
Proceedings of Asia International Conference on Tribology 2018, pp. 317-318, September 2018 

__________ 

© Malaysian Tribology Society 

 

Prediction of side surface foldover in axisymmetric upsetting of solid 
cylinders using the upper bound theorem 

S. Alexandrov1,2,*, M. Vilotić3, L. Lang1 

 
1) School of Mechanical Engineering and Automation, Beihang University, 100191 Beijing, China. 

2) Laboratory for Mechanics of Technological Processes, Institute for Problems in Mechanics, 119526 Moscow, Russia. 

  3) Faculty of Technical Sciences, University of Novi Sad, Trg Dositeja Obradovića 6, 21000 Novi Sad, Serbia. 

 
*Corresponding e-mail: sergei_alexandrov@spartak.ru 

 

Keywords: High friction; cylinder upsetting; foldover 

 

 

ABSTRACT – In this paper, a new theoretical solution 

for the prediction of material foldover during cylinder 

upsetting has been developed. The solution is based on 

upper bound theorem and is compared to experiment. 

 

1. INTRODUCTION 

In upset forging of solid cylinders, disks and strips 

with high friction, material that is originally on the free 

surface folds over to come into contact with the die  

[1–6]. The attempts to incorporate foldover into 

theoretical analysis have been reported in [1–9]. In 

particular, the upper bound theorem has been utilized in 

[1,2]. However, the upper bound theorem in plasticity is 

formulated for a given configuration and results in an 

approximate velocity field whereas the analysis of 

foldover requires a displacement field. A sequential 

upper bound method [10] is in general applicable for 

predicting of foldover. However, this method is usually 

used in conjunction with a finite element procedure [11-

13], which makes the overall approach time consuming. 

On the other hand, it is known that faster methods of 

analysis are needed for some applications [14]. Such a 

method is developed in the present paper for upset 

forging of solid cylinders. The final solution is verified 

by experiment. 

 

2. STATEMENT OF THE PROBLEM 

A solid cylinder of radius 0
R  and thickness 

0
2H is 

forged between two flat dies moving towards each other 

with velocity U. The current thickness of the cylinder 

will be denoted by 2H. Cylindrical coordinates ( ), ,r zq  

are taken, with the z – axis taken as the axis of 

symmetry of the process. Also, the process is symmetric 

relative to the plane 0z = . The material of  the  cylinder  

is  assumed  to  obey  the  von  Mises  yield criterion 

and its associated flow rule. The tensile yield stress, 0
s , 

is a material constant. Since 0z =  is a plane of 

symmetry for the flow, it is sufficient to consider the 

region 0z ³ . The dies are rough and the friction law is 

0
3rz ms s= -               (1)  

at z H= . Here rzs  is the shear stress in the cylindrical 

coordinates and m is the friction factor, 0 1m£ £ . 

Equation (1) is valid at sliding. At sticking, this equation 

must be replaced with the condition that the relative 

velocity between the cylinder and the die vanishes. 

 

3. INSTANTANEOUS UPSETTING 

A general kinematically admissible velocity field 

for axisymmetric forging has been proposed in [15]. 

Using this field an upper bound on the force Pu required 

to deform the cylinder is given by 
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and ( )f z  is an arbitrary function of its argument. Here 

VW  is the power dissipated within the plastic region, 

dW  is the power dissipated due to plastic shearing at the 

velocity discontinuity surface and 
fW  is the power 

dissipated by friction at the sliding contact.  !
 

4. CONTINUED UPSETTING 

The right hand side of Equation (2) should be 

minimized to determine the best upper bound based on 

the kinematically admissible velocity field chosen. In 

general, this gives a solution for instantaneous 

upsetting. However, in the case under consideration the 

only surface that changes its shape throughout the 

process of deformation is the side surface and this 

surface is traction free. Therefore, no power is 

dissipated over this surface and it is only necessary to 

update the limit of integration in Equations (3) – (5) to 
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get a solution at any stage of deformation. This 

procedure requires a simple numerical code. 

 

5. EXPERIMENT 

Cylindrical samples (Ø16 × 20 mm) were 

machined from the rod made of annealed C45E steel. 

Nine v-shaped grooves (0.1 mm deep, 60° v-shape 

angle, 2 mm distance between grooves) were machined 

on lateral surface of the cylinder (Figure 1). No 

lubrication was used during upsetting. The samples 

were upset to 1.5 total strain in five upsetting steps (0.3 

strain per step). Upsetting was carried out on hydraulic 

press Sack&Kiesellbach (6.3 MN) at room temperature 

with two sets of samples. Light microscopy was used to 

determine the amount of material subjected to foldover. 

The number of grooves that displaced from lateral to 

frontal cylinder surface and the distance between them 

were measured. 

 

 
Figure 1 Cylindrical samples with nine grooves. 

 

6. SUMMARY 

A new theoretical method has been developed for 

analysis of foldover in upsetting of solid cylinders. The 

method is based on the upper bound theorem and 

accounts for specific features of the process under 

consideration. In particular, a relatively simple solution 

is possible because the only surface of the specimen 

whose shape is changing as the deformation proceeds is 

traction free. Therefore, no power is dissipated over this 

surface independently of its shape. The theoretical 

solution has been confirmed by experiment. 
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