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Abstract Cross wedge rolling is a forming technology

that offers a lot of advantages: No flash occurs, cycle times

are low, lubricants are not necessary and the machines are

easy to automate. Currently, cross wedge rolling is applied

at hot temperatures only. An adaption of this technology to

warm temperatures (about 500–950 �C) can increase the

geometrical spectrum of warm forgings. The advantages of

warm forged parts in comparison to hot forged parts are

closer tolerances, reduced surface roughness, no scale and

reduced decarburization. To apply cross wedge rolling at

warm temperatures, the possibilities of defects e. g. internal

voids and improper formed work pieces must be analysed.

This paper describes the development of a warm cross

wedge rolling process with one area reduction. The paper

also includes results of finite element analysis (FEA),

experimental trials with a downsized work piece and the

adaption to the industrial work piece in original size. In the

FEA simulations tools with serrations on the side have

been used. The downsizing method is explained and the

difference between FEA, downsized and originally sized

work piece with the focus on forming forces, temperature

distribution and defects are presented.

Keywords Warm forming � Cross wedge rolling �
Finite-elements-analysis � Downsizing

1 Introduction

In modern business, the efficient use of resources, the

optimization of processes and managing costs are key

competitive factors. In the metal forming industry the

pressure of competition is constantly increasing and the

implementation of these competitive factors is important

for staying in business.

Many automobile components, e. g. for engine, power

train and chassis, are high duty parts with high require-

ments concerning mechanical properties and quality. They

are mostly produced by forging. The standards for these

parts are permanently increasing, thus the products and

processes in forging also have to fulfil rising demands.

Additionally, the globalization of economic life has

intensified the suppliers’ competition. The increasing pri-

ces for energy and steel cause the manufacturers to reduce

these cost factors. Next to the costs, another challenge is to

meet the ecologic demands for the reduction of energy and

material [1].

2 State of the art

2.1 Warm forging

The majority of parts made of steel are hot forged at

temperatures between 1,000 and 1,300 �C. The main dis-

advantage of this temperature level is the occurrence of

scale, which leads to bad surface qualities and a waste of

valuable material. Additionally, scale exerts a negative

influence on the durability of the tools. This can be avoided

by using warm forging processes. Warm forging is an

economical alternative to the conventional hot forging

technology. Warm forging offers several advantages:
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• closer tolerances, IT 8 to IT 9, improving the material

utilization and decreasing the allowances for subse-

quent machining operations,

• reduced surface roughness (less than 20 lm),

• no scale, reduced decarburization improving the prod-

uct quality and

• reduced energy input.

There are numerous definitions for the warm forging

process of steel. They all have in common that the tem-

perature range is considered to be approximately

600–900 �C. According to one of the latest definitions the

warm temperature field of the forging method impact

extrusion is between about 500 and 950 �C [2]. This tem-

perature range is limited by major material specific prop-

erties, e. g. flow stress, fracture strain and scale formation.

The lower limit of the temperature range is given by a

significant increase in flow stress and a decrease in form-

ability of material. The upper limit is set by an increase of

scale formation and decarburization, which has a negative

impact on the final work piece surface quality [3–5].

The geometrical spectrum of warm forged parts is lim-

ited. The more the mass distribution varies along the lon-

gitudinal axis, the more forging operations are necessary,

as the tool material can only withstand limited loads.

Additional forming operations cause a negative impact on

the achievable tolerances. This is caused by cooling in each

forming step [6].

2.2 Cross wedge rolling

Cross wedge rolling (CWR) is a metal processing tech-

nology, to plastically deform a cylindrical billet into an

axis symmetrical part by two tools, which are moving

tangentially relative to the work pieces main axis. Wedges

are the shaping elements on the tools. Shafts with tapers,

steps, shoulders and walls with almost no draft can be

produced using the CWR technique [7, 8]. CWR processes

offer several innovative and unique features over tradi-

tional machining, forging and casting operations. These

features include [7, 9]:

• higher productivity/low cycle time,

• higher material utilization,

• high area reductions in the cross section of the work

piece,

• improved environmental conditions,

• simple machine concept and

• less energy consumption.

Despite these advantages, the CWR process has not been

widely accepted throughout the manufacturing community

[10]. This can mainly be attributed to complexities

involved in CWR-tool design. The design of CWR-tools is

difficult, because of failure mechanisms that can lead to

defects being encountered during the CWR process. These

defects can be improperly formed cross section of work

piece, surface defects and internal defects [11].

A typical CWR-tool consists of three or four zones.

These are knifing, guiding, stretching and sizing zone.

Further main geometric tool characteristics are the forming

angle a and the wedge angle b. In Fig. 1 these angles are

shown on a three-zone CWR-tool.

Industrial forming angles are defined between 25� and

35�; wedge angles are mostly selected from 7� to 9�. A

larger wedge angle (e. g. 9�) reduces the tool length and

hence, the tool mass as well. The deformation of the work

piece diameter before rolling d0 and after rolling d (see

Fig. 2), can be described using the parameter area reduc-

tion DA. This parameter can be calculated as follows [12]:

DA ¼ A� A0

A
¼ 1� d

d0

� �2

According to Lange [13] cross wedge rolling machines

can be divided into three configurations. The criterion for

this classification is the shape of the tools:

• two convex curved rolling tools, mounted on two round

rollers rotating in the same direction

• flat rolling tools, with a linear movement

• one convex rotating tool and one concave curved

unmovable rolling tool

Xiong [14] conducted research concerning the effect of

warm CWR at about 680 �C to the microstructure of high

carbon steel rods made of a Fe-0.8-1Cr alloy. Results show

a fining of the microstructure near the surface with

cementite particles between 0.1 and 0.2 lm and an

improved material flow in this area. Measurements of the

mechanical properties show a low decrease of strength in

the cross section of the billet. Details about the CWR

Fig. 1 Geometric CWR-tool parameters of a single wedge tool
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process and a design procedure for industrial application

are not presented.

3 New warm forging process chain

To combine the advantages of warm forging and cross

wedge rolling a new process chain is developed in the EC-

founded project ‘‘DeVaPro—Development of a Variable

Warm Forging Process Chain’’. In this project, a common

hot CWR-process is adapted to the special requirements of

warm forming. This preforming operation allows a wider

mass distribution in one step in comparison to die forging.

Furthermore, an intermediate heating operation is inte-

grated in the process chain to compensate temperature loss.

The following process chain configuration results: cutting,

preliminary heating (induction), CWR, intermediate heat-

ing (induction), forging, trimming and cooling (see Fig. 2).

In the project DeVaPro a steering link, which is a long

flat part, was chosen as a sample part. Long flat pieces are

according to the definition of SPIES [15] part of shape class

3, parts with pronounced longitudinal axis. Additionally,

the work pieces are not axially symmetric to the longitu-

dinal axis and have subsidiary elements. The steering link

is a typical long flat piece and its forging sequence is

shown in Fig. 2. The material of the steering link is a micro

alloyed steel 38MnVS6. It is used for the development of

the forging sequence, FEA and experimental CWR-analy-

sis (Fig. 3).

4 FEA of forging sequence

4.1 Simulation model

FEA with the simulation software FORGE 2009 are used to

investigate the effect of lower temperature during the

rolling and forging processes, in comparison to hot forging.

The approach is to use tools with serrations in the simu-

lation and standard parameters (boundary conditions)

concerning friction and thermal coefficient. No lubrication

is used during cross wedge rolling of steel. So the friction

factor l = 0.4 and the friction module m = 0.8 have been

chosen. Environmental temperature of 20 �C (still air) and

tool temperature of 100 �C have been selected.

The cross wedge rolling tools (single wedge geometry)

have been designed using the CAD-software Pro/ENGI-

NEER and have been implemented in the FEA-program (see

Fig. 4). The tools are symmetric. So, only one symmetric

tool half is integrated in the simulation model, in order to

reduce computing time. These tools are equipped with ser-

rations on the side area (depth: 0.36 mm) to increase the

friction between work piece and tool. The simulation model

and details of the serrations are illustrated in Fig. 4.

The mash size is set to 2 mm for the work piece and

5 mm for the wedge tool. At the serration, the mash size is

adjusted manually, due to the complicated surface

geometry.

4.2 FEA-results

For the FEA three temperatures are chosen: 850 and

950 �C in the warm temperature field and 1,250 �C in the

common hot temperature field as reference. The main focus

is on the rolling forces, defects and the temperature dis-

tribution, because these are the most important parameters

in forging industry.

The mass distribution of the rolled billet (original and

downsized dimensions) in the forging sequence is para-

meterized and shown in Fig. 2 relating to Table 1.

This billet shape allows minimum flash occurrence after

final forming (see final forming in Fig. 2). The area

reduction DA of this billet is 50 %. For the new cross

wedge rolling process an optimum design of the rolling

tools (flat wedge tools) is derived from the billet geometry

(see Fig. 1). The wedge angle b is iteratively varied

between the maximum of 9� and the minimum of 5�.

Criteria, to be met, includes a minimum wedge length, with

the purpose of reducing temperature loss and a rolled billet

free from structural defects. The optimum wedge angle b is

found at 7� with a forming angle a of 25�.

To identify the effect of lower temperatures on the load

of the rolling machine, horizontal and vertical rolling for-

ces have been analysed for the CWR-process in original

Fig. 2 Geometric parameters of work piece

Fig. 3 Warm forging process chain of DeVaPro
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size (100 %). The simulations show that the maximum

horizontal force increases from 20 kN (1,250 �C) up to 50

kN (950 �C). At 850 �C the horizontal force is 60 kN. The

maximum vertical force increases from 60 kN (1,250 �C)

to 140 kN (950 �C). In general, the horizontal force is

about a third of the vertical force.

5 Downsized cross wedge rolling process

Experimental trials have been performed to verify the FEA

simulations and to investigate defects of the work piece. To

margin technical and monetary effort of the experimental

equipment the wedge and work piece geometry have been

downsized. The challenge is to represent the original pro-

cess. The most essential criterion during the downsizing

procedure is the surface-volume-ratio. This ratio has a

significant impact on the temperature distribution in the

work piece. Figure 5 shows the surface-volume-ratio of the

raw part and the rolled work piece at geometrical sizes

between 20 and 100 % in steps of 10 %.

The flow stress has a high impact on the forming char-

acteristics of a material and depends on the temperature

significantly. So, the temperature distribution in the

downsized model must be qualitatively equal to the origi-

nal process, to represent similar forming characteristics.

The approach is to size the geometrical parameters length,

width and breadth in 20 %-steps down to 40 % using FEA

and select an expedient compromise, with regard to the

similarity of the temperature distribution in the work piece.

An adequate compromise was found at a size of 60 % (see

Fig. 6). The differences in temperature distribution

between the rolled originally sized work pieces (100 %)

and downsized work pieces (80 and 60 %) are only slight;

at 40 % size a large aberration can be seen (see Figs. 6, 7).

In all cases rolling time is about 1.5 s and is between

industrial approved CWR times of one or two seconds.

Figure 7 presents the temperature distribution along the

centreline of one symmetric half of the work piece, directly

after rolling. In this diagram the dimensions of the down-

sized work pieces are adjusted to the same length for a

better comparison. All four work piece sizes have in

common that the temperature is increased in the work

pieces centre. The initial work piece temperature is 950 �C

and at the sizes of 60, 80 and 100 % the temperature

increases to values between 975 and 980 �C. At 40 % size

it is only 960 �C. At the surface of the work piece the

temperature values are equally to the initial temperature for

all sizes.

Further significant forging parameters are the deforma-

tion degree and stress in the work piece. For all work piece

sizes the deformation degree at the beginning of the

Fig. 4 Simulation model for

FEA and detail of serrations on

the wedge side

Fig. 5 Surface-volume-ratio of raw part and rolled work piece at

different sizes

Table 1 Geometrical parameters of work piece in original and 60 %

size

Parameter Original size

(mm)

60 % size

(mm)

Diameter of cross

section

d 30 18

Diameter of raw material d0 42 25

Length of work piece L 188 113

Length of inner cylinder LI 62 37

Length of side area LII 13 8
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stretching zone and the VON MISES stress have been ana-

lysed and a high similarity has been found (see Fig. 8).

The chosen downsizing ratio of 60 % provides the rep-

resentation of the developed CWR-process in original size

by the downsized CWR-process. The temperature distribu-

tion of the downsized work piece is comparable to the ori-

ginal size, deformation degree and VON MISES stress are

almost the same and the geometrical dimensions are suffi-

ciently reduced, to achieve an adequate economic level. The

maximum horizontal force at 60 % size and 950 �C is 19 kN

and the maximum vertical force is 52 kN. So, small standard

components e. g. hydraulic cylinders and hydraulic power

units can be used for the new experimental CWR-apparatus.

6 Experimental CWR analysis

The aim of the experiments is the applied investigation of the

effect of different temperatures and wedge configurations on

Fig. 6 Temperature

distribution of billet at different

sizes (initial temperature:

950 �C, DA = 50 %,

a = 25�, b = 7�)

Fig. 7 Temperature distribution along centerline of work piece at

different sizes in FEA (initial temperature: 950 �C, DA = 50 %,

a = 25�, b = 7�)
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the CWR-process. The downsized work piece and tool

geometries (60 %) are used for the experiments.

The experimental equipment is integrated in a hydraulic

press of the manufacturer NEFF with a maximum force of

6,300 kN at IPH. The wedge tools are designed in a flat

wedge configuration and are moved linear by the force of two

hydraulic cylinders. This experimental equipment configu-

ration is much simpler and more economical in comparison

to a cross wedge rolling machine with two round rollers.

The wedge fixture allows mounting of different wedge

tools, in order to test different wedge geometries. Two

hydraulic cylinders (maximum force: 50 kN each) are

connected with bearing blocks to the wedge fixture and

execute the forming force. Hence, the direction of the

hydraulic cylinders and the forming force are in the same

plane. Thereby, shear force and negative torque are avoi-

ded. The bearing block allows clearing in the case of

overturning. To record the forming forces between wedge

fixture and hydraulic cylinder, force probes are mounted.

The upper system of the experimental equipment is equal

to the lower system and is mounted to the press ram

directly. Lower and upper systems compose the complete

experimental equipment (see Fig. 9).

The distance between the wedge tools implicates the

area reduction of the work piece and is controlled by the

press ram. Therefore, different area reductions can be tes-

ted by moving the press ram before a rolling operation.

In the experimental trials the following parameters were

chosen (Table 2):

The measured data of rolling forces, which occur in

horizontal direction in the downsized process (size: 60 %)

at 850, 950 and 1,250 �C are shown in Fig. 10. The max-

imum horizontal force increases beginning from 14 kN

(1,250 �C) up to 32 kN (950 �C). At 850 �C the horizontal

force is 37 kN.

So, the horizontal forming force is more than doubled

(plus 229 %) by decreasing the work piece temperature

from the common hot forging temperature 1,250 �C to

950 �C. This increase of force is caused by the increasing

flow stress of the material at lower temperatures. By

decreasing the work piece temperature from 1,250 �C to

850 �C, the force increase is about 264 %. The increase of

Fig. 8 VON MISES strain and

deformation degree in FEA at

different sizes at the beginning

of the stretching zone (initial

temperature: 950 �C,

DA = 50 %, a = 25�, b = 7�)
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these forces is typical for warm forging processes and

equal to those.

The effect of the area reduction DA to the forming force

is insignificant: it varies about 2 kN between all tested area

reductions of 40, 50 and 60 %. This seems to be illogical,

because more material is formed and this fact cannot be

explained with certainty. So, the authors conclude, that

from the geometrical CWR-process parameters only the

wedge angle a, the forming angle b and the raw material

diameter d0 have a significant influence on the horizontal

forming force.

7 Validation of measured temperatures and forces

at different work piece sizes in FEA and experiments

The difference between FEA, experimental trials for the

downsized and the original CWR-process is analysed, with

regard to the temperature distribution on the surface and

the forming forces.

Using an infrared camera, the temperature of the work

piece was measured over the whole length directly after

rolling at orginal size (100 %) in the process chain and at

downscaled size (60 %) for the initial temperature 900 �C

(measurements at 850 and 950 �C are too inaccurate and

not presented). The temperature distribution measured at

100 % is a little lower than at 60 % size. The measure-

ments have more up- and downturns than in the FEA,

where the curves are more plane. The upper peaks of the

measured curve at 60 % size are up to 50 �C lower than in

the simulation. The upper peaks of the measurements have

around 5 �C difference to the simulation. A difference of

50 �C at 900 �C initial temperature is about 5.5 % and is

tolerable. Comparing the curve measured at 100 % size

with the simulation at 100 % size a minimum difference of

10 �C (1.1 %) and maximum difference of about 100 �C

(11.1 %) are identified. The temperature distributions are

presented in Fig. 11 and the length of the downsized work

pieces are stretched to the same length of the work piece in

original size, to allow a better comparison.

To conclude, the average of all four curves in Fig. 11 is

around ±50 �C (±5.5 %) distant to each curve. This is

tolerated, because in this case temperature measurement is

not trivial: Different factors, e. g. surface properties of

work piece, inhomogeneous temperature distribution, tol-

erances of furnace and thermo camera can influence the

results negatively. More precise measurements can be

done, however especially the monetary effort increases

then and this was not possible in the project.

The measurement of the horizontal force in the experi-

mental trials (60 % size) includes an additional force,

which is caused by the friction between the tool and the

guiding plate. After subtracting this additional force, the

force in horizontal direction is about 20 % higher than in

the FEA at an initial temperature of 950 �C (see Fig. 12).

One assumption for this difference could be the used

Fig. 9 Experimental equipment

at IPH

Fig. 10 Measured horizontal forming force (size: 60 %, DA = 50 %,

a = 25�, b = 7�)

Table 2 Parameters of experimental analysis

Parameter

Work piece temperatures 850/900/950/1,250 �C

Tool geometries 1. a = 25�, b = 7�
2. a = 25�, b = 5�
3. a = 30�, b = 7�

Area reductions 40/50/60 %

Tool temperature 100 �C

Material 38MnVS6

Rolling times 1/1.5/2 s
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material models, which are well investigated for forging,

but not for CWR. Furthermore, the friction in the slide

bearing is different from the technical data sheet. The

shape of the force-stroke plot in FEA and experimental

trials have a high similarity. The arithmetical average of

five measurements is calculated and presented in Fig. 12.

At 850 �C the measured force in horizontal direction is

10 % higher and at 1,250 �C it is 24 % higher than in the

simulations.

These force differences up to 24 % between simulation

and measurement can be accepted, because based on IPH’s

experience much higher differences can occur e.g. in die

forging simulations, although optimal parameters (e.g.

friction coefficient) have been used. On the other hand, this

shows the importance of experimental tests to identify

exact forces, if required. Parameters e.g. friction coefficient

and heat transfer setting were varied in order to improve

the simulation results concerning the forces. Nevertheless,

no reasonable improvements were reached.

The temperature distribution and the horizontal forming

force of original and down sized model are compared with

FEA-results and the measurements of the experimental trials.

This model can be used for new CWR processes as a first

approach. The temperature measurement should be improved,

if differences of about 11 % are not allowed. Process forces

have to be measured experimentally in addition to the FEA or

can be adjusted according to the achieved results.

8 Material analysis

8.1 Defects (internal voids)

The parts rolled with different tool geometries, using three

forging temperatures and three levels of area reduction (40,

50, 60 %) have been examined in order to determine the

influence of the rolling parameters on microstructure and

mechanical characteristics.

A special attention has been paid to the formation of

internal defects such as voids and cracks induced by the

onset of Mannesmann effect, which influence the forged

parts negatively [7, 12]. From all the parts tested just two

were found with internal defects (elongated voids, in the

symmetry axis). These defects appear in the middle zone of

the parts, due to the large stretching efforts reached during

deformation process. Both of the parts belong to the

parameter set tool geometry b = 5�, a = 25� and 60 %

area reduction. The rolling temperatures for these two parts

were 850 �C (see Fig. 13) and respectively 950 �C.

This analysis shows that the tool geometry and the area

reduction are the main factors, which can induce internal

elongated voids rather than the value of temperature. Void

formation is more supposable at lower rolling temperatures.

For the CWR-tools used in the process chain at 100 %,

the wedge angle 7� and forming angle 25� have been

selected alongside with the area reduction 50 %. The rolled

work pieces at 850, 900, and 950 �C have been analysed

and no internal voids have been found.

The surface quality in the middle section of the work piece

is improved by increasing the rolling time. Best results were

achieved at rolling times of 3 s: Spiral groves, which would

occur at rolling times of about 1 s are not identified.

8.2 Mechanical properties

TACA [16] investigated the mechanical properties of the

rolled work pieces. A good compromise between the

Fig. 11 Comparison of temperature distribution measurement and

FEA-calculation after rolling at 60 and 100 % size (initial temper-

ature: 900 �C, DA = 50 %, a = 25�, b = 7�)

Fig. 12 Comparison of measured and calculated force in horizontal

direction at 60 % size (initial temperature: 950 �C, DA = 50 %,

a = 25�, b = 7�)
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strength properties (tensile strength and 0.2 offset yield

strength) and the impact properties was reached by using a

rolling temperature of 900 �C. The moderate tensile charac-

teristics (about Rm = 850 and Rp0.2 = 520 MPa) above the

minimum target values (Rm = 800 and Rp0.2 = 520 MPa) are

accompanied by values of impact energy over 50 J. The

microstructure is fine, consisting of ferrite-pearlite grains and

just the inclusions (especially manganese sulphides) create a

slight orientated aspect. At 900 �C, the steel 38MnVS6 has

excellent workability, rare cracks, good ductility; the defor-

mation can be done with higher strain rates and heavy

reduction. Considering the shape of engineering tensile curves

(stress–strain), the material has the following behaviour: very

short range of uniform plastic deformation (elongation,

without necking) until the maximum load. This indicates a

high tendency of the materials to reach local plastic defor-

mation in the very early stage of the process.

The conclusion is: up to a value of about 60 % local

plastic deformations, no significant defects appear in the

material under tension. Fatigue cracks were initiated on

external points of the specimens and developed to the

centre, reducing the cross section area and inducing the

final fracture. 38MnVS6 steel shows a uniform distribution

of voids on both fatigue fracture areas and on the final one.

9 Summary and outlook

A new warm forging process chain including warm cross

wedge rolling has been developed and taken into operation.

The geometrical spectrum of warm forgings can be

expanded by warm cross wedge rolling. The investigation

of the new cross wedge rolling process was done by using

FEA and experimental trials based on a geometrically

downsized model. The downscaling allowed a reduction of

monetary effort concerning tools, machine and analysis.

Using CWR-tools with a wedge angle of 7�, a forming

angle of 25� or 30� and a maximum area reduction of 60 %

work pieces without internal voids can be rolled at

minimum temperature of 850 �C. The force in moving/

horizontal direction of the flat wedge tools increases from

the common hot forming temperature 1,250 �C to the warm

forging temperature of 850 �C and is about three times

higher.

The development of the warm CWR-process was suc-

cessful and can be applied, if closer tolerances and higher

surface qualities than in common hot CWR are needed. In

this case, the advantages are more valuable than the e. g.

three times higher forming forces. For large work pieces,

the maximum machine power is almost reached in hot

CWR and warm CWR could not be possible or machines

with much more power are necessary.

In the field of research and development, future work

should focus on the boundary condition of warm CWR for

other part groups, where multi-wedge tools are used, e. g.

pinion drive shafts. Especially, the adoption of further

materials, including hybrid materials, should be

investigated.

From the industrial point of view, the power of the

machines should be adapted to the requirements of warm

CWR. Machines with flat wedge tools or CWR-modules,

which can be integrated in e. g. a hydraulic press allow the

economic application of CWR at small batch sizes.
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formung wellenförmiger Teile mit weit auskragenden Forme-

lementen). Studiengesellschaft Stahlanwendung, Report P 452,

Düsseldorf, Germany

5. Hustedt P, Kohlstette J (2003) Warm precision forging of long
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