an inverse heat conduction algorithm to find the HTC of boron 

steel.  They found the HTC to be as low as 40 to 170 W/m2K when the sheet was under the weight of 

gravity, and it to be as high as 8800 to 19400 W/m2K when subjected 3.2 MPa at the tool interface. 

Regardless of the values the authors report from their experiments, it is clear that the HTC at the 

tool/blank interface increases with contact pressure.  It is unclear which HTC to implement in the 

proceeding numerical model.  For this reason, the aforementioned experiments will be used as a guideline 

to create an appropriate starting point.  A rough inverse method will then be implemented based on 

experimental measurements to find an appropriate value for the HTC.  

 

2.5.3 Material Model 

 Due to the complex nature of the hot forming problem, a special material model needs to be 

implemented in order to accurately capture all of the relevant physical phenomena.  A material model 

specially designed for simulating UHSS was developed by Åkerström [26].  The Åkerström model 
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simulates the effects of austenite decomposition, latent heat, plasticity, transformation induced plasticity, 

and thermal strains.  The incremental strain formulation is represented by Eq. (6): 

 ∆𝜀𝑖𝑗 =  ∆𝜀𝑖𝑗
𝑒 + ∆𝜀𝑖𝑗

𝑡ℎ + ∆𝜀𝑖𝑗
𝑡𝑟 + ∆𝜀𝑖𝑗

𝑝 + ∆𝜀𝑖𝑗
𝑡𝑝 (6) 

where 

∆𝜀𝑖𝑗
𝑒
 Elastic strain increment 

∆𝜀𝑖𝑗
𝑡ℎ

 Thermal strain increment 

∆𝜀𝑖𝑗
𝑡𝑟

 Isotropic phase transformation increment 

∆𝜀𝑖𝑗
𝑝

 Plastic strain increment  

∆𝜀𝑖𝑗
𝑡𝑝

 Transformation induced plastic strain increment 

 

The model also predicts the final Vickers hardness of each element.  The Vickers hardness is calculated 

using a weighted average based on individual hardness values for bainite, ferrite, pearlite, and martensite, 

a method which was originally proposed by Maynier et al. [36].  The Vickers hardness equation is shown 

in Eq. (7). 

 𝐻𝑉 = 𝑋𝑏𝐻𝑉𝑏 + 𝑋𝑓𝐻𝑉𝑓 + 𝑋𝑝𝐻𝑉𝑝 + 𝑋𝑚𝐻𝑉𝑚 (7) 

where 

𝐻𝑉𝑏 Vickers Hardness of bainite 

𝐻𝑉𝑓 Vickers Hardness of ferrite 

𝐻𝑉𝑝 Vickers Hardness of pearlite 

𝐻𝑉𝑚 Vickers Hardness of martensite 

𝑋𝑥 Volume fraction of each respective phase 

As indicated by Eq. (7) the hardness of austenite is not considered, and therefore hardness values will be 

erroneous for elements which have retained austenite.  Consequently, the hardness calculation will only 

be valid once the quenching operation has been completed.  

 Based on (but not limited to) the work of Åkerström [26], Leblond [37], and Watt et al. [38], 

Olsson created a material model for simulating hot stamping specifically for use in the commercial FE 
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solver LS-DYNA [39].  The material is referred to as MAT_244_UHS_STEEL and represents a thermo-

elastoplastic model based on an isotropic von-Mises yield criterion.  The model is also capable of 

simulating austenite decomposition, yield stress, and micro hardness.  Olsson’s material model is used in 

this research for the hot forming stages.  

2.6 Physical Stamping Process 

The partner organization is attempting to create a power transferring transmission component 

using the hot stamping process.  The proposed material for the component is an aluminum coated 

22MnB5 quenchable steel (Usibor 1500P).  The proposed hot stamping process uses the indirect method, 

which consisting of 3 room temperature operations before the heating and die quenching procedure.  

22MnB5 is typically reserved for static components such as crash structures, and the Usibor 1500P 

material is typically reserved for the direct hot stamping approach, thereby making this research novel in 

two ways.  

The component is subjected to 5 main processes which are as follows: 

1. Ring forming 

2. Can Forming 

3. Trimming and Piercing  

4. Heating  

5. Spline Forming/Quenching 

Graphical representations of each stage can be seen in Figure 24 where the simulation chain is described.  

The current clutch hub is manufactured using a 2.5mm thick HSLA steel and is shown in Figure 25. 
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Figure 24:  Process flow of physical (real) manufacturing process of clutch hub. Blue-Cold Formed, 

Red-Hot Formed. 

 

Figure 25:  Current production clutch hub provided by partner organization. 

The production unit houses clutch plates in the can portion and transfers power through a gear welded to 

the center (Figure 26).  The proposed 22MnB5 steel component will have a modified thickness of 1.5mm, 

and must retain good weldability in order to fix the gear to the top center portion. 
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Figure 26:  Power transferring gear welded to the top of the clutch hub. 

If successful, the transition to a 1.5mm thick 22MnB5 component, from a 2.5mm thick HSLA 

component, would represent a 38% decrease in mass.  Furthermore, due to the rotating nature of the 

component, this 38% mass reduction would provide a more substantial effect in decreasing vehicle fuel 

consumption than an equivalent mass reduction on a static component. 

 Thus far, initial trials in forming this clutch hub using the indirect hot stamping approach have 

provided encouraging results.  Initially, the use of uncoated 22MnB5 was proposed, which resulted in 

significant scale on the formed and quenched part as shown in Figure 27.  The transition to an aluminum 

coated 22MnB5 (USIBOR 1500P) showed significant reductions in surface scale and oxide formation as 

shown in Figure 28. 

 The remainder of this thesis will outline the simulation techniques used to accurately model the 

manufacturing process chain of this ultra-high strength steel component.  Validation of the numerical 

model against experimental data is also considered, along with physical analysis of several sample parts. 
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Figure 27:  22MnB5 clutch hub formed with uncoated steel. 

 

 

Figure 28:  22MnB5 formed using aluminum coated USIBOR 1500P steel. 
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Chapter 3 

Numerical Modeling 

3.1 Model Assumptions 

As with all FE simulations, it is imperative that the user makes assumptions about the process 

they are modeling in order to keep run times from reaching unreasonable levels.  The forming of the 

clutch hub was separated into seven stages which are outlined in Figure 29 as well as in the following 

sections.  All seven of the stages were modelled using a quarter symmetry assumption to reduce run time.  

Stages with no thermal boundary conditions were solved using an explicit mechanical solver.  Stages with 

thermal boundary conditions were solved using a coupled thermo-mechanical solver, employing an 

implicit and explicit approach for the thermal and mechanical portions, respectively.  For all stages, the 

blank and tools were modeled using three or four node shell elements.  Mass scaling was implemented in 

all stages that employed an explicit solver, with the level of mass scaling being varied depending on the 

amount of kinetic energy in the blank.  Strain rate effects were neglected as the tool velocities used in the 

physical processes were kept low.  All tools were defined as rigid bodies and meshed accordingly, and the 

tool mesh was used purely for contact detection with the blank.  Since a heat distribution in the tools 

cannot be calculated using shell elements, their temperature was assumed to be constant.  All numerical 

models were solved using LS-DYNA R9.7.1.    

3.2 Model Structure 

In order to accurately represent the hot forming process of the clutch hub, the simulation was split 

into seven stages, three of which contained thermal boundary conditions.  At the completion of each 

stage, an output file was created which contained all of the results necessary for the subsequent 

simulation.  These results included information such as stresses, strains, temperatures, phase fractions, 

and shell thicknesses, and they are referred to as “DYNAIN” files.  Figure 29 depicts the process flow of 
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the simulation, with stages in the top row containing no thermal boundary conditions, and stages in the 

bottom row containing thermal boundary conditions.  

 

Figure 29:  Simulation process flow for clutch hub. 

LS-DYNA inputs are made up of ASCII files referred to as Keywords (k), and can be easily 

opened and modified using standard text editors when the use of a preprocessor is not desired.  When 

using LS-PrePost software to setup the simulations, all of the relevant information will be saved into one 

extremely large k file, this causes the modeling and analysis procedure to become disorganized and 

difficult to work with.  Fortunately, the ability to call upon other k files using the *INCLUDE command 

allows the simulation to be segmented into smaller parts.  Figure 30 depicts the k file structure used for all 

of the simulation stages in this work.  Following this structure allows the user to change variables in the 

simulation more efficiently and with less effort.  Figure 31 details the information included in the 

PROJECT, CURVES, MATERIAL and DYNAIN Keywords.  The MESH file simply contains element 

and node locations in the 3D space. 
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Figure 30:  Organizational structure used to segregate LS-DYNA keyword files. 
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Figure 31:  Breakdown of each keywords parameters. 

The PROJECT k file acts as the backbone of the simulation, this file is the only one which references 

other Keywords.  By following this structure, the user can easily make changes to the simulation by 

swapping out the secondary k files.  For example, if the user requires a modified mesh density, the 

existing MESH k file can simply be replaced with a new MESH k file. 

3.3 Meshing 

In most metal forming analysis two main components are needed for proper simulation: the blank 

and the tools.  Having the correct tooling geometry and an appropriate mesh density is crucial in order to 
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gain accurate results.  For this particular application, the tools must be modeled at almost every stage of 

the process.  Conversely, the blank is only modeled for the first stage and the deformed mesh is then 

transferred into each subsequent stage.  It was deemed early in the project that although LS-DYNA 

provides an appropriate pre- and post-processor for setting up simulations and analyzing results, its 

meshing capabilities are not sufficient.  All of the meshing for this project was therefore completed using 

Altair HyperMesh software and exported as an LS-DYNA Keyword. 

3.3.1 Blank Mesh   

As mentioned above, the blank is only meshed a single time and the deformed blank mesh is 

transferred from stage to stage until simulation completion.  The blank is in the shape of a flat ring with 

an inner and outer diameter of 30mm and 234mm respectively, with a thickness of 1.5mm.  A sketch of 

the blank can be seen in Figure 32.   

 

Figure 32:  Dimensions of blank for clutch hub simulation (Dimensions in mm). 

In order to avoid the risk of overly stiff elements causing inaccurate results, the blank was meshed using 

only four node elements.  A radial-meshing technique was implemented where the outside and inside 

edges have the same number of elements.  The maximum element edge length in the blank mesh was 

0.765mm. Figure 33 depicts the quarter symmetry mesh of the blank, Figure 34 depicts the elements 
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along the inside edge of the blank, and Figure 35 depicts the elements along the outside edge of the blank.  

The final quarter symmetry mesh consisted of 57,600 elements and 58,081 nodes. 

 

Figure 33:  Quarter symmetry mesh of clutch hub blank. 

 

 

Figure 34:  Close up of inside diameter elements on clutch hub blank. 
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Figure 35:  Close up of outside diameter elements on clutch hub blank. 

3.3.2 Cold Forming Tool Mesh (Stages 1 – 4) 

In metal forming simulations where the tooling is assumed to act as a rigid body, the tool mesh 

exists purely for contact detection with the blank.  Consequently, if a typical structural meshing strategy is 

implemented, it will only serve to increase the computational intensity of the simulation.  In order to 

reduce CPU overhead, a rigid body meshing strategy was implemented.  A rigid body mesh focuses on 

using high element density in areas of tight radii, and uses low element density in flat planar areas.  This 

meshing strategy can serve to greatly decrease the number of elements in the mesh, thereby decreasing 

simulation run time. 
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Figure 36:  Typical structural mesh where bodies are assumed to be deformable. 

 

Figure 37:  Rigid body mesh where tooling assumed to be non-deformable. 

Figure 36 depicts a mesh which would be implemented if the tooling was assumed to be deformable: the 

entire tool is meshed with high element density.  Figure 37 depicts tooling which has been meshed using 

the rigid body assumption.  Since the mesh is only used for contact definition, large planar areas can be 

meshed using only a few elements with no decrease in simulation accuracy.  

 The tooling mesh was created based on CAD models provided by the industry partner.  The ring 

forming and can forming stages share a common tool, shown in Figure 38.   
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Figure 38:  Tooling for ring and can forming stages of clutch hub forming. 

The tool CAD provided is for use in real-world manufacturing, consequently it has many components 

which are unnecessary in numerical modeling.  This is due to the fact that the user can constrain particular 

degrees of freedom of the tool without requiring a mechanical interface.  Once the CAD has been 

imported into the HyperMesh software, unnecessary components are removed and the model is quartered 

(Figure 39).  At this point, all of the surfaces which may come in contact with the blank are meshed, and 

the final mesh is exported as an LS-DYNA Keyword. 



 

47 

D. Foresi, Non-linear Finite Element Modelling and Analysis of Metal Hot Forming for Automotive Weight Reduction 

 

Figure 39:  Ring and can forming tool after quartering and removal of unnecessary components 

(Stripper – yellow, punch – blue, pressure pad – cyan, forming ring – magenta). 

 The ring and can forming tool has four components which are of importance to the numerical 

model.  In Figure 39, the dark blue component is the punch, on which the can is stretched over.  Also 

depicted in Figure 39 is the pressure pad (cyan). This component, in conjunction with the punch, forms 

the ring.  The pressure pad also serves to hold the top portion of the blank onto to the punch while the can 

is being formed. The magenta portion, in Figure 39, is the forming ring, this tool stretches the blank over 

top of the punch.  The forming ring is omitted in the ring forming simulation as it does not come in 

contact with the blank until the subsequent stage.  The final component shown in Figure 39 is the stripper 

(yellow), this tool provides upwards pressure against the forming ring, thereby clamping the blank and 

preventing wrinkling during the can forming operation.  The stripper is also omitted from the ring 

forming model for the same reasons. 

 The following two cold forming stages—springback and trimming—do not require tooling and 

are discussed in Sections 3.7 and 3.8, respectively.  Information about the tool mesh for the cold forming 

stages is summarized in Table 3.  
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Table 3:  Mesh information for all cold forming models. 

Process Name # of elements # of nodes 

Ring Forming 10,221 10,480 

Can Forming 7,623 7,660 

Springback n/a n/a 

Trimming & Piercing n/a n/a 

3.3.3 Hot Forming Tool Mesh (Stages 5 – 7) 

Similar to the cold forming stages, the main purpose of meshing the tools is to allow the solver to 

calculate contact conditions with the blank.  During hot forming, there is one additional purpose of the 

mesh, which is to calculate heat transfer through conduction and convection.  The first numerical model 

of the hot forming process is the heating stage.  The simplest method would be to define the blank to be 

900oC at the beginning of the forming operation.  In doing so, thermal expansions of the blank during the 

heating process would not be captured.  For this reason, a numerical model which simulates the heating 

process was created.  The tooling mesh for this stage is simple: the deformed blank mesh from the 

trimming and piercing model is placed between two 5x5 parallel planes of elements at a distance of at 

4mm on either side before thermal expansions occur. These planes are defined with a rigid material model 

and are made to represent the high temperature walls of the furnace for the purpose of convecting heat to 

the blank.  The heating setup can be seen in Figure 40 and is covered in more detail in Section 3.9.  



 

49 

D. Foresi, Non-linear Finite Element Modelling and Analysis of Metal Hot Forming for Automotive Weight Reduction 

 

Figure 40:  Heating model showing two high temperature flat plates on either side of the blank to 

simulate the walls of the furnace.  

 The subsequent hot forming stage is the transfer model.  The transfer model simulates the hot 

blank convecting heat to the environment during the time it travels from the furnace to the tooling.  There 

is no tooling mesh for the transfer model. 

 The final hot forming stage, spline forming, does require a new tooling mesh.  The tooling mesh 

for this stage is derived from CAD geometry provided by the industry partner and is depicted in Figure 

41. 
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Figure 41:  Tooling CAD from industry partner for spline forming stage. 

The tool was again reduced down to only the necessary components, and then quartered to reduce run 

time.  Unlike the cold forming stages, it was decided that using rigid body meshing techniques would not 

provide a significant benefit, due to the minimal amount of flat planer areas in the tooling.  The mesh was 

created using four node shell elements and is depicted in Figure 42. 

 

Figure 42:  Mesh for the spline form and quench stage. 
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The final mesh consisted of four components: the punch (green) the pressure plate (red) and two radial 

spline forming dies (blue & yellow).  The final hot spline forming tool mesh contained 36,040 elements 

and 36,620 nodes. 

3.4 Material Models 

All of the tools in the numerical models were defined using a rigid non-deformable mechanical 

material (MAT_20_RIGID), and when necessary, an isotropic thermal material 

(MAT_T01_THERMAL_ISOTROPIC).  The quantities used to define both the mechanical and thermal 

models are contained in Table 4. 

Table 4:  Material properties used for tooling in all numerical models. 

Property  Value 

Density (Mechanical & Thermal) 7,890 kg/m3 

Young’s Modulus 208 GPa 

Poisson’s Ratio 0.3 

Latent Heat 58.5 kJ/kg [40] 

Heat Capacity 650 J/kgK [40] 

Thermal Conductivity 32 W/m*K [40] 

 

Although all of the tooling was defined using a rigid material definition, a value for the Young’s Modulus 

is still required to calculate contact penetration stiffness.  Standard values for steel were used. 

Two separate material models were used to define the blank depending on whether or not thermal 

boundary conditions were included in the simulation.  For the cold formed stages (those with no thermal 

boundary conditions) LS-DYNA MAT_024_PIECEWISE_LINEAR_PLASTICITY was implemented as 

no phase transformation can occur in the material during these processes.  The values used in MAT_024 

are shown in Table 5, and the effective stress vs. effective strain data used to simulate the material’s 

plastic behavior is shown in Figure 43. Both data sets were acquired from the partner organization. 
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Table 5:  Material model properties for steel using MAT_024 

Young’s Modulus Density Poisson’s Ratio Yield Stress 

207 GPa 7870 Kg/m3 0.29 429 MPa 

 

 

Figure 43:  Experimental effective stress vs. effective strain data used in MAT_024. 

The data contained in Figure 43 consists of 103 (x,y) pairs, and was created through experimental testing 

conducted by the industry partner using tensile specimens. 

When simulations which accounted for thermal boundary conditions were considered, 

MAT_244_UHS_STEEL was used.  This material accounts for effects relevant to hot forming such as 

phase transformations and localized difference in material properties as discussed in Section 2.5.  

MAT_244 is one of the most complex material models in the LS-DYNA solver as it is almost always run 

in conjunction with a thermal solver and therefore requires the solving of three simultaneous ordinary 

differential equations.  The relationship between the forming, heat transfer, and microstructure portions of 

the simulation are depicted in Figure 44.  



 

53 

D. Foresi, Non-linear Finite Element Modelling and Analysis of Metal Hot Forming for Automotive Weight Reduction 

 

Figure 44:  Relationship between forming, microstructure and heat transfer in the model [41].  

The user is required to define time step sizes for both the implicit and explicit calculations.  The 

microstructure calculations are performed at each explicit mechanical step and the heat transfer is 

implicitly over the length of each implicit time step.  Models which contain this amount of 

interdependencies are typically subject to high levels of instability.  Hence, it is imperative that the 

inputs correct values into the material models.  The quantities used to populate the MAT_244 

model are contained in Table 6 and  

Table 7.  The material model also takes the elemental composition of the particular steel into 

consideration; these values are shown in  

Table 7. 

Table 6:  Values used to populate the MAT_244_UHS_STEEL model in LS-DYNA. 

Density Young’s Modulus Poisson’s Ratio Time units per hour 

7830 kg/m3 100 GPa [40] 0.3 [40] 3600 

Correction factor – 

Boron in ferrite 

Correction Factor – 

Boron in pearlite 

Austenite Thermal 

Expansion 

Martensite Thermal 

Expansion 

1.9e5 [39] 3100 [39] 2.5e-5 1/C 1.1e-5 1/C 

Reference 

Temperature for 

Expansion 

Latent Heat for 

Austenite to Ferrite, 

Pearlite and Bainite 

ALPHA GRAIN 

293.15 K 590.0 MJ/m3 [40] 0.011 [3][4] 6.80 

QR2 QR3 QR4  

1.032e4 [4] 1.343e4 [4] 1.507e4 [4] 
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Table 7:  Wt. % breakdown of 22MnB5 composition used in MAT_244_UHS_STEEL model [26]. 

Carbon Cobalt Molybdenum Chromium Nickle 

0.23 0.0 0.0 0.211 0.0 

Manganese Silicon Boron Vanadium Tungsten 

1.25 0.29 0.003 0.0 0.0 

Copper Phosphorus Aluminum  Arsenic Titanium 

0.0 0.013 0.0 0.0 0.0 

 

The material model also takes plasticity effects into consideration.  As the material is plastically 

deformed, it will exhibit hardening behavior. This hardening behavior will vary depending on the phase 

compositions predicted by the solver.  The hardening behaviors of austenite, ferrite, pearlite, bainite, and 

martensite are all considered in the MAT_244_UHS_STEEL model.  The hardening curves for these 

phases are depicted in Figure 45.  

 

Figure 45:  Phase hardening curves used in MAT_244_UHS_STEEL [4]. 
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The values used to define the isotropic thermal model for the blank are the same as those used for the 

tooling shown in Table 4. 

3.5 Mass Scaling 

Although the explicit solving approach works well for metal forming problems, it is inherently 

slow at converging to a final solution.  This is due to the number of iterations required in a typical metal 

forming simulation.  The explicit solver splits the problem up into many discrete steps and must solve 

each step in a sequential fashion.  When automatic time step determination is used, the appropriate length 

of each step is based on the speed a pressure wave propagates through the medium in the simulation.  The 

speed of a pressure wave in a solid c is given by Eq. (8).   

 

c =  √
𝐸

(1 − 𝑣2)𝜌
 (8) 

where 

c Pressure wave propagation velocity [m/s] 

E Young’s Modulus of material [Pa] 

v Poisson’s ratio 

ρ Material density [kg/m3] 

 

The solver must not allow the pressure wave to propagate fully through the element before moving onto 

the next iteration.  Therefore, the maximum time step, ∆tMAX [s], is governed by Eq.(9) where l [m] 

represents the smallest edge length of the smallest element in the mesh.  

 
∆𝑡𝑀𝐴𝑋 =

𝑙

𝑐
 (9) 

Typically, ∆tMAX is small, and therefore there will be a large number of time steps, which significantly 

increases computing time. In order to avoid this inherent limitation of the explicit solving approach, a 

technique referred to as mass scaling is commonly employed [42].  Under the mass scaling approach the 

density of the medium is artificially increased anywhere from 10 to 1000 times the real value.  The level 
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of acceptable mass scaling is dependent on the level of kinetic energy in the blank.  By increasing the 

medium’s density, the pressure wave propagation velocity c is decreased, which thereby increases the 

value of ∆tMAX.  With a larger maximum allowable time step, the simulation will be completed with less 

iterations, and therefore in a smaller total duration.  The main disadvantage to mass scaling is the 

resulting increase in inertial effects.  As the user increases the density of the medium, the inertia it carries 

during rigid body motion is increased.  If the user employs too much mass scaling, the results of the 

simulation can change significantly due to changing natural frequencies, inertial loads, etc. and results 

may become inaccurate. 

 In an attempt to decrease the detrimental effects of mass scaling on a simulation’s accuracy, LS-

DYNA includes a function called DT2MS which allows the user to enter a desired time step.  The 

algorithm will then go through the mesh and modify each individual element’s density to a value which 

results in the user’s desired time step.  This approach is far more efficient at decreasing simulation time 

because it prevents small elements with low densities from limiting the time step of the entire solution.  

By adding large amounts of mass to small elements, the resulting inertial effects are reduced when 

compared to the effects of scaling all element densities by a constant value.   

 A parameter used to determine the artificial dynamic effects in a simulation is the number of 

explicit time steps per millimeter of tool travel [42].  The acceptable number of steps per millimeter of 

tool travel depends highly on the amount of unconstrained motion in the simulation but is typically 

between 100 and 1000 steps/mm. 

3.6 Ring and Can Forming 

 The first stage of numerical analysis was the ring forming stage, where a ring shape is formed in 

the center of the blank.  The blank mesh created in Section 3.3.1 was placed in between the punch and 

pressure pad of the ring forming tool.  Both tools were placed at a minimum distance of 0.1mm from the 

blank mesh as depicted in Figure 46.   
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Figure 46:  Blank placed in between punch and pressure pad. 

The punch was constrained in all translational DOFs and the pressure pad was constrained in Y and Z.  

The pressure pad was loaded with 196kN in the positive X direction (towards the blank) in order to 

represent a quarter of the 784kN force applied in the physical model (non-quartered geometry).  The 

pressure pad is comprised of a set of mass-less shell elements, and therefore will accelerate to infinite 

velocities if not properly constrained.  To prevent this behavior, *RIGID_BODY_STOPPERS were 

employed.  This function allows the user to constrain any rigid body’s velocity to a specified maximum 

level, thereby protecting against infinite velocities and simulation instabilities.  The pressure pad’s 

velocity was set to not exceed 25mm/s and began movement at t=0s.  Both the blank and tools were 

defined using the Type 2 Belytschko-Tsay element formulation with two and five integration points for 

the tools and blank, respectively.  In order to satisfy the quarter symmetry condition the blank was 

constrained at the XY and XZ planes as depicted in Figure 47 and Figure 48.  For the nodes along the XY 

plane nodal translation in Z is constrained and nodal rotation is constrained in X and Y.  For nodes along 

the XZ plane nodal translation in Y is constrained and nodal rotation is constrained in Z and X.   
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Figure 47:  Blank constrained at XY plane to satisfy symmetry conditions. 

 

Figure 48:  Blank constrained at XY plane to satisfy symmetry conditions. 

Since the motion in this simulation results in high level of kinetic energy in the blank, the target time step 

for the DT2MS function was set to 1e-6s, resulting in 40,000 steps/mm, more than enough suggested by 
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Maker [42].  The simulation termination time was set to 0.5s.  The model consisted of two contact pairs: 

the blank-punch contact and the blank-pressure pad contact.  Both contacts were defined using the 

*FORMING_ONE_WAY_SURFACE_TO_SURFACE contact definition, with the blank defined as the 

slave surface in both conditions.  The parameters used to populate the contact model are shown in Table 

8. 

Table 8:  Data used to define the forming contact for both instances in ring forming. 

Static Friction 

Coefficient  

Dynamic 

Friction 

Coefficient 

Exponential 

Decay 

Coefficient 

Viscous Friction 

Coefficient. 

Viscous Damping 

Coefficient 

0.4 0.0 0.0 0.0 0.0 

 

Upon completion of the ring forming model, a DYNAIN file containing the deformed blank mesh 

was created and subsequently imported into the can forming model.  All of the tools were again placed at 

a minimum distance of 0.1mm from the blank mesh. The tool with the stripper and forming ring included 

is shown in Figure 49.   

 

Figure 49:  Blank placed into can forming tool. 

The boundary conditions (BCs) on the punch and pressure pad remained unchanged from the ring 

forming simulation.  The stripper and forming ring were constrained in Y and Z translation and free to 
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translate in X.  At 𝑡 = 0.01𝑠, the forming ring began moving in the positive X direction towards the blank 

at 500mm/msec.  The forming ring maintained a constant velocity throughout the simulation.  At the 

same time, the stripper began moving towards the blank in the negative X direction.  Rigid body stoppers 

were also employed on the stripper, allowing a maximum velocity of 500mm/msec.  The blank was then 

compressed between the forming ring and stripper; this action prevents wrinkling during the forming 

operation.  In the physical model, the force of the stripper on the blank was governed by a set of four 

Dadco nitrogen gas springs.  The reaction force produced by Dadco nitrogen gas springs is proportional to 

the point in the stroke the piston has reached.   For the purposes of the numerical model (quarter-

symmetry), force data from only one gas spring was acquired and used in the simulation.  The reaction 

force imparted by the gas spring is show in Figure 50. 

 

Figure 50:  Force versus piston stroke for Dadco gas spring. 

This data was then used in the simulation, with the starting position of the stripper considered to be 0mm 

of piston travel.  The contact definitions and element formulations remained unchanged from the ring 

forming simulation.  The new contact pairs—blank-forming ring and blank-stripper—used the same input 

variables as the contact definitions in the ring forming simulation.  A new contact was defined with the 

forming ring and stripper interfaces.  This contact is needed when the blank is fully extracted from 
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between the forming ring and stripper.  The contact formulation is 

*ONE_WAY_SURFACE_TO_SURFACE, and the parameters used are shown in Table 9.  Mass scaling 

was implemented with the target explicit time step set to 1e-6s.  The model had a termination time of 0.1s 

Table 9:  Contact parameters used between the forming ring and stripper. 

Static Friction 

Coefficient  

Dynamic 

Friction 

Coefficient 

Exponential 

Decay 

Coefficient 

Viscous Friction 

Coefficient. 

Viscous Damping 

Coefficient 

0.4 0.0 0.0 0.0 0.0 

 

3.7 Springback Analysis 

During cold forming operations, parts are subjected to a loss in geometric accuracy upon the 

release of tooling pressure. This phenomena is called springback and is due to the metal’s elastic behavior 

following plastic deformation. Although it is not of concern for hot formed stages (where the behavior is 

effectively eliminated due to the high temperatures), this behavior must be analyzed following the can 

forming operation.  While LS-DYNA is not known for its ability to provide accurate results in springback 

analyses, it has been shown that through proper definitions, accuracies of up to 70% can be achieved [42].  

For this simulation a Type 16 fully integrated element with 7 integration points was used in order to 

provide the highest level of accuracy.  Unlike the preceding large deformation analyses, springback 

analysis does not use an explicit solver, as the goal is to obtain a solution free of dynamic effects.  

Instead, the elastic rebound behavior is calculated via a single implicit step which allows the user to 

obtain a static solution. 

The deformed mesh from the can forming operation is imported into the springback analysis 

simulation and constrained at two points in order to prevent rigid body motion.  Using an implicit solving 

approach that does not account for dynamic inertial effects results in a blank with zero mass in rigid body 

motion. This exaggerates the importance of proper boundary condition definitions, as the blank will be 

infinitely accelerated under any applied load.  To counteract this effect, these rigid body modes need to be 
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eliminated in a way that does not develop reaction forces at the constrained nodes.  Typically, it is 

recommended that the user selects three nodes to constrain the model: the first (A) is constrained in all 

degrees of translation, the second (B) is constrained in two degrees of translation, and the last node (C) is 

constrained in one of the two previously constrained degrees (B). The intent of this constraint scheme is 

to prevent rigid body translation without constraining nodal rotations.  This technique is depicted in 

Figure 51. 

 

Figure 51:  Constraints used for typical springback analysis [42]. 

It is not recommended that the user constrains all six DOFs on the same node as constraining rotational 

DOFs introduces numerical truncation error to the simulation.   

The clutch hub simulation employs the use of quarter symmetry in all models, which means the 

constraint technique for springback analysis must be slightly modified from the aforementioned approach.  

In this case, the two outermost nodes of the inside radius lying on the symmetry plane were chosen to be 

the constraint points, as shown in Figure 52. 
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Figure 52:  Two inner radius nodes selected for constraint points in springback analysis. 

The two symmetry planes defined in the preceding models are maintained and serve to stop all three 

rotations and Y, Z translations in the blank.  Nodes 1 and 2 depicted in Figure 52 were then constrained in 

X translation to fully eliminate all rigid body rotational and translational modes. 

 The final step after properly constraining the deformed mesh is to define an implicit solution 

using the *CONTROL_IMPLICIT_GENERAL card.  The user defines the time step size (dt0) in this 

card, however, because the simulation is static. The user is only required to enter some real reasonable 

value; 0.001s was used for this case.  Finally, the user defines the number of steps via Eq. (10). 

 (𝑑𝑡0) ∗ (# 𝑜𝑓 𝑠𝑡𝑒𝑝𝑠) = 𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 (10) 

The desired number of steps for this simulation is one, and therefore the termination time in 

*CONTROL_TERMINATION will be equal to that of the time step size (dt0).  No mass scaling is 

possible as the solution is completely implicit.  At this point, the user can solve the problem.  The residual 

stresses in the component will be partially relieved and form the final geometry. The numerical results are 

discussed in Chapter 4. 
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3.8 Trimming and Piercing  

 During hot forming processes, it is common practice to trim and pierce the blank before it is 

quenched.  After the blank is quenched its microstructure changes from a mostly ferrite and pearlite mix 

to a martensitic structure.  Following this transformation, the steel’s hardness value can increase by up to 

250% [43] and makes trimming and piercing operations difficult.  For this reason, it was decided by the 

partner organization that the trimming and piercing operation for the clutch hub should come before the 

quenching stage of the forming process.  In this stage, six large triangular windows are trimmed from the 

top portion (1.5 in the quarter model) and 36 lubrication holes are pierced around the circumference of the 

can (eight full holes and two half holes in the quarter model).  In some models, the hole piercing was 

eliminated to reflect physical samples of both pierced and non-pierced final clutch hubs provided by the 

industry partner.  

 The process used to simulate this trimming and piercing operation was to split or delete elements 

from the mesh using the post processor.  It was theorized that even if these elements contained large 

amounts of residual stress, simply deleting them would be similar to removing the material on the real 

part.  It was also assumed that changes in geometry due to the missing material would manifest 

themselves during the heating stage where the blank was free to deform.  CAD geometry of the trimmed 

and pierced can was provided by the industry partner and used to determine what elements to be split or 

deleted (Figure 53).   
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Figure 53:  CAD geometry from industry partner used to identify elements to be split or deleted. 

The DYNAIN file from the springback simulation was opened in LS-PrePost 4.3, and the provided CAD 

geometry was overlaid on the deformed mesh.  LS-PrePost 4.3 allows the user to select curves from the 

CAD geometry and use them to define cut surfaces as shown in Figure 54. 

 

Figure 54:  Trimming surfaces being defined by CAD geometry to remove elements 

Prior to the trimming and piercing operation, the blank was composed completely of four node 

quadrilateral shell elements.  When the trimming operation occurs, some elements are reshaped in order 



 

66 

D. Foresi, Non-linear Finite Element Modelling and Analysis of Metal Hot Forming for Automotive Weight Reduction 

to conform to the split surface while others are split into two triangular elements.  Although the use of 

three node triangular elements is typically avoided in FE models due to their artificially high stiffness, the 

only way to avoid their creation would be to have an extremely high blank mesh density.  A mesh density 

high enough to avoid the creation of triangular elements would result in unreasonable run times and was 

therefore infeasible in this study. 

 When the three dimensional cut surfaces are defined from the two dimensional CAD lines, the 

surface direction must be defined with a unit vector.   This is a simple task for the windows, as they are 

cut in the X direction; however, cut directions must be defined for each of the lubrication holes.  Each 

lubrication hole is separated by 10 degrees when referenced from the geometric center of the blank 

(Figure 55).  The unit vectors used to define the direction of each hole are shown in Table 10. 

 

Figure 55:  Diagram of the lubrication hole numbering and spacing 

Table 10:  Unit vector table used to cut lubrication holes from CAD geometry 

Hole # Angle X Y Z 

1 0 0 0.000 1.000 
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2 10 0 0.174 0.985 

3 20 0 0.342 0.940 

4 30 0 0.500 0.866 

5 40 0 0.643 0.766 

6 50 0 0.766 0.643 

7 60 0 0.866 0.500 

8 70 0 0.940 0.342 

9 80 0 0.985 0.174 

10 90 0 1.000 0.000 

 

Following the necessary trimming and piercing, the final mesh was imported into the blank heating stage. 

3.9 Heating, Transfer, Forming, and Quenching 

As mentioned in Section 3.3.3, the heating stage is simulated for the purpose of capturing the 

blank’s thermal expansion.  The modified mesh from the trimming and piercing operation is heated using 

two flat planes of elements which are made to represent the walls of the furnace.  The purpose of this 

stage is not to simulate how long it will take to heat the blank, but simply to bring the blank to 

austenization temperature.  In order to cut down on computational time, the heat transfer coefficient of the 

environment was given an artificially high value and the furnace walls were set to 1373K.  The 

convection coefficient for the walls and the blank were set to 1000W/m2K, the environmental temperature 

was set to 1200K, and the blank’s initial temperature was set to 298K.  The blank was constrained in the 

same fashion as it was for the springback analysis (see Section 3.7).  An implicit solver was implemented 

for the thermal portion of the problem.  The implicit solver was setup to use a static time step of 0.1s.  

The simulation was run until the blank had achieved a temperature of 1173K, this required a total of 22.7s 

in the simulation when using the artificially high heat transfer coefficients.  As with the previous 

simulations, the size of the explicit time step limited the speed at which the simulation could solve.  Due 

to the fact that there were limited dynamic effects present in the heating simulation, the target explicit 
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time step could be scaled up to a much higher value than before.  For the heating operation, the target 

explicit time step (DT2MS) was set to 0.05s.  The blank mesh was defined using a Type 16 fully 

integrated shell formulation with 7 integration points.  The heaters were defined using a Type 2 

Belytschko-Tsay formulation with 3 integration points. 

In order to develop a temperature distribution in the blank before it enters the tooling, a transfer 

model was created.  This model simulates the blank’s heat loss to the environment through convection 

and radiation during the time it is being transferred from the furnace to the tool.  The blank’s initial 

temperature comes from the heating model.  Due to the highly non-linear nature of temperature dependent 

radiation simulations (as shown in Eq. (11)), a linearized, combined convection and radiation coefficient 

was used (Eq. (12)).   

 

ℎ𝑟𝑎𝑑 =
𝜎𝜀(𝑇𝑠𝑢𝑟𝑓

4 − 𝑇∞
4)

(𝑇𝑠𝑢𝑟𝑓 − 𝑇∞)
 (11) 

 

ℎ𝑒𝑓𝑓 = ℎ𝑐𝑜𝑛𝑣 + ℎ𝑟𝑎𝑑  (12) 

σ Stefan – Boltzmann Constant [W/m2K4] 

ε Emissivity 

𝑇𝑠𝑢𝑟𝑓  Work Piece Temperature [K] 

𝑇∞ Environment Temperature [K] 

hrad 
Radiation Heat Transfer Coefficient 

hconv Convection Heat Transfer Coefficient 

heff Effective Heat Transfer Coefficient 
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The value of the coefficient is dependent on the temperature of the element.  The linearized convection 

and radiation heat transfer coefficients are plotted in Figure 56.  For this simulation, the temperature of 

the environment was set to 298K.   

 

Figure 56:  Combined convection and radiation heat transfer coefficient [40].  

The simulation does not use any time scaling and simulates the blank in the environment for a 

duration of 10s in order to replicate the partner organization’s conditions. The implicit time step was 

static and set to 0.5s.  As with the heating simulation, there are very limited dynamic effects in the 

transfer stage, and therefore high mass scaling was implemented.  The target explicit time step (DT2MS) 

was set to 0.008s.  The blank was constrained in the same fashion as the heating and springback stages.  A 

Type 16 fully integrated shell element formulation with 7 integration points was used for the blank.   

The starting temperature distribution for the forming stage is taken from the DYNAIN file created 

by the transfer model.  The deformed mesh is placed into the spline forming tool that was created in 

Section 3.3.3.  All of the tool faces are placed at a minimum distance of 0.1mm from the blank surface.  

The two cam dies move in towards the blank in the radial direction. For simplicity, each cam die is 

defined on its own coordinate system.  The punch is fully constrained in all 3 DOFs and the pressure plate 

is constrained in X and Z and moves towards the blank in Y.  Both of the cam dies make use of the half-
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sine loading technique where the tool velocity is defined using half a cosine profile to reduce inertial 

effects.  The velocity profile for the cam dies result in 8.9mm of total travel with a peak velocity of 

25mm/msec (Figure 57). 

 

Figure 57:  Velocity profile of cam dies in radial direction using half-sine technique. 

The pressure plate does not employ the use of a half-sine velocity curve and instead uses a fixed applied 

load.  The pressure plate is loaded with 196kN in the negative y direction (towards the blank) in order to 

represent the 784kN force applied in the physical model (non-quartered geometry).  The pressure plate is 

comprised of a set of essentially mass-less shell elements, and therefore it will accelerate to infinite 

velocities if not properly constrained.  To protect against this behavior, *RIGID_BODY_STOPPERS was 

employed.  This function allows the user to constrain any rigid body’s velocity to a specified level and 

thereby protect against infinite velocities and simulation instabilities.  The pressure plate’s velocity was 

set to not exceed 10mm/msec and began movement at t=0s.  

 The spline forming operation is comprised of four contact pairs: 

 Blank – Cam Die 1 

 Blank – Cam Die 2 

 Blank – Pressure Plate 

 Blank – Punch  
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All contacts in the simulation were defined using the 

*FORMING_ONE_WAY_SURFACE_TO_SURFACE contact definition with the thermal option 

enabled.  The contact pairs were all defined using their part ID’s, with the blank always being defined as 

the slave surface and the tools always defined as the master surface.  The values used to populate the 

contact definition are shown in Table 11. 

Table 11:  Data used to populate the surface to surface contact used in the spline forming model. 

Static Friction 

Coefficient  

Dynamic 

Friction 

Coefficient 

Exponential 

Decay 

Coefficient 

Viscous Friction 

Coefficient. 

Viscous Damping 

Coefficient 

0.55 0.55 1.0 150.7 10 

Thermal 

Conductivity of 

Intermediate 

Fluid 

Heat Transfer 

Conductance 

Minimum 

Length for 

Conductance  

Maximum 

Length for 

Thermal Contact 

 

0.032 2.5 0.1 0.5  

 

 The use of shell elements in the tools does not allow the simulation to calculate a heat distribution 

in the tool itself.  Standard practice in this case is to define the tools at a static temperature of 348K.  The 

blank elements were defined using the Type 16 fully integrated shell formulation with 5 integration 

points.  The tools were defined using the Type 2 Belytschko-Tsay formulation with 3 integration points.   

The simulation was split into 2 segments: a forming stage and quenching stage.  The forming 

stage terminated at 0.95s, immediately following the movement of the tools.  A DYNAIN file was then 

created, and this time the blank and tooling were included in the output file.  The DYNAIN file was then 

loaded into the quenching model which was similar to the forming model, with the exception of a 15s 

termination time and all tools being constrained in all translational DOFs.  The main advantage to 

splitting the simulation into separate models is the ability to modify the DT2MS value.  During the 

forming section, the target explicit time step was set to 1e-5s and the static implicit time step was set to 

0.01s.  Relative to the forming simulation, the quenching simulation has very limited dynamic effects, as 

in theory there should be no movement of the tools or blank.  The target explicit time step was therefore 
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increased to 1e-2s, and the static thermal time step was increased to 0.1s.  Splitting the simulation, and 

thereby allowing for an increased time step size, drastically reduced the computation time of the model.  

Although the DT2MS and implicit time step can be defined using a time dependent curve, it was found to 

make the simulation unstable.  The simulation was then run and the final temperature distribution, phase 

fractions, thicknesses, stresses, and other parameters were calculated. These results are summarized in 

Chapter 4. 
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Chapter 4 

Numerical Results 

As it relates to the analysis of the clutch hub forming process, there were many parameters which 

were of interest to the partner organization.  In addition to the obligatory stress and strain plots, the 

blank’s thickness following each stage was of key interest.  When major plastic deformation occurs, such 

as is present in sheet stamping operations, the material typically exhibits variations in thickness.  In real 

world scenarios, this thickening and thinning behavior may not be desirable, but it provides the engineer a 

straight-forward method of validating their numerical analysis against experimental data.  Values such as 

stress and strain are significantly more difficult to capture during the physical experiment.   

Additionally, the specifications of the machine used to solve the numerical models are listed in 

Table 12. 

Table 12:  Specifications of computer used for numerical analysis. 

CPU Intel Xeon E5-1620 v2 @ 3.70GHz 

RAM 32GB DDR3 Kingston 

Write Drive Kingston SV300S3 240GB SSD 

Operating System Windows 7 Professional 

4.1 Ring Forming Results 

In the ring forming operation, the main area of interest is around the ring area itself.  The outside 

area of the blank is not intentionally loaded and does not undergo any plastic deformation.  For this stage, 

there were three data sets that were of interest: von-Mises stress, effective plastic strain, and shell 

thickness.  Additionally, due to the simulation’s transient nature, the stress level of two elements on the 

ring’s radii were plotted against time.  The von-Mises stress contour plot from the last step of the 

simulation is shown in Figure 58. 
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Figure 58:  von-Mises Stress contour plot at end of ring forming (Scale in MPa). 

The highest stress at this point in the simulation was 601MPa and occurred in the ring area as expected.  

The stress of the elements being bent over the upper and lower radii of the tool were tracked against time, 

the results are shown in Figure 59.   
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Figure 59:  Stress at upper and lower radii during the forming operation. 

Effective plastic strain was also a data set of interest in this simulation, and the contour plot is shown in 

Figure 60. 
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Figure 60:  Effective Plastic Strain in blank following ring forming. 

Thickness change was of special interest as it allows for comparison against experimental thickness 

values.  Thickness change around the sharp radii where the ring is formed were of special interest to 

ensure no unacceptably high thinning was occurring.  The final shell thickness following ring forming is 

shown in Figure 61. 



 

77 

D. Foresi, Non-linear Finite Element Modelling and Analysis of Metal Hot Forming for Automotive Weight Reduction 

 

Figure 61:  Final shell thickness following ring forming (Scale in mm). 

The areas with the highest levels of thickening and thinning increased and decreased by 0.00066mm and 

0.1319mm respectively.  The ring forming simulation completed after 125,000 cycles, requiring a total 

time of 34 minutes and 18 seconds when solving using 6 threads. 

4.2 Can Forming Results 

The areas of interest in the can forming simulation were similar to those of the ring forming 

operation.  Emphasis was placed on von-Mises stress, effective plastic strain, and shell thickness.  In this 

case, it was particularly important to plot the value of stress versus time for various elements, because 

during the deep drawing operation the material undergoes significant plastic deformation.  The contour 

plot of von-Mises stress in the blank at the last step of the simulation is shown in Figure 62. The figure 

also indicates the two points (1 and 2) of the part, for which von Mises stresses over time are plotted in 

Figure 63. 
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Figure 62:  von-Mises Stress contour plot at completion of ring forming (Scale in MPa). 

The element in the highest stress state at this point in the simulation had a value of 879MPa.  The element 

in the lowest stress state at this point had a value of 112MPa.  The high levels of stress present in the flat 

portions of the can are due to material stretching during the can forming process. 

 

Figure 63:  Plot of stress vs. time for two points of interest on the radii of the can. 
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Effective plastic strain was also captured upon completion of the forming operation and the contour plot 

is depicted in Figure 64. 

 

Figure 64:  Contour plot of effective plastic strain following forming. 

High levels of stress and strain tend to develop around the center hole as the tension imparted in the 

material during can forming highly loads the inside circumference.  Similarly, thickness data was 

captured for the blank at the completion of the forming operation and is displayed in Figure 66. 
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Figure 65:  Contour plot of shell thickness after can forming (units mm). 

During the can forming operation, the blank is compressed at the forming ring—stripper interface where 

it is extracted during the drawing action.  This results in a thickening behavior around the bottom rim of 

the can.  Figure 66 shows the increase in thickness at the outer edge of the blank during the forming 

process. 
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Figure 66:  Shell thickness of blank's outer edge during drawing. 

The can forming simulation completed after 50,000 cycles, requiring a total time of 1 hour 3 minutes and 

14 seconds when solving using 6 threads. 

 

4.3 Springback Results 

As discussed in Section 3.7, the springback analysis takes the deformed mesh from the can 

forming operation and runs a single implicit step to find the final static geometry.  The overall intention of 

this stage is to predict the reduction in residual stresses when the part finishes the deep drawing operation, 

and therefore better replicate the physical process.  The von-Mises stress contour is shown in Figure 67, 

and a comparison of the initial and final geometry is shown in Figure 68.   
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Figure 67:  von-Mises stress contour plot following springback solution (MPa) 

The springback analysis shows a reduction in peak stress from 879MPa down to 745MPa.  The minimum 

stress level in the part decreased as well, dropping from 112MPa to just 39MPa.  Although the physical 

geometry change is small, it can be seen when a white outline of the final geometry is laid over top of the 

initial geometry  
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Figure 68:  Springback geometry with starting geometry traced in white. 

The overall diameter of the blank increased by 0.088mm when compared to the starting state.  For this 

application the change in geometry is small enough to be considered negligible as it falls within the 

tolerance specification of the part.  It is however still necessary to perform this analysis so that an 

accurate stress distribution is available for the subsequent simulations. 

4.4 Heating Results 

In the heating, transfer, forming, and quenching stages, two versions were run for each stage in 

order to capture the behavior of the pierced and non-pierced clutch hubs.  The non-pierced model was 

required because the physical samples provided by the partner organization, which were used to develop 

the experimental data at the university, were devoid of lubrication holes.  The pierced model was 

necessary in order to analyze the deformation of the lubrication holes based on earlier results provided by 

the partner organization. 

At the end of the heating simulation, the maximum von-Mises stress value decreased from 

745MPa to 540MPa for both models.  The von-Mises stress contour plots are shown for the pierced and 

non-pierced models in Figure 69 and Figure 70, respectively. 
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Figure 69:  Stress in the pierced huh immediately following heating simulation (units MPa).  

 

Figure 70:  von-Mises stress contour plot for part after heating simulation (units MPa). 

As stated in Chapter 3, the main goal of the heating simulation was to capture the thermal expansions in 

the blank prior to the forming stage.  The final states of the blank for both the non-pierced and pierced 
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models are shown in Figure 71 and Figure 72 respectively, with a white line representing the starting 

geometry. 

 

 

Figure 71:  Thermal expansion of the blank after heating, non-pierced model. 

 

 

Figure 72:  Thermal expansion of the blank after heating, pierced model. 
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The blanks with and without the lubrication holes were found to increase in diameter by 0.87mm and 

0.82mm respectively.  These thermal expansions represent a significant increase in size and state the 

importance of including this heating simulation in the process chain. 

 Upon completion of the heating stage, the final temperature distribution was also analyzed and 

was found to be roughly homogenous with a variation of +/- 3.75K and +/- 3.21K for the pierced and non-

pierced hubs respectively.  A temperature contour plot at the end of the simulation for the pierced hub is 

shown in Figure 73. 

 

Figure 73:  Final temperature distribution in the pierced clutch hub (Scale in Kelvin). 

4.5 Transfer Results 

In order to develop an accurate starting temperature distribution prior to the spline forming 

operation, the process of transferring the clutch hub from the oven to the tooling was simulated.  Models 

were created to simulate this cooling behavior for both the pierced and non-pierced clutch hubs.  The 

pierced model showed a mean drop in temperature of 48K with a temperature distribution of +/- 1.1K 

once cooled.  The temperature contour plot of the pierced hub after cooling is shown in Figure 74. 
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Figure 74:  Temperature contour plot of pierced blank after cooling (Scale in Kelvin). 

The non-pierced model also showed a mean drop in temperature of 48K, but with a temperature 

distribution of +/- 1.0K.  The temperature contour plot of the pierced hub is shown in Figure 74Figure 75. 

 

Figure 75:  Temperature contour plot of non-pierced blank after cooling (Scale in Kelvin). 

Both blanks remain fully austenized at the temperatures presented by the numerical model, and hence, no 

phase transformations exist at this point.  Due to the small reduction in temperature seen in this stage, no 

significant thermal contractions or changes in geometry occur.  No experimental data was available for 

this stage, and hence direct validation of the model was not possible.  However, the level of temperature 
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drop was deemed to be plausible based on interaction with the partner organization, and for the purposes 

of the research, assumed to be acceptable as an input data set for subsequent simulations. 

4.6 Forming & Quenching Results 

Once complete, the output files (DYNAIN) from the cooling simulation were imported into the 

spline forming and quenching simulations.  These models represent the major focus of this research, 

because metrics such as quenching rate, austenite decomposition, microhardness and localized yield stress 

can be monitored.  As with the previous stages, von-Mises stress’ at critical locations were analyzed.  

Von-Mises stress’ at the end of the spline forming and quenching operation is shown for the non-pierced 

and pierced models in Figure 76 and Figure 77 respectively. 

 

Figure 76:  von-Mises stress in non-pierced part following spline forming and quenching (Scale in 

MPa). 
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Figure 77:  von-Mises stress in pierced part following spline forming and quenching (Scale in MPa). 

As indicated by the von-Mises stress results for both models, failure of the material is unlikely due to the 

low stresses involved.  These low stress values are expected in hot forming operations, and represent one 

of the major advantages to the hot forming process, reduced material flow stress, which in turn imparts 

less stress-induced dislocations into the material during plastic deformation.  Although the von-Mises 

stress’ in the part are low, their magnitude with respect to time was plotted at the outer spline edge to 

ensure no large stress fluctuations were occurring during spline forming (which could indicate material 

failure).  The von-Mises stress results for both models are plotted in Figure 78. 
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Figure 78:  von-Mises Stress during the spline forming and quenching operations. 

Although the stress value does spike up during the spline forming operation, it is well below the yield 

stress of the material for both the pierced and non-pierced hubs.  These low stress values give 

encouraging results with respect to successful formation of the physical splines. 

Another important metric with respect to material failure is the level of effective plastic strain in 

the part.  If any group of elements shows high levels of effective plastic strain, it can indicate material 

failure in the real process. (A single element showing excessively high levels of strain may be ignored, 

because it could simply represent an error.)  The levels of effective plastic strain for the non-pierced and 

pierced models following the spline forming and quenching operations are shown in Figure 79 and Figure 

80, respectively. 
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Figure 79:  Effective plastic strain of non-pierced model following forming and quenching. 

 

Figure 80:  Effective plastic strain of pierced model following forming and quenching. 

Although most areas of the part exhibit acceptable levels of strain, notably high levels occur at the splines 

in both models.  Effective plastic strain values over 1 are observed at the spline radii.  However, upon 

closer inspection it appears that these high levels of strain are being caused by potentially insufficient 

element density at these locations. These sections are noted as areas of concern. 

As discussed in Chapter 2, it is critical that the part maintains a minimum cooling rate of 27K/s 

throughout the duration of the forming and quenching process.  Failure to maintain this cooling rate will 
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result in the formation of softer and weaker phases such as bainite. The formation of these weaker phases 

can eventually result in a component which does not meet performance targets and is therefore not 

desirable.  During the spline forming and quenching portion of the simulation, the rate of cooling at 

various locations can be closely monitored, and contrasted to the level of martensite formation with 

respect to time.  As indicated in Figure 81 and Figure 82, which show the final martensite phase fractions 

in the non-pierced and pierced parts respectively, 4 key locations were identified.  These locations were 

then monitored with respect to time for metrics such as temperature, martensite phase fraction, and 

microhardness.  Figure 83 and Figure 84 show the temperature and microhardness for select locations on 

the non-pierced and pierced parts, respectively.  Figure 85 and Figure 86 show the martensite phase 

fraction with respect to time for the non-pierced and pierced models, respectively. 

 

 

Figure 81:  Final martensite phase fractions in non-pierced part following quenching. 
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Figure 82:  Final martensite phase fractions in pierced part following quenching. 

 

Figure 83:  Temperature and microhardness during spline forming and quenching operations (non-

pierced part). 
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Figure 84:  Temperature and microhardness during spline forming and quenching operations 

(pierced part). 

 

Figure 85:  Martensite formation during spline forming and quenching processes (non-pierced 

part) 

0

100

200

300

400

500

600

0

200

400

600

800

1000

1200

0 2 4 6 8 10 12 14 16 18

M
ic

ro
h

ar
d

n
es

s 
(H

V
)

Te
m

p
er

at
u

re
 (

K
)

Time (s)

Pierced Temperature & Hardness

Temp - 1

Temp - 2

Temp - 3

Temp - 4

HV - 1

HV - 2

HV - 3

HV - 4

0

0.2

0.4

0.6

0.8

1

1.2

0 5 10 15 20

M
at

en
si

te
 P

h
as

e 
Fr

ac
ti

o
n

Time (s)

Non-Pierced Part Martensite Formation

Location 1

Location 2

Location 3

Location 4



 

95 

D. Foresi, Non-linear Finite Element Modelling and Analysis of Metal Hot Forming for Automotive Weight Reduction 

 

Figure 86:  Martensite formation during spline forming and quenching processes (pierced part) 

It may be noted that when time is equal to 0s the hardness values predicted by the simulation are equal to 

zero.  This is an inherent limitation of the material model as demonstrated by Eq. (7), where the hardness 

of austenite is not considered in the weighted average hardness calculation.  It is also clear that the part 

tends to receive insufficient cooling at the spline area and lower edge of the can.  This behavior will 

subsequently result in lower hardness values at these zone, which is a critical finding due to the desired 

application of the component.  It is likely that the lower cooling rate seen at these two zones is due to 

insufficient contact pressure at the lower portions of the cam dies.  This will be further analyzed in 

Chapter 5 where experimental microhardness measurements are taken. 

 Finally, yield stress estimations for each element were made by the solver following the 

quenching operation.  The yield stress estimation is made based on the presence of the given 

microstructure phases, as well as previous levels of stress and strain.  The yield stress estimations for the 

non-pierced and pierced parts is shown in Figure 87 and Figure 88, respectively. 
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Figure 87:  Yield stress estimation for non-pierced model (Scale in MPa). 

 

Figure 88:  Yield stress estimation for pierced model (Scale in MPa). 

Following quenching, 22MnB5 is expected to have a yield strength of roughly 1100MPa, a level not 

demonstrated in the results shown in Figure 87 Figure 88.  This is likely caused by a low martensite phase 

fraction in the lower areas of the part, as well as residual stress present in most areas of the component.   
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Chapter 5 

Experimental Results 

As with all numerical models used for engineering analysis, it is imperative that the user 

identifies several feasible avenues through which the numerical model can be validated.  This is typically 

accomplished by selecting metrics that can be compared to known experimental data.  The finite element 

method has proven to be a robust and accurate methodology for analyzing metal forming problems, but 

results can vary widely and hence require validation.  When performing these types of complex analyses, 

errors in any of the input conditions can cause large inaccuracies in the final result.   

For this research, three different metrics were used to validate results produced by the FE 

analysis: shell thickness, lubrication hole deformation, and micro hardness.  The microstructure type was 

also analyzed optically using 1000x magnification; however, this measurement is far too qualitative to 

compare to numerical phase fractions produced by the FE model.     

5.1 Thickness Analysis 

Thickness analysis of the can formed part was used to tune the friction boundary conditions of the 

simulations.  Although considerable amounts of literature discuss the friction coefficient of coated 

22MnB5 at elevated temperatures, this material is not typically used with the in-direct stamping process 

and therefore limited information is available about the friction coefficient at room temperature.  In order 

to develop an appropriate friction coefficient to use in future simulations, the ring and can forming 

models were run with friction coefficients of 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6, and results were compared to 

experimental thickness measurements of the can.  The can was labelled with fifteen measurement points 

extending in the radial direction as shown in Figure 89 and Figure 90.    
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Figure 89:  Labelling scheme on the can, top view. 

 

Figure 90:  Labelling scheme on the can, front view. 

Each point was measured with a Mitutoyo micrometer a minimum of 4 times to create an average at each 

location.  Points 3, 5, 10, and 12 were later omitted as a wide variation in measurements led to the 

conclusion that the measurement methodology could not provide accurate results at the radii.  Thickness 

values for each point were then taken from the various FE models, and are plotted in Figure 91. 
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Figure 91:  Thickness measurements from the FE model using varied friction coefficients. 

Based on the results of the thickness measurement test, mean squared error analysis concluded that a 

friction coefficient of 0.4 provides the most accurate representation for cold forming processes as shown 

in Figure 93.  A plot of the selected friction coefficient and experimental measurement data is shown in 

Figure 92.  

 

Figure 92:  Thickness measurements from the FE model using final friction coefficient. 
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Figure 93:  Friction coefficient versus mean squared error. 

Following the can form thickness analysis, thickness data of the spline formed part was analyzed.  

The partner organization provided measurements for a finalized spline formed and quenched part, which 

was then compared to equivalent data produced by the FE model.  The results are show in Figure 94.  

 

Figure 94:  Experimental and numerical thickness values of clutch hub splines. 
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The large labels in Figure 94 represent the thickness values produced by the numerical model.  The 

thickness data is in good agreement between both models, with an average accuracy of 98.7%. 

5.2 Lubrication Hole Deformation 

One of the major drawbacks of using quenchable steels, and in particular 22MnB5, is the 

difficulty incurred when attempting to trim or pierce the part following the quenching process.  Following 

the quenching operation, the hardness of the material can increase to over 480HV.  This can produce 

significant difficulty when trying to trim the blank using conventional techniques.  In order to get around 

this, the partner organization’s proposed process involves piercing the blank before the die quenching 

operation.  Unfortunately, due to the resulting strain on the outer spline face, the previously pierced 

lubrication holes becomes oblong as shown in Figure 95. 

 

Figure 95:  Oblong geometry of lubrication hole following die quenching operation. 

Although this effect is not desirable, it presents another metric to be used for validation between the 

numerical and experimental models.  If the numerical model accurately represents this stretching 

behavior, it is likely that the contact conditions in the FE model are well defined.  The shell elements used 

in the simulation represent a mid-surface of the clutch-hub’s geometry, and therefore the major diameter 

in the FE model should represent the average of the inner and outer major diameters (4.2mm) as shown in 
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Figure 95.  As discussed in Chapter 2, it was not necessary to investigate the optimal coefficient of 

friction for the hot forming analysis.  Considerable literature which discusses the dynamic coefficient of 

friction at elevated temperatures is available. When a friction coefficient of 0.55 was used for the hot 

formed stages, the major diameter in the FE model was found to be 4.14mm, closely representing the 

physical measurement.  The deformed hole in the FE model is shown in Figure 96. 

 

Figure 96:  Deformed hole in FE model, solid elements for visual representation only. 

This result represents a 98.6% agreement between the FE model and the physical part. 

5.3 Micro Hardness Testing 

As mentioned in the preceding chapters, when the part undergoes the quenching stage the 

hardness should increase substantially due to changing microstructure conditions.  In order to accurately 

model the forming process, a material model which can estimate microstructure evolution was chosen 

(MAT_244 UHS_STEEL).  Two experimental samples were chosen for micro hardness testing, a can 

formed part and a final spline formed part.  Both of the samples were sectioned down the radial direction 

using a Water Jet machine so as not to put heat into the part and risk changing the microstructure (Figure 

97).  
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Figure 97:  Final hot formed part sectioned down the radial direction. 

The radial sections were then cut into lengths small enough to fit into 1” and 1.5” Bakelite pucks for the 

can formed and spline formed parts, respectively.  Figure 98, Figure 99, and Figure 100 illustrate the 

process. 

 

 

Figure 98:  Spline form sections being placed into bakelite machine. 
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Figure 99:  Bakelite pucks being diamond polished for micro hardness testing. 

 

Figure 100:  Final Bakelite puck containing spline formed sections. 

The samples were ground with 240, 320, 400, and 600 grit SiC paper, and then polished using 6 micron 

diamond and colloidal silica.  Once the samples were fully prepared, they were placed into the micro 

hardness testing machine (Figure 101) where over 70 individual 300g tests were performed.  The 

indentations were then placed under 500x magnification and measured from point to point using the 

adjustable stops as shown in Figure 102. 
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Figure 101:  Micro hardness testing setup. 

 

 

Figure 102:  Indentation under 500x magnification on micro hardness testing machine. 

In order to determine if the center of the material was being cooled adequately, indentations were made at 

the center as well as upper and lower edges in each location.  As mentioned above, the sample from the 

hot formed part was split into 3 sections as indicated in Figure 97.  11 points for micro hardness 

measurements were then identified and are shown in Figure 103, Figure 104, and Figure 105. 
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Figure 103:  Labelling scheme on first section of spline form sample. 

 

Figure 104:  Labelling scheme on second section of spline form sample. 

 

Figure 105:  Labelling scheme on third section of spline form sample. 

At each point five measurements were taken: three at the center to gain an average and at the top and 

bottom edge of each location to determine if the outside edges are generally harder than the center.  The 

experimental micro hardness values from the test along with the results produced by the numerical model 

are contained in Table 13. 
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Table 13:  Numerical and experimental hardness values at the predefined locations (units HV). 

Zone Numerical  Exp. Top Exp. Bot Exp. Center Exp. Center Avg. 

1 479 419.4 430.2 

416.1 

410.5 406.1 

409.3 

2 475 422.5 435.8 

418.3 

411.8 417.6 

399.6 

3 480 421.2 434.7 

397.7 

402.6 401.6 

408.5 

4 482 397.9 411.6 

407.1 

404.5 398.2 

408.2 

5 482 398.3 394.3 

408.4 

405.7 403.6 

405.2 

6 479 396.7 404.6 

423.6 

422.9 428.1 

417.1 

7 482 433.9 435.8 

419.8 

413.6 414.4 

406.7 

8 365 476 479.8 

465.9 

469.8 476.0 

467.5 

9 448 464.5 456.4 
447.8 

451.6 
455.3 

10 461     

429.8 

424.7 420.4 

423.9 

11 470 445 456.8 

423.5 

424.0 
425.8 

417.2 

429.6 
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A plot of the data showing a direct comparison between the values measured at the sample’s center as 

well as values predicted by the numerical model are shown in Figure 106. 

 

Figure 106:  Comparison between numerical and experimental hardness values. 

When comparing the numerical and experimental data sets, it is apparent that the numerical model tends 

to produce a 13.5% over estimation. 

 In order to verify that the experimental part is being fully quenched through the thickness, the top 

and bottom edges were measured for hardness and compared to measurements taken from the center.  The 

data showed that in all but two instances, the top and bottom edges had a higher micro hardness value 

than the center.   
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Figure 107:  Experimental hardness through the thickness at each zone. 

It also appears that the bottom of the part has a higher value of hardness than the top and center.  This 

likely indicates that the bottom portion of the tooling is being maintained at a lower temperature than the 

other tooling zones.  The inside circumference of the part and in particular around the ring radii appears to 

suffer from poor through the thickness quenching.  The cooling abilities of the tooling at the center of the 

part should be inspected. 

 Finally, micro hardness measurements were made on the sample from the can formed part.  

Although the simulation does not predict micro hardness values for the cold formed stages, it was desired 

to have the hardness data available.  It was assumed that the sample would have relatively consistent 

hardness through the thickness.  Five points were taken at random locations and the average hardness was 

found to be 160HV.  Hence, measurements taken from the center of the quenched part indicate a 264% 

increase in micro hardness. 

5.4 Microstructure Analysis 

In addition to testing for micro hardness, a visual inspection of the final microstructure was also 

conducted.  Following the micro hardness testing, the samples were ground and polished a second time, 
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and were then etched using a 2% Nital solution (2% nitric acid in alcohol).  After cleaning the samples 

with water, they were oil coated and placed under 1000x magnification.  The microstructure as well as 

coating thickness for both the quenched and as received samples were analyzed.  

 

 

Figure 108:  As received material state under 1000x magnification. 
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Figure 109:  1000x magnification of coating layer on as received sample (scale 25μm) 

Figure 108 shows a mix of ferrite and pearlite grains in the sample before quenching as expected.  Figure 

109 shows the binary silicon and aluminum coating with an average thickness of 49.7μm also before heat 

treatment. 
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Figure 110:  Fully martensitic microstructure of quenched sample under 1000x magnification. 

 

Figure 111:  Coating on as quenched sample showing significant thickness reduction. 



 

113 

D. Foresi, Non-linear Finite Element Modelling and Analysis of Metal Hot Forming for Automotive Weight Reduction 

Figure 110 and Figure 111 show the material after it has undergone the quenching stage.  A martensitic 

microstructure is easily identified in both Figure 110 and Figure 111, with the latter showing an average 

20.4μm thick surface coating after heat treatment. 
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Chapter 6 

Conclusions and Recommendations 

In summary, this research was able to successfully accomplish the following objectives: 

1. Demonstrate that currently available commercial FE packages are well suited to solving multi-

stage forming problems where austenite decomposition is considered 

2. Produce robust models for the cold forming stages of the clutch hub 

3. Produce robust models for the hot forming stages of the clutch hub which also predict final phase 

fractions and hardness values with reasonable accuracy 

4. Validate both cold and hot forming models through comparison with experimental data 

This research produced a total of 7 individual numerical models which were used to comprehensively 

simulate the manufacturing of a boron steel clutch hub.  The 7 models encompass the following processes 

by order of operation: 

 Step 1. Ring Forming 

 Step 2. Can Forming 

 Step 3. Springback 

 Step 4. Trimming & Piercing 

 Step 5. Heating 

 Step 6. Transfer 

 Step 7. Spline Forming & Quenching 

The ring and can forming models were closely related, and their results were compared to 

experimental thickness data in order to develop an accurate coefficient of friction for the blank-tool 

interface.  It was confirmed via mean square error analysis that a coefficient of friction of 0.4 produced 

the closest correlation with the experimental thickness data.  The ring and can forming models replicated 
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the thickness results with a 0.91% error.  The model made the assumption that strain rate effects would be 

negligible for the cold formed stages. The results of this study indicate that incorporating strain rate 

dependency into future models would likely result in minimal gains in accuracy as well as be 

accompanied by an undesirable increase in computational intensity. 

Springback analysis was completed following the can forming operation and illustrated a 134MPa 

drop in peak stress levels. 

A heating model was created for the purposes of analyzing thermal expansions in the blank prior 

to hot forming.  The blank’s overall diameter was found to increase by 0.87mm and 0.82mm for the 

pierced and non-pierced models respectively.  Immediately following the heating model, the transfer of 

the blank from the oven to the tooling was simulated.  This model was used to capture the heat loss to the 

environment through convection and radiation and to determine a starting temperature distribution for the 

blank entering the tooling.  It was determined that the blank losses approximately 48K during the transfer 

operation. 

During the forming operation, the key area of interest was the deformation of the lubrication 

holes.  As the splines were formed on the physical part, the previously pierced lubrication holes were 

stretched into an oblong shape.  The numerical model was able to represent this behavior, providing a 

geometric accuracy of 98.6%.  It is suggested that if the practice of punching the holes before spline 

forming is to be continued, the provided numerical model be used to predict an appropriate starting 

geometry.  Once the forming simulation was completed, the tools were fully constrained and the 

quenching behavior was analyzed.  The non-pierced blank’s maximum temperature dropped from 1124K 

to 601K over a period of 15.5s.  The pierced blank’s maximum temperature dropped from 1124K to 557K 

over a period of 15.5s. Martensite phase fractions were also analyzed, with the highest phase fractions of 

96.5% and 96.4% occurring just below the ring area, and the lowest phase fraction of 54.9% and 71.7% 

occurring at the bottom edge of the hub for the non-pierced and pierced models respectively.  The 

thickness at the splines was estimated by the numerical model with an accuracy of 98.7% when compared 

to data provided by the partner organization. 
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In order to validate the phase fraction and hardness estimations made by the model, physical 

hardness testing and optical phase analysis was performed.  The study concluded that the micro hardness 

of the material increased by 264% following the quenching operation.  Based on the data presented in 

Table 13 and plotted in Figure 106, it is clear that the numerical model tends to overestimate the 

material’s micro hardness value.  The numerical model’s hardness estimations have an error of 13.5% 

based on the tested points.  There are two possible causes for this outcome.  First, the tools are set to 

maintain a constant temperature of 75oC in the numerical model.  It is likely that the physical tooling gets 

hotter than 75oC during the operation, and therefore does not provide the same quenching rate the 

numerical model predicts.  This lower quenching rate will subsequently result in a lower martensite phase 

fraction than the level predicated by the FE model.  It is suggested that the models be revised to use three-

dimensional solid elements for the tooling which incorporate cooling channels so the quenching behavior 

of the tooling can be more accurately represented.  Second, it is possible that the values of hardness used 

in the material model for martensite are excessively high.  Other studies have suggested that more 

accurate results can be obtained by modifying the model’s preset hardness values for martensite.  It is 

suggested that an analysis be completed to find the most appropriate micro hardness values for each of the 

phase fractions in order to increase the accuracy of the micro hardness predictions. 

Upon further analysis of the experimental micro hardness measurements, it was concluded that 

most areas of the physical part were not being adequately cooled through the thickness.  In particular, the 

top and bottom sides at the ring area were 3.6% and 6.9% harder than the center, respectively.  This 

indicates a clear need for further evaluation of the tooling’s cooling capabilities.   

Visual analysis of the quenched and non-quenched samples revealed martensitic and ferritic-

pearlitic microstructures, respectively.  The preformed part had an average coating thickness of 49.7μm 

and the quenched part had an average coating thickness of 20.4μm, based on the measured locations.  The 

coating thickness on the quenched part is far too low; this is possibly due to the use of the in-direct 

stamping approach or inadequate dwell time in the oven during the heating stage.  It is suggested that tests 
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should be performed on the effects dwell time has on layer thickness.  A study should also be performed 

on the thickness of the coating in all areas of the part immediately following cold forming operations.  
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