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MULTI WEDGE CROSS ROLLING OF AXLE FORGINGS

This paper presents the results of research into the cross wedge rolling (CWR) process of axle forgings. The presented re-
sults concern the parallel rolling process with two wedges. The use of two parallel wedges is aimed at shortening the tool length
(increasing productivity) and reducing the values of wedge opening angles and increasing the forming angles, so that the condition
0.04 < tgatgf < 0.08 is maintained to guarantee the highest quality forgings. The article analyses the influence of the design of the
double wedge tool on the geometric correctness of the forgings obtained, the value of the failure criterion and the force parameters
of the process. The results obtained show that the use of multi wedge tools improves rolling conditions by increasing productivity
and reducing the tendency of the material to crack with appropriately selected tool parameters.
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1. Introduction

Cross wedge rolling (CWR) is a technology that enables the
production of axisymmetric elongated products. This technol-
ogy is used in the production of forgings used in drop forging
technology [1,2]. In many cases, finished shaft and axle forg-
ings are produced using this technology [3,4]. In spite of many
completed studies, CWR technology still suffers from the main
problem, which is cracking of the rolled material [5,6]. In the
case of long products such as railway axles, whose length is
more than 10 times the maximum diameter, the length of the
wedge tool is a significant limitation. Long forgings require the
use of tools of considerable size, which in many cases cannot
be used due to the limited size of rolling mills. Therefore, in
order to shorten the tool length, large spreading angle f values
are used. On the one hand, increasing the spreading angle S
shortens the tool length, but on the other hand, it significantly
increases the risk of material cracking during rolling [7,8].
With large spreading angle f values, it is recommended to use
the smallest possible forming angles a so that the condition of
0.04 <tgatgp <0.08 is fulfilled [9,10]. Meeting the aforemen-
tioned condition ensures stable realization of the rolling process
without slips and eliminates the phenomenon of material lapping
during the rolling process. On the other hand, at minimum values
of the forming angle a, the risk of material cracking increases
significantly [11].

This paper presents the results of a cross wedge rolling test
using a tool with two parallel wedges. The use of two wedges
makes it possible to use smaller angle f values on each wedge.
In addition, the smaller angle f values make it possible to use
larger angle /5 values at which the condition 0.04 <tga tg/f <0.08
is fulfilled.

2. Materials and methods

In the study, the axle was rolled using a dual wedge tool
shown in Fig. 1. The study was carried out with varying geomet-
ric parameters of the dual wedge tool. The tool design variants
analysed are summarised in TABLE 1. During the CWR process,
a ¢33 mm diameter and 203.9 mm long section was rolled in
the central zone of the axis. The initial diameter of the billet bar
was ¢38 mm.

Numerical simulations of the problem analysed were carried
out using the finite element method. Simufact Forming software
was used for numerical modelling. The geometrical model of the
analysed problem is presented in Fig. 2. The numerical model
consists of two flat tools and a billet. The bottom tool remains
stationary, while the top tool moves at a constant velocity of
300 mm/s. The rolled material was modelled as a rigid-plastic
object using 3D 8-node hexagonal elements (Hex 8) with an
average size of 1.25 mm. Remeshing of the finite element mesh
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TABLE 1
Set of geometric parameters of the analysed tools
No. a [°] o [°] 2B 1° 24, 1°1 | B mm]
1 22.5 22.5 13.69 22.84 60
2 22.5 22.5 12.78 23.78 56
3 22.5 22.5 11.42 19.06 60
4 22.5 22.5 10.66 19.82 56
5 20 20 17.06 28.5 75
6 20 20 14 28.5 75
7 20 20 15.94 29.67 70
8 20 20 12 29.67 70
9 20 20 14.25 23.79 75
10 20 20 12 23.79 75
11 20 20 13.31 24.76 70
12 20 20 11 24.76 70
13 22.5 22.5 11.87 24.69 52
14 22.5 22.5 9.91 20.58 52
15 20 20 15.04 30.58 66
16 20 20 12.55 25.53 66
17 20 20 10 25.53 66
18 22.5 22.5 8.17 24.51 50
19 30 25 8.17 22.17 50
20 30 25 7.36 22.99 44.5
21 25 25 7.31 21.69 53

was initiated when the effective strain value increased by 0.4.
The rheology of the rolled C35 steel material was described by
the equation:

O_f _ 4585.91.6—0.00363T _8—0,000194T+0,04895 .

~1.1162¢-5-0.03678
e ‘ . £0.000190570.0458 )
where: o, — flow stress, ¢ — effective strain, ¢ — effective strain
rate, 7 — temperature. A rheological model of C35 steel was
developed based on the results of experimental tests carried out
in the compression test on a Gleeble thermomechanical simula-
tor. The tests were carried out at 1000°C, 1100°C and 1200°C.
The specimens were compressed at three strain rates of: 0.1 57!,
1s! and10s™".
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Fig. 1. Two wedge tool concept

The rolling process was carried out under hot forming con-
ditions. The initial billet temperature was 1150°C, while the tool
temperature was constant at 50°C. The heat transfer coefficient
between the billet and the tools was 20 kW/m?K, while the heat

transfer coefficient between the billet and the environment was
0.2 kW/m?K. The friction conditions between the billet and
tools were described by the Tresca friction model, for which the
friction factor was m = 0.8.
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Fig. 2. Geometrical model of a multi wedge cross rolling

3. Result and discussion

Fig. 3 presents a histogram showing the value of the dam-
age function calculated according to the normalised Cockcroft-
Latham (CL) criterion. The smallest value of the damage function
occurred for case no. 3, while the highest value occurred for case
no. 15. Using regression analysis, a mathematical model was
developed to describe the relationship CL = f(a, ay, f1, b, b).
It is a statistically significant model (Fisher F statistic =38.511;
p=2,3966¢-07). The quality of fit of the developed mathemati-
cal model expressed by the coefficient of determination R? is
0.93 and adjusted coefficient of determination R? is 0.91. The
developed model is expressed by the following equation:

CL=-2.12+0.124a, —0.168c, +0.1115, +
+0.2943, +0.035b @)
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Fig. 3. Maximum values of the damage function calculated according
to the normalised Cockcroft-Latham criterion for the analysed cases

Fig. 4 graphically shows the error values between the dam-
age function values calculated using the normalised Cockcroft-
Latham criterion in FEM and the mathematical model described



by equation (2). For most of the cases analysed, the relative error
value is below 10%. The largest error value was recorded for
case 18, where the relative error was around 40%. The reason for
such a high error value in this one case is difficult to find, as the
die parameters for this case do not differ significantly from those
of other dies. The most likely cause in this case is a numerical
error that overestimated the value of the damage function in the
FE simulation. The average value of the absolute error for the
built model from all cases analysed is 0.27, while the average
value of the relative error was 7.01%. It can be concluded that
the obtained mathematical model predicts well the values of the
damage function during multi-wedge cross wedge rolling with
two wedge tools.
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Fig. 4. Comparison of errors between damage function values calcu-
lated with the normalised Cockcroft-Latham criterion in FEM and the
mathematical model equation (2)

Fig. 5 shows colour maps showing the distribution of the
damage function for the most favourable case No. 3 and the least
favourable case No. 15. In both cases shown in Fig. 5 the maxi-
mum values of the damage function are located in the central
zone of the forging. For case No. 3 the area of the occurrence
of the maximum values of the damage function is much larger
compared to the area of the maximum values of the damage
function in case No. 15. In the forging rolled with tool set No. 15,
a pronounced roughening can be observed in the central part,
where the maximum values of the damage function are located.
This roughening is the result of too much material being enclosed
between the wedges, which caused overfilling of the cavity cre-
ated by the two tool segments. As a result of the overfilling of
the cavity, intensive ovalization of the cross-section took place,
which promoted an increase in the stress state and strain in the
central part. The effect of this overfilling is an increase in the
value of the damage function.

Fig. 6 shows an isometric view of the rolled forgings for
case No. 3 and 15. For both forgings shown in Fig. 6, a pro-
nounced roughening can be observed in the central zone of the
rolled step of the forgings. In the case of the forging rolled with
tool set No. 3, the roughening of the material in the central zone
is much less than for the forging rolled with tool set No. 15.
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Ovalization of the section in the central zone of the forging will
undoubtedly affect the value of plastic strain, stress state and
force parameters of the rolling process.
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Fig. 5. Distribution of damage functions according to Cockcroft-Latham
criterion: a) case No. 3, b) case No. 15
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Fig. 6. Isometric view of forgings: a) case no. 3, b) case no. 15

Fig. 7 shows the distribution of plastic strain in forgings
rolled with tool set No. 3 and 15. In both forgings, the maximum
values of strain are located in the central zone in the area where
material roughening was observed. The increase in strain in this
area is a result of excessive compression of the material during
removal of section ovalization in the tool calibration zone. Sig-
nificantly higher values of strain were observed in the forging
rolled with tool set No. 15. This is due to the fact that for this
forging, significantly greater material roughening was observed
in the central part of the forging. The increase in plastic strain
in this area of the forging is also responsible for the increase in
the value of the damage function.
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Fig. 7. Distribution of effective plastic strain: a) case No. 3, b) case
No. 15
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Fig. 8 shows the changes in the maximum principal stress
in the central part of the rolled forgings. It can be seen from the
presented graph that in the initial stage of rolling the changes
in the stress values for both cases are identical. For both roll-
ing cases, the maximum stress value occurs around 1.5 s of the
process duration. For tool set No. 15, the maximum stress value
is slightly higher. After reaching the maximum value, the stress
begins to decrease. When rolling with tool set No. 3 in the cali-
bration zone of the forging, the stress value is set at a constant
level of about 40 MPa. In the case of tool set No. 15, a rapid
increase in stress to a value of about 60 MPa can be observed at
2 s of the process duration, which is associated with intensive
compression of the roughening material formed in the central
part of the forging. In the calibration zone of tool set No. 15,
the maximum principal stress assumes a variable character,
which is due to the removal of excessive ovalisation caused by
the roughening of the material in the central part of the forging.
In summary, the overfilling of the cavity between the wedges
promotes an increase in stress and strain, resulting in an exces-
sive increase in the value of the damage function.

Fig. 9 presents a histogram showing the maximum values
of the rolling force for the analysed rolling cases. It can be seen
from the presented data that the lowest rolling force occurred
for tool set No. 3, while the highest rolling force was recorded for
case No. 15. The values of maximum and minimum rolling forces
were recorded for the same cases, in which the minimum and
maximum values of the damage function were recorded. It can
therefore be concluded that the amount of material roughening
in the central zone of the forging is reflected identically in the
damage function values as well as in the rolling force values.
The greater the roughening of the material in the central area
of the forging, the greater the rolling resistance of the material.
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Fig. 8. Variations in maximum principal stress during rolling

TABLE 2 summarises the correlation coefficients between
the geometrical parameters of the tool and the value of the dam-
age function and the value of the rolling force. From the data
presented, it can be seen that all variables describing the tool
geometries have a significant effect on both the value of the
damage function and the value of the maximum rolling force.
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Fig. 9. Maximum values of the rolling force for the analysed cases

There is a negative correlation between the formation angles
a1, o, and both the damage function and the maximum rolling
force values. This means that an increase in the values of these
angles will result in a decrease in the value of the damage func-
tion and the maximum rolling force. The remaining explanatory
variables have positive correlations. Angle £, has the greatest
influence on the value of the damage function CL, while angles
oy and f; have the least influence. In the case of the maximum
rolling force, angle £, also has the greatest influence on this
parameter. The maximum rolling force is least influenced by
the value of angle a;.

TABLE 2

Correlation table between wedge tool parameters and values
of damage function and force

43 (9] b J.5) b
CL | —0.59836 | —0.74915 | 0.599201 | 0.833454 | 0.692588
Force | —0.60426 | —0.74027 | 0.77557 | 0.946468 | 0.694308

4. Conclusion

This paper examines the process of long-axis cross-wedge
rolling using a tool equipped with two parallel wedges. The
following conclusions were drawn on the basis of the study:

e using two wedges in parallel, there is a high risk of in-
complete rolling of the forging, which manifests itself by
thickening of the material in the central part,

*  the greater the roughening of the forging that occurs during
rolling, the greater the risk of internal cracks forming,

e in order to reduce the value of the damage function, it is
recommended to use the lowest possible values for the
following parameters, f;, £, and b that characterise the
geometry of the multi wedge tool,

+  forangle a; a,, it is recommended to use the largest possible
values for this parameter in order to reduce the value of the
damage function,

*  theinfluence of the parameters characterising the geometry
of the multi wedge tool on the maximum value of the rolling
force is identical to that of the damage function.
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