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Abstract: The objective of the presented work was to develop a new forging process for a pinion shaft
as a component of a wind turbine. A study of near-net-shape forming using Deform 3D software
was performed to reduce operational cost, time, and material scrap; enhance specific properties;
increase productivity. Near-net forged products have good dimensional accuracy and continuous
metal flow lines, which are characteristic of improved mechanical properties. To avoid the traditional
trial-and-error experimental method, the process and tool design were accomplished with a careful
and detailed numerical simulation approach. In the present work, the Finite Element Method was
used to develop a process model for the existing hot forging process of the 18CrNiMo7-6 steel pinion
shaft used in a wind turbine. The developed numerical process model was validated via experiment
including a comparison of the metal flow lines from the FEM model with the metallography results
of the forged part. Two new die designs were proposed, and the simulation results were compared
to the actual process to achieve improved geometry. The results for the new geometries showed
improvements in terms of the die cavity filling for the new proposed dies and better results in
grain flow orientation. Compared to the initial non-optimized die, the new designs improved the
mechanical properties and savings associated with the lower volume of required raw material and
fewer finishing operations. Considering the applied stresses and wear in the new near-net shape,
the die geometry shall be updated to accommodate more severe solicitations. Naturally, all the
improvements carried out are dependent on other factors such as the conditions of the equipment,
operator skills, lubrication, and other variables. A surface heat treatment is also suggested for stress
relief as a reliability improvement.

Keywords: finite element method; hot forging; pinion shaft; microstructure; Brinell hardness;
near-net shape

1. Introduction

Hot forging is a metal forming process whose main objectives are not only to change
the shape but also improve the mechanical properties of the forged parts measured by
ultimate tensile strength and ductility. Hot forging is defined as the process in which metal
is plastically deformed above the recrystallization temperature [1,2]. The metal workpiece
is heated up to the desired temperature and deformed with the impact energy of tooling
in the closed-die hot forging process. In this process, the service life of the forging dies is
especially important due to economic reasons and, also, to the quality of forged components.
The flash formation during forging requires high levels of effective stress because of highly
localized yield stress and high active friction surfaces. The small thickness of the flash due
to the high surface-to-volume ratio is much cooler than the bulk of forging, resulting in a
higher material yield stress value [2,3].

In the hot forging processes, the final-part geometry impacts process parameters due
to complex interactions between tooling and ingots, which can result in inhomogeneous
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temperature and stress distributions within the part. The forging process is usually carried
out under extreme thermal conditions to reduce the ingot’s yield stress and increase its
formability. As a result of these complex interactions, high mechanical loads occur during
forming, influencing the final process [4]. The results change with the selection of the man-
ufacturing process of complex-part geometry such as gears, shafts, and forged components
with teeth. The traditional gears are mass-produced by the machining process with a high
production time and high scrap rate, which additionally requires specialized machining
tools. To avoid that and, at the same time, search for improved product mechanical prop-
erties, the forging process can be widely regarded as a green manufacturing technology
to improve mechanical properties in comparison with machining and casting processes.
This is especially true for complex shapes with the presence of a continuous metal flow,
resulting in deformed inclusions and improved mechanical properties [5,6].

While designing and manufacturing forged parts with complex geometry such as pin-
ion shafts and bevel gears, with specific mechanical properties, it is important to evaluate
the required material volume and eventual post-processing heat-treatment operations. In
the case of designing a forging process at different temperatures, the forged part shows var-
ious physical characteristics at each part location because the microstructure, temperature,
and strain are not the same [7,8]. Hence, to obtain the required mechanical properties in
the mentioned complex parts, a proper material grade needs to be selected based on the
standard mechanical properties together with the state of stress applied during forging [2,9].

Structural forging steels often require surface hardening, which is achieved through
carburizing and other hardening operations to achieve high surface hardness with a good
toughness of the part’s core. The forged components used in the wind turbine, such as
pinion shafts, are used in the case-hardened stage to replace the parts of the same geometry
typically manufactured by the machining operation. Due to the increased mechanical
properties of the forged parts, their dimensions and mass can be reduced [10,11]. A typical
forging steel needs to be heat-treated and the surface-modified layer plays an important
role in forged components to enhance the mechanical and/or chemical surface properties
and improves the fatigue life. These types of components typically are exposed to large
strains, which induce significant microstructure evolution and the development of the
metal flow pattern throughout the part. Various locations of the forged part are submitted
to a different deformation path and to grain fragmentation, to the stretching of ductile
inclusions, and to the alignment of hard inclusions, resulting in heterogeneous grain flow
patterns [12,13].

A pinion shaft part is a round rod with teeth located parallel to its length, and it is
externally connected to a gear mechanism. Pinion shafts, made of 18CrNiMo7-6 steel mate-
rial, are used for transmitting torque from the motor to the gearbox and are widely used in
many industrial components, specifically in high-speed heavy-duty gear applications [13].
The formation of angular carbides during the carburizing process can also be influenced
by the completed machining operation and result in cracks. The presence of cracks can
significantly reduce the fatigue strength and service life of 18CrNiMo7-6 steel components.
The hot forging process is presented as a viable process to improve fatigue life [13,14].

Therefore, this kind of steel component is often surface-treated to increase its service
life, which depends mainly on the part’s surface condition. The surface of the dies needs to
be treated depending on the hot forging process parameters (type of equipment, lubricant,
temperature, speed, etc.) and the geometry of the forged part to balance the high tensile
stresses applied to the dies [6,14,15].

The forging process optimization has been focused on minimizing material scrap in
recent years [16]. Additional benefits of near-net-shape forming include a reduction in
the energy required in the manufacturing process, resulting in reduced costs and a more
environmentally sustainable production through reducing scrap and the carbon footprint.
The near-net-shape forged components have good dimensional accuracy, continuous grain
flow lines, and superior strength. However, the near-net-shape forging of complex shapes
such as gears has certain drawbacks such as a high forging load needed to fill up the die
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cavity corners of the gear teeth, the intricate die design required, and a higher tonnage
capacity of the press being needed in comparison to simple geometries [16,17].

The FEM is a well-known tool technique used to numerically evaluate strains and
stresses in dies and forged parts, avoiding trial-and-error and sparing time and cost produc-
tion. The optimization steps based on validated numerical results are relevant to evaluate
steps and blows, to verify the die service life and forged parts in service. Different materials
can be virtually tested as well as process parameters such as loads and speeds [18,19].

The DEFORM-3D® software is a process simulation platform designed to analyze the
three-dimensional (3D) metal flow in complex metal forming processes. It can model the
deformation of complex shapes to replace the expensive and time-consuming trial-and-
error in manufacturing processes and is an efficient tool to predict the material flow in
industrial forming operations without the additional cost and delay on the plant floor. The
simulation platform can predict high and low material strains and thermal behavior with
high precision [20–22].

Banded ferrite-perlite structures, in general, are heterogeneous structures that react
non-uniformly during hot forging. Such structures affect the final residual stress and can
generate distortions in the forged material. To reduce the effects of banded structures of
ferrite-perlite, coming from the segregation of elements such as carbon and chromium,
homogenization heat treatments are applied by cooling in air. However, it is necessary
to perform a normalization heat treatment afterward to reduce the grain sizes resulting
from the origin of the material and the effects of chemical composition in forging. This is
performed to reduce the possibility of distortions because of the presence of the residual
stress in gear teeth manufactured by machining [23–25].

The objective of this work was to utilize the FEM package DEFORM-3D for opti-
mization of the preform geometry and prediction of the metal flow in forged workpieces
including the strain distribution and microstructure gradients. The hammer process was
applied to 18CrNiMo7-6 steel in a numerical simulation and on the plant floor and the
modeling results were compared to the collected industrial data. The CAD models of the
preforms and forging dies were prepared and imported into DEFORM–3D to analyze the
effect of preform geometry on forging loads and effective stress for the fully filled die cavity.
The macro flow lines were compared to the results of the FEM simulations and allowed
analysis of the two proposed preform geometries.

2. Materials and Methods
2.1. Experimental Work

The experimental part of the presented research started with evaluating the chemical
composition of raw material, namely 18CrNiMo7-6 steel. The initial material was received
from the partner company after ingot casting and hot rolling with a reduction of 18.2:1 with
a diameter of 152.4 mm and length of 15 m. The chemical composition of the steel used
in the experiments is presented in Table 1. Data was obtained using an optical emission
spectrometer Thermo ARL Analyzer/Thermofisher Scientific, Waltham, MA, USA).

Table 1. Chemical composition of the tested steel (% values).

18CrNiMo
7-6 steel

C Si Mn P S Cr Ni Mo Al Cu

0.18 0.28 0.76 0.014 0.013 1.78 1.62 0.29 0.026 0.15

The first step in the forging process was to cut the billets into the dimension required
by the actual forging process on a bandsaw with each billet measuring 649 mm in length
and 152.4 mm in diameter. To obtain the proposed pinion shaft’s final geometry, a tooling
set consisting of a lower and an upper die using 56NiCrMoV7 steel, appropriate for the
hammering process, was designed. The material flow in the hot forging process was
presented using the sequence of heating the billets in an FNSA chamber furnace with a
1500 kg/h capacity and natural gas heating at a temperature of 1230 ◦C for 50 min. After
that, the heated billet was driven to the pneumatic Beche DG 12.5 drop hammer, and with
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seven or eight blows, the hot forging process was completed. To finish the high-temperature
process, the last step was to remove the flash on the eccentric press (Mankel, Michigan,
USA) with a capacity of 4500 kN. To evaluate the fiber orientation in the specimens, the
manufacturing process followed the flowchart described below and detailed in Figure 1
with the configuration of the process and the main sequence of the analyzed manufacturing
process presented by actual photographs in Figure 2.
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Figure 1. The hammering process flow.
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The sequence of sectioning of the raw material as well as of the forged part, to enable
the metallography analysis, was performed in the longitudinal and transversal directions,
as shown in Figure 3, with the main objective to evaluate the grain flow orientation.
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Figure 3. Dispositions of the cuts to metallography of raw material and forged part.

Sectioning was followed by the milling and grinding operations using sandpaper with
the following grades: #120, #280, #320, #400, and #600. The metallography analysis of the
flow lines before and after forging was performed using an etching reagent with 10 g of
iodine plus 20 g of iodine with potassium and 200 mL of water for two minutes.
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2.2. Numerical Model and Validation

Numerical simulation process models for 18CrNiMo7-6 steel hot forging were de-
veloped using DEFORM 3D (Scientific Forming Technologies Corporation, Columbus,
OH, USA). The assembly CAD file provided by the company, as shown in Figure 4, was
imported to DEFORM 3D. The workpiece was modeled as plastic and the tooling as a rigid
material. The flow stress data for 18CrNiMo7-6 consisted of data ranging from 900 ◦C to
1150 ◦C with 50 ◦C increments for three different strain rates of 0.1 s−1, 1 s−1, and 5 s−1

taken from the literature [23]. The tool material 56NiCrMoV7 steel with a hardness value of
60HRC was used as the die material. The tool’s initial temperature was kept at 300 ◦C and
the workpiece’s initial temperature was kept at 1200 ◦C (close to data provided from the
company and used in the actual forging process). For the die movement, a hammer type
was chosen, with a total hammer energy of 1.2 × 105 J. The mass of the primary top die
was maintained at 16 tons and the counter hammer mass was maintained at 17 tons with a
stiffness value of 1 × 108 N/mm. As it is a multi-blow forging process, a blow table was
created as shown in Table 2. The percentage of the total hammer energy used constantly
increased from the initial first blow to the final blow as more energy is required to force
a flash formation and to completely fill the die cavity. The efficiency was assumed to be
100%, using all the blow energy to deform the workpiece with no energy loss. After each
blow, the top die went up and remained in that position for 1 s before coming down for the
second blow.
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Table 2. Blow table of the actual process.

Blow (#) Blow Strain (%) Energy
(J)

Efficiency
(%)

Dwell
(S)

1 65 7.8 × 104 1 1

2 75 9 × 104 1 1

3 85 1.02 × 105 1 1

4 95 1.14 × 105 1 1

5 95 1.14 × 105 1 1

6 95 1.14 × 105 1 1

7 95 1.14 × 105 1 1

8 95 1.14 × 105 1 1



Metals 2023, 13, 815 6 of 16

The Archard wear model as shown in Equation (1) was used to predict the tool
wear depth.

zab =
∫

K
Pavb

Hc dt (1)

where zab is the abrasive wear depth, p is the interface pressure, v is the local sliding
velocity, dt represents the incremental time step, H is the tool hardness, and K, a, b, and
c are experimental constants. The shear friction factor of 0.3 and interface heat transfer
coefficient of 11 N/s mm ◦C were used between the workpiece and tooling. The local
pressure and velocity were calculated as the numerical simulation runs, and exponent
values were taken as a = 1, b = 1, and c = 2 for steel tools, respectively. The coefficient K
represents the magnitude of predicted tool wear and usually has a value of the order of
1 × 10−6 to 1 × 10−7.

The numerical simulation process model for 18CrNiMo7-6 steel took eight blows to
fill the die cavity, identical to that in the actual forging process with a maximum load of
4603 tons, as shown in Figure 5a and with the drawing of the forged part in Figure 5b. To
validate the developed process model, results predicted from the simulation were compared
to the actual forging process parameters provided by the company. First, the metal flow
pattern observed in the deformed part using the metallography technique was compared
with the flow pattern predicted by the process model as shown in Figure 6. As one can
see in Figure 6a, the flow pattern (highlighted by the red lines) predicted from the process
model did match the actual metal flow pattern in the forging process shown in the middle
of the magnified portion of Figure 6b. Secondly, the tool conditions were checked and
compared to the original tool in the forging process. Die stress analysis and a tool wear
depth study were performed to analyze the tool behavior in the process model.
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Figure 5. (a) Top die load exerted by the workpiece during flash formation, (b) drawing of the forged
part (dimensions in mm).

Considering the thermomechanical work of hot rolling on the ingot material (austenitic
grain size of 7 ASTM, billet) and subsequent forging steps of the forging head, in Figure 7,
the results were observed in the fiber direction area of the same point presented in the
macrograph (of the bottom part of Figure 6), martensite phase, and also the boundaries
of the former austenite grain size resulting from recrystallization, demonstrated in the
micrographs. For the position closest to the flash area of Figure 8, similar microstructures
were observed with grain formation with small differences, showing the need to apply
normalization heat treatment for grain refinement.
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Figure 7. Micrography of the pinion shaft head after forging in the same area of the grain flow shown
in Figure 6.

The Brinell hardness test was applied to the forging head, as shown in Figure 9, to
verify the results of the forging process, considering the high reduction rate of the hot
rolling and the steps of the hot forging processes. The tests were applied according to
the standard ASTM A370 for forged parts. The mechanical properties were verified and
specified to hardness measurement with a load of 3000 kg and indenter’s size of 10 mm.
There were seven measurements made along the center, intermediate, and border vertical
lines, as shown in Figure 9. The variation in the measurements in the forged head was
between 302 HB and 311 HB, which shows how uniform the processed material was.
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Figure 9. The markings from the Brinell hardness test.

For the die stress analysis, a step in which the tool experiences the maximum load was
taken for the final blow where the flash formed, as shown in Figure 5. The stress study for
a new die was generated in DEFORM 3D® where the model considers the tools’ material
with elastic properties at that step. The forces applied by the workpiece at that step on
the tools were interpolated in the model, as shown in Figure 10. To study which region
of the tool experiences maximum stress and to check what kind of stress that region is
under, both effective stress and maximum principal stress distribution were investigated.
Based on the effective and maximum principal stress distribution, it was possible to check
that the outer circle in red color experienced maximum stress, which was in tension, as
shown in Figure 11. This would indicate that the probability of cracking in that region is
higher, which was the actual case, as seen in Figure 12a, indicating the critical points to pay
attention to in order to extend the die life, and where to apply superficial treatments to
improve mechanical resistance.
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The developed process model was also able to predict accurately the wear pattern on
the tool. Figure 13 (left) shows that the wear depth on the flash entrance was higher in the
actual tool after 300 cycles. The process model was able to predict the region that is more
venerable to wear, as shown in Figure 13 (right).
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Figure 13. Tool wear pattern: (Left) Actual top die after 300 cycles, (Right) Wear depth distribution
pattern from the numerical model.

Based on these three comparisons, it is possible to check that the developed pro-
cess model accurately predicts the material flow and tool behavior in hot forging of the
18CrNiMo7-6 pinion shaft, and it can be further used to optimize the process.

3. Analysis of Near-Net-Shape Die Design

The validated numerical process model was used to further analyze two new near-net-
shape top die designs. A top die with a pinion gear profile incorporated and a second top
die with an additional punch were analyzed using the developed process model, as shown
in Figures 14 and 15, respectively. The workpiece volume was modified with different
workpiece lengths compared to the length of the workpiece in the actual process for both
processes, as the machining step can be avoided as it can obtain the final near-net product.
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The process model inputs for DEFORM 3D® for studying the two near-net-shape dies
were kept the same as for the actual forging process. The same hammer energy and blow
table were used at the beginning of the process. It was found that the process model with
just the gear teeth incorporated into the top die was able to fill the die cavity with the same
number of blows as the actual process and the die with the punch took one extra blow to
fill the die cavity, as shown in Figures 16 and 17, respectively.

Consider the appropriately chosen parameters and data provided by the company for
the current case, employing them in the simulation process (mesh, geometries of the dies
and billets, hammer process considerations, and other parameters). Figure 18 depicts the
load vs. steps linked to the simulation illustrated in Figure 16; the same situation takes
place for Figures 17 and 19.

Metals 2023, 13, x FOR PEER REVIEW 12 of 17 
 

 

The process model inputs for DEFORM 3D® for studying the two near-net-shape dies 

were kept the same as for the actual forging process. The same hammer energy and blow 

table were used at the beginning of the process. It was found that the process model with 

just the gear teeth incorporated into the top die was able to fill the die cavity with the same 

number of blows as the actual process and the die with the punch took one extra blow to 

fill the die cavity, as shown in Figures 16 and 17, respectively. 

 

Figure 16. Near-net pinion shaft with teeth formation incorporated. 

 

Figure 17. Near-net pinion shaft with teeth and multilevel head. 

Consider the appropriately chosen parameters and data provided by the company 

for the current case, employing them in the simulation process (mesh, geometries of the 

dies and billets, hammer process considerations, and other parameters). Figure 18 depicts 

the load vs. steps linked to the simulation illustrated in Figure 16; the same situation takes 

place for Figure 17 and Figure 19. 

Figure 16. Near-net pinion shaft with teeth formation incorporated.



Metals 2023, 13, 815 12 of 16

Metals 2023, 13, x FOR PEER REVIEW 12 of 17 
 

 

The process model inputs for DEFORM 3D® for studying the two near-net-shape dies 

were kept the same as for the actual forging process. The same hammer energy and blow 

table were used at the beginning of the process. It was found that the process model with 

just the gear teeth incorporated into the top die was able to fill the die cavity with the same 

number of blows as the actual process and the die with the punch took one extra blow to 

fill the die cavity, as shown in Figures 16 and 17, respectively. 

 

Figure 16. Near-net pinion shaft with teeth formation incorporated. 

 

Figure 17. Near-net pinion shaft with teeth and multilevel head. 

Consider the appropriately chosen parameters and data provided by the company 

for the current case, employing them in the simulation process (mesh, geometries of the 

dies and billets, hammer process considerations, and other parameters). Figure 18 depicts 

the load vs. steps linked to the simulation illustrated in Figure 16; the same situation takes 

place for Figure 17 and Figure 19. 

Figure 17. Near-net pinion shaft with teeth and multilevel head.

Metals 2023, 13, x FOR PEER REVIEW 13 of 17 
 

 

 

Figure 18. Plotted Load vs. Step for near-net pinion shaft with teeth formation incorporated. 

 

Figure 19. Plotted Load vs. Step for Near-net pinion shaft with teeth and multilevel head. 

4. Results and Discussion 

The main advantage of near-net-shape forging is the reduction in the machining steps 

involved in the entire manufacturing process. Figure 20 shows a comparison of the de-

formed grid pattern of the pinion head from the top view. In the current process, the 

forged pinion head must be machined to incorporate the gear teeth in the head, which 

will result in reducing the flow line shown in Figure 20a, which would decrease the me-

chanical properties of the final part; whereas the near-net-shape forged pinion head with 

incorporated gear teeth will have higher mechanical properties, improving the directional 

resistance and fatigue life of the component due to deformed grid lines from the forging, 

as shown in Figure 20b,c. 

Die stress analysis and wear depth calculations were performed for the two top die 

designs and compared with the actual top die predictions to see if there is an increase in 

load and wear rate in the near-net-shape die design forging process. For the die stress 

analysis, the step that had the highest load on the top die was selected and a new die stress 

study was generated for both designs. In the case of the teeth incorporated into the top 

die, the tool experiences a maximum load of 5056 tons during the flash formation at the 

eighth blow, as shown in Figure 16. For the die with a punch, the maximum load is 6057 

tons, as shown in Figure 17.  

Figures 21 and 22 (lateral view) show the comparison of the effective stress distribu-

tion in the top die. The red region in Figures 21 and 22 shows the spot where the stress is 

higher, demonstrating that the thickness of the red region increases gradually from the 

Figure 18. Plotted Load vs. Step for near-net pinion shaft with teeth formation incorporated.

Metals 2023, 13, x FOR PEER REVIEW 13 of 17 
 

 

 

Figure 18. Plotted Load vs. Step for near-net pinion shaft with teeth formation incorporated. 

 

Figure 19. Plotted Load vs. Step for Near-net pinion shaft with teeth and multilevel head. 

4. Results and Discussion 

The main advantage of near-net-shape forging is the reduction in the machining steps 

involved in the entire manufacturing process. Figure 20 shows a comparison of the de-

formed grid pattern of the pinion head from the top view. In the current process, the 

forged pinion head must be machined to incorporate the gear teeth in the head, which 

will result in reducing the flow line shown in Figure 20a, which would decrease the me-

chanical properties of the final part; whereas the near-net-shape forged pinion head with 

incorporated gear teeth will have higher mechanical properties, improving the directional 

resistance and fatigue life of the component due to deformed grid lines from the forging, 

as shown in Figure 20b,c. 

Die stress analysis and wear depth calculations were performed for the two top die 

designs and compared with the actual top die predictions to see if there is an increase in 

load and wear rate in the near-net-shape die design forging process. For the die stress 

analysis, the step that had the highest load on the top die was selected and a new die stress 

study was generated for both designs. In the case of the teeth incorporated into the top 

die, the tool experiences a maximum load of 5056 tons during the flash formation at the 

eighth blow, as shown in Figure 16. For the die with a punch, the maximum load is 6057 

tons, as shown in Figure 17.  

Figures 21 and 22 (lateral view) show the comparison of the effective stress distribu-

tion in the top die. The red region in Figures 21 and 22 shows the spot where the stress is 

higher, demonstrating that the thickness of the red region increases gradually from the 

Figure 19. Plotted Load vs. Step for Near-net pinion shaft with teeth and multilevel head.

4. Results and Discussion

The main advantage of near-net-shape forging is the reduction in the machining
steps involved in the entire manufacturing process. Figure 20 shows a comparison of the
deformed grid pattern of the pinion head from the top view. In the current process, the
forged pinion head must be machined to incorporate the gear teeth in the head, which
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will result in reducing the flow line shown in Figure 20a, which would decrease the
mechanical properties of the final part; whereas the near-net-shape forged pinion head with
incorporated gear teeth will have higher mechanical properties, improving the directional
resistance and fatigue life of the component due to deformed grid lines from the forging, as
shown in Figure 20b,c.
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Figure 20. Deformed grid pattern flow line in the forged pinion head from top view: (a) Actual
forged head, (b) Forged head with teeth, (c) Forged head with teeth and punched hole.

Die stress analysis and wear depth calculations were performed for the two top die
designs and compared with the actual top die predictions to see if there is an increase in
load and wear rate in the near-net-shape die design forging process. For the die stress
analysis, the step that had the highest load on the top die was selected and a new die stress
study was generated for both designs. In the case of the teeth incorporated into the top die,
the tool experiences a maximum load of 5056 tons during the flash formation at the eighth
blow, as shown in Figure 16. For the die with a punch, the maximum load is 6057 tons, as
shown in Figure 17.

Figures 21 and 22 (lateral view) show the comparison of the effective stress distribution
in the top die. The red region in Figures 21 and 22 shows the spot where the stress is higher,
demonstrating that the thickness of the red region increases gradually from the actual die
to the die with a punch. The number of cycles the top die can perform without cracking
decreases as it moves from the left to the right.
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Once again, the Archard wear model was used to analyze the wear depth pattern in
the new near-net-shape top dies. Figure 23 shows the comparison of wear depth patterns
between the actual top die and the two near-net-shape-proposed dies. It is possible to see
the wear pattern in the flash opening section in all the dies, but it is more significant in the
die with a punch, as shown in Figure 23c. The wear depth for the near-net-shape dies is,
in general, higher than the actual tool as there is more sliding motion between the teeth
profile in the die, punch, and workpiece material. As the maximum load, die stress, and
wear depth are higher in the two near-net-shape top dies compared to the actual die design,
it is expected that the life span of the dies will be fewer than 300 cycles, which is the life
cycle of the current top die before cracking appears. The possible solution to the die life in
this case should be an improvement with an appropriate and superficial heat treatment
of the upper die to benefit from more cycles and to maintain the advantage to have better
properties in the forged part of the pinion shaft and gain in the quantity of raw material,
which are the main goals expected for the company in these results.
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Figure 23. Comparison of wear depth pattern in mm: (a) Actual top die, (b) Top die with the teeth,
(c) Top die with a punch hole.

5. Conclusions

A numerical simulation process model for hot forging of 18CrNiMo7-6 steel was devel-
oped using commercially available DEFORM 3D software . The developed process model
was validated by comparing the numerical prediction with the experimental measurements.
The following comparisons were made: (1) the metal flow numerical predictions and the
metal flow lines from the experiment; (2) the die stress prediction with the crack formation,
as careful attention expected for this geometry; (3) the tool wear pattern using the Archard
wear model. Based on these comparisons, it was found that the developed numerical
process model was able to represent closely the actual forging process and the developed
process model can be further used to analyze and improve the process efficiency.

The validated process model examined two near-net top die designs in DEFORM 3D
using the established process model. Based on the post-processing evaluation of these two
die designs, the following conclusions were made:

1. The new proposed tooling designs incorporating the teeth gear resulted in 10 to 15%
less feedstock material needed to form the near-net-shape final part.

2. The FEM forging process simulation was confirmed and approved with the profile
of hardness measurements and grain flow orientation (metallography) of the actual
geometry, indicating improved mechanical properties.

3. The top die design with teeth incorporated the same number of blows to fill the die
cavity while experiencing higher die loads at the final blow. The die with both the
teeth and punch design took one extra blow to fill the die cavity while experiencing an
even higher die load than the die with just the teeth design. This could be an expected
drawback of changes in geometry, but with considerable advantages in the new
geometry, resulting in less machining, savings on raw material, and improvements in
fatigue life and directional resistance in the teeth area, which are of great importance
to the company.

4. Based on the predicted higher die stresses and wear experienced by the two near-net-
shape dies, caution with the die life is required and a special die surface treatment is
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suggested for the company for improvement and reliability, even considering it as a
drawback, which is a common situation in the hot forging process.

5. In the two new proposed designs, if the geometry of the teeth is obtained close to the
final required shape by forging, skipping the machining process in the manufacturing
of the teeth could be considered. A smaller volume of the incoming material can be
considered, and the probability of distortions, due to the presence of the residual
stresses after subsequent surface treatments, such as carburizing, will be reduced.
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