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INTRODUCTION

Shafts and stepped axles are widely used in 
mechanical engineering. Components of this 
type are formed from semi-finished products 
manufactured by forging or,  more rarely, cross 
wedge rolling (CWR) [1]. The latter manufactur-
ing method, which is becoming more and more 
popular, is particularly interesting in this context. 
The predominant failure mode in CWR is the for-
mation of internal cracks in the axial zone of the 
workpiece [2]. The risk of crack formation can 
however be considerably reduced when the CWR 
process is conducted with the use of three, rather 
than two, rolls [3]. Given this fact, for this study 
it was of interest to investigate the possibilities 
offered by three-roll cross wedge rolling.

A three-roll rolling process for manufactur-
ing axles was developed already in 1892 by Slick 
[4], who proposed the use of tools with eccen-
tric working surfaces. The design also included 
the method for automatic (gravitational) load-
ing the blank and ejecting the finished product 
without stopping rotation of the rolls. In light of 
today’s knowledge however, the tools proposed 

by Slick were unsuitable for the manufacture of 
axles. More suited for the purpose were the tools 
developed by Schneider in 1901 [5]. The design 
assumed that axles would be manufactured in two 
operations. In the first operation, three rolls pro-
vided with helically-wound guides would be used 
for deforming the central portion of the shaft. In 
the other operation, a separate set of tools provid-
ed with annular guides would be used for shap-
ing the journal portions of the axle. The solutions 
could not however be tested due to a lack of ma-
chines (roll mills). The first three-roll machine for 
rolling stepped shafts was patented by Wurster 
in 1924 [6]. The machine was a hydraulic press 
with two rolls mounted on the table. The two 
rolls were rotated by an electric engine. The third 
roll was mounted in the press slide and pressed 
by the slide to the other two rolls. Importantly, 
however, the third roll was not electrically driven 
but rotated due to friction forces. A rotary forg-
ing machine with three mechanically driven rolls 
was patented by Brown in 1944 [7]. The machine 
was intended for shaping bullets from cylindri-
cal bars. Another machine for rolling stepped 
shafts was patented by Wilson in 1954 [8]. With 
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this machine, the workpiece was deformed by 
means of three roll-dies with ridges eccentrically 
mounted on the rolls, with their width increasing 
as the tools cut into the billet. This type of rolling 
was called as ramp rolling, as opposed to wedge 
rolling wherein wedge tools were used. Rogers 
[9] demonstrated that ramp rolling could be used 
for manufacturing parts with their lengths of up 
to four times the billet diameter value, whereas 
in wedge rolling this length could be up to ten 
times the billet diameter. Promising experimen-
tal results in this area led Redman Engineering to 
construct prototypes of three-roll mills that were 
tested at British plants for manufacturing drop 
forging preforms [10]. Designed in two versions, 
the machines could be used for forming parts 
with their diameters of up to 50 mm and lengths 
of up to 300 mm. Detailed experiments on three-
roll rolling were conducted at Toyota Central Re-
search & Development Laboratories, Inc. [11]. 
Obtained experimental results confirmed that the 
process was an effective method for rolling parts 
with a cross-sectional reduction of up to 70%. For 
practical application, it was recommended using 
wedge tools with a forming angle of α = 15÷20° 
and a spreading angle of β<15°.

The development of numerical methods 
opened up new possibilities for conducting re-
search on three-roll CWR. The use of FEM made 
it possible to investigate the potential of this 
rolling method for manufacturing hollow parts. 
The first simulation ever in this respect was per-
formed by Pater et al. [12], who found that the use 
of three rolls resulted in quick removal of cross-
sectional defects. Bartnicki & Pater [13] inves-
tigated three-roll CWR conducted with variable 
tool parameters and identified failure modes in 
this process, such as slipping and cross-sectional 
triangulation. Pater [14] used FEM to determine 
stresses and strains in a solid workpiece that was 
deformed with the use of three rolls. The distribu-
tion of temperature in a part rolled with the use of 
three rolls was analysed by Qiu et al. [15]. A con-
cept of a three-roll CWR process for manufactur-
ing hollow rail axles was presented by Pater et al. 
[16]. In this process the workpiece was deformed 
into the desired shape during two revolutions of 
three coupled rolls. Three-roll CWR also became 
a basis for developing new methods for manufac-
turing hollow parts, including cross wedge roll-
ing by means of one flat wedge and two shaped 
rolls [17], rotary compression with the use of rolls 

[18, 19], and three-roll rolling with eccentrically 
mounted tool segments [20].

It is assumed that the stress state in a rolling 
process conducted with three tools differs from 
that performed using two rolls. Nevertheless, 
there are no studies to confirm that assumption. In 
this respect one may, to some extent, draw upon 
results obtained from previous studies on skew 
rolling. Pater et al. [21] compared tube piercing 
processes conducted in two- and three-roll mills. 
The comparison revealed that the three-roll pro-
cess was less energy-consuming and thus more 
advantageous. Skripalenko et al. [22] found that 
in two-roll CWR material fracture occurred along 
the axis of the workpiece, whereas in three-roll 
CWR the cracks were ring-shaped. This finding 
was confirmed by Yamane et al. [23]. Pater et al. 
[24] used FEM to compare the stress states in two- 
and three-roll skew rolling processes. Obtained 
results showed significant differences in the Lode 
angle parameter describing shear stresses in the 
forming process.

In light of the above literature review, there is 
a clear justification and necessity to conduct re-
search on CWR performed with the use of three 
rolls. It has been a very long time since this pro-
cess was last investigated. Although previous 
studies signalled that three-roll CWR offered nu-
merous advantages, two-roll CWR has become 
dominant in industrial practice. For this study, 
numerical results of CWR processes for manu-
facturing the same part with the use of three and 
two rolls are compared. Obtained results are pre-
sented in this paper.

SCOPE OF THE ANALYSIS

This study investigates a CWR process for a 
stepped shaft that is shown in Figure 1. This com-
ponent is manufactured from a cylindrical billet 
with a diameter of 40 mm, this value being at the 
same time the diameter value of the steps on the 
shaft ends that were not deformed. In its central 
region, the shaft had two steps with two different 
diameters of 25 and 35 mm. The steps were rolled 
with a reduction ratio δ (expressed as a ratio of 
the billet diameter d0 to the diameter d of a rolled 
step, and used for describing strain in CWR) of 
1.6 and 1.143, respectively.

Figures 2 and 3 show the wedge tools used 
in two- and three-roll CWR, respectively. For 
both cases, the working part of the tool (wedge) 
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was wound up over a 11/12 of the circumference 
of the rolls and described by a forming angle of 
α = 22°. In two-roll CWR the distance between 
the axis of the rolls and the workpiece was set 
to 200 mm, while in three-roll CWR the distance 
was smaller and set to 90.5 mm (the interaxial 
distance was reduced in order to satisfy the no-
contact condition between the mating tools, ac-
cording to which the limit value of this parameter 
was 7.464 of the radius of the rolled step). The 
diff erences in the diameter of the rolls resulted 

in diff erent values of the spreading angle β, these 
values being 7.85° and 14.35° for two-roll CWR 
and three-roll CWR, respectively.

The two investigated CWR processes were 
compared via numerical simulations. The simu-
lations were performed using the FEM-based 
simulation software Simufact.Forming. The soft-
ware had been used in many previous studies for 
comparing cross and skew rolling processes [25–
36], and obtained numerical results showed high 
agreement with experimental fi ndings.

Fig. 1. Stepped shaft used for comparative analysis

Fig. 2. Wedge tool used in two-roll CWR



255

Advances in Science and Technology Research Journal 2023, 17(1), 252–266

Figure 4 shows the geometrical models of 
the two analysed CWR processes designed in 
Simufact.Forming. The model of two-roll CWR 
consisted of a billet and rolls as well as two 
guides for keeping the workpiece in the forming 
zone. All tools were assumed to be ideally rigid 
bodies, while the workpiece was assigned the 
properties of an elastic-plastic body. The billet 
was assigned the properties of 42CrMo4 steel, 
the material model of which was obtained from 
the material database library of the employed 
computer software.

The workpiece was modelled using hexahe-
dral fi nite elements. Automatic remeshing took 
place when the strain increase in any node ex-
ceeded a value of 0.4. Figure 5 shows the division 
of the workpiece into fi nite elements at the begin-
ning and toward the end of the rolling process.

The tools were rotated with the same con-
stant speed of 10 rev/min in both analysed CWR 
processes. Contact conditions between the work-
piece and the tools were described by the Tresca 
friction model, with the friction factor set to 1 
for the rolls and to 0.4 for the guides. Thermal 
phenomena occurring during CWR were taken 
into consideration. The temperature of the bil-
let was set to 1150 °C, the temperature of all 
tools was maintained constant at 200 °C during 
the forming process, and the coeffi  cient of heat 
transfer between the tools and the workpiece 
was set to 10 kW/m2K.

Fig. 4. Geometrical models of the 
numerically analysed CWR processes: 
a) two-roll CWR, b) three-roll CWR

Fig. 3. Wedge tool used in three-roll CWR
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RESULTS

Material fl ow kinematics

Given the assumption of the same rotational 
speed of the tools, it was possible to make a di-
rect comparison between the two- and three-roll 
CWR processes for manufacturing a stepped 
shaft. Fig. 6 shows the changes in the shape of the 
workpiece for both analysed CWR processes. The 
forming stage starts when the wedges cut into the 
centre of the billet. The cross-sectional reduction 
initiated in this region is then developed toward 
the ends of the workpiece. The fi nal stage consists 
of sizing in which all cross-sectional defects are 
ultimately removed. It must be stressed that the 
required shape of the stepped shaft (see Fig. 1) 
was achieved in both CWR processes and that no 
failure modes occurred in either of the processes.

Figure 7 shows the changes in the location of 
the measuring points that were initially distributed 
in a radial manner, i.e. along the line crossing the 
centre of the workpiece. As a result of the form-
ing process, the line (which was initially straight) 
was bent into an S letter shape (cross-sectional 
view), which can be explained by variations in 
the circumferential metal fl ow. At the same time, 
however, the front view reveals that the line is 
bent in the opposite direction to that of the wedge 
(which moves sideways). This is caused by the 
friction forces on the contact surface as they im-
pede the material’s fl ow in the longitudinal direc-
tion. The number of the rolls used in CWR has 
an insignifi cant eff ect on the shape of the line. It 
can however be observed that for three-roll CWR, 
the surface fl ow of the material in the longitudinal 
direction is impeded to a greater extent.

The greatest diff erences in material fl ow ki-
nematics can be observed in the cross-sectional 

Fig. 6. Numerically modelled changes in the shape of the workpiece during the CWR processes under analysis

Fig. 5. Workpiece discretization employed in numerical analysis
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shape of the workpiece. This shape was deter-
mined by the trajectory of a point that was initial-
ly located on the billet circumference, as shown in 
Figures 8 and 9 for CWR conducted with reduc-
tion ratios of δ = 1.142 and δ = 1.6, respectively. 
In three-roll CWR, the cross section in the tran-
sient phase, i.e. until the ultimate circular profi le 
is achieved, assumes the shape of a triangle. In 
two-roll CWR, the shape is more oval. It is worth 
highlighting the fact that the fi nal circular profi le 
is achieved much faster in three-roll CWR (due 
to fewer revolutions of the workpiece during the 
forming process) than in two-roll CWR.

Material temperature

The CWR process for manufacturing a 
stepped shaft takes about 5.5 sec. For this rea-
son, it is important to examine changes in mate-
rial temperature. Figure 10 shows the distribution 
of the temperature in a shaft rolled with the use 
of two and three rolls, for the side view and lon-
gitudinal (axial) section. It can be observed that 
the temperature of the shaft rolled with the use 
of three rolls is lower in these regions. It seems 
that this results from increased contact between 
the rolls and the workpiece; also, the workpiece 
rotation rate is lower (due to the smaller diam-
eter of the roll), which facilitates heat transfer. It 
must be stressed that for this CWR process, the 

temperature in the central region of the workpiece 
is relatively constant and within the recommend-
ed hot-working temperature range.

More information about temperature varia-
tions in CWR can be obtained by analysing plots 
in Figs. 11 and 12. The plots illustrate the changes 
in the temperature at six points located in a radial 
manner (with a spacing of every 0.2r0). Point 1 
was initially located on the surface and point 6 
along the axis of the workpiece. For both CWR 
processes, the greatest drops and variations in 
temperature can be observed on the surface of 
the workpiece, which results from a cyclic con-
tact between the workpiece and the much colder 
tools. The temperature increases in the centre 
of the workpiece, with the greatest increase ob-
served at point 1. This increase results from the 
exchange of deformation work into heat. A com-
parison of the temperatures T shown in Figs. 11 
and 12 confi rms that higher temperature drops 
occur in the three-roll CWR process. This eff ect 
can be reduced by increasing the rotational speed 
of the rolls, and, consequently, it would lead to a 
shorter forming time.

Stress and strain

The state of stress can be defi ned with stress 
invariants p, q, r described by the following 
equations:

Fig. 7. Eff ect of the analysed CWR methods on material fl ow in the workpiece
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𝑝𝑝 = −𝜎𝜎! = −
1
3
(𝜎𝜎" + 𝜎𝜎# + 𝜎𝜎$) (1)

𝑞𝑞 = 𝜎𝜎! = $1
2
[(𝜎𝜎" − 𝜎𝜎#)# + (𝜎𝜎# − 𝜎𝜎$)# + (𝜎𝜎" − 𝜎𝜎$)#] 

𝑞𝑞 = 𝜎𝜎! = $1
2
[(𝜎𝜎" − 𝜎𝜎#)# + (𝜎𝜎# − 𝜎𝜎$)# + (𝜎𝜎" − 𝜎𝜎$)#] 

(2)

𝑟𝑟 = #
27
2
(𝜎𝜎! − 𝜎𝜎")(𝜎𝜎# − 𝜎𝜎")(𝜎𝜎$ − 𝜎𝜎")*

!
$
 (3)

where: σ1, σ2, σ3 – principal stresses, σm – the 
mean stress, σi – the eff ective or equiva-
lent stress.

The state of stress is often defi ned with the 
stress triaxiality η and the Lode angle param-
eter θ, both of which are described by means of 

Fig. 8. Trajectory of a point describing the cross-
sectional profi le of a step rolled on the shaft, for 

two- and three-roll CWR conducted with δ = 1.143

Fig. 9. Trajectory of a point describing the cross-
sectional profi le of a step rolled on the shaft, for 
two- and three-roll CWR conducted with δ = 1.6

Fig. 10. Distribution of temperature (in °C) in the workpiece
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the stress invariants according to the following 
equations:

η =
−𝑝𝑝
𝑞𝑞 =

𝜎𝜎!
𝜎𝜎"

 (4) 

θ = 1 −
2
𝜋𝜋 arccos ,-

𝑟𝑟
𝑞𝑞0

!
1 (5) 

The parameters η and θ change during CWR. 
Therefore, for the purpose of comparing these pa-
rameters in two- and three-roll CWR processes, 
their mean values were calculated according to 
the following equations:

η!" =
1
𝜀𝜀 % η	𝑑𝑑𝜀𝜀

#

$
 (6) 

𝜃𝜃!" =
1
𝜀𝜀 % 𝜃𝜃	𝑑𝑑𝜀𝜀

#

$
 (7) 

where: ε – the equivalent plastic strain.

In Figure 13 the ηθ coordinates are used to 
compare the stresses at six points located at differ-
ent distances from the axis of the workpiece, with 
the initial distance set to 0.2r0 (with point 1 locat-
ed on the surface and point 6 along the workpiece 
axis). An analysis of the data in the figure reveals 
that the stresses in the surface layer are relatively 

similar for both CWR processes. For this region, 
the stress triaxiality is η<0, which means that 
material cohesion loss might occur as a result of 
shear. The number of the rolls has a significant 
impact on the stress state in the axial zone of the 
workpiece. Differences can primarily be observed 
with respect to the Lode angle parameter θ, as the 
stress triaxiality is at a similar level of 0<η<0.2 
(for this range of η, material cohesion loss can 
be caused by shear as well as void nucleation, 
growth and coalescence). The Lode angle param-
eter in two-roll CWR has a value of θ ≈ -0.65, 
whereas in three-roll CWR it is about 0.95 (these 
values refer to the points located along the axis of 
the workpiece). Also, it can be observed that the 
change in the reduction ratio δ has no significant 
effect on the stress state in the workpiece. Ac-
cording to previous studies [37, 38], an increase 
in the absolute value of the θ parameter leads to 
an increased value of the critical strain εt causing 
material fracture. It can therefore be claimed that 
the stress state in the axial zone of the workpiece 
in two-roll CWR is more conducive to material 
cracking than that observed in three-roll CWR.

Figure 14 shows the distributions of strains 
in a stepped shaft produced by two- and three-
roll CWR. Considerably higher strains can be 
observed in the part rolled with the use of two 
tools, which means that in this process there was 
a more rapid material flow in the tangential (cir-
cumferential) direction, leading to the increased 
redundant strains. For both CWR processes, the 
strains are distributed in layers (ring-shaped) and 
achieve the highest values in the surface layer due 

Fig. 11. Temperature T at measuring points in the 
workpiece, for two-roll CWR conducted with δ=1.6

Fig. 12. Temperature T at measuring points in the 
workpiece, for three-roll CWR conducted with δ=1.6
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to the presence of friction forces that make the 
workpiece rotate.

Figures 15 and 16 show the changes in the ef-
fective strain at the measuring points in the cross 
section of the workpiece during two- and three-
roll CWR, respectively. For both processes, the 

pattern of changes is identical. The strains increase 
during cross-sectional reduction, and their values 
remain practically unchanged during sizing once 
the fi nal circular shape has been achieved. A com-
parison of the eff ective strain values demonstrates 
that the strains in the shaft rolled with three rolls 

Fig. 14. Eff ective strains in the workpiece

Fig. 13. Comparison of stresses in parts formed by CWR
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are lower (by about 2.8 times in the axis and by 
about 1.2 times on the surface) than those in the 
part rolled using two rolls. This strain distribu-
tion indicates that parts produced by three-roll 
CWR have lower susceptibility to internal crack 
formation.

Failure modes in CWR

The stability of CWR can be undermined by 
the following failure modes: workpiece slipping 
which leads to halting workpiece rotation, work-
piece core necking (rupture), as well as internal 
crack formation.

Workpiece slipping

Workpiece slipping leading to halting 
workpiece rotation occurs when the sum of the 
moments of forces causing rotation is smaller 
than the sum of the moments of forces prevent-
ing this rotation. The susceptibility to slipping 
in CWR can be estimated by analysing the roll-
ing radius rt [2] which is expressed with the 
equation:

𝑟𝑟! =
𝑎𝑎

𝜔𝜔"
𝜔𝜔#

+ 1
 (8) 

where: a – the distance between the axes of the 
rolls and the workpiece, ωw – the angular 
velocity of the workpiece, ωR – the angu-
lar velocity of the roll. 

Equation 8 demonstrates that any decrease 
in the rotational speed of the workpiece (while 
maintaining a constant value of ωR) leads to an 
increase in the rolling radius rt. For the extreme 
case, when the workpiece stops rotating, the roll-
ing radius is equal to the distance a.

Figure 17 shows the rolling radius for the 
two analysed CWR processes. It can be observed 
that the rolling radius rt is lower and has a more 
stable value in three-roll CWR. The mean value 
of rt calculated for the time interval 𝑡𝑡𝑡𝑡(0.5𝑠𝑠; 5𝑠𝑠)  
is 20.95 mm in two-roll CWR and 19.07 mm in 
three-roll CWR. The lower value of rt in three-
roll CWR means that this process is less suscep-
tible to the occurrence of workpiece slipping that 
would disturb the forming process stability.

Core necking (rupture)

Core necking occurs when tensile stresses 
acting in the axial direction reach the flow stress 
value in the material. This leads to the formation 
of a neck that resembles the one typical of tension. 
In the extreme case, the neck can be ruptured.

To examine the susceptibility to neck forma-
tion in the two analysed CWR processes, a ratio 
of axial stress σx to flow stress σF was calculat-
ed at the six measuring points in the workpiece. 
Obtained results of the σx/σF ratio are shown in 
Figs. 18 and 19 for two- and three-roll CWR, 
respectively.

An analysis of the data in the figures dem-
onstrates that in two-roll CWR, the condition re-
quired for initiating the necking of a rolled step

Fig. 15. Effective strain ε at measuring points in the 
workpiece, for two-roll CWR conducted with δ = 1.6

Fig. 16. Effective strain ε at measuring points in the 
workpiece, for three-roll CWR conducted with δ = 1.6
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𝜎𝜎!
𝜎𝜎"
≥ 1 (9) 

is not satisfied at any point in the cross section 
of the workpiece. In contrast, for three-roll CWR, 
the above condition is satisfied toward the end of 
the rolling process (t>3.8 s) at points 5 and 6 lo-
cated in the axial zone of the workpiece. At the 
same time, however, in the surface zone (points 1 
and 2) the stresses σx are negative, which proves 
that the axial flow of the material is impeded 
(by the impact of friction forces) and thus neck 

formation is prevented. Nevertheless, the numeri-
cal results demonstrate that the risk of neck for-
mation (rupture) is greater in three-roll CWR than 
in two-roll CWR. This undoubtedly results from 
the use of higher values of the spreading angle β.

Internal cracking

Ductile fracture that may occur in the work-
piece during CWR can be predicted with so-called 
failure criteria. Among the many failure criteria 
[3, 39], the most popular is the normalised Cock-
croft-Latham criterion [40]. According to this cri-
terion, material fracture is described by the dam-
age function fCL expressed as a ratio of maximum 
principal stress to effective stress σi as follows:

𝑓𝑓!" = #
𝜎𝜎#
𝜎𝜎$
𝑑𝑑𝑑𝑑.

%

&
 (10) 

Material fracture occurs when the damage 
function fCL reaches its critical value C, this value 
being calculated via so-called calibration tests.

Figure 20 shows the damage function fCL in 
stepped shafts produced by two- and three-roll 
CWR. It can clearly be observed that the risk of 
internal crack formation is greater in the two-roll 
CWR process, which is proved by the fact that 
considerably higher fCL values are located in the 
axial zone of the workpiece.

Changes in the damage function fCL at the six 
measuring points are shown in Figures 21 (two-
roll CWR) and 22 (three-roll CWR). For two-roll 

Fig. 18. Ratio of axial stress σx to flow stress 
σF at measuring points in the workpiece, for 

two-roll CWR conducted with δ=1.6

Fig. 19. Ratio of axial stress σx to flow stress 
σF at measuring points in the workpiece, for 

three-roll CWR conducted with δ=1.6

Fig. 17. Rolling radii in the CWR 
processes under analysis
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CWR, the highest values of fCL (fCL ≈ 1.6) are lo-
cated along the axis of the workpiece. Regarding 
the three-roll CWR process, the highest fCL val-
ues of about 0.9 are located on the surface of the 
rolled step. In the axial zone of the workpiece, 
the damage function is lower and has a value of 
fCL ≈ 0.7, which amounts to 44% of the value ob-
tained for the CWR process conducted with the 
use of two rolls. It can therefore be claimed that 
the three-roll CWR process is less susceptible to 
internal crack formation in the workpiece.

Load and energy parameters

Radial load aff ects rolling process accuracy 
because it causes mill stretch, which – in turn – 
changes the diameter of a step formed on the shaft. 
Figure 23 shows the distribution of this load for 
the two analysed CWR processes. It can be ob-
served that the maximum radial load in two-roll 
CWR is 98.7 kN, and the mean value of this load 
determined for the entre forming cycle is equal to 
71.85 kN. For the three-roll CWR process, these 
values are, respectively, 92.0 kN and 63.53 kN 
(which amounts to 93.2% of the maximum radial 
load and to 88.4% of the mean radial load in two-
roll CWR). It can therefore be claimed that the 

three-roll CWR process is more advantageous 
due to lower mill stretch.

Figure 24 shows the distribution of torques 
for the analysed CWR processes. Although the 
torques are very similar in terms of quality, they 
signifi cantly diff er in terms of their values. Spe-
cifi cally, the maximum torque is 5938.8 Nm 
for two-roll CWR and 3001.1 Nm for three-roll 
CWR. Based on the obtained maximum torque 
values, it can be claimed that the engine power 
required for driving a single roll in a two-roll mill 
must be twice as high as that in a three-roll ma-
chine. Taking into account the number of engines, 
it can be stated that the power demand of a two-
roll mill is 4/3 of that for a three-roll mill.

Using the data given in Figure 24 one can 
calculate the mean torque for the entire form-
ing cycle. This torque value is 4048.8 Nm and 
1984.7 Nm for two-roll CWR and three-roll 
CWR, respectively. Considering the mean torque 
values and the number of the rolls, it is possible 
to determine the value of energy that is required 
for forming a shaft, this value being 47.04 kJ for 
two-roll CWR and 34.59 kJ for three-roll CWR. 
This means that the work required for forming a 
shaft in two-roll CWR is 35% higher than that in 
three-roll CWR.

Fig. 20. Distribution of the damage function (calculated according to 
the Cockcroft-Latham criterion) in the workpiece
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CONCLUSIONS

The results of a comparative numerical analy-
sis between the three- and two-roll CWR process-
es lead to the following conclusions. Compared 
to the widely used two-roll CWR process, CWR 
conducted with three rolls is characterized by:
 • faster achievement of the desired circular pro-

file of a step formed on the shaft;
 • higher drops in material temperature due to 

increased contact between the rolls and the 

workpiece as well as a lower rotational speed 
of the workpiece;

 • the stress state that requires higher strains in 
the axial zone of the workpiece to induce in-
ternal crack formation;

 • considerably lower strains resulting from 
a constrained metal flow in the tangential 
direction;

 • reduced susceptibility to slipping that would 
prevent workpiece rotation;

 • higher risk of core necking (rupture) in the 
workpiece as a result of using higher values of 
the spreading angle β;

Fig. 23. Radial loads in the CWR 
processes under analysis

Fig. 24. Torques in the CWR processes under analysis

Fig. 22. Distribution of the damage function fCL 
(calculated according to the Cockcroft-Latham 
criterion) at measuring points in the workpiece, 

for three-roll CWR conducted with δ = 1.6

Fig. 21. Distribution of the damage function fCL 
(calculated according to the Cockcroft-Latham 
criterion) at measuring points in the workpiece, 

for two-roll CWR conducted with δ = 1.6
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 • lower probability of internal crack formation 
in the workpiece;

 • lower radial loads and thus reduced mill 
stretch;

 • lower energy consumption.

The above conclusions clearly demonstrate 
that further studies should be conducted on three-
roll CWR. For this reason, a specialist test stand 
for this forming process will be constructed at 
the Lublin University of Technology. Results ob-
tained from these tests will subsequently be re-
ported in scientific publications.
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