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Abstract

In the drive and transmission technology, gears rank among the most frequently used machine elements in modern automotive
and mechanical engineering. Gears are conventionally produced by cutting processes, as high geometrical quality standards are
hereby ensured. With regard to economic and ecological aspects, cold forging represents a promising alternative for producing
highly-loadable gears. An extrusion process for manufacturing spur and helical gears is the so-called “Samanta”-process.
Compared to standard extrusion processes, an additional ejector system is avoidable. Thus, in particular for helical gears, the
gear quality is not affected by the ejection operation. Furthermore, the process chain during the component production cycle is
shortened which leads to a more efficient production. The achievable gear accuracy as well as insufficient tool life are major
challenges while establishing the “Samanta”-process in industry. To enable an industrial application, deeper process understand-
ing along with knowledge about the influences on the process results is required. In this context, the aim of this research work is to
numerically investigate influences of tool-sided approaches within cold forging of spur and helical gears by the “Samanta”-
process. Based on experimental results, FE-Models for both gearing types will be validated. Using the numerical models, the
impact of geometrical adaptions in the forming zone of the applied dies on the resulting component and process properties will be
investigated. These findings are intended to derive an effects matrix and respective practical recommendations regarding a further
improvement of the process results within cold forging of gears by the “Samanta” principle. Furthermore, the identified findings
are principally transferable to conventionally forward extrusion process for producing gears. The results reveal that the influence
of the adapted gear areas of the tools is purposefully usable. As a consequence, the resulting component and process properties
can be positively influenced for both types of gearing. The verification of the numerical findings in experimental forming tests
promises great potential for applying the “Samanta”-process in industry.
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Introduction

Gear drives are convincing in many features, in particular in
operational safety and endurance, efficiency and smaller di-
mensions [1]. For this reason, they account about 80% of
mechanical drives, despite high demands on design and pro-
duction technology [1]. In this type of transmission, spur and
helical gears are used individually or in combination [2].
Nowadays, companies are striving for the design of more
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efficient production processes in order to secure or expand
their future market position [3]. Additionally, current trends
like the realization of lightweight construction lead to a re-
thinking within existing product manufacturing processes [4].

Conventionally gears are produced by cutting processes, as
high geometrical quality standards can be ensured [1].
Considering economic and ecological aspects, cold forging
offers a promising alternative due to shorter production cycles
and increased material efficiency [5]. In addition, cold forged
gears can be exposed to higher mechanical loads due to the
process-related strain hardening and the continuous fiber ori-
entation [6]. The use of cold forging processes in industrial
serial applications is confronted with challenges due to com-
ponent and process related factors [5].

A cold forging process for the production of gears is the so-
called “Samanta”-process [7]. Within this process, also re-
ferred to as extrusion in package [8], multiple blanks are
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pressed sequentially through a die [7]. The decisive advantage
of this process design, compared to classical lateral and for-
ward extrusion processes, is that no ejection system is re-
quired. Thus, a negative influence on the gearing quality dur-
ing the ejection operation can be avoided [9]. The industrial
establishment of the “Samanta”-process faces challenges due
to the achievable gear quality and insufficient tool life [10].
However, the potential benefits are considered to be key
drivers for industry and scientific community for analyzing
this process.

Objective and methodology

The potential of the “Samanta”-process for the production of
gears is present [10]. Until now, there are no systematic rec-
ommendations of practical relevance to meet the described
challenges. Potential approaches from the tribological system,
for instance regarding tool technology, have been scarcely
researched. Furthermore, there are no findings about the trans-
ferability of advantageous methods within different gear ge-
ometries, in particular between spur and helical gears.

In cold forging, the applied tools play a key role, as they
significantly influence the economic efficiency of the forming
process [11]. The development of a load-oriented tool tech-
nology is therefore of enormous economic relevance. By ap-
propriately adjusting the die geometry, in addition to increas-
ing the tool life, a targeted control of the material flow is
feasible, which can improve the component accuracy.
Among others, Koll [10] and Koénig et al. [12] developed
approaches for cold forging of gears using the “Samanta”-
process in order to positively influence the process result by
tooling modifications. Nevertheless, to date there are no gen-
erally applicable recommendations for the tool design of spur
and helical geared dies in the literature.

In this context, the objective of this paper is to research the
influence of tool-side modifications in the forming zone on the
process result and to derive respective recommendations for
gear manufacturing. For this purpose, experimentally cold
forged spur and helical gears by the “Samanta”-principle are
used to validate corresponding FE-Models. In subsequent in-
vestigations, the influence of a tool-sided radius increase in
the tooth entry area of the die on the process results is numer-
ically investigated. The focus is on component properties with
regard to gear accuracy and equivalent plastic strain distribu-
tion as well as process properties in terms of maximum pro-
cess forces and tool loads. The identified numerical influences
are explained by means of physical principles and/or models.
The basic correlations are summarized in an impact matrix, in
which a comparison within the gearing types is of particular
interest. In addition, these are evaluated in terms of practical
benefits. On this basis, recommendations for cold forging of
gears by the “Samanta”-process are derived. Furthermore, the

@ Springer

researched relationships and recommendations are principally
transferable to conventional forward extrusion process for
producing gears. The used methodology within this study is
shown in Fig. 1.

Process setup

The key focus of this article is the production of spur and
helical gears by cold forging using the “Samanta”-pro-
cess. The investigated gears and their gearing data are
shown in Fig. 2.

The selection of the gearing data ensured industrial appli-
cation relevance, for example for use in the automotive sector
[13]. In addition, the absolute size of the gears enables effi-
cient simulative process research, since the number of nodes
and thus the required computing capacity increase with the
size of the component. Furthermore, a high-quality numerical
representation of gearing elements requires a correspondingly
extensive discrediting of the mesh [14]. Within both gearing
types, the data were selected analogically to provide a com-
parative analysis of the resulting component and process prop-
erties. Both gears have 16 teeth, a module of m=1 and a
width-diameter ratio of 0.75. For helical gearing, an angle of
[3 =15° was chosen. As a result, the gear-specific geometry
relationships result in minor differences in the tip diameter,
pitch diameter and tooth width.

To ensure a practical relevance to industrial applications,
the steel grade 16MnCr5 (1.7131) is used as gear material,
since this steel is widely applied in industry [15]. The plastic
material behavior was characterized by compression flow
curves, which is determined in the upsetting test according
to DIN 50106 [16] (Fig. 3).

The evaluation was done for selected reference points up to
an equivalent strain of ¢ =0.8 and extrapolated for higher
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Fig. 2 Investigated spur (a) and helical (b) gear

values according to the Hockett Sherby [17] approach. The
steel grade 16MnCr5 has a yield stress of about 210 MPa. Asa
result of strain hardening, the yield stress increases for an
equivalent strain of ¢ = 0.8 to about 8§10 MPa.

The required tool systems were designed on the basis of
empirical literature and practical knowledge by using the
specified gear geometries. Figure 4 shows the applied tool
setup for the investigated spur and helical gear.

Both tool systems consist of a geared die (1.3397) which is
pre-stressed by one ring (1.2343). According to industrial
standards the interference was chosen to 0.5% [18]. The geo-
metric dimensions were designed similarly according to liter-
ature recommendations, with a height of 55 mm and an out-
side diameter of 80 mm [19]. To improve accessibility during
the tool manufacturing process and to reduce the occurring
stress level, the die cores were transversely split above the
shoulder area [20]. The tool geometry was machined by elec-
trical discharge machining (EDM), which is standardly used
in the field of cold forging to manufacture challenging tools
[21]. The gearing area was finished by extruder honing and
the shoulder area by manual polishing to ensure high tool
performance [22]. For increasing the wear resistance the
polished surface was coated with the multi-layer titanium car-
bon nitride (TiCN) [23] using a physical vapor deposition
(PVD) process [24]. The gearing area differs for spur and
helical gearing in order to prevent the components from
chipping and a renewed application of force during cold ex-
trusion of helical gears.

During the process design, a combination of zinc phos-
phate layer and the lubricant soap was selected as the lubricant
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Fig. 4 Tool setup: a helical and b spur gear

system. This system is commonly applied for cold forging
of components with high surface enlargement [25]. In
addition to a reliable separating effect of tool and work-
piece, low friction is hereby achieved during cold forging
[25]. The reason for this is a chemically bonding of the
soap lubricant on the metal surface, which is achieved
during the phosphating process [25].

Process specific challenges and tool-sided
research approach

Cold forging of gears according to “Samanta” is executed
sequentially. For a deeper understanding about the process
principle, the schematic procedure for the production of a
helical gear is visualized in Fig. 5.

Generally two forming strokes are required for manufactur-
ing of one gear. After the third stroke, the first gear reflecting
the conditions of a serial production is extruded.
Consequently, the first serial gear is produced out of blank 2.
Blank 2 is inserted after the first stroke and presses the first
blank through the die entirely. Blank 3 ejects blank 2 out of the
tool system. Within the framework of this research work, the
forming tests for producing spur and helical gears by the
“Samanta”-process were performed using a universal testing
machine Schenck Trebel 400 with 10 mm/s forming velocity.
The cold forged gears are the basis for validating the used FE-
Models. Figure 6 shows the produced gears and the resulting
component- and process-specific challenges.

From a component-specific view an area with insufficient
form filling (inflow) and a “crown-shaped” area arise during
cold forming. These component areas require an additional
post-machining by cutting processes [26]. Furthermore, the

Stage 1 Stage 2 Stage 3
Formmg Blank 1 Formlng Blank 1+2 Formlng Blank 2+3
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Fig. 5 Process procedure during cold forging of a helical gear by the
“Samanta”-process
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Fig.6 Challenges within cold forging of gears by the “Samanta”-process:
a Gear accuracy and b tool load

Gear accuracy

achievable gear accuracy regarding profile and flank devia-
tions often limits the industrial use [10]. The reason is that the
operating behavior is negatively influenced by low gear accu-
racy [27]. A further challenge is the insufficient tool-life of the
applied dies due to the forming-induced high stresses [10]. In
this context, within this paper tool-sided modifications in the
area of the forming zone are investigated in order to positively
influence the process result. The concept for the adaptation of
the used tools is shown in Fig. 7.

In the forming zone area, the infeed radius is increased.
Based on empirically determined values for the radius, which
are commonly used in practice, the radius is successively in-
creased to the maximum possible dimension within the inves-
tigations. In the case of the spur geared die, both sides are
adapted, whereas only the side facing away from the material
flow is modified for the helical gearing. The design adaptation
of the tools in the forming zone pursues two objectives. One
goal is to further increase the component accuracy of the cold
extruded gears. A key role is also attributed to the reduction of
the stress level. In this context, the adjustment of the radii in the
tooth entry area of the dies should reduce the diversion of the
material flow, which might have an advantageous effect on the
achievable component accuracy and the occurring tool load.

Numerical investigations

Modern simulation programs are promising tools for efficient
and effective process design [28] and analysis [29]. In the
product and process development phase, cost-intensive and
time-consuming experimental investigations in the context
of the trial-and-error procedure can be avoided [30]. In the
application of numerical tools, the evaluation of the validity
of the calculated results represents a decisive step in qualify-
ing them for use [31].

Conventional Adapted

Fig. 7 Tool-sided research approach
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Virtual process modeling

In the course of virtual process modelling, the corresponding
FE-Models were developed based on the investigated cold
forging processes. The basic design for both gear types is
analogue to the process sequence presented in Fig. 5. The
simulation software FORGE NxT of Transvalor, established
in science and industry, is used for process simulation. Within
the FE-Tool, the material flow and the occurring tool stress are
divided into two separate stages for both forming processes.
This decoupled approach represents the state of the art to
ensure efficient computing times and at the same time high
quality results for challenging forming operations [32]. Within
the FE analysis it is necessary to discretize the used bodies into
finite elements (Fig. 8).

The volumetric mesh generated by the solver for the blanks
(Fig. 8a) consists of tetrahedral elements. In order to reduce
the required computing capacity while maintaining high res-
olution accuracy in the gearing area, the mesh is locally re-
fined by two refinement boxes. The initial values of the ele-
ment edge lengths are 2.7 mm in the component centre,
0.8 mm in the transition area and 0.3 mm in the exterior area.
The distortion of the FE mesh caused by the forming process
is compensated by automatic remeshing on the basis of pro-
gram internal criteria. The element edge length can also be
successively refined if necessary, especially when forming
filigree contour elements, which is automatically controlled
by the solver. The used tool components (Fig. 8b) are imple-
mented as rigid bodies. Within the material flow simulation,
the tools are initially surface meshed with tetrahedral elements
in order to precisely reproduce the contour. In the subsequent
tool stress analysis, the bodies are volumetrically meshed. In
these analyses, the (intrinsic) stress states on the tool surface
caused by production and/or present in wear protection layers
are not taken into account. For this reason, when analyzing the
determined absolute stress values, a superposition and possi-
ble shift into less failure-critical stress ranges during tool use
in practice has to be considered.

In order to realistically model the practical conditions, the
flow curve (Fig. 3) of the steel 16MnCr5 (1.7131) determined
by compression tests was applied to the material. Furthermore,
the tribological behavior during cold forging was quantified by
identifying the friction coefficient in a laboratory test. For this,
the double cup extrusion test (DCE-test) was used (Fig. 9).

(b)

Fig. 8 FE-mesh: a Workpiece and b tool
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Fig. 9 DCE-test: a Setup and b FE-Validation

This laboratory test is established as friction test in the field
of cold forging due to a realistically reflecting of the forming
conditions, especially in terms of contact normal stresses and
surface enlargement [33]. The process setup (Fig. 9a) consists
of a moveable upper and a stationary lower punch, a radial
pre-stressed die and a cylindrical specimen which is posi-
tioned between both punches. The workpiece and tool mate-
rials were selected analogously to the setup of the gear pro-
cesses. Furthermore, the manufacture route of the DCE die
corresponds to that of the spur and helical dies. As lubricant
also a phosphate soap system was applied.

Within the DCE-test the effect is used that the cup heights
depend on the frictional conditions between specimen and die
surface [34]. The forming tests were performed on the univer-
sal testing machine Schenck Trebel 400. To guarantee steady
conditions regarding the distribution of the lubricant system in
the forming zone, ten specimens were used for run-in and five
specimens for determining the resulting cup height ratios. The
cup height ratio represents the ratio between the upper and the
lower cup. A direct determination of the occurring friction
coefficient based on experiments is not possible. Thus, the
principle of numerical identification with the use of the FE-
software FORGE NxT is utilized. The quantification of the
friction coefficient is done by a comparison of the experimen-
tally and numerically measured cup height ratios. To guaran-
tee the quality of the derived friction coefficient, the FE-
Model was validated exemplarily by a specimen within the
test series regarding the part geometry and the forming force
curve (Fig. 9b) [35]. The experimentally and numerically part
geometry shows an appropriate accordance. Furthermore, the
comparison of the forming forces curves indicates a high qual-
ity of the FE-Model. Based on this, it is permissible to use the
derived friction coefficient to model the tribological condi-
tions. The present setup results in a cup height ratio of 3.34
+0.05, which leads to a friction coefficient of 0.09 by utilizing
the validated FE-Model. This factor is used as input value for
the process simulation of the gears to mirror the tribological
conditions in practice.

For the evaluation of the prediction accuracy of the
used FE-Models of the gear processes, recourse was made
to established methods in research and industry [35]. In
this context, the resulting component and process proper-
ties of the cold forged spur and helical gears were

compared with the numerical results. The geometrical
and microstructural aspects on the component side and
the force curves and their maxima on the process side
were used as comparison criteria (Fig. 10).

Regarding the component geometry (Fig. 10a) the experi-
mentally cold forged gears, which reflect series conditions,
were digitized by means of the ATOS (GOM) measuring sys-
tem using full-surface strip light projection with the aid of
cameras. This enables the geometric comparison of the mac-
roscopically captured 3D mesh data with the CAD data of the
numerically formed gear within the software. The geometric
analysis provides information about the occurring deviations
of both geometries. The process simulation achieves a high
level of prediction in reproducing the geometric properties.
Minor deviations occur in the upper and lower part area, the
transition zone between the gears during forming. These com-
ponent areas can be considered uncritical, since in practice they
are finished by subsequent machining processes. However, the
prediction quality achieved for the gearing area is adequately
forecast for researching measures to increase the accuracy.

Furthermore, a comparison of the experimental and numer-
ical resulting microstructural properties in the gearing area
was conducted (Fig. 10b). For this purpose, the hardness dis-
tribution of the gears was analyzed on a micro hardness tester
Fischerscope® HM2000. This was compared with the strain
distribution of the gears in the simulation. In general the
forming of material occurs in the flank area of the teeth and
results in higher values compared to the middle area. In case of
the helical gear, asymmetrical microstructural properties are
caused by the effect of the diversion of the material flow in the
forming zone area. The initial hardness of the steel grade
16MnCr5 is 235+ 10 HVO0.02. The experimental and numer-
ical microstructural properties in the gearing area lead to a
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close qualitative agreement. Higher hardened areas are pre-
cisely predicted by the simulation. Within the experimental
measurements, the resolution accuracy is limited by a stan-
dardized measurement grid with respective point distances,
which influences the quality of the comparison.

In addition, the experimental and numerical force curves
and their maxima for both gear processes were compared
(Fig. 10c). As the cold forging according to “Samanta” is done
sequentially, two forming strokes are generally required for
producing of one gear. After the third stroke, the first gear
reflecting serial production conditions is extruded. Overall,
the curve progression within the gear types is comparable.
After inserting the first blank, the forming force increases
continuously until the process interruption. The process is
interrupted once the lower half of the blank has been pressed
into the forming zone. After insertion of the second blank, the
force increases slightly due to a larger friction surface until the
maximum force is reached. After the maximum force is
exceeded, the force decreases as the further component vol-
ume is pressed through the die. By pressing the second blank
into the forming zone, the forming force increases again. The
force curve for stage 2 is representative for all further stages.
The comparison of the resulting process-specific forming
force curves for three stages shows a high quality of the FE-
Models for both gearing types. In the transition area between
the exit of the blank and the entry of the next blank into the
forming zone, minor differences occur and process forces are
underestimated by the simulation. Special lubricant require-
ments result in this zone, thus deviations can be explained by
tribological effects, which are modeled simplified within the
simulation by the friction coefficient. The slight underestima-
tion is uncritical, since the process forces at this phase are
substantially lower compared to the maximum process forces.
The maximum occurring process forces are decisive for the
selection of the forming equipment [36] and in terms of tool
technology [37]. The maximum process forces of 152.8 + 0.8
kN (spur) and 163.8+0.7 kN (helical) can be realistically
predicted by the simulation. The percentage deviation is
2.3% (156.8 kN) for the spur gearing and 0.1% (163.9 kN)
in case of the helical gearing.

The comparison of the results from the experiment and the
simulation of both gear processes indicate a qualitatively high
prediction accuracy of the developed FE-Models.
Consequently, these models are usable within numerical in-
vestigations to improve process understanding and to research
advantageous methods for influencing the process result in
cold forging of gears by the “Samanta”-process.

Numerical influence analysis and explanation
of causes

The validated FE-Models of both gear processes are used to
numerically investigate the influence of the geometric
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modification of the tools in the forming zone (Fig. 7) on the
process result. Moreover, the basic effects are explained by
physical effects and/or models. The influence of the tool mod-
ification is investigated on practically relevant component and
process properties (Fig. 11).

The profile and flank accuracy is analyzed on the compo-
nent side, since these are decisive parameters for evaluating
the gear quality [27]. The evaluation of the measurements was
based on ISO 1328-1 [27]. A further aspect is the equivalent
plastic strain distribution in the gear area in order to allow
conclusions to be drawn about the mechanical properties with
regard to a possible hardening of the gears [10]. Considering
the process properties, the maximum process forces are eval-
uated, as they have a decisive influence on the integral tool
load [37] and energy efficiency [36]. A further essential pro-
cess criterion for the evaluation of the investigated tool adap-
tation is the influence on the maximum tool load. Thus,
failure-critical stress components in relevant tool areas are
analyzed for both gearing dies.

The influence of an enlarged radius in the forming zone of
the spur and helical dies on the resulting workpiece properties
is shown in Fig. 12.

The total profile deviation for spur gears is reduced by
increasing the infeed radius from values in the range of
12 um to values in the range of 8 um. The accuracy is ap-
proximately symmetrical for the left and right tooth side. For
the helical gearing, the total profile deviation is also decreased
from about 12 um to values of about 9 um on both sides of the
tooth. However, the distribution of the values is asymmetrical
due to the process-related forming of a helix angle. The ob-
tained simulative values for the total profile deviation are ba-
sically in the range of a tolerance class of 6—7. In the automo-
tive industry, for example, tolerance classes of up to 6 are
required [38]. A possible explanation for the reduction of the
total profile deviation for both gearing types is the lower flow
restriction of the material flow in the shoulder area of the die,
which favors the close contour forming of the gearing cavity.

The flank accuracy is evaluated by calculating the obtained
helix angle. In case of spur gearing, the values for the inves-
tigated radii in the shoulder area of the die vary slightly around
0°. The accuracy is sufficient for the application of the gears.
The target value for the helical gearing is 15°. Regardless of
the size of the radius, the target angle is not reached and

Accuracy Hardening Process Force Tool load

. ¢ (maximum) (maximum)
M,

. ‘ Tooth root

9

Fig. 11 Investigated component and process characteristics
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Fig. 12 FE-Analysis: Influence of tool adaptation on component
properties

averages about 14.6°. This angle is comparable with values
within a tolerance class of 11 and consequently prevents
direct use of the gears. A change in dimension and shape
caused by spring back after pressing the gears out of the
gearing area of the die is a possible explanation for this
phenomenon [39]. In general, the geometric adaptation of
the forming zone has no noticeable influence on the
resulting helix angle for both gear types.

For an adequate assessment of a possible effect on the
mechanical properties of the gears, the true strain values in
the tooth root area of the components are analyzed [10]. This
area is decisive for the failure behavior of gears in transmis-
sion applications [40]. A symmetrical distribution is obtained
in case of the spur gearing. Due to the increase in radius, an
elevation in the values occurring for true strain of about 30%
is reached. In the area of the die tooth tip, the material to be

200 Spur gear Helical gear

2

100

W
o

Process force —

0.400.701.001.301.60 0.400.751.101.451.80

Infeed radius — Infeed radius —
B Punch force M Forging force = Friction part

Fig. 13 FE-Analysis: Influence of tool adaptation on the maximum
process forces

formed is deflected and plasticized to a greater extent due to
the smaller forming zone. For the helical gearing, an asym-
metrical distribution is evident and the more hardened tooth
side changes. As a result of the increase in radius, the material
flow conditions and deformation in the forming zone is
changed by a lower flow restriction. As a consequence, the
material forming is influenced. This causes an increase in true
strain values in the right tooth root area compared to the left
zone.

The evaluation of the influence of a radius increase in the
forming zone of the tools on the required process forces for
both gearing types is shown in Fig. 13.

For the maximum process forces determined, the share of
the required punch force and the corresponding friction share
were calculated. Regardless of the gearing type, a continuous
increase of the infeed radius reduces the maximum process
force. In the case of the spur gearing, the process force is
decreased from 156.3 kN to 138.8 kN by around 11%. For
the helical gearing the force values are reduced by around
10% from 163.9 kN to 148.1 kN. The absolute level of the
process forces for helical gearing is higher, since the volume
of the formed component increases due to the gear-specific
geometric relationships (Fig. 2). The explanation for the gen-
eral reduction in process forces is the reduced material flow
restriction and thus deflection when the material enters the
gearing area. [rrespective of the type of gearing, the proportion
of friction increases slightly in relation to the required punch
force, since the contact surface and thus the friction surface
rises by increasing the radii in the forming zone.

The maximum tool loads of the spur and helical dies during
forming is shown qualitatively for selected stress components
in Fig. 14.

In order to evaluate the maximum tool load, failure-
relevant stress components in the critical area of the die were
analyzed. In that context o ppses Was used to identify stress
concentrations. Furthermore, the principal stress on.x and
Omin Were considered to determine critical tensile and com-
pressive stress conditions [41]. The material flow causes a
bending moment in the shoulder area of the dies, which in-
duces stress concentrations. This stress case occurs typically
in the application of forward extrusion dies [42].
Consequently, there is an increased risk of crack initiation
and/or tooth fracture during cold forging, the shoulder area
of the die teeth can be considered a critical tool zone.

The values in this area for o\ are about 2000 MPa. In
case of the spur gearing, the stresses in the side area of the dies
occasionally exceed 1300 MPa. The helical die has an asym-
metrical distribution, since the helix angle causes notch stress-
es in the side region of the die tooth. The stress values are at a
comparable level to the center range at values of 2000 MPa.
As a result of the occurring bending moment, fracture-critical
tensile stresses are initiated in the shoulder area of both geared
dies with values in the range of 500 MPa. For the helical
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Fig. 14 FE-Analysis: Maximum tool load during cold forging

gearing, additional tensile stresses occur on the side surface
due to the material pressure on the die tooth. The forming of
the gearing causes a pronounced compressive stress on the die
teeth with locally occurring maximum values of approximate-
ly 3500 MPa at the tooth tip.

The impact of the tool adaptation in the forming zone on
the maximum tool load of the spur and helical die for the
selected stress components is shown in Fig. 15.

For both geared dies, the radius adjustment with regard to
Oy Mises Tesults in a reduction of the stress values in the shoul-
der area by about 35%, with values in the range from
2000 MPa to 1300 MPa. For the spur geared die, the stress
values in the side area are also diminished by more than 10%.
In case of'the helical gearing, the stress values on the right side
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Fig. 15 FE-Analysis: Influence of tool adaptation on the maximum tool
load

@ Springer

surface are reduced by more than 40%. In case of the helical
die, enlarging the radius leads to a larger contact surface,
which causes around 10% increase in notch stresses on the
opposite left side surface. The absolute level of stress values
could be decreased by the radius adjustment for both gearing
types. This reduction in stress is due to the increased radius
and the associated reduced notch effect and more uniform
stress distribution on the tool surface.

For spur gearing, the radius adjustment enables a reduction
of tensile stresses (Opax) in the shoulder area by almost 20%
from about 400 MPa to 330 MPa, while the stress level on the
side surfaces remains constant. The increased contact surface
of the helical gearing as a result of the increased radius not
only increases the values for oy, ises but also results in higher
tensile stresses in the shoulder and left side area of the die teeth
by about 30%. This is due to the rise of the induced bending
moment as a consequence of a larger contact surface on the
right die tooth side. In this area, the stress level remains con-
stant with values of 150 MPa.

By adjusting the infeed radius, a reduction of the occurring
compressive stress (Owi,) in the shoulder area by approxi-
mately 15% and in the lateral area of the die tooth by about
20% is achievable for the spur gearing. In case of the helical
gearing, the stress level in the shoulder area can be decreased
by more than 10%. A reduction of the maximum compressive
stress values in the right lateral area by more than 35% from
values in the range of 2100 MPa to 1300 MPa can also be
observed. However, due to the larger contact area and thus
higher contact pressure, the compressive stresses in the left
side area increase from values in the range of 1100 MPa to
2300 MPa. In general, the radius adjustment has an advanta-
geous influence on the absolute stress level.

Summary of findings and derivation
of practical recommendations

In order to establish the “Samanta”-process for gear
manufacturing in industry, a further improvement of the pro-
cess results is beneficial. In this context, the purpose of this
section is to evaluate the investigated cause-and-effect rela-
tionships. The basis for the decision is a potentially beneficial
impact on the resulting process result for gear manufacturing
in practice. Figure 16 summarizes and evaluates the findings
on the influence of tool-side modifications in the forming
zone.

With respect to the achievable component accuracy, the
geometry adaptation has the potential to control the material
flow and thus to increase the achievable profile accuracy for
both gearing types. Regarding the helix angle, no noticeable
influence was identified. For the helical gearing, the target
angle is not achieved regardless of the geometry adaptation
of the forming zone. One explanation for this is the elastic
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springback behavior of the gear after leaving the forming area
of the die [39]. In order to achieve the target angle, a prelim-
inary correction of the die tooth angle is required - as is usual
in practice.

The equivalent plastic strain values in the tooth root area
are increased by tool modification, which is a promising ef-
fect. As a consequence, an increased strain hardening in
failure-critical areas of the gears can be assumed in practice
[10], which could have a positive influence on the stress level
in transmission applications [43].

The increase of the infeed radii reduces the required max-
imum process forces in both processes by about 10% due to a
lower flow restriction of the material flow. This leads directly
to a decrease of the integral tool load during cold forging. In
consideration of resource efficiency, a lower energy input is
possible, which at the same time increases the profitability of
the forming process.

The adaptation of the tool layout in the forming zone gen-
erally results in a reduction of the integral load level occurring
for both types of gearing and consequently possesses a bene-
ficial influence. However, the influence of the increase in ra-
dius in the area of the forming zone of the spur and helical die
varies. In case of spur gearing, the arising tool load is charac-
terized by a symmetrical stress distribution. Contrary to this,
the forming of a helix angle causes an uneven stress distribu-
tion. Especially for the spur die, an advantageous influence

regarding the stress components in the failure-relevant tool
areas can be observed. Notch stresses and maximum tensile
and compressive stresses are reduced. With regard to the he-
lical die, integral stress concentrations are reduced with re-
spect to Oy mises- Lhe adjustment of the in-feed radii leads to
an enlargement of the contact surface and thus of the resulting
contact pressure in the shoulder area of the die. This explains
the change and increase of the stress concentrations within the
lateral area to the left of the die tooth. In addition, tensile
stresses are induced in this lateral area of the shoulder zone
(Omax)- The absolute level of compressive stresses (o) 0Oc-
curring due to the forming of the gearing is lowered.

Summary and outlook

Cold forming according to the “Samanta” principle is a pro-
ductive and resource-saving production method for gears.
Particularly in case of helical gears, a negative effect on the
achievable gear quality is prevented by avoiding an ejection
operation [9]. Nevertheless, industrial establishment is
confronted with challenges due to component and process
factors [10]. To deal with these challenges, a deeper process
understanding as well as a further improvement of the process
result is essential.

In this context, this paper focused on the identification of
methods for improving the process result. For this purpose,
spur and helical gears were produced using the “Samanta”-
process. Simultaneously, numerical FE-Models were devel-
oped for both processes and compared with the experimental-
ly obtained component and process properties. Using the val-
idated simulation models, the influence of tool-sided adapta-
tion on the process result was examined. Finally, the results
were summarized and evaluated in an influence matrix in
order to derive practice-relevant knowledge. The results reveal
that the influence of geometric adaptation in the forming zone
of'the dies on the component and process properties within the
gearing types are transferable and beneficial for the process
result. Furthermore, the forming of a helical gearing causes
specific characteristics due to the diversion of the material
flow in the tooth entry area. In addition to a rotation of the
blank during forming, this results in the generation of asym-
metric component properties with regard to geometric and
microstructure-specific aspects. Considering the tool load, an
uneven stress distribution occurs, which should increase espe-
cially for larger helix angles and has to be considered at the
stage of process and tool design. Furthermore, the researched
relationships and recommendations are principally transfer-
able to conventionally applied geared forward extrusion dies.

Future research work should focus on the experimental
verification of the numerical findings with appropriately mod-
ified tool geometries. Of particular relevance is the evidence
of an advantageous influence of the tool adaptation on the
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resulting gearing accuracy and the achievable tool life. In ad-
dition, it is crucial to investigate the applicability of the find-
ings to further gear geometries in order to expand existing
knowledge and make a further step towards the industrial
establishment of the “Samanta”- process for gear
manufacturing.
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