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Abstract: The investigation has been made of hot extrusion of round billet through a conical die. The interrelationship is determined 
between deformation zone parameters and mechanical properties of deformed materials. With a certain relation of resistance to deformation 
between external and internal components of a bimetallic billet and preset values of its reduction, this allows predicting the geometrical 
parameters of components on billet leaving the deformation zone.  
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1. Introduction 
 
The end cutting tools such as taps, drills, milling cutters, etc. 

have widespread application in industry. Their fabrication requires 
use of high alloy tool steels or hard alloys. Therefore, emphasis is 
now placed on the problems of increasing the tool life and reduction 
of metal consumption. When the diameter of end cutting tools 
exceeds 10 mm it is good practice to make them compound in order 
to achieve saving of tool steel. In this case a tool working part is 
recommended to be made of Р6М5 high-speed steel and a shank 
from more cheap 45 (40Х) constructional steel. The connection of 
these parts is usually carried out using friction welding, electric 
resistance welding and brazing. The disadvantages of the above 
mentioned methods are displacement of welded butt ends, local 
incomplete interpenetration of welded surfaces, microcracks and 
formation of a wide brittle decarburized zone. They may cause 
decrease of a weld joint strength and, consequently, reduction of a 
compound tool life. Furthermore, it is necessary to use finish 
operation of cutting for shaping the working (cutting) part of an end 
tool which leads to enhancing the labour input required for 
fabrication of an item with   undue tool steel consumption. All these 
drawbacks can be obviated when a bimetallic billet of an end 
cutting tool is fabricated using plastic forming. In the process of hot 
extrusion of connected parts through a shaping die there occur 
simultaneous deformation, reduction and forming of a tool billet 
working part. The steel loss is minimized owing to plastic 
redistribution of deformed material volume and elimination of 
cutting-out of chip grooves. The use of this technology enables 30 
to 70-% saving of tool steel consumption per one item while 
decreasing the labour input required for fabrication of a tool. The 
strength of a permanent connection and working capacity of an end 
cutting tool are in whole increased which is associated with 
improvement of its physical and mechanical properties owing to a 
hot deforming. However, one of the most significant problems is to 
obtain an external tool steel layer of a specified thickness on a 
working part of a bimetallic billet because it is in this layer the 
cutting elements of an end cutting tool are formed during 
subsequent operations.         

The solution of the problem calls for further investigation of 
plastic flow proceeding on extrusion of a bimetallic billet through a 
conical die. The aim is to find out how normal and tangential 
stresses in a deformation zone, resistance of connected dissimilar 
metals to deformation and geometrical parameters of billet and 
conical die components affect the ratio of the dimensions of 
external and internal layers of a billet on its leaving a die. 
 
2. Background and ways for solving the problem. 
 
On hot plastic forming of a cylindrical bimetallic billet one of the 
major problems is to determine the dependence of cross section 
component dimensions obtained after reduction on deformation 
parameters such as friction forces and die tooling geometry. It is 
also essential to establish the relationship between mechanical 
properties and initial dimensions of billet components. The solution 

of this problem involves analytical investigation of force interaction 
between metals with different mechanical properties in a 
deformation zone when they flow through a conical die [1].   

On hot extrusion of a two-component bimetallic billet that is 
presented in the form of a coaxial flow of dissimilar materials 
through a conical die under the action of axial loading there occurs 
redistribution of metal volumes in a plastic zone due to difference in 
mechanical properties of components. A more strong metal 
occupies a relatively greater volume than it has in initial state. As a 
result the interface of components is displaced in the direction of a 
more strong metal and on leaving the plastic deformation zone the 
ratio of the cross section dimensions of components differs from 
that of an initial billet. The displacement value of interface of 
components depends on the geometry of a shaping tool and the ratio 
of radii of initial billet components as well as on the  friction 
conditions of contact surfaces.   

It is known that distribution of normal stresses in a body is of 
continuous nature. Hence, the components of a bimetallic billet 
should have equal normal stresses at their interface. From this it 
follows that on deformation of dissimilar materials there exists the 
only one position of interface at which the equality of normal 
stresses is satisfied in both materials. Thus, upon establishing the 
relationships between these stresses and position of interface for 
each material and after their simultaneous solution it is possible to 
determine the position of interface and, consequently, the reduction 
value for billet components.     

 
3. Description of plastic flow scheme of cylindrical 

bimetallic billet during its deformation in conical die  
 
Let us consider the scheme of plastic flow of a bimetallic billet 

consisting of external and internal components through a conical die 
(Fig.1).  It shows a convergent flow of billet components in a zone 
of a conical channel of a die the entry radius of which is equal to R1, 
the radius of an outlet channel is r1, the half angle of a lead-in is k 
and the initial radius of internal metal layer of a bimetallic billet is 
r2. The zone of plastic deformation is bounded by spherical surfaces 
with the radii, вх and 0, and by the surface of a die conical part 
with generatrix, А0А'0. The plastic reduction occurs according to a 
volume deformation scheme and in the general case all three 
principal deformations are not equal to zero. The volume scheme of 
a stressed state depicted in Fig. 1 shows three principal normal 
stresses,  and , and principal tangential stresses ,, 
perpendicular to principal normal stresses. The principal stresses,, 
 и , are not shown conventionally in the scheme as they are 
directed perpendicular to the figure surface. Therefore, the scheme 
looks like a two-dimensional one.  

The hot extrusion of a cylindrical bimetallic billet is 
characterized by existence of significant normal stresses on contact 
surfaces. They act over surfaces of a die conical lead-in and at 
interface between external and internal metal layers. 

If the ultimate strength of an external metal layer, 1, is higher 
than that of an internal metal layer, 2, and the ratio of their yield 
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, during deforming, the distribution of relevant 
metal volumes in a deformation zone will be such that the 
generatrix of cone,  ОF, separating billet external and internal metal  
layers at the onset of deformation is displaced to the position, OF' 
(Fig. 1). The cone obtained with the aid of generatrix, DF’, would 
be as if a die lead-in for an internal metal layer. The decrease in the 
volume of internal metal layer in a deformation zone resulting from  
this distribution according to the mass conservation law leads to 
increase in the rate of its flow through a conical channel with the 
generatrix, DF'. The advance flow of an internal bimetal component 
is favorable for initiation of additional tensile stresses in 
neighboring layers of an external component which changes the 
scheme of stressed state. Such expansive volume redistribution of 
metals in a deformation zone results in setting up a stressed state at 
their interface that satisfies the equality of stresses in both metals.  
In this case for bimetallic billet components conventionally equal in 
strength the stresses existing at displaced interface, ОDF', should be 
the just the same as they are at the interface, ОСF. This implies the 
equality of tangential stresses, 1 = 2. 

Based on the scheme of forces acting in a deformation zone it is 
possible to consider that stressed state schemes of external and 
internal components of a bimetallic billet are similar and can be 
treated as schemes of nonuniform omnidirectional compression.    

The stressed state of a more strong external metal, 1, will be 
determined in spherical coordinates the center of which is at the 
point, О, that is a cone vertex. The position of generatrix, ОF’, is 
determined by the contact conditions existing at a die conical 
surface, АоA'o, (tangential stress, k) as well by those of interface, 
F'D, (tangential stress, 2).  This position is also determined by the 
initial ratio of the radii R1 and R2 of bimetallic billet external and 
internal components, respectively. Fig. 1 also presents the 
distribution diagram of component tangential stresses of a deformed 
bimetallic billet on its flow through a conical die at various stages 
of deformation. 

 
 

Fig. 1.  Diagram of flow of bimetallic billet on its deformation in 
die conical channel. (1) External metal layer and (2) internal metal 

layer. 

The stressed state of an internal metal, 2, will be analyzed on 
the assumption that the volume of its deformation zone is confined 
by spherical surfaces with the radii, вх and 0, as well by  a side 
surface of a truncated cone with the generatrix, DF'.  

The differential equilibrium equations for a discussed 
axisymmetric problem take the form [2]: 
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The plasticity condition is determined by the equality: 
 

(2)                    22222 26 i  . 

 
where , ,  are the principal normal stresses,  is the 
tangential stress in spherical system of coordinates, (angle, , 
directed perpendicular to the scheme plane and angle, , are not 
shown in Fig. 1) and i is the intensity of normal stresses. 

In case of constancy of i over the whole volume of a deformed 
body (a deformation zone) the system of equations (1) and (2) 
becomes theoretically solvable under certain boundary conditions. 
However, its solution poses considerable difficulties.  

The assumptions made for solving this problem are as follows: 

1) Let   , that is two of three components of normal stresses 
are equal. Then the equilibrium and plasticity equations take the 
form:  

(3)                 
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(4)                 222 3 i 
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2) The materials of bimetallic billet components are similar, 

isotropic and not hardenable. It follows from the above that 
materials plastic state is set under the following condition:  

 
(5)                 

si  . 

 
where S is the yield stress of a considered bimetallic billet metallic 
component.  

3) Assuming a stiff-plastic model of deformation  we consider 
that for each bimetal component metal the flow occurs along the 
radii issuing from a cone vertex, О, obtained by rotation of 
generatrix, OA'0, and the deformation zone is separated from rigid 
regions by spherical surfaces with the radii, вх and 0. 

For axisymmetric stressed state of a considered component in 
spherical coordinates the plasticity condition can be presented in the 
form:  
 
(6)                 

s 
. 

 
With the above-stated assumptions the system of equations (3) 

и (4) can be presented in the form: 
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The derived system of equations is applicable for investigating 
the problem of flow of both an external metal, 1, and an internal 
metal, 2. All estimated values relating to an external metal and an 
internal metal will be denoted by indices, 1,and, 2, respectively. 

The polynom resulting from mathematical transformations is as 
follows:  
(8)        0tg1tgtg 12
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angles, 1, 2 and k and the radii, R1 and R2 are shown in Fig. 1. 
        The analysis and numerical solution (8) are indicative of 
substantial dependence of this equation roots on the coefficient N 
and tg 1. The former characterizes the force interaction of 
dissimilar metals having different mechanical properties in a 
deformation zone and the latter the ratio of the initial geometrical 

parameters of components that is the ratio of radii, 
1

2

R

R . The values 

of tg 2 (of angles, 2) determined from the equation meet the 
equality condition of normal stresses (1)

 = (2)
 at interface of 

bimetal components in a plasticity zone during extrusion at various 
parameters (Table 1).  
 
Table 1. The value of angle, 2, at various extrusion parameters (N, 

1

2

1

2 ,
r

r

R

R ) 

 
Value of 

ratio 
 

1

2

R

R  

N = 0.8 N = 2.0 N = 4.0 
k, degree 

30 45 60 0 45 60 30 45 60 

1. 0.7 18 21 22 13 12 11 8 7 6 
2. 0.8 20 27 30 16 16 14 11 9 9 
3. 0.9 24 35 42 20 22 21 12 11 10 
 
With steady flow of bimetallic billet components the tangential 
stresses existing at interface of bimetal components 2 = 1 and the 
value n = 1. Other values of coefficient n equal to 0.8 and 1.2 
correspond to an unsteady flow of a bimetallic billet in the 
deformation zone when tangential stresses of bimetal components 
differ from each other 2  1 at interface. 

The angle, 2, meets the equality condition of normal stresses 
(1)

 = (2)
 at interface of bimetal components in a plastic zone 

during extrusion through a conical die channel at various 
parameters.  

The increase in a cross section thickness of an external metal 
layer will be:  

(9)   
k

rrrr





sin

sinsin
sinsin' 21

121022
. 

So far  as  

(10) 
kR

R
 sinsin

1

2
1

,  

       then: 

(11) 











kR

R
rr

sin

sin 2

1

2
1 . 

 
The nomogram presented in Fig. 2 is constructed according to 

the calculated data. With the known values of die and billet initial 
geometrical parameters (N, tg 1) and the ratio of initial 

dimensions,
1

2

R

R  the nomogram can be used for determining the 

interface displacement of materials, r, and the ratio of radii,
1

2

r

r , of 

internal and external metal layers on their leaving the deformation 
zone. 

 
 

Fig. 2. Relationship between interface displacement and ratio of 
radii of internal and external metal layers on their leaving  

deformation zone. 
For instance, with the ratio of initial radii of internal and 

external metal layers 8.0
1

2 
R

R  and the angle of a die lead-in 

k = 45 at N = 0.8 (k = 0.5S1) the radii ratio observed at exit 

from the deformation zone   6.0
1

2 
r

r . When taking the same die but 

other friction conditions or materials (k = 0.2S1), the radii ratio is 
equal to 0.35 at N = 2 and it is 0.2 at N = 4 (k = 0.1S1). As is 
evident from Fig. 2 it is easy to follow the change in ratios of radii 
at other angles of a die lead-in k = 30 and k = 60.The nomogram 
is also operative in a reverse direction when the final ratio of radii is 
given and it is necessary to determine the ratio of initial radii of 
billets. 

In the model developed account has been taken of the major 
factors that influence the process of coaxial flow of two dissimilar 
materials through a die conical part on their extrusion. When in a 
die conical part there is a complex engraving corresponding to a 
billet to be obtained the calculation of metal flow becomes rather 
complicated. However, the derived relationships (8)–(10) are valid 
for a billet working part in the area of an end cutting tool tooth. In 
the area of a chip channel the process should be considered having 
in mind that the deformation degree exceeds that of a tooth forming 
by a factor of two. 
 
4. Conclusion 
 

The development is made of a mathematical model for coaxial 
flow of a bimetallic billet through a conical die. It takes into 
account normal and tangential stresses existing in the layers of 
connected dissimilar metals in a deformation zone and their 
resistance to deformation. The model makes it possible to determine 
the geometry of a shaping tool and the ratio of radii of initial billet 
connected surfaces that ensure obtaining a preset thickness of 
external high-strength layers over cross and longitudinal sections of 
a working part of an end cutting tool billet [3]. 
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