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Abstract. By analyzing the problem of upsetting of a workpiece by radial 
dies, an improved solution for determining the displaced volume was 
obtained. The value of the displaced volume is the basis for calculating 
such an important technological criterion as the engineering strain range of 
the workpiece during the upsetting. It is revealed that the main difficulty 
lies in calculating the volume that is placed between the contact surface 
and the end protuberances of the deformed workpiece, which requires the 
involvement of numerical or tabular integration methods that do not 
provide a complete solution.  

1 Introduction 
The difficulties associated with the need for preforming operations in the stamped space of 
presses require the search for universal low-tooling methods of shaping the blanks before 
making forgings of a complicated configuration [1-5]. Obtaining profiled semi-finished products 
for hot-stamp forgings with a simplified shape tool is feasible by increasing the possibilities of 
operations based on the upsetting [6-8], which most often are inefficiently used only for the 
purpose of knocking down scale [9]. A number of recent studies in the field of upsetting 
processes [10-16] confirm a variety of unresolved problems of shaping such a seemingly simple 
operation. 

With the use of preparatory upsetting of workpieces with radial dies (Fig. 1), to improve 
stamping technology [4, 13, 15, 17], it is necessary to accurately assign the engineering strain 
range at the upsetting, which has a significant effect on geometric shaping, uneven deformation, 
energy-strength parameters, choice of thermal conditions and others characteristics. 

The engineering strain range during the upsetting is determined by the displaced volume, 
which calculation represents a separate mathematical problem [16]. Such a solution does not 
take into account the possibility of transition to polar coordinates when considering the 
horizontal cross-section of the workpiece.  
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Fig. 1. Modeling of die-forging of "plate" forgings: workpiece upset by radial dies placed in block-
impression (a); intermediate stage (b); blocking (c); finishing (d) 

The implementation of such a transition with the simultaneous use of the reserves of 
intermediate solutions with the help of refined integration in the CAE [18] environment allows 
more accurate calculation of the displaced volume at the upsetting of cylindrical workpieces by 
convex elongated dies. 

2 Purpose of the work 
The purpose of this article is to refine the problem of calculating the displaced volume during the 
introduction of a convex slab into a cylindrical workpiece at the preparatory-procuring transition of 
stamping. 

3 Methodology 
In connection with the presence of significant unevenness of the deformation along the height of 
the workpiece, which is being upset by a curved die, the known formula [19-21] becomes 
inapplicable for estimating the engineering strain: 

 ( )( ) %HhH 10000 ⋅−=ε .  

where Н0 and h are the initial and final height of the workpiece, respectively. 
Analytic consideration of the problem of determining the amount of displaced volume when 

introducing a convex elongated upsetting plate into the end of the workpiece is carried out 
according to the scheme shown in Fig. 2. We accept the assumption of a central symmetric 
embedding of a convex elongated plate of radius R into an isotropic cylindrical workpiece with an 
initial radius r0, i.e. the initial diameter of the workpiece is D0 = 2r0. Forming processes in the 
upper and lower parts of the workpiece, i.e. with respect to its horizontal axis, are considered 
symmetrical, which allows us to consider only the upper half of the workpiece. The approximate 
cross-section of the deformed workpiece is a circle of radius r. 

The equation of a circle with center (0; Н1), describing the projection of a convex upsetting 
plate with radius R > r on the yz plane according to Fig. 2 is: 

 ( ) 222
1 RyHz =+− . (1) 
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Fig. 2. Calculation scheme of the upsetting of a cylindrical workpiece by radial dies 

The volume of the half of the initial cylindrical workpiece is calculated as 
20

2
0 /)Hr(Vwp ⋅⋅π= . In this case, the displaced volume V behind the contours of the profiled 

workpiece can be approximately represented as a sum of two volumes (see Fig. 2): 

 dpcoc VVV += ,  

where: 

 ( )HHrVoc −⋅π= 0
2

0 ; (2) 

 ( )dxdyzzV
смD

CAdpc ∫∫ −= , (3) 

where zА and zС are the coordinates along the 0z axis determined by the points A and C, 
namely by the halves of the maximum and minimum height of the workpiece after the introduction 
of the radius plates; 

Ddpc is a region of radius r corresponding to the projection of the contact surface of the radius 
plate and the upset workpiece onto xy horizontal plane. 

From equation (1) we have: 

 ( ) 222
1 yRHz −=− . (4) 

Whence we get: 

 1
22 HyRz +−−=  or 22

1 yRHz −−= . (5) 

So you can determine the coordinates: HzA =  and 22
1 yRHzC −−= . 

Then we write equation (3) as follows: 

 dxdyyRHHV
Ddpc

dpc ∫∫ 




 −−−= 22

1 . (6) 

We find: H1 = H + AO, where from the triangle ΔОАВ we have: 22 rRAO −= , whence: 
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 22
1 rRHH −−= . (7) 

Correspondingly, substituting equation (7) into the integral (6), we write: 

 dxdyrRyRdxdyyRHrRHV
DdpcD

dpc

dpc

∫∫∫∫ 




 −−−=





 −−−−−= 222222

1
22

1 .(8) 

To perform the integration, we pass to the polar coordinates: 

 






ϕρρ==ρ=ϕρ+ϕρ

ϕρ=ϕρ==+

.dddxdy;r;rsincos

;siny;cosx;ryx

0
2

0
2222

2
0

22

 (9) 

Then we have: 

 ∫∫
ππ

ρρ




 −−ϕρ−ϕ=

2

0
222222

0
drRsinRdVdpc . (10) 

After solving the internal integral using the Mathcad package, we get: 
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Whence we have: 
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 (12) 

In view of the symmetric limits of integration, the average expression ϕ⋅⋅ ctgR331  of 
equation (12) is assumed to be zero. Then we write: 

 ( )
π⋅⋅−+ϕ

ϕ
ϕ⋅−

−= ∫
π

23
3
1 222

2

0
2

2
3

22
0

2

odpc rrRd
sin

sinrRV . (13) 

We denote the integral of the equation (13) by J and solve it with the help of changing the 
variables: 
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 ( )
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Reflecting the course of the solution, we write: 
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To take the last integral (15), numerical or tabular methods can be used. For example, solving 
this integral with Mathcad, we get: 
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 (16) 

4 Application and discussion 

The engineering strain range ε during upsetting by radial dies can be found through displaced 
volumes, namely: 

 ( ) %V/V wp 100⋅=ε . (17) 

Obviously, the exact (strict) solution does not have a completed form, which requires finding 
acceptable assumptions for use in calculating the engineering strain range in a given operation. At 
present calculations use the approximate equation: 

 
( )

%
H

hH mid* 100
0

0 ⋅
−

=ε ; ( )
2

43 h/Hhmid
+

= . (18) 

Formula (18) is a robust equation for calculating the engineering strain at the upsetting of 
cylindrical workpieces by radial dies. 
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5 Conclusions 
Thus the main difficulty in the refined calculations of the displaced volume in the processes 
of upsetting of workpieces by radial dies consists in the search for the volume of the region 
enclosed between the contact surface and the boundaries of the transverse convexities. The 
results of the methods of calculating the displaced volume at upsetting of workpieces by 
radial dies, in the long term, can be compared with the experimental data. 
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