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Abstract
This paper provides a review of the methods developed over the years for reducing working forces for the precision metal
forming processes. Precision forging normally involves completely, or near completely closed cavity dies with no or minimal
draft, making features on the extremities difficult to fill and requiring high loads.Means tominimise load, in order to enhance tool
life, or reduce press capacity are crucial to the success of precision forging processes. The main concentration of this study is on
design features which can be incorporated in tooling and/or workpiece in order to assist in minimisation of forging load while
achieving complete die filling. The load reduction methods are presented using examples mainly of precision gear forging, which
is representative of the precision forging of other axisymmetric components with complex peripheral shape. The methods
reviewed are divided into the categories of (i) billet design, (ii) tool design and (iii) process design. Their effects on forging load
reduction for precision forging, along with the authors’ opinions as to the benefits, drawbacks and applicability of each, are
presented.

Keywords Precision forging . Net shape forging . Gears forging . Forming load reduction . Billet design . Tool design . Forging
process design

1 Introduction

Precision mechanical components, such as gears, can be pro-
duced from a variety of processes depending on the material
used. Common processes for manufacturing metallic gears are
machining, casting, extrusion and forging. Machining pro-
duces accurate gear profiles with the disadvantage of having
a comparably low rate of production. It is, however, the most
common finishing process for mass-produced precision gears.
Casting can be used to manufacture gears that are too large to
be produced by other processes, such as those found in ships,
agricultural and lifting equipment. The main disadvantage
with casting is that the range of high-strength castable alloys
is limited and voids can arise in a completed gear thus
resulting in ‘reduced mechanical properties like brittleness

and poor surface quality’ [1]. An extrusion forging method
of manufacturing helical and spur gears has been proposed
in the past [2, 3]. Extrusion forging, usually cold, is used to
produce gears having a relatively high tooth width to diameter
ratio and often when gears have an axial extension, such as
starter motor pinions. An attractive property of extrusion-
forged components is that the automation of mechanical
presses can lead to high productivity, with substantially lower
time-per-part than machining. Extrusion forging of narrow,
large diameter gears leads to low yield, due to the need for
extensive machining on the two end faces which are signifi-
cantly deformed. Gear forging is essentially an upsetting pro-
cess, which is particularly effective for gears of a narrowwidth
relative to diameter, compared with extrusion forging [4].
Commercial gears are almost exclusively manufactured from
steel, and unless otherwise stated, the following discussion
refers to steel gears.

Forging is a particularly attractive manufacturing process,
as it offers many advantages over machining and casting, such
as high production rate [4], higher utilisation of raw material
(30% increase compared with machining gears [5, 6], for ex-
ample), reduced cost per part [7, 8] and reduced energy for
manufacturing [8, 9]. Perhaps more importantly, the literature
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is in agreement that forging provides added dynamic strength
[10] to a gear as opposed to cutting the gear from a solid billet
of material, because grain flow aligns in a favourable orienta-
tion [11]. Moreover, precision forging (especially at a low
temperature) results in excellent surface finish and dimension-
al accuracy [10, 12]. Miller [13] showed that forged gears
exhibit superior performance to machined gears with experi-
mental forgings from the same alloy possessing a fatigue
strength as much as seven times higher. Other advantages
are that precision forging in some circumstances ‘allows the
manufacture of gear parts without flash and sometimes with-
out the need for subsequent machining operations’ [8].
Moreover, the benefits of near-net/net shape forming of com-
ponents have been demonstrated by Moriguchi [14], who
states that the net shape forming of components ‘can eliminate
more than half of the total machining necessary to produce
any particular part’. Even though this may be an optimistic
estimate, the level of material savings due to precision forging
is evident from many practical applications. These benefits
have encouraged increased use of near-net/net shape or preci-
sion forging for production of gears.

Precision forging implies the use of a completely closed die
cavity (in comparison with the provision for flash in a closed
die cavity for conventional hot forging) and the use of a me-
chanical or hydraulic press, although in principle, a finely
controlled hammer, or screw press, could be used. For manu-
facture on a single acting press, a sketch of the simplest prac-
tical completely closed die forging tool is shown in Fig. 1a. It
consists of a punch, counterpunch and die [15]. The die is
fixed to the machine bed and the counterpunch, which rests
on the machine bed acts as an ejector to remove the completed
gear [16]. The tooth shaped punch, which can penetrate the die
[15], moves downwards in the vertical direction to reduce the
volume of the cavity, thus upsetting a cylindrical billet and
forcing it radially into the teeth [17, 18].

A typical load/displacement relation for the production of a
gear using the closed die forging process is shown in Fig. 1b.
According to [8, 19], forging deformation can be described as
two main stages: (i) free upsetting—in which the height of the
metal decreases and the cross sectional area increases without
sideways restraint—and (ii) filling of tooth cavities—where,
on further height reduction, the workpiece is extruded into the
tooth cavities. However, as seen from Fig. 1b, a major disad-
vantage of the forging occurs towards the end of the process,
where a large load spike is experienced as top and bottom
cavity corners (side faces of the teeth) are filled. According
to the literature [19], forging becomes particularly difficult
with large module gears. Although the length to width ratio
of the teeth is independent of module, ‘the tooth depth of large
module gears is longer which enlarges the radial distance the
metal has to extrude and die filling becomes more difficult’.
Furthermore, for cold forging, the difficulty of tooth filling is
compounded by strain hardening which occurs during plastic

deformation and further increases the load as the material be-
gins to fill the tooth cavity [20]. The total frictional force
encountered by the workpiece is proportional to contact pres-
sure and contact area, both of which increase throughout the
process, hence contributing to the load required for further
deformation.

Moreover, towards the final stage of tooth filling, as shown
in Fig. 1b, the sharp rise in load at the end of the stroke is
explained by Ohga and Kondo [21, 22] as follows: during
forging, the unfilled die space in top and bottom corners re-
duces towards zero. Assuming a completely closed die cavity,
as the corners fill, the height of the regions of the billet moving
radially tends to zero and the load to infinity. In practical
applications, where there is a finite clearance between tool
pieces (punch/die and counterpunch/die), either by design or
by die expansion due to internal pressure, the load will reach a
high, but finite value, due to the formation of flash.
Nevertheless, without diversions for metal flow, as discussed
below, corners are difficult to fill without employing very high
loads, an example of which is shown in the insert of Fig. 1b.
Experimental studies on cylindrical components have found
that towards the final stage, a ‘1.2% of the billet deformation
(total punch stroke), to fill the corner was accompanied by a
load increase of nearly 50%’ [23, 24], which demonstrates the
sharp increase in forging load necessary to complete die
filling.

Therefore, as a theoretically infinite load is required to fully
forge a gear with sharp cornered teeth in a simple closed die, in
practice, either the tools would be stressed to failure or the
press capacity will be exceeded before complete filling of
the die occurs. The sharp increase in load, and the inability
of the press and tooling to deliver and withstand theoretically
infinite loads, presents a number of problems in the commer-
cial forging of components: (i) high localised die stress caus-
ing wear and fracture or plastic deformation [7] and (ii) in-
complete corner filling of the die cavity [19, 25]. The resulting
shortened tool life leads to higher per-component cost and
increased downtime. It is essential in the net shape and preci-
sion forming of gears that complete die filling is achieved [4,
15] in order to make precision forging a viable process. A
reduction in the forging load required for full filling would
improve the tool life and reduce the tonnage of the forging
press required, thus reducing the overall cost of forging [25,
26]. Therefore, for practical application, forging load reduc-
tion is imperative.

Forging load is heavily influenced by the flow stress of the
alloy used for the workpiece [27]; composition, temperature,
as well as microstructural effects such as grain size and pre-
cipitates particularly affect flow stress. Alloys with relatively
low yield strength can fill the majority of the die with lower
loads than a material with higher yield. For example, alumin-
ium alloys generally require lower forging loads than steels for
a given shape. The flow stress of a particular alloy is primarily
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influenced by temperature [28, 29], strain hardening and strain
rate hardening (for most metals at temperatures above half
melting point), which is related to forming speed. In general,
increasing temperature reduces the flow stress of an alloy.
However, it is possible, particularly for steels, that very high
temperatures cause excessive grain growth to the detriment of
the final properties. Moreover, for strain rate hardening mate-
rials, higher forging speeds lead to higher flow stress, which
increases forging load. Therefore, at elevated temperature,
ram speed can have contradictory effects; increasing it can
increase flow stress due to strain rate hardening, but the re-
duced deformation time reduces heat loss from the workpiece,
thus maintaining a higher temperature and a lower flow stress.
In general, to preserve heat, high ram speeds are favoured for
hot forging and to obviate shock loads, low speeds for cold
forging.

As workpiece temperature is a critical factor influencing
the flow stress, heat transfer from the hot workpiece to tools

which are at a lower temperature is an important factor
influencing the forging load [30, 31]. The heat transfer char-
acteristics of a forging (and thus billet temperature distribution
throughout the forging) are highly dependent on the follow-
ing: (i) initial workpiece geometry, (ii) final part geometry, (iii)
workpiece material, (iv) die material and heat capacity, (v)
initial temperature (and temperature distribution if non-
uniform) of workpiece and tooling and (vi) interfacial heat
transfer properties influenced by roughness, pressure history
and lubrication. As temperature effects on forging load are
complex and are essentially a materials science related sub-
ject, it is not included in this article.

Both shape complexity of a die cavity and preform design
influence forging load. Near-net shape forgings often require
tight radii and narrow features to be filled, necessitating par-
ticularly high forging loads. For simple example, forging a
gear with teeth requires higher loads than forging the same
cylindrical enclosing geometry. Friction between workpiece

Counterpunch
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(a) A gear forging setup [15, 47]

(b) Load vs Displacement for closed die gear forging [8]
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Fig. 1 Precision gear forging (a)
set-up and (b) forming force,
which increase sharply at the last
stage of the forging process. a A
gear forging set-up [15, 47]. b
Load vs. displacement for closed
die gear forging [8]
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and tool has a substantial influence on forging load [30, 32],
with an increase in forging load proportional to both an in-
crease in friction coefficient and total contact area. Typically,
to reduce forging load, lubrication is applied to tool and or
workpiece surfaces. However, the study of lubrication is a vast
and complex interdisciplinary topic [33] which, to explain,
needs an extensive self-contained treatise and hence it is not
dealt with in this article.

This paper, through a review of the literature, presents a
guide for engineers to reduce forging loads and achieve die
cavity filling exclusively through tool, workpiece and process
design methods.

2 Workpiece geometry

This section describes the various methods in which the de-
sign of the workpiece can be altered in order to reduce the
forming force and enhance die filling.

2.1 Preform shape optimisation

A fundamental procedure in forging is the selection of the
shape of the initial billet (or preform) to achieve various ob-
jectives, such as facilitating die filling, increasing yield, reduc-
ing forging load and energy and producing desirable flow
patterns to eliminate forging defects. For the majority of axi-
symmetric shapes that are hollow, in comparison with the
traditional hot forging method of piercing a shape when it
has been formed, using a pre-pierced workpiece in a finishing
tool that has a mandrel, by reducing the plan area, will result in
reduced forging load.

Historically, optimisation of preform shape has been imple-
mented via trial and error tests in practical applications [34],
which is inherently costly and time consuming and does not
lead to a design that, with confidence, can be considered op-
timum (i.e. full ‘die filling and fault free, with minimum level
of force and waste material.’ [35]). Work conducted recently
has focused on developing computational algorithms which
suggest an optimum preform design, based on an initial
predefined forged geometry, without resorting to a trial and
error [35–41]. Most optimisation techniques described in the
literature depend on an initial geometry defined by the user;
hence, the final ‘optimum’ shape will vary with operator
choice. As a result, the optimised blank shape does not nec-
essarily guarantee the ultimate optimal shape possible, as the
algorithmic optimisation may converge to a local optimum,
not the global one. Algorithms which have been used involve
statistical techniques such as a loss function (i.e. the Taguchi
method), neural networks and sensitivity analysis. Sedighi and
Tokmechi [35] have developed a two-part algorithm,
consisting of preliminary preform selection by the user,
followed by improvement of the preform geometry. Using

finite element (FE) models, the authors have shown that ‘by
reducing a control criterion CN’, which is based on the reduc-
tion of simulated load-stroke curves, the preform shape can be
optimised, as demonstrated by reducing both forging load and
material waste. In their study, the maximum forging load was
reduced by 6.8%, during the optimisation process with the
amount of flash being nearly halved.

Other proposed preform optimisation methods, such as
that by Han et al. [36], use finite element simulation in an
attempt to determine the optimal intermediate geometry in a
multi-stage forging process by a backward node tracing
method. Zhao et al. [37] developed a sensitivity analysis
based optimisation, for designing optimal preforms for a
variety of forged shapes, by measuring the sensitivity of
design criteria (i.e. billet height and width) on the final shape
of the forging to achieve even die filling. A preform optimi-
sation method proposed by Lee et al. [37] involved an alle-
gory between flow lines in a forging and equi-potential lines
in an electric field to determine the preform shape for an
axisymmetric forging. A neural network was used to deter-
mine the optimum value of the equi-potential line between
the initial and final forged shapes in order to converge to a
preform design. Zhao et al. [39] utilised a shape complexity
factor, as proposed by Teterin et al. [40] in order to optimise
the billet shape by minimising the level of forging difficulty.
For a forged component in the shape of a cylinder, the
Teterin factor is unity and geometries, requiring material to
flow in deep recesses or across tight radii, have greater
values of shape complexity factor. By minimising complex-
ity factor for backward deformation in a forging simulation,
the authors were able to optimise the billet shape.

Chitkara and Bhutta [41] investigated the effect of chang-
ing the workpiece height to diameter ratio of a cylindrical
billet (constant diameter, varying height) on the load/stroke
curve of the forging of a spur gear. The authors observed that
shorter specimens required slightly higher average specimen
pressures, although little difference on punch load was ob-
served between specimens. However, results of the study have
limited value, due to the variation in workpiece volume which
obscured the geometry effect.

It should be noted that preform optimisation studies vary
substantially depending on component geometry and hence
makes difficult a direct comparison of the effectiveness of
each method. An overall comparison could be achieved by
standardising component shapes and performing benchmark
studies. Optimisation studies mainly investigated load as a
tertiary objective, and hence, the utility of optimising the pre-
form purely for the reduction of load is questionable. Also,
unless the sequence of cavity filling is radically altered by use
of a preform, neglecting changes in mechanical properties
during deformation, for closed die forging operations, the
same final load will be required for final filling regardless of
initial workpiece shape.
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2.2 Modifying the designed finish forged shape

Changing the geometry of a forging and hence die cavity by
chamfering or rounding top and bottom corners or using large
blend radii can reduce the final forging load. This has been
demonstrated for the case of cylindrical billet forging [42]
with strain hardening alloys. It is common in the forging in-
dustry to provide generous fillets on components to take ad-
vantage of the effect of reduced load and also to reduce the
stress raising effects of sharp corners in die cavities. However,
the main disadvantage of this approach is the effect of
chamfer/fillet and the amount that can be accepted before
significant alterations in appearance and geometry impact
the shape specification of a component. Also, the post-
forging restorative machining that has to be undertaken is
costly and reduces yield.

2.3 Utilising divided flow

In the case of net or near-net shape forged gear teeth, there is
limited flexibility in the use of features, such as blend radii, to
reduce forging load as the required geometry could be com-
promised. Due to the inherent nature of the process, the cor-
ners at each end of the teeth tend to be the last to fill. During
forging, barrelling occurs where metal flow at the workpiece
interface with punch and counterpunch surfaces is retarded
(due to friction and/or heat loss) relative to that at the mid-
height. Thus, the mid-height region of the teeth fill first and
ever increasing pressure, depending largely on the value of
friction, is necessary to fill teeth ends.

A method proposed by Ohga and Kondo [22], to reduce
loads required for filling tooth end corners, is to divide the
metal flow so that it simultaneously fills teeth tips and flows,
either radially inwards towards the central axis or axially with-
in a central hole. Thus, friction retarding radial flow into the
teeth is reduced and the force required to fill teeth is reduced.
The two techniques used to promote this divided flow are
named: (i) relief hole and (ii) relief axis.

2.3.1 Relief hole

For the relief hole (R.H.) principle, a hollow workpiece with
bore of radius ri is used, as shown in Fig. 2a (i) [22, 43].
During forging, the material flows both radially outward into
the tooth cavities and radially inward thus reducing the diam-
eter of this hole. At any particular stage, the workpiece radius
at which material flow transforms from flowing radially in-
wards to flowing outwards is called the flow divide radius (rd)
[22] and as the direction of friction is reversed at this radius its
effect on increasing punch pressure and the overall punch load
is reduced. An effect of using a relief hole is that the pressure
distribution is more even over the punch/counterpunch contact
faces of the workpiece, as the friction hill associated with

cylindrical billet compression is reduced in value. This is be-
cause in upset forging of a solid cylinder, due to the friction
acting on the surfaces of the workpiece, the ‘pressure rises
monotonically from the edge to the centre’ [44]. In addition,
a workpiece with central hole has a smaller plan area than a
solid cylinder.

For forging using the R.H. principle, a variable which af-
fects the overall load of the forging is the initial diameter of the
billet bore. From experimental results conducted by Ohga et
al. [21] on a final cavity of dimensions 24 mm diameter ×
5.4 mm height, a large relief hole was found to decrease both
the overall load and pressure required to fully fill the die from
approximately 160 kN for 7 mm diameter to 100 kN for a
15 mm diameter hole, as shown by the solid black points in
Fig. 2b (i). However, an increased stroke is required to achieve
complete die filling as the larger diameter hole requires a taller
billet to form the disc to the same final dimensions. Similar
results were described by Wei et al. who found that forming
load decreased as relief hole diameter increased [25], with
results confirmed by Qingping et al. who found the R.H.
method filled gear teeth with reduced forging load compared
to a solid billet [45].

Furthermore, during R.H. forging, a critical relief hole di-
ameter exists, belowwhich the hole will be fully closed during
forging and thus transform the process into solely radially
outward flow forging, with concomitant higher load require-
ment [22]. For the dimensions used in [21], this critical relief
hole diameter was approximately 7 mm, where it can be seen
from Fig. 2b (i, ii) that the load is substantially higher than for
larger relief hole diameters. Thus, in any forging process mak-
ing use of the R.H. principle, the hole should be carefully
dimensioned, taking into account surface friction and work-
piece dimensions, to ensure that it does not close during the
forging.

The applicability of the relief hole method is limited to
components which have a centrally located hole. This pre-
cludes its use for solid parts and those having an integral shaft.
For such components, the relief axis method, described below,
is recommended. It should also be noted that the final relief
hole in the finished part will not be necessarily concentric,
perfectly circular or the same diameter throughout the height.
Machining is required to produce a concentric, circular and
cylindrical bore in the gear.

2.3.2 Relief axis

The aim of using a relief axis (R.A.) is similar to that of the
R.H. principle, to reduce the maximum pressure resulting
from the friction hill effect. However, the principle of opera-
tion varies from the R.H. principle in that relief holes are
located in the punch and counterpunch, on the centre-line of
a die cavity [22]. A solid workpiece is used and divided flow
is achieved bymaterial flowing both radially outwards into the
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teeth and simultaneously radially inwards into the hole
(shown in Fig. 3a (i)). Similar to the R.H. principle, this meth-
od reduces the maximum pressure due to amelioration of the
friction hill effect (Fig. 3a (ii)). Also, full closure of the cavity
is avoided and compensation space for material volume vari-
ation provided, obviating overloading. The R.A. method can
be considered as being based on both tool design and work-
piece design as the relief axes are located in the punch and
counterpunch.

Figure 3b (i, ii) shows the experimental results obtained
by Ohga et al. [21] using the R.A. method for forging a
disc. As can be seen from the graphs, all three relief axis
sizes allow for the full forming of the component (shown

by the filled black points). Similar to the R.H. principle, a
larger relief axis allows for a reduced overall working load
(from approx. 140 kN at 8 mm diameter to 75 kN at
16 mm diameter). The consequence of this is that the
stroke S is significantly increased, where in the case of this
study, the use of a 16-mm instead of an 8-mm relief axis
results in the stroke more than doubling. Taller preforms/
billets are needed to achieve the same final product height
and material wastage will be incurred unless an integral
shaft is required on the component. In this case, the cylin-
drical cavities should be longer than the shaft length re-
quired, thus ensuring metal can flow along the axis for
the duration of tooth filling.

Die

Punch

rd

riro

(i) Relief Hole concept (ii) Effect on friction hill

ro
Closed Die Relief Hole

Flow divide 
position

h

do

dd

di

(a) Relief Hole Principle [43]

Displacement (mm)

di=7mm di=11mm
di=15mm

(b) Effect of Relief Hole diameters [21]

Displacement (mm)

di=7mm di=11mm

di=15mm

(i) Load-displacement diagram (ii) Pressure-displacement diagram

Fig. 2 Creation of a central relief hole (R.H.) in workpiece to enhance material flow (i), which reduces the value of friction hill (ii) (a). This results in
reduced working load (i) and mean forming pressure (ii) (b). a Relief hole principle [43]. b Effect of relief hole diameters [21]
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A comparison of the working load and pressure for R.A.
and R.H. processes is shown in Fig. 4. As can be seen from
Fig. 4a, both R.A. and R.H reduce working load with increas-
ing hole diameter, with R.H. showing a consistently higher
load for diameters. Moreover, as can be seen from Fig. 4b,
the R.A. principle differs from R.H. in that there exists a min-
imum mean working pressure of approximately 300 MPa at
12 mm diameter, above which the mean pressure increases
again. However, it should be noted that few data points are
presented in the study, and as such, it is difficult to conclude
on an absolute minimum value without further experimental
work being conducted with hole diameter values around the
proposed minimum, for example at 11 and 13 mm. Assuming
the presence of a minimal value, according to [22], ‘the

optimum diameter minimizes working pressure’, thus, accord-
ing to the authors, minimising tool wear. Ohga et al. [21]
explain that the decrease in working pressure with increasing
diameter for both R.H. and R.A. is due to the fact that the area
of specimen in contact with the die reduces, thus reducing the
fractional reduction in area, directly reducing the contribution
of friction to forging pressure. The authors [21] suggest that,
in the R.A. method, increasing the diameter leads to more
restricted material flow into the axis, which is due to addition-
al shearing work required for axial flow [21], having the effect
of increasing the pressure. This means that ‘due to a balance of
these two phenomena, there will exist an optimum for
minimising working pressure’ [21]. However, as there is only
one data point to suggest such a phenomenon (at an R.A.

h
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ri ri

ro

ro

rd

ro

Flow divide 
position

Closed Die Relief Axis

Punch

Counter
-punch

Die
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(i) Relief Axis concept (ii) Effect on friction hill

(a) Relief Axis Principle [22]

(b) Effect of Relief Axis diameters [21]

(i) Load-displacement diagram (ii) Pressure-displacement diagram

Fig. 3 Creation of central relief axis (R.A.) holes in the die and punch to allow material flow (i), which reduces the value of friction hill (ii) (a). This
results in reduced working load (i) and mean forming pressure (ii) (b). a Relief axis principle [22]. b Effect of relief axis diameters [21]
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diameter of 12 mm, showing a pressure difference of ~ 16%
from the maximum), this conclusion may require further
validation.

Despite the reductions in pressure and load offered by the
RA method, it does have disadvantages. Ohga et al. [46] state
that the process ‘is hard to apply to products with complicated
circumference’. This is because such shapes require a much
larger degree of radially outward flow for complete die filling.
An example of such products is gears, with teeth profile
forming a significant flow restriction, thus increasing flow
into the relief axis. A further study investigated the effects of
a limited depth relief axis on the working load [43] on the
forging of a spur gear. The results of the research support the
use of a relief axis as an effective method of reducing load. In
this case, it was found that as the depth of the relief axis
increased, the working load reduced, with reductions of 8–
11% load from solid forgings.

3 Tool design

3.1 Kinematic arrangements

As discussed in Section 1, the basic tool set-up for completely
closed die forging of a solid shape consists of three

components: a punch, counterpunch (or anvil) and die.
However, the literature has shown that the kinematic relation
between these components has a great effect on required load.

3.1.1 Three-piece toolset

According to the literature [15, 47], considering conventional
single acting presses, it is possible to position these three com-
ponents to provide various kinematic combinations. For ex-
ample, with reference to the die, the punch can be either ‘pen-
etrating or non-penetrating’, the die can be fixed either to the
machine bed, or to the slide, or movable in the vertical direc-
tion and, with reference to the die, the counterpunch can be
either of non-penetrating or of a penetrating form to act as an
ejector. Moreover, the entire tool set can be inverted, i.e. the
punch attached to the machine bed and counterpunch attached
to the moving ram, thus providing a total of 16 tool set possi-
bilities. However, according to Tuncer and Dean [15], diffi-
culties in ejecting the forged gear result in only six viable
combinations. Figure 5 shows examples of these combina-
tions. As can be seen from Fig. 5a, one possibility is to support
the die on springs to allow it to move in the vertical direction.
The punch is of a non-penetrating form, and the counterpunch
is fixed to the machine bed. During forging, the punch first
comes into contact with the die, and they both move down at
the ram velocity over the stationary counterpunch to forge the
gear. Another combination of an inverted tool set is shown in
Fig. 5b. The punch is fixed to the machine bed and penetrates
the die which is attached, with the counterpunch, to the ram.

3.1.2 Four-piece toolset

The addition of a mandrel to a toolset [15, 18] enables a
hollow workpiece to be forged, in contrast to the solid work-
pieces used in three-piece toolsets. Use of a hollow workpiece
offers the benefits of (i) accurate forging of central bores,
which are a typical feature in axisymmetric forged compo-
nents, which are often attached to shafts, (ii) reduction in forg-
ing load due to reduced tool/workpiece contact area and (iii) if
a hollow billet is used as raw material rather than being
pierced as a first forging operation, faster heating rate, as billet
volume is reduced and heating takes place both in the inner
and outer surfaces. Therefore, in hollow billet gear forging,
there are four main components present in the tool, namely:
die, counterpunch, punch and mandrel. According to Tuncer
and Dean [18], this brings about 18 different practical kine-
matic combinations for tool components: (a) 4 possibilities for
the punch: hollow, solid, penetrating and non-penetrating; (b)
4 possibilities for the die: attached to the ram, to the machine
bed and to have these fixed or movable; (c) 4 combinations of
mandrel: attached to the counterpunch or punch as either rigid
or movable components; (d) 4 combinations of counterpunch
which is either fixed or movable and either solid or hollow

(a) Forging load

Initial Diameter Di (mm)

(b) Mean pressure
Initial Diameter Di (mm)

Fig. 4 Comparison of a working load reduction features and b mean
pressure required for die filling for the two relief methods: relief axis
(R.A.) and relief hole (R.H.) [21]. a Forging load. b Mean pressure
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depending onmandrel arrangement; and (e) 2 combinations of
die and mandrel positioning where they are attached to either
the moving ram or the stationary machine bed. An example of
a movable die and mandrel over a non-penetrating punch and
penetrating counterpunch is shown in Fig. 5c.

A punch which is of a non-penetrating form has the ad-
vantage of being low cost as accurate matching with the die
cavity is not required. Also, its accurate guidance is not
critical. A penetrating counterpunch may be used to eject a

forged part. According to the literature [23], a sprung die
moved by a non-penetrating punch facilitates die filling in
the direction of its travel due to directing friction forces on
its bore. A floating die (with weight supported on springs),
penetrating punch and counterpunch, causes peripheral fric-
tion to be opposed about some intermediate workpiece die
wall contact region, balancing flow into top and bottom
corners of the cavity and facilitating cavity filling. It has
been found [23] that the moving die design exhibited a

(a) Moving die [47]

(b) Fixed die [4 7]

(c) Moving Die, Moving Mandrel, Non-penetrating Punch and Penetrating Counterpunch [18]

Counterpunch

Punch

Die

Ejector

Machine Bed

Workpiece

Die

Counter
-punch

Punch

Machine Bed

Workpiece

Counter
-punch

Punch

Machine Bed

Ejector
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M
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Fig. 5 Three types of tool set
arrangements for load reduction
and enhanced die filling. a
Moving die [47]. b Fixed die [47].
c Moving die, moving mandrel,
non-penetrating punch and
penetrating counterpunch [18]
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21% lower load to forge the gear compared to the fixed die
design. Therefore, depending on forged shape, a moving die
is preferred to assist die filling and reduce forming forces, if
difficult to fill features that are situated on the lower regions
of a shape. Further details of load reduction with tooling
arrangement are described by Tuncer [48].

3.2 Punch and Counterpunch Design

Research conducted by Hu et al. [49] investigated the effects
of non-flat cross-sectional profiles of the punch and counter-
punch in the forging of a 20 tooth, 2.5 module spur gear. The
profiles investigated in the paper protrude into the die cavity,
with the aim of providing a more uniform deformation
throughout the volume of the workpiece compared with flat
surfaces that cause barrelling. In the study, the punch had a
‘W’-shaped surface as opposed to a flat surface, with the
counterpunch surface having an inverted ‘V’ or conical shape.
In this configuration, the workpiece contacted the peripheral
teeth forms along their whole lengths, almost simultaneously,
thus enhancing corner filling. The conical form should reduce
the value of the component of friction opposing corner filling,
but as no load-stroke curves are presented in the paper, wheth-
er or not this is so is unknown.

In another study, the effect of various component arrange-
ments in a three-piece toolset when forging bevel gears was
investigated (Fig. 6a) [50]. A variation of the toolset in-
volves two punches: an upper and a lower one, which move
together in opposite directions to forge the billet (Fig. 6a
(ii)). Numerical analysis predicted maximum forming punch
load in uni- and bi-directional forging that was 3012 and
2503 kN respectively [50] (Fig. 6b), confirming that bi-
directional forging is effective at reducing punch load com-
pared to uni-directional forging. Again one reason for this
difference is due to the fact that bi-directional forging is
essentially the same as that with a floating die and penetrat-
ing punches and promotes a more uniform strain and veloc-
ity distribution within the tooth profile, similar to that found
in the study by Hu et al. [49].

3.3 Axially driven die

A method proposed by Osakada et al. [51] and Wang et al.
[52] to reduce tool pressure in the flashless forging of a spline
involved oscillating the die axially via a secondary press sys-
tem during deformation. It is postulated that by moving the
die, the effect of the frictional force can be such that the billet
material is forced into the corner of the die, as shown in
Fig. 7a, resulting in corner filling with lower punch load
[51]. This effect is shown in Fig. 7b, where it can be seen that
an oscillating die reduced forging load compared with that
necessary when either a fixed or floating die was used.

Further experimental trials conducted by the researchers
involved oscillating the die at an amplitude of approximately
2mm (for a 16 tooth spline of approximately 25mmdiameter)
and a frequency of 0.1 Hz. The results of punch pressure,
calculated by dividing the average pressure of the punch with
material flow stress, are shown in Fig. 7b [51], where it is
observed that the oscillating die technique can significantly
reduce the pressure. A 57% reduction in punch pressure was
recorded when compared to a fixed die arrangement and a
46% reduction when compared to a floating die [51] for the
set-up used. Thus, at the cost of a more complex tooling set-up
that is not described in the paper, the oscillating die technique
can offer substantial load reductions for parts such as spur
gears or splines. The applicability of this method might be
limited to forgings with only axially oriented features, unless
a practical means for driving dies non-axially are developed.

3.4 Flow restriction

The flow restriction method is a variation of the relief hole
technique which incorporates the relief hole (radius ri) in a
workpiece and restricts the flow in the radially inward direc-
tion. This is performed by reducing the thickness of flow
through the use of a central stud (radius rk) which protrudes
by a distance k from punch and counterpunch, as shown in
Fig. 8a. According to the literature ‘if the inward flow rate is
suppressed and the outward one promoted, filling at the outer
radius is expected to become more effective’ [53].

Ohga et al. [53] proposed that inward material flow can be
controlled by selecting the value of k during the stroke. Two
methods were investigated, namely type ‘k fixed’ and type ‘k
free’. The k fixed method is where the stud protrusion k is held
constant throughout the stroke, whereas the type k free is
where the stud is free to move upwards when the workpiece
pressure acts on its end face. It is possible that a k free stud will
move upwards behind the punch surface during deformation.
The effect would be to produce a situation where both the
‘relief-hole principle (R.H.) is combined with the flow relief-
axis one (R.A.)’ thus giving it the name ‘R.H.-R.A. combined’
[53]. As long as ri > rk, the method acts as the relief hole
principle. However, when ri = 0 (i.e. the central hole
completely closes up), type R.H.-R.A. combined becomes
the relief axis method.

The tool pressure with regard to the initial diameter of the
relief hole of the workpiece (Di) is shown in Fig. 8b for both
the type k fixed and k free methods for an initial k value of k =
1.5 mm and k = 0.5 mm respectively. For comparison, h =
2.6 mm and rk = 6 mm. The figure presents the experimental
results obtained by [53] at complete die filling.

As can be seen from Fig. 8b, the pressure for type k free is
consistently below that of k fixed and hence ‘is preferable for
improving the tool life’ [53]. As can be seen from Fig. 8b (i,
ii), it can be seen that for the k fixed method, there appears to
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be an optimum value of k for a given relief hole diameter
whereby the pressure on the tool is substantially decreased.
According to [53], careful selection of these values reduces
the pressure ‘below that in the process utilizing the relief-
hole’. However, it should be noted that there are very few data
points to support this conclusion. It is recommended that fur-
ther studies are performed around the proposed optimal diam-
eter to improve accuracy and confidence in the conclusion.

Along with pressure, the final height of the formed compo-
nent is affected by the method used. Both forming pressure
and final billet height after forging were examined experimen-
tally by Ohga et al. [53]. The results of experiments using
initial billet dimensions of 24 mm outer diameter × 5.4 mm
height for the above-mentioned methods are compared with
the relief hole and relief axis methods mentioned in Sections
2.3.1 and 2.3.2, and presented in Table 1. In the table, it can be

seen that the method which exhibits the largest final height is
the most efficient method in the use of material. As shown in
Table 1, both relief axis and type k fixed exhibit the largest
final height of 4.2 mm. Furthermore, the method which ex-
hibits the lowest pressure value is the one which applies the
least stress on the tool and hence increases tool life. Table 1
shows that the lowest pressure is found in the type k free
method with a value of 210 MPa. A comparison of the
forming pressure against the final forged height is shown in
Fig. 9 where the number of each point corresponds to the
methods shown in Table 1.

According to [53], a 45° line labelled as N-N can be added
to the diagram in order to find the most effective compromise
between reducing forming pressure and conserving material,
assuming that pressure reduction and material conservation
are equally significant. Should the relative significance of

(ii) Dual Punch

(b) Load-displacement diagram for punch designs[50]

(a) Punch Designs [50]

Uni-directional 
forming

Bi-directional 
forming

(i) Single Punch

Fig. 6 Comparison of punch
design combinations (a) and their
effect of forging load (b). a Punch
designs [50]. b Load-
displacement diagram for punch
designs [50]
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forming pressure and billet height be different, various angles
of the N-N line can be used, with a shallower gradient indi-
cating that forming pressure is of greater significance than
final billet height. The method ‘which exists nearest to the line
N-N is the most effective one’, assuming the authors’ chosen
45° line is optimum. Therefore, as can be seen from the figure,
for the particular geometry investigated, the rating in order of
effectiveness is as follows: (i) type k free, (ii) type ‘R.H.-R.A.
combined’, (iii) type k fixed, (iv) process R.H. and (v) process
R.A. Therefore, it can be concluded that restricting flow in the
inward direction does improve the forming process in terms of
reducing forming load and material wastage.

3.5 Chamfered punch/counterpunch

A punch and/or counterpunch, chamfered at the periphery, is a
simple means for reducing maximum forging loads.

As has been explained above, because of the effective height
to diameter of the deforming region and the friction hill, a flat
punch and counterpunch (Fig. 10a (i)) require large loads to

fully fill the outermost tooth corners of large diameter gears. A
means for overcoming this problem is to chamfer punch and
counterpunch in these regions, as shown in Fig. 10a (ii). The
full tooth width can be formed by the workpiece without the
need for the enlarged corner space to be filled [54], as shown in
Fig. 10b (ii). Thus components of the required dimensions can
be produced before a sharp increase in corner filling pressure
occurs. The extra material which accumulates in the chamfered
corner space can then be removed in a simple post-forging
machining process. A comparison of toolsets with and without
chamfered punch and counterpunch is shown in Fig. 10a, with
the final simulation stages for these toolsets shown in Fig. 10b.
It is to be noted that the toolsets in this figure have a non-
penetrating punch and moveable die. This enhances flow into
the bottom corners of the die, so the top chamfer is more im-
portant for top corner filing.

Simulation results for warm forming a gear of material
AISI 8620H and dimensions: 36 mm height, module
4.233 mm and 27 gear teeth [23] are shown in Fig. 10c.
Load-displacement results are plotted for both moving and
fixed dies, and for chamfered and flat punch and counter-
punch. It can be seen that the moving die load is substantially
lower (21%) than that for the fixed die. Furthermore, it can be
seen that the chamfered components require a significantly
lower load to forge the same gear compared to flat compo-
nents. For the fixed die, there is a load reduction of 39% and
for a moving die a load reduction of 48%.

Therefore, it can be seen that a chamfered punch and coun-
terpunch is substantially effective in reducing forging loads.
The method is very low cost and easy to implement, only
requiring modification of punch and counterpunch.
However, the consequence of using the method is that there
must be a post-forming machining operation to remove the
excess material, which would add time and cost to production.

4 Process design

4.1 Process parameter optimisation

Computer-based process parameter optimisation has been ac-
tively researched in recent years [55, 56], dealing with vari-
ables, such as temperature and ram speed, in order to minimise
the forging load, material loss and tool pressure. Typically,
process optimisation procedures deal with the following var-
iables: preform size and shape, intermediate die and finish
forge die design [57], billet temperature, lubrication and, if
there is a choice of machine, forging speed. FE models in
combination with Taguchi statistical loss function methods
have been used to optimise such parameters. Chen [58] and
Feng and Hua [25] have presented a parameter optimisation
method for temperature, punch velocity and friction for the
gear hot forging process based upon finite element simulation

(i) Fixed/floating die (ii) Axially driven die

(b) Pressure-displacement diagram for die setup [51]

(a) Frictional effect on die [51]

τf

τf

Fr

Fig. 7 Comparison of frictional force effect (a) of fixed/floating die and
oscillating die arrangements on forging pressure (b). a Frictional effect on
die [51]. b Pressure-displacement diagram for die set-up [51]
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and Taguchi statistical analysis [59]. Feng and Hua [25] per-
formed an optimisation, minimising forging force and stroke,
for closed die forging of a helical gear of module 1.745 and 24
teeth using AISI-4120 steel. Although substantial scatter is
evident in the results, making it difficult to distinguish im-
provements in load, the authors claim that the optimisation
process reduces the peak forging force by 6% [25], using
computed optimal parameters of a billet temperature of
900 °C, friction coefficient of 0.05 and punch velocity of
30 mm/s [25]. However, reducing friction coefficient to such
a low value may be difficult in practical applications. A key

issue with optimisation methods in general is that results are
highly dependent on values of input parameters (such as
boundary conditions, constitutive relations and weighting fac-
tors) set by the user and often these are not accurately known.
Moreover, it is difficult to determine a global optimum as
opposed to converging to a local optimum. Thus, although
computer-based process parameter optimisation has the poten-
tial to be a promising method, it is a fairly new and somewhat
immature field, with further improvement expected with ex-
pansion in computational capacity and the generation of accu-
rate process and material data.

h
k

ri

rk

ro

rd

Flow divide 
position

Punch

Counter
-punch

Die

Relief Hole Diameter (Di)
Relief Hole Diameter (Di)

(a) Flow Restriction Principle [53]

(b) Pressure profiles for types 'k fixed' and 'k free', where k = mandrel 
protrusion distance [53]

(i) Pressure for k=1.5mm (ii) Pressure for k=0.5mm

Fig. 8 Concept of flow restriction
method (a) and effect on forging
pressure (b) for full die filling
with the types ‘k fixed’ and ‘k
free’. a Flow restriction principle
[53]. b Pressure profiles for types
‘k fixed’ and ‘k free’, where k =
mandrel protrusion distance [53]

Table 1 Comparison of each method (experimental results)

Working method Number Working conditions P * (MPa) h (mm)

k (mm) Di (mm) Dk (mm)

Process ‘R. A.’ 1 0 0 12 290 4.2

Process ‘R. H.’ 2 0 11 0 270 4.0

Type ‘k fixed’ 3 0.5 12 12 250 4.2

Type ‘k free’ 4 1.0 14 14 210 3.5

Type ‘R.H.-R.A. combined’ 5 0 8 12 250 4.1

Adapted from: [53]

Int J Adv Manuf Technol (2018) 97:2809–2833 2821



4.2 One step compared to two-step divided flow

A hot forged part is seldom made in one tool, and often, cold
forged parts are formed in more than one stage also. A method
proposed numerous times in the literature and first by Kondo
and Ohga [60], for reducing maximum force and promoting
full die filling, when forging a wide flat part, is to introduce
two stages in place of one, using either the relief hole or relief
axis method. Kondo and Ohga proposed utilising (i) the
closed die forging process to form a preform to specified di-
mensions and (ii) use either R.H., R.A. or flow restriction for
the second step. A diagram of such a two-step method is
shown in Fig. 11. Choi and Choi [7] investigated numerically
and experimentally a near-net shape forging utilising Kondo
and Ohga’s relief axis (R.A.) and relief hole (R.H.) method
which enabled the part to be formed without requiring addi-
tional machining. Qingping et al. [45] utilised a method of
divided flow, somewhat similar to the R.A. method to realise
lower overall loads in forging a bevel gear, as compared to a
regular closed die forging. Specific details of particular
implementations of two-step methods are discussed in this
section.

Ohga et al. [46], the researchers behind R.H. and R.A.
methods described in Sections 2.3.1 and 2.3.2, proposed using
a two-step method incorporating flow relief, as a way of
forming more complex components. This method is proposed
as a forming process for products with a complicated circum-
ferential shape, such as gears or splines. As described earlier in
Sections 2.3.1 and 2.3.2, R.H. and R.A. methods on their own
may not be entirely effective in forming a gear, as the complex
gear profile could result in the filling of the relief hole and axis
diameters before the gear teeth shape of the die is filled.
However, it is possible to incorporate both R.H. and R.A.

methods in a two-step process in order to achieve successful
die filling.

Utilising a two-step forming process to extend the applica-
bility of the R.H. and R.A. methods to complex shaped com-
ponents has been shown to require ‘lower forming pressure,
better filling ability and higher forming precision’ compared
to a traditional closed die forging [61]. Experimental results
obtained by Ohga et al. [46] using a two-step method in con-
junction with both the R.A. and R.H. methods are shown in
Fig. 12a, b respectively. They were obtained using a work-
piece with similar dimensions to those in Sections 2.3.1 and
2.3.2, and a hole of similar dimensions was used for both
experiments (a 12-mm-diameter hole used for the R.A. and
an 11-mm hole for the R.H. method). The plots of mean pres-
sure p vs. displacement (stroke) are shown in Fig. 12 and show
the maximum pressure obtained at the end of both the first and
second step (indicated by P1 and P2). In both cases, the pres-
sure in the first stage (closed die) is restricted to be below
300 MPa, following which the workpiece is formed using
either the R.A. or R.H. methods. In the second step, the
R.A. and R.H. methods produce differing pressure-stroke pro-
files. The R.A. method requires a shorter stroke of approxi-
mately 0.8 mm to achieve full die filling (indicated by the
black point), thus resulting in a thicker gear (i.e. less material
wastage). Conversely, the R.H. method requires well over
1 mm of stroke to achieve full die filling, possibly indicating
more material wastage.

As explained in Sections 2.3.1 and 2.3.2, forming pressure
varies with the diameter of the axis or hole. For the R.A.
method, an optimum diameter exists to minimise forming
pressure and for the R.H. method, forming pressure reduces
with increasing diameter. Therefore, in production, optimum
diameters should be chosen in order to maximise filling and
minimise the peak forming pressure in the two-step process.

Examples of experimental values obtained for the one-
step closed die method, the two-step method with R.H. as
well as two-step method with R.A., are shown in Table 2.
It can be seen that the maximum pressure required for the
two-step methods is approximately 50% of that for the
single step closed die method for the gear geometry stud-
ied. Furthermore, it can be seen that both P1 and P2

values for the two-step methods are similar. This is be-
cause trials conducted by Ohga et al. [46] indicated that
an increase in P1 resulted in a decrease in P2, and thus,
the optimum process (i.e. that which minimises the max-
imum pressure throughout the forming) is that in which
P1 and P2 are equal. It can also be seen that the R.A.
method produces components closer to that of the single-
step method compared to the R.H. method (i.e. taller sam-
ples). Therefore, it can be seen that the R.H. and R.A.
methods are equally effective in filling the die [46], as the
forming pressures are the same, with the main difference
being the final height of the component.

Final Billet Height (h)

Fig. 9 A comparison of forming pressure (P) and final forging height (h)
for the five methods shown in Table 1. Adapted from: [53]

2822 Int J Adv Manuf Technol (2018) 97:2809–2833



A two-stage process was also examined numerically and
experimentally by Zhang and Xie [62] for the superplastic
forming of bulk metallic glass spur gears, in which the central
hole is punched out with a mandrel. Three configurations were

studied (Fig. 13a): (i) a single-stage process with the mandrel
in the punch, (ii) a single-stage process with the mandrel in the
counterpunch, and (iii) a two-stage process in which ‘the billet
is compressed by a punch with short mandrel at the first stage,

(i) Flat tooth punch and counterpunch

Counterpunch

Toothed Die

Billet

Mandrel

Punch

(ii) Chamfered tooth punch and counterpunch

Chamfer

(a) Punch and counterpunch design [23]

Flat
Chamfer

(b) Simulation of completed tooth forging [23,54]

(i) Flat tooth punch and counterpunch (ii) Chamfered tooth punch and counterpunch

(c) Forging load comparison for different punch tooth designs [23]

Fig. 10 A comparison of the effects of flat and chamfered counterpunch and punch tool components on forging load. a Punch and counterpunch design
[23]. b Simulation of completed tooth forging [23, 54]. c Forging load comparison for different punch tooth designs [23]
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and then the central hole is formed by a punch with long
mandrel at the second stage’. An example of the formed com-
ponents with each stage is shown in Fig. 13b.

The results (Fig. 13c (i, ii)) show that the first stage of a
two-stage process requires significantly less load than a
single-stage process (i.e. about 12 vs. 20 kN for the single-
stage processes) [62]. FE results show that the second stage in
the process requires of the order of 2.5–3 kN, although a load
curve for the second stage was not provided in the paper.
Experimental results showed that the maximum loads in pro-
cesses A, B and C were 15, 12.8 and 12 kN respectively [61].
According to the authors, the forming loads of the three pro-
cesses are reduced by decreasing the forming strain rate, with
the disadvantage of increased forming time. However, it is
difficult to directly compare the final load values between
each method, as the component geometry varies depending
on the method used. For example, the two-stage forming pro-
cess appears to incorporate both the relief axis and k fixed
method presented in Section 2.3.2 which may serve to addi-
tionally lower the load.

Further work on two-stage processes was conducted by
Jung et al. [63] for the forming of helical gears where a spur
gear was first extruded followed by a second-stage extrusion
and torsion process to produce a helical gear. In this study, it
was found that helical gears can be produced with a forming

load of 57.5 kN while the traditional process required 330 kN
[62, 63]. However, in the study, the extruded gear from the
first stage was annealed and lubricated before continuing to
the second stage, which would affect results compared to a
single step process. Moreover, the load required to produce
the initial spur gear preform was not mentioned in the study
and hence a conclusion cannot be made on the overall per-
centage load reduction. In general, the principle behind multi-
step forming is that the tooling features can be optimised in
each stage to facilitate ease of metal flow and maximise yield.
Typically, the punch and counterpunch shapes are adjusted in
each step to promote beneficial material flow. For the case of
hot formed components, an intermittent reheat stage can be
introduced to reheat or anneal components before further de-
formation, reducing flow stress encountered in the deforma-
tion and thus reducing forming pressure required.

4.3 Incremental forming

Incremental forming techniques have the potential to form
components with lower loads than conventional bulk forming
[64, 65], as loads are applied to small segments of a workpiece
at a time. Several studies have been conducted into incremen-
tal forging, which demonstrates the advantages of forming
using a large number of small stages [66–71]. Orbital forging

(i) Preform

Step 1 - Forming Preform

(ii-b) 
Piercing/
Boring of 
Preform

(ii-a) 
Preform

Punch

Counterpunch

Die

Step 2 - Final Forging

(iii-a) Relief Axis 
Method

(iii-b) Relief Hole 
Method

Fig. 11 Two-step forming
process possibilities (adapted
from [46, 60])
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is a method of incremental forming in which the sample is
placed between an orbiting upper die which moves towards
the workpiece held in a stationary lower die, as shown in
Fig. 14 [65]. In this situation, the rotation of the slightly angled
upper die imparts a load on only a sector of the workpiece. As
the upper die nutates, it rolls around the workpiece deforming
it incrementally as it moves downward. Thus, the process is
effectively a sequence of deformations of small volumes, not
deformation of the whole bulk simultaneously.

This process has been applied to the forging of hubs, gears,
bearing rings and bearing-end covers [65, 69, 72], though no
evidence has been found of its application to the precision
forging of gears. A study on forging a sample mushroom-
shaped component has found that utilising the orbital forging
method can reduce the maximum punch load greatly, from
approximately 1900 kN to approximately 450 kN [65].
However, it has not been utilised in precision forging although
can be used for the net shape forging of components such as
synchro cones and dog teeth. An option to precision forge gear
teeth could be to utilise the incremental forming technique in
the first stage of a two-stage forming process, to form the bulk
of the product into near-net shape, followed by a small defor-
mation in a precision forging toolset. Orbital forging generally
is too slow for mass production of hot forgings but is practical
for automated cold forging.

4.4 The KOBO method

The KOBOmethod, named after its inventors Andrzej Korbel
and Wlodzimierz Bochniak [73, 74], can be applied to
forming processes such as forging, rolling and extrusion. Its
basic principle is that the tool (i.e. the die or the punch) is
oscillated in a direction other than the working direction of
the process. This causes the surface of the workpiece, in con-
tact with the die or punch due to friction, to also oscillate and
hence changes the course of the plastic flow [75, 76]. This has
the effect of changing the deformation mode from homoge-
nous fine slip into heterogenous micro-shear banding [77].
The importance of this change is that the ‘global hardening
rate falls to zero or even achieves a negative value’ [73, 78],
thus effectively ‘softening’ the material, improving forgeabil-
ity. A schematic of the method is shown in Fig. 15a [76].

(a) Relief Axis with relief diameter Di=12mm [46]

P1 P2

P1 P2

Displacement (mm)

Displacement (mm)
(b) Relief Hole with relief diameter Di=11mm [46]

Fig. 12 Two-step forging method utilising relief axis (a) and relief hole
(b) methods. Adapted from [46]. a Relief axis with relief diameter Di =
12 mm [46]. b Relief hole with relief diameter Di = 11 mm [46]

Table 2 Experimental
comparison of first step and
second step methods

Measurements Closed die
forging

Closed die with
relief axis

Closed die with
relief hole

Relief diameter (Di) (mm) 0 12 11

1st step pressure (P1) (MPa) N/A 248 245

2nd step pressure (P2) (MPa) > 500 248 245

Final height as % of closed die, (H) % 100 91 84

Adapted from: [46]
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(i) Upper mandrel process (ii) Bottom mandrel process (iii) Two stage forming process

(i) Upper mandrel process
(ii) Bottom mandrel process
(iii) First stage of two-stage 
process

(i)

(ii)(iii)

(i) Upper mandrel process (ii) Bottom mandrel process (iii) Two stage forming process

(a) Three divided material flow processes. 1- forging punch; 2 mandrel; 3 workpiece; 4 die; 
tubiform pad

(b) Examples of each process

(c) Comparison of forging load for the three processes 
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Studies have been conducted into the application of the
KOBO method to the hot forging of bevel gears from struc-
tural steel (containing 0.45%C) at temperatures between 600
and 950 °C [76]. In this study, both conventional and KOBO
forging were applied, with the KOBO method oscillating the
punch about its axis by ± 4o at 3 Hz. The external torque
applied to the punch and the punch load using the KOBO
method are shown in Fig. 15b [76].

For this particular case, conventional forging required
loads of around 7600–7800 kN, while KOBO forging re-
quired about 1850 kN [76]. This is a significant reduction to
less than a quarter of the force of conventional forging, while
the mechanical properties of the forgings were found to not
differ from that of conventional forging.

The benefits of applied torsion during forging were also
demonstrated by Matsumoto et al. [79]. In their study, the
forging load in cold upsetting was reduced by simultaneous
torsional oscillation at a maximum frequency of 1.5 Hz, su-
perposed by an axial load. The authors concluded that load
was reduced by 5% resulting from the heat generation and
subsequent temperature increase of the cold workpiece during
deformation and a 1° rotation. Moreover, for tests with signif-
icant torsion (1700° rotation), the forming load was reduced
by approximately 80%.

4.5 Load pulsation

The load pulsation method involves the axial vibration of
tooling components during the forming stroke with the aim

of reducing friction and load [80, 81]. During traditional
forming, large workpiece deformation results in lubricant thin-
ning at the tool/workpiece interface and hence an increase in
friction and forming load. In the work performed byMaeno et
al. [82], a reduction in friction and forming force was achieved
when forming an aluminium plate of dimensions 10 mm di-
ameter and 2 mm thickness between an oscillating upper die
(punch) and lower die (counterpunch).

The principle of operation of the load pulsation method is
as follows. During deformation (Fig. 16a), the friction hill
results in pressure being greatest near the centreline, and thus,
the upper die (punch) and lower die (counterpunch) are elas-
tically deformed in a concave manner, with the workpiece
plastically deforming into a convex shape. However, when
the forming load is releasing mid-stroke, elastic recovery be-
tween the tools and workpiece occurs resulting in a minute
gap forming at the outer edges of the contact interface. By
utilising a continuous supply of lubricant, some of this lubri-
cant enters this gap effectively re-lubricating this region.
Repeated incremental deformation and load relaxation results
in continuous re-lubrication of the workpiece throughout the
entire stroke, thus maintaining the friction coefficient at the

Workpiece

Oscillating punch

Fixed die

(a) KOBO forging method

(b) KOBO forming path, moment and force

Fig. 15 KOBO forming method and the experimental results [76]. a
KOBO forging method. b KOBO forming path, moment, and force

Fig. 14 Open-die orbital forging [65]

�Fig. 13 Tool and process design to reduce forging force during two-stage
process [62]. a Three divided material flow processes. 1—forging punch;
2—mandrel; 3—workpiece; 4—die; tubiform pad. b Examples of each
process. c Comparison of forging load for the three processes
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(a) Load reduction by pulsation

(b) Variations of coefficient of friction with stroke

no load pulsa�on

load pulsa�on 
(4 oscilla�ons)

(c) Variation of compressive load with stroke
Fig. 16 Load pulsation method [82]. a Load reduction by pulsation. b Variations of coefficient of friction with stroke. c Variation of compressive load
with stroke
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interface within controlled levels, as shown in Fig. 16b. The
authors have demonstrated that utilising this method with six
load pulsation oscillations, for an overall stroke of 1.9 mm,
each with a 0.15-mm upstroke followed by a 0.23-mm down-
stroke, the forming force can be reduced by approximately
50% from 300 to 150 kN as shown in Fig. 16c. A similar force
reduction effect was also confirmed in studies involving fer-
ritic stainless plate [83] of 3 mm thickness and 14 mm in
diameter and in processes such as backward extrusion [84].

While a significant force reduction can be achieved
utilising load pulsation, the process is only effective due to
the continuous re-lubrication of the tool/workpiece interface.
For forming operations that do not utilise any lubricants, this
method would be ineffective. Moreover, existing literature has
focused on a limited range of workpiece geometries such as
sheets and plates, and thus, further study is required on the
effectiveness of this method on larger thickness workpieces.

5 Discussion

All the methods presented in this paper have been studied in a
scientific context, and it is evident that advantages and draw-
backs relate to each one regarding its industrial viability and
this is discussed below. Examples of percentage reduction in
load are given for most methods as a guide. However, no
examples of the same part being made by different methods
exist, so that an exact comparison of process characteristics
cannot be made.

The methods classified under workpiece design are as fol-
lows: (i) preform optimisation, (ii) relief hole and (ii) relief axis.
Commonly, preform optimisation is used to eliminate defects
for example, folding, to produce desirable flow patterns, or to
maximise yield or to enhance microstructure. For hollow parts,
using a hollow preform in the finishing die will reduce load
compared with a solid one as used in conventional hot forging,
as the high pressure required to forge a thin central web (to be
pierced out later) is eliminated. Figure 17 shows a forged hol-
low automotive gear with synchro cone and dog teeth.
Extrusion of the cone facilitates dog teeth formation as it acts
in a similar way to a relief axis and a moveable die enhance
lower tooth point formation [85]. While preform optimisation
is effective for these objectives, its utility in terms of reducing
maximum load encountered in a traditional closed die forging
operation is unclear, as unless a hollow one replaces a solid
workpiece, or by using one, a significantly different flow pat-
tern in the finishing die results, the same final load will be
required for final filling regardless of initial workpiece shape,
assuming that the material does not strain harden, maintains a
constant temperature throughout the process and no metallur-
gical changes occur during a two-stage process. Preforms are
typically designed based upon experience, whereas the
methods presented in the literature here use scientific methods

such as neural networks and statistical loss functions [33,
35–38]. In the literature, these have been demonstrated to be
able to reduce maximum loads encountered during forging and
minimise waste material. These methods can seemingly be ap-
plied to a wide range of parts, with no obvious disadvantage
other than a preform being costlier, due to prior manufacturing
operations required to produce the preform shape compared to
standard supplied billet material, but this is compensated for by
increased yield and, often, improved die life. Two common
issues with optimisation studies are as follows: (i) many are
based upon optimising a user-defined geometry, where a de-
signer’s first choice of input shape affects results, so the results
are biased, and (ii) it is uncertain if an optimisation results to an
overall global optimum or converges to a local optimum close
to the input conditions.

The relief hole method [22] has been demonstrated to reduce
load in gear forging by enabling both radially inward and out-
ward flow simultaneously. While it has been shown to be very
effective in reducing forming load, the consequences of this
method are as follows: (i) material wastage, should a hole be
drilled or pieced in the workpiece, although this will have to be
done for most finished gears; (ii) additional preform operations,
should the hole be produced by extrusion and piercing of the
workpiece; and (iii) limited applicability to shapes which have a
complex outer shape (i.e. gears with long teeth), as the material
would be more prone to filling the central hole than filling the
outside shape. Moreover, its applicability is limited to compo-
nents which have a centrally located hole, as it cannot be used to
forge solid parts. In addition, the central hole which remains
after forging would not be perfectly concentric within the part,
perfectly circular or of constant diameter requiring additional
machining and a further operational step in production, al-
though this is preferable to producing a hole in a solid part.

Fig. 17 Helical spur gear with synchro cone and dog teeth forged from a
hollow preform in a completely closed die cavity [85]
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Although strictly a method of tooling design, an extension
of the relief hole principle involves restricting the inwards
flow through the use of a protruding stud [53]. This has the
effect of improving the corner filling issue with complex ex-
ternal shapes present in the relief hole method alone.
Utilisation of this requires additional mandrels which may
be moveable depending on the particular implementation of
R.A. chosen, hence increasing complexity and tooling cost.

The relief axis principle [21, 22] can be classified as both a
workpiece and a tool design method, as it requires modified
tooling as well as utilising the relief hole method. Numerical
and experimental investigation has proven the method to re-
sult in comparably less material wastage and a lower load than
relief hole. It largely has the same advantages and disadvan-
tages as the relief hole method, at the expense of slightly more
complex tooling. Moreover, the relief axis method has the
potential to produce solid components with a small integral
shaft, although more efficient processes such as heading from
a long bar are recommended for integral shafts. Similarly to
use of the relief hole method, limitations exist when using the
method to produce parts with a complicated external shape
(e.g. gears) as there is the potential to promote inwards mate-
rial flow than outwards due to the presence of a central hole.
This can be alleviated by variants of the R.A. method such as
type k free and type k fixed.

Methods of force reduction involving tooling design in-
clude the following: (i) punch and counterpunch design, (ii)
floating or axially driven dies which can control the vertical
direction of friction, (iii) flow restriction to restrict radially
inward flow and (iv) chamfered punch/counterpunch.
Variations in the tooling arrangement resulting in reduced load
are commonly known. Studies in gear forging have shown
that utilising a moving die as opposed to a fixed die can reduce
the overall load by 21%, due to reduced friction between the
workpiece material and the die [23].

Varying the profiles of the punch and counterpunch has
been examined, with a W-shaped punch and inverted V-
shaped counterpunch being used as opposed to flat surfaces
for gear forging with the result being minimised barrelling,
thus more effective corner filling of the die cavity [49].
Although its effect on final filling load is uncertain, the
method appears to be effective at its aim of improving
corner filling, while requiring only modest redesign of
tools. However, the usefulness of this method may be lim-
ited in practice by specification of forged shape. It has also
been shown [50] that using a bi-directional forging with
driven punch and counterpunch can reduce the working
load in a similar way to using a floating die. In this ar-
rangement, the moving punch and counterpunch frictional
effects act towards the mid-height of the component, as-
suming shape symmetry, from the top and bottom surfaces,
thus effectively halving the peripheral area over which it
acts. Obviously, this set-up adds to tooling cost.

Specifically in the case of gear forging, utilising a chamfer
or angle on the punch and counterpunch to provide a compen-
sation space substantially reduces the load required to fill the
corners of tooth tips, with a load reduction of 39–49% ob-
served [23]. The chamfered punch and counterpunch compo-
nents would cause the axial forging load to have a force com-
ponent in the radially outward and upward direction, thus
aiding flow into the corners. This method is attractive, as no
changes to the equipment other than simple modifications to
the punch and the counterpunch are necessary. An obvious
downside to this method is that an additional post-forging
machining process is necessary to remove the excess material.

Studies into independently oscillating the die axially at fre-
quencies in the region of 0.1 Hz, intended to reduce the fric-
tional force, have been shown to reduce punch pressure sub-
stantially [51, 52]. Such a method requires an oscillating mech-
anism, adding complexity to the toolset. Moreover, it is likely
to be applicable only to parts with a constant cross section
along their axis, such as shafts or spur gears. Applicability to
parts with a changing cross section (i.e. helical gears) may be
limited by the increased complexity to the tooling as this would
require the die to oscillate with helical motion.

Presented process design methods are as follows: (i) pro-
cess parameter optimisation, (ii) multi-stage forming, (iii) in-
cremental forming and the (iv) the KOBO and (v) load pulsa-
tion tool oscillation methods. Process parameter optimisation,
similar to preform optimisation, is something which is often
experience-based in practice. The studies presented in this
paper describe scientific methods of optimisation which have
the potential to ensure that the most of the process parameters
are optimised on any occasion [25, 58]. In terms of reducing
forming load, the optimisation of parameters such as ram
speed and temperature holds promise in promoting full filling
of complex parts. However, more study is needed to determine
whether the methods can effectively and reliably reduce the
overall load for a range of formed component shapes.

Multi-stage forming, by producing an optimised preform to
the finishing die, is commonly used to form components with
complex shapes which if made in one operation would either
contain flow faults or result in low material yield. However,
the literature presented here demonstrates that by utilising
multi-stage forming, load can be substantially reduced com-
pared to a single-stage, with studies claiming reductions of
60–80% [62, 63] for the geometries used. Two-stage forming
has been examined in conjunction with the relief hole and
relief axis methods, enabling full filling of a gear die with
relatively low punch pressure. The optimum existed where
the maximum pressure in the first and second stage was equal
[46] although the technique was only examined for forged
disc shapes.While a large number of publications have proven
the effectiveness of a multi-stage forming at reducing forging
load, such a method is not without caveats. Utilising this re-
sults in substantially increased tooling cost, as, for mass
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production, wide bed presses for the multi-stage tools, and
normally, automated in-press handling is required. In addition,
for cold forging processes, often interstage workpiece anneal-
ing is necessary to eliminate work hardening, followed by re-
lubrication.

Incremental forming, such as orbital forging, is a classical
technique and has a proven effectiveness in lowering average
load, as pressure is applied only to a small portion of the
workpiece at any time; reductions in load of over 70% have
been observed in research [65]. However, although this meth-
od has been applied to forging of hubs, gears, bearing rings
and bearing-end covers, little study has been performed on the
precision forging of components such as gears. In addition, the
slowness of orbital forging does not favour it for hot working
operations.

The KOBO method operates by rapidly oscillating the tool
(i.e. the punch) in a direction different to that of the forging
direction. By changing the mode of deformations, the harden-
ing rate of the material is greatly reduced [73, 78], thus reduc-
ing the overall working force. According to the inventors, this
method can reduce forming loads by approximately 75% [76]
for forged bevel gears. Utilisation of this method requires
installation of an additional high speed drive which can oscil-
late the tool at a frequency in the range of 3 Hz [76].
Depending on the size and shape of the component being
produced, this method may not be entirely practicable.

In contrast to the KOBO method, the load pulsation meth-
od operates by oscillating the punch and counterpunch in the
same direction as the forging direction. The cyclic unloading
of the deformed workpiece results in elastic recovery of the
tools enabling re-lubrication of the high workpiece deforma-
tion regions [82–84], thus reducing the overall working force.
For the forging of plates, this method has demonstrated a load
reduction of up to 50% [82] compared to non-oscillating tools.
The method is limited to operations utilising lubricants, and
the effectiveness on large thickness workpieces and complex
profiles is yet to be determined.

6 Conclusions

A review of the methods available suggests that an effective
means of reducing forging load is to combine a flow restric-
tion method in conjunction with relief hole and a moving die
toolset incorporating a chamfered punch/counterpunch.
Results obtained for the reviewed methods suggest that load
reduction could be by over 60%. However, the selection of
any method, or combination of methods, to reduce forming
loads and pressures or increase filling in the tool is highly
dependent on the geometry of the component to be formed
as well as industrial constraints such as productivity, material
utilisation and dwell time and thus there is no single method
usable for all situations.

Therefore, it is difficult to directly compare the methods for
load reduction in precision forging and quantify the benefit of
individual methods, since different workpiece/test-piece ge-
ometries were used in the various studies reported in the liter-
ature. Benchmark tests should be designed for different load
reduction methods, which would enable a direct comparison
and suitable recommendations to be made for individual
applications.

Thus, it is of the authors’ opinion that in the future, the
development of an expert software system, enabling a user
to upload their component shape geometry and processing
parameters, would allow a comparison to be made with each
of the reviewed load reduction methods. In this way, a recom-
mendation can be made for the best individual or combined
load reduction method to assist the user in selecting an appro-
priate tool design arrangement and billet geometry.
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