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Abstract 

Material processing simulation originally started with the prediction of defects created by the forming stages as the main focus. 
More recently and driven by the quest for vehicle mass reduction we are seeing an emerging interest for enlarging the scope of 
simulation to “components in-use properties” predictions. This new scope requires a shift from a stage limited simulation focus 
to one that encapsulate the whole manufacturing process inclusive, of course, of heat treatment. In the first part of this paper we 
will demonstrate how Simulation can now predict and validate the whole manufacturing process using as an example a bevel 
gear forging from the initial phases through carburization, quenching and tempering. This idea that the whole process should be 
used to increase results quality may also be applied in other cases. Typically, when people are interested in tooling life (die,…),  
a standard approach is to do a stress analysis of the forming stage and eventually compute some abrasive wear but a closer look 
will show that the accumulation of the blows may have to be taken into account. In case of hot or warm forging, the tooling 
properties will heavily depend on local die temperature which cannot be obtained only from one simple forming stage 
simulation.  
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1. Introduction 
 

Since their inception, numerical simulations of manufacturing processes have been mainly focusing on the 
deformation phases using a rigid dies assumption. Nowadays, this is done routinely in many companies and people 
have started to move to the next steps hence enlarging the scope of simulation. 
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With the goal to predict component ‘in use properties’, the first idea has been to increase the number of 
supported processes and a lot of work has been done on quenching for instance. In the first section of this paper, 
we demonstrate how the new Forge® NxT version offers possibilities to go further including carburizing and 
tempering simulation features. As an example we use a very common part: a bevel gear, and a very common 
process: forging, carburizing, quenching, tempering. 

If the new demand on weight reduction has shifted the focus on part properties, the production cost shouldn’t be 
forgotten and die life remains one of the major aspects of that cost. A large amount of work has been done so far on 
die stress analysis but, as the goal is not to produce one single part but several tens of thousands; temperature and 
maximum stress at first blow are not enough. To holistically predict the production cost, steady state temperature 
needs to be taken into account. To illustrate this point, we use another very typical automotive component, a 
Constant Velocity Joint. 

In both cases, we show how new developments made in simulation software give access to a better 
understanding of the processes and provide new opportunities to improve them. 

2. Bevel gear example 

The bevel gear is a typical mechanical part produced in very large quantities. This component will have to 
sustain continuous loading/unloading sequences applied through the contact of another moving metallic (hard) part. 
To avoid both damage of the surface and fatigue cracks, hardness on the surface and ductility in the core of the 
material are required. Although High Carbon steel would bring the requested surface toughness, fatigue properties 
would likely not be acceptable. Reversely low carbon could manage fatigue but marks would soon show on the 
surface. A possible solution to this dilemma is to use different carbon percent on different area of the part. This can 
be achieved through the carburizing process. A low carbon steel is maintained in container filled with high 
temperature Carbon monoxide. After several hours, the carbon percent will increase in the surface area of the part 
providing the expected properties. 

2.1. Forging  

Net shape or near net shape is the forging of choice for such a part which implies the use of a cold or warm 
forging process. In the presented example, the forging is a 2 stages warm forging followed by the piercing of the 
central hole. Simulations have been performed with the FORGE® simulation package. Material model is elasto-
visco-plastic and flow curves are coming from JmatPro (Sente Software). FORGE® capabilities to deal with large 
mesh in a short CPU time make it possible to use a fine enough mesh (57000 nodes on half of a tooth) thus 
providing a very good description of the geometry. 

2.2. Carburizing  

The carburizing simulation is one of the new features provided by the FORGE® NxT version. At each time step, 
carbon percent is updated based in the solution of a ‘diffusion type’ equation.   = . ( . ) .                 (1) 

In this equation, C is the carbon concentration and D is the diffusivity which varies as a function of the 
temperature. The simulation is done simply using the furnace temperature and carbon rate as a boundary condition.  

2.3. Quenching  

The main raison for doing carburizing is the quenchability difference between a 0.2% carbon steel and a 0.7% 
carbon steel. Fig 1 displays two CCT diagrams. For instance, in case of 10 seconds cooling, Low carbon steel will 
produce Ferrite then Pearlite and Bainite while the High Carbon steel will only produce Martensite. 
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Fig. 1. CCT diagram for Low and High Carbon rate. 

 
The result of the carburizing has been used as an input for the quenching simulation with Heat Transfer 

Coefficients corresponding to the typical oil quenching applied for this kind of part. It is then not a surprise to 
obtain what should be expected i.e.: Martensite on the surface and others phases in the core (Fig 2). The other 
expected result is the residual stress distribution ie: compression on surface and traction in the core (Fig. 2). 

 

  
Fig. 2. Martensite distribution (red = high, blue = low) as well as residual first principal stress (blue = compression, red = tension). 

 
In FORGE® the evolution of metallurgical structures according to time is represented here by a TTT diagram 

(Temperature-Time-Transformation). This diagram is obtained in isothermal quenching and collates, for each 
temperature, the curves that connect the corresponding points: 

 Starting transformation time 
 Ending transformation time 
 Intermediate times corresponding to intermediate rates (10%, 90%) 

 
As real quenching is never isothermal, FORGE® uses an approach based on the additivity principle which 

consists of breaking the thermal process down into elementary stages. The theory introduced by Pumphrey and 
Jones [1] and used by Aliaga [2]. This approach called "fictitious time" separates incubation and growth. Growth 
will start when incubation determined by the Scheil method has ended. 

2.4. Tempering  

The purpose of this stage is to release residual stresses created by the quenching process. To achieve that, the 
component is maintained at a medium temperature (150 and 200°C) for a while. As expected, the longer the time 
and the higher the temperature, the more the process will be efficient in terms of stress relaxation and hardness 
reduction. The objective is then to find the good balance between hardness and residual stresses. To simulate this 
process The Jaffe-Gordon tempering model [3] has been introduced coupled with material behavior adapted to 
very low strain rate. Figure 3 displays results obtained with typical time and temperature values. As it can be seen 
both stress relaxation and hardness decrease are significant. 
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Fig. 3 (a) Equivalent stress before and after tempering and (b) hardness before and after tempering. Both red = high, blue= low. 
 
On this example, we have been computing both forging, and heat treatment. The only missing stage is the 

piercing of the central hole. It has been achieved by geometrically removing the center and remapping the stresses 
of the forging on the resultant geometry. 

3. CV joint example 

3.1. Process 

The CV joint another millions pieces component. A typical process for this kind of part is a 3 or 4 stages warm 
forging sequence. Compared to hot forging, it is a ‘near net shape’ process and compared to cold forging the 
requested forging load is manageable. As usual, if this process offers advantages it also comes with difficulties, 
one of them being the life of the punch which is threatened by different phenomena’s: wear of the shoulders due to 
important flow along the punch, overload due to the relative punch low section, mechanical or thermal fatigue due 
to the alternative loading/unloading, heating/cooling phases. 

Among the different aspects quoted above, the overload is probably the easiest to predict using a FEM 
simulation tool. To achieve that, a classical approach is to use an ‘uncoupled approach’. The idea is: 

 To perform the forming stage simulation using a rigid dies assumption while recording the normal 
stresses at the surface of the die 

 To apply these stresses as a loading case to the die in a separate computation. To make it simple, die is 
usually considered as pure elastic. 

Results of such a simulation are typically both equivalent stress and first principal stress. Based on that, it is 
possible to guess whether or not the die is strong enough to sustain such a loading.  

3.2. Fully coupled approach 

The drawback of such an approach comes from the fact that die elasticity is not taken into account during the 
forming simulation. This leads to force and stress overestimation as well as omission of the die elastic compression. 
In real life forging, people increases the punch stroke to obtain the correct component final shape. To validate the 
uncoupled method, we have computed an example using both a fully coupled analysis and uncoupled technics. In 
this simulation, the punch is considered as a deformable body and FORGE® solves in a unique set of equations 
both component and punch velocity/pressure fields [4, 5]. In the coupled approach, the stroke of the press has been 
increased of 1.5 mm to counterbalance punch elasticity. The coupling between different deformable bodies is 
achieved through the creation of so called ‘contact’ elements. These elements make possible an effective implicit 
coupling by creating some supplementary terms in the system of equations to be solved. The quality of the results 
relies on a good adaptation of the mesh on both sides of the contact area. An easy way to evaluate the quality of the 
coupling is to check the continuity of the normal component of the normal stress across the border between two 
bodies in contact. Figure 4a displays zz in the component and in the punch. In the center area, as the contact 
surface is almost horizontal; zz is a good approximation of the normal stress. 
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Once the quality of the coupled analysis has been verified, we can use it as a benchmark for the uncoupled 
approach. Figure 4b displays a comparison of component first principal stress between coupled analysis and rigid 
die approach (again, stroke of the punch has been adapted in the coupled approach to balance elastic 
compression).Having close enough results in the forming stage, it is not surprising to also have similar results in 
the punch when we compare coupled analysis with post process analysis of the die using loading from the forming 
stage. Figure 4c shows equivalent sress comparison in the punch. 

As it can be seen, results are very similar but of course, coupled analysis comes at a cost. In this case, as usual, 
post process die stress analysis is very short. Concerning the forming phase, coupled analysis was 4.5 time longer. 
Usually, we expect a n3/2 dependency and with the number of nodes being in the punch slightly bigger than the 
number of node in the part, we should have got a 3.5 ratio. The bigger value of the ratio between coupled and rigid 
can be explained by the fact that the contact elements will create some more links in the matrix between nodes ‘far’ 
one from each other making the job of the preconditioning more difficult. 

 

 
 

Fig. 4 (a) zz stress tensor component and (b) First principal stress in the part (coupled and rigid) and (c) equivalent stress in the punch 
(coupled and post process). 

3.3. Steady state approach 

As we have seen above, the uncoupled approach is very time effective. This can be used to reduce computation 
time but it also opens other perspectives. So far, we have been focusing on the stress level in the punch but other 
reasons for die damages could be either wear or fatigue. If we consider wear, the most classical model might be the 
‘Archard’ model [5]: 

dt
tH
vKKh

v

n
FW ,                                     (2) 

where h is the loss in dimension due to wear, WK  is an adjustment variable that is a function of the die's grade 

(the default value is equal to 1), FK  is the correcting factor linked to lubrication, tHv  is the Vickers hardness 

of the material according to temperature, n  is normal stress and v is relative tangential velocity. 

To evaluate such a formula, knowing the evolution of the temperature at each point of the die is required. When 
a coupled analysis is performed, a thermal resolution is also done but the result will depend deeply on the initial 
temperature distribution. Ideally, many computations should be done until the steady state is achieved. The idea is 
then to do a kind of post process approach. At first coupled analysis is performed and both ‘mechanical and 
thermal loading’ are stored. Given the post process analysis of a die being very short, it is then possible to apply 
this loading many times until the convergence is reached. The result is called the steady state situation [7]. In order 
to have more realistic results we also include in the loop waiting phase and lubrication phase. 
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This approach has been tried on another CV joint displayed on Figure 5. Final shape can be seen on Figure 5a 
and 5b while Figure 5c and 5d display respectively the temperature after one blow and the stabilized one. 

 

 
Fig. 5 (a) and (b) final shape, (c) temperature after one blow and ((d) steady state temperature.  

 
As it can be seen, the thermal situation after many blows differs from the initial one. As consequence, the 

results in terms of Archard wear differs a lot as it can be seen on Figure 6 Not only the maximum value are very 
different but also the location of such a maximum. 

 

 
Fig. 6. Archard die wear with different punch temperature. 

4. Conclusion 

In this paper we have seen how the most recent progress Simulation techniques now make the prediction and 
validation of new phenomena possible. Consequently it dramatically changes some of the simulation results. This 
is done by increasing the simulation’s scope, either along the process line by adding new stages or along the time 
line thanks to a steady state approach. 
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