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Pavel Petrov, Victor Perfilov and Michael Petrov: 

Development and research on near net shape forging technol
ogy of round part with flange made of aluminium alloy 
A95456 

This paper describes the development of isothermal enclosed die forging technology of an aluminium part with flange. The op
timum conditions of forging were obtained by means of FEM simulation. That allowed the production of parts without defects 
and with defined mechanical properties. Moreover, the new technology ensures the reduction of forging force and the im
provement of die filling. The dies for experimental forging were designed according to the results of FEM simulation. The pre
sented results of experimental forging indicate that isothermal enclosed die forging allows the formation of round parts with 
flange. 

The development of any technological process of bulk 
forging requires the solution of the following tasks: 1) 
choose the forging method or forming process; 2) design a 
forging part in according to machined part; 3) determine 
the necessary amount of forging operations; 4) determine 
the size and shape of workpiece; 5) design forging dies; 6) 
choose the suitable press-forging equipment and lubrica-
tion; 7) try out experimentally the developed technology 
and if necessary make some modifications. Thus the main 
disadvantages of any forging process design are its com-
plexity and labouriousness. 

Recently in the forging industry there is a strong ten-
dency to decrease the time of preproduction, the cost of the 
forged part and, at the same time, to improve the quality of 
the parts [1]. Without the knowledge of the influence of 
variables such as friction conditions, material properties, 
workpiece and forging part geometry on the metal flow, it 
would not be possible to design the dies adequately or to 
predict and prevent the occurrence of forging defects such 
as laps, folds etc [2]. The application of CAD/CAM/CAE 
systems for design and investigation of metal forming proc-
esses allows the achievement of these goals [3, 4, 5 etc.]. 

Generally the numerical simulation of metal forming 
processes is carried out by means of the finite-element 
method (FEM) [6, 7, 8]. In the application of FEM to metal 
forming, there are two formulations, namely, flow formula-
tion and solid (elastic-plastic) formulation. The flow for-
mulation neglects the elastic response of the deformed ma-
terial, while the solid formulation includes elasticity [2]. As 
shown in [2] both formulations agree with each other very 
well with only minor differences. The comparison was car-
ried out for metal forming processes such as ring compres-
sion [2, 9], forging and rolling [9]. 

The selection of formulation for the simulation of the 
forming process depends on the objective of the simulation, 
its computational efficiency, solution accuracy and reliabil-
ity. The solution reliability is a major concern. It can only 
be determined by comparing predictions with experimental 
studies. The determination of reliability depends on how 
closely the boundary conditions and material behavior are 
defined for the concerned physical problem. 

At present there are a number of FEM systems to nu-
merically investigate the forging process. QFORM-2D/3D 

is one such system [10, 11 etc.]. QFORM-2D/3D (Quantor-
Form Ltd., Russia) uses the flow formulation for material 
behavior. The estimation of the QFORM simulation results 
was carried out in several works [12, 13]. The analysis of 
these papers shows the good compatibility between the re-
sults of numerical simulation and experimental data. 

The present paper applies QFORM-2D for the develop-
ment and investigation of new forging technology of the 
round part with flange. The axisymmetric part with flange 
made of aluminium alloy A95456 is shown in Figure 1. 

Conventionally such parts are formed in dies so that the 
flow of metal from the die cavity is restricted. As a result 
flash appears around the forging part at the die parting line. 
The closed-die forging with flash has several disadvan-
tages: 1) large material loss in flash and in cutting; 2) large 
values of deformation load; 3) too many technological op-
erations; 4) complicated and expensive machining. As a re-
sult it is necessary to choose powerful press-forging equip-
ment. 

In case of forging the round part with flange the techno-
logical process includes two forging operations such as 
finishing forging and clipping of flash. The weight of the 

Fig. 1: Drawing of forged part (chain line corresponds to 
machined part) 
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workpiece is about 0.85 kg while the weight of the ma-
chined part is equal to 0.2 kg. Because of that the closed-
die forging of the above mentioned part leads to large mate-
rial losses and time-consuming machinery. 

The disadvantages of this process can be overcome by 
the application of near net shape (fully-enclosed die) forg-
ing. Moreover the forging must be carried out in isothermal 
conditions. 

Practical implementation of isothermal near net shape 
forging has become available with the development of heat 
resistant tool materials. Isothermal forging has several ad-
vantages over hot bulk forging. Here they are: 1) uniform 
temperature distribution; 2) lower deformation load due to 
lower strain-rate; 3) high material plasticity due to full re-
laxation and diffusion healing of micro pores. In turn it al-
lows to reduce allowances, fillet radii and draft angles when 
a forged part is designed and consequently to reduce the 
cost of machining and material losses. 

On the other hand, in case of fully-enclosed forging the 
material flow is more complicated and difficult to predict. 
The forging defects such as laps, folds, non-filling of dies 
and dead regions tend to appear, which results in the pro-
duction of defective forging parts. On account of this dis-
advantage the numerical simulation of appropriate forging 
technology is necessary. The choice of optimum forging 
conditions can be done on the basis of the results of nu-
merical simulation. 

In this paper the development of isothermal near net 
shape forging technology of the round part with flange is 
presented. The main objective of the forging process design 
is to ensure adequate metal flow in the dies so that the de-
sired finished part geometry can be obtained without de-
fects and with advanced mechanical properties. The inves-
tigation of the isothermal forging is carried out by means of 
QFORM-2D simulation. Then the experimental forging is 
conducted for the optimum conditions selected. 

Numerical simulation 

Finite-element formulation. QFORM code is based on 
flow formulation where independent variables are velocity 
vector and mean stress. In rigid-visco-plastic model the 
material is considered as incompressible, isotropic continua 
and elastic deformations are neglected. The constitutive 
equation is used to describe the material flow: 

2 σ
σ i j′ =

3 ε
•�ε ij  (1)  

where σij = the stress tensor components, σ  = the effective 

stress (flow stress), �ε  = the effective strain-rate, �εij = the 

strain-rate tensor components. 
The effective stress depends on effective strain ε, effec-

tive strain-rate �ε and temperature T and can be expressed 
by 
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The effective strain-rate and effective strain are defined 
as follows 

� 2 
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where �ε  = the strain-rate tensor components. 
The friction model describing contact friction on the die 

surface proposed by Levanov [14] is used in QFORM and 
can be written as 

τ = m (1− ex p (−1  25  , (σ  σ  n  T .K .  ))) σT .K  .  ( 4 )
3 

where m = friction factor, σn - contact pressure in given 
point of contact surface, σT.K. - yield stress of layer in sam-
ple near contact surface with die. 

The virtual work-rate principle and finite element tech-
nique are used to obtain the non-linear system of algebraic 
equations describing the material forming process. The 
system includes such equations as equilibrium equation, 
compatibility equation, constitutive equation as (1) and in-
compressibility. The energy balance equation is treated by 
means of weighted residual method (Galerkin’s method) re-
sulting in a system of ordinary differential equations that is 
integrated numerically. The indices i and j, for two-
dimensional problems, vary from 1 to 2. Velocity and mean 
stress fields are approximated by quadratic and linear shape 
functions respectively within the 6-node triangular ele-
ments with curved sides. Finite-element mesh is generated 
and regenerated automatically. The details of the algorithm 
can be found in [15]. 

Since the forging of round part with flange is an axisym-
metric process, therefore the forming process is simulated 
for a half of workpiece in QFORM-2D. 

Material. The material of the forging part as mentioned 
above is aluminium alloy A95456. The chemical composi-
tion is given in Table 1. 

Table 1: Chemical composition of alloy A95456 

Element Percentage 
Cu 0.04 
Si 0.16 
Mn 0.63 
Mg 6.80 
Ti 0.1 
Zn 0.2 
Fe 0.22 

Lubricant. Colloidal graphite mixed with industrial oil 
can be used as a lubricant for isothermal forging of alu-
minium alloy, in particular, alloy A95456. The friction 
factor of this lubricant can be determined by means of ring 
compression. This technique is the simplest, most reliable 
and widely used. The friction factor was defined within the 
temperature interval of isothermal forging of aluminium 
alloy A95456. The investigated temperatures were 430°C, 
450°C and 470°C. The sizes of samples were: inner di-
ameter - 20 mm, outer diameter - 40 mm, height - 14 mm. 
The investigation was carried out in the following se-
quence. 
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The ring samples were heated to the required tempera-
tures in the electric furnace. The deformation of the heated 
samples was carried out with flat dies warmed with an in-
duction installation to the same temperature as the samples. 
Before compression the samples had been covered with the 
above mentioned lubricant. They were compressed to about 
50% from the initial height. Die velocity was constant and 
equal to 2.0 mm/s (hydraulic press, 2.5 MN), that corre-
sponds to the following initial strain rate – 0.14 s-1. 
The values of height hk and inner diameter din were deter-
mined after the compression of rings. The inner diameter 
was measured in three locations along their height. Finally, 
the value of inner diameter was determined as 
d=(dtop+dmid+dbot)/3, where dtop, dmid, dbot = inner di-
ameter at the top, in the middle and bottom along the height 
of the ring accordingly. 

The values of friction factor for appropriate temperatures 
were determined numerically by means of QFORM-2D/3D 
simulation. The obtained friction factors are given in Table 2. 

Table 2: Friction factor values for alloy A95456 

Temperature, °°°°C Friction factor 
430 0.155 
450 0.116 
470 0.14 

Investigated scheme of forging. The analysis of the part 
drawing (see Fig.1) shows that the die filling occurs due to 
material extrusion along the part axes, namely, forward and 
backward directions, and in the radial direction. The radial 
material flow provides flange filling. So, the metal flow 
during extrusion is very complicated and will depend on 
the following parameters: 1) die geometry; 2) workpiece 
dimensions; 3) temperature conditions of deformation and 
so on. 

In general these parameters influence the distribution of 
the effective strain and flow stress in the deformation area 
and especially the forming load. In turn it will affect the 
mechanical properties of forging part. To choose the opti-
mum forging conditions several simulation trials were con-
ducted. 

On the first stage the effect of die geometry was investi-
gated. The variational parameters were the following (see 
Fig. 1): 1) draft angle α1; 2) draft angle α2; 3) radius R1; 4) 
radius R2; 5) radius R3; 6) rough draft height H. The nu-
merical values of these parameters are given in Table 3. 

Table 3: Variational parameters value 

Parameter Value 
Angle α1 

α2 
7°30′; 10° 

1°; 3°; 5°; 7° 
Radius R1 

R2 
1; 3; 5 
1; 3; 5 

Radius R3 2.5; 4; 6; 8; 10 
Depth H 2; 5; 7; 10; 15; 20 

On the second stage the effect of forging temperature was 
examined. The FE simulation was conducted for some pos-
sible forging temperatures of alloy A95456 - 430°C, 450°C 
and 470°C. The die temperature was chosen to correspond 
to the workpiece temperature. So that three possible cases 

of the isothermal forging of round part were examined to 
investigate the effect of temperature on the material flow. 

On both stages the hydraulic press was used for simula-
tion of round part with flange forging. The ram speed was 
constant and equal to 2.0 mm/s. The flow curves for alloy 
A95456 were taken from handbook [16]. 

Evaluation of the simulation results 

Effect of die geometry. The analysis of FEM results 
shows that the parameters α1, α2 and R1, R2 only weakly 
influence the material flow as well as the strain-stress state 
parameters and the forming load while the radius R3  and 
height H have a strong effect on them. 

The minimum value of α1 is equal to 7°30′ (see Table 3). 
It provides the forging part with a minimum machining al-
lowance. However its value is not reduced further, because 
it causes cutting of some part of the component in machin-
ing. At the same time the value of the angle α2 can be taken 
as minimum, i.e. 1° (see Table 3). 

On the other hand the parameter R3 affects the material 
flow during forging significantly. It may cause the appear-
ance of a lap in the flange area. The shape and size of the 

Fig. 2: Plot of the lap length versus radius 

Fig. 3: Plot of the maximum effective strain versus radius 
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Fig. 4: Stages of metal forming process: a – initial position; b – intermediate stage; c – intermediate stage with lap; d – lap 
(magnified view) 

Fig. 5: Velocity distributions in isothermal near-net shape forging: a – initial position; b – 
intermediate stage with lap; c – lap (magnified view) 

defect depends on the value of parameter R3. The proper 
choice of its value allows a reduction of the lap size (figure 2). 

It should be noted that the size of lap decreases consid-
erably when the radius R3 changes from 2.5 mm to 5 mm. 
After that the curve for lap length vs. radius is sensibly 
constant. The lap size in the part cross-section was calcu-
lated on the basis of the FE simulation results. 

At the same time increase in the value of radius R3 causes 
displacement of lap to the front flash region (see Fig. 4) 
and decrease in the value of effective strain in the area of 
radius R3 (Fig. 3). These results were obtained numerically. 

Figure 4 shows the metal-flow patterns at various upper 
die displacements. Numerically calculated velocity distri-
butions are given in Fig. 5. As seen from the figure when 
the cavities of dies are substantially filled, the material 
starts to flow through the gap between the upper and lower 
dies, and a flange is formed. The velocity distributions in 
the flange area are different for upper and lower dies (see 
Fig. 5). It results in lap formation. The stages of lap forma-
tion process are shown in Fig. 6. 

The front flash is the 
excess material which is 
extruded through a gap 
between upper and lower 
die. This gap provides the 
sliding of dies with re-
spect to each other. The 
value of gap was over 
0.715 mm (see Fig. 7). 

Another interesting 
feature in the forming 
process under study is the 
effect of the rough draft height on the value of deformation 
load. Figure 8 shows the curve load vs. rough draft height 
that was plotted on the basis of the finite-element simula-
tion results. From this figure it can be seen that the signifi-
cant change in load occurs when the height H exceeds 12 
mm. 

e – lap (magnified view) 

Such a change in load can be explained on the basis of 
power balance equation [17] which can be written as 

WP = Wε +Wτ +W∆  (5)  

Fig. 6: Lap formation in forging process: a, b, c, d – stages of lap formation; 
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where WP = external power, Wε = internal power in the de-
forming volume, Wτ = power of friction forces, W∆  = 
power on the surfaces of velocity discontinuity. 

The larger rough draft height H increases the volume of 
metal undergoing shear deformation and the length of the 
lower die. It results in an increase in the friction power Wτ. 
On the other hand the values Wε and W∆ remain un-
changed. According to eq.(5) the value of the external 
power will increase as well as the forming load. 

tion and flow stress. In turn the flow stress of a metal is in-
fluenced by temperature, degree of deformation and rate of 
deformation. The increase in temperature gives rise to de-
crease in friction (see Table 2) and decrease in flow stress. 
Therefore, the external power WP and the friction power Wτ 

Fig. 7: Shape of lap for
different radii:
a – R3 = 2.5 mm;
b – R3 = 4 mm;
c – R3 = 5 mm;
d – R3 = 6 mm;
e – R3 = 7 mm;
f – R3 = 8 mm;
g – R3 = 10 mm;
h – R3 = 12 mm

Effect of temperature. The results of the temperature ef-
fect on the simulation are shown in Fig. 9. It is seen that the 
temperature of the workpiece and correspondingly the dies 
temperature influence the forming load. The die velocity 
was constant and equal to 2 mm/s in all trials. 
Generally the forming load depends on part geometry, fric-

Fig. 8: Load versus rough draft height Fig. 9: Load versus workpiece temperature 
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Fig. 10: Schematic view of isothermal enclosed die forging dies. 

decrease their values as well as the external power and the 
forming load in according to eq.(5). 

The temperature variation within the forging part is no 
more then 30.8°C due to heat generation of plastic defor-
mation independently of the initial temperature of the 
workpiece and the dies. The maximum increase in tem-
perature up to 70°C occurs in the region of the front flash 
which will be cut during machining. 

Experimental study 

The FE simulation allowed a determination of the opti-
mum forging condition of forging of round part with 
flange. On the basis of simulation results the experimental 
dies were developed. Figure 10 shows the schematic view 
of dies for experimental study of isothermal near net shape 
die forging. 

In order to provide the strength and life of parts 1, 2, 4, 5 
(see Fig. 10) at the high temperature, die steel 5CrNiMo 
was selected as their material. An induction heater 3 and 
temperature control system, installed at the die case, were 
developed to heat the dies and control the temperature of 
die. It ensured isothermal conditions of the forging. 

Fig. 11: Forging part with flange: a – experiment; b – FEM. 

The hydraulic 2.5 MN press was used for the experimental 
study. The ram speed was the same as in the simulation tri-
als and equal to over 2 mm/s. The conditions of forging 
were: 1) temperature of workpiece and dies – 430°C and 
470°C; 2) lubricant – graphite mixed with oil provided the 
friction factor 0.155 at the forging temperature; 3) geome-
try of lower die 4 – R1 = 5 mm, R2 = 3 mm, R3 = 6 mm, α1 

= 10°, α2 = 5°, H = 10 mm. 

Discussion of results 

Figure 11 shows the experimental forging parts. The fig-
ure demonstrates that the agreement between finite-element 
simulation results and experimental observations is good. 
Moreover the lap has been found experimentally when the 
temperature of workpiece and dies was equal to 430°C. The 
experimental forging part with lap and its corresponding FE 
model are shown in Fig. 12. The lap location in the ex-
periment coincides with that predicted theoretically. It 
should be noted that the microstructural analysis showed 
that the size of the lap in the cross-section of the part is less 
than the machining allowance. Consequently, the quality of 
the product can be produced by means of machining from 
the forging part with lap obtained at a temperature of 430°C. 

The investigation of macrostructure and mechanical 
properties of forging part material was carried out. Figure 
13 demonstrates the results of macrostructure analysis for 
the experimental part and its FE model. The comparison 
between metal flow lines in both cases indicates the cor-
rectness of the FEM simulation. Table 4 includes the me-
chanical properties of alloy A96456 before and after iso-
thermal forging. 
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Table 4: Mechanical properties before and after isothermal 
forging 

Parameter Before After 
Yield strength, MPa 170 184 

Ultimate strength, MPa 340 370 
Elongation, % 20 17.1 

Conclusions 

• Experimental investigation and FEM of the isothermal 
near net shape die forging of part with flange were car-
ried out. The simulation results are in excellent agree-
ment with experiments. 

• The developed technology of isothermal near net shape 
forging allows a reduction in the material loss, machin-
ing and manufacturing cost. 
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Fig. 13: Forging part macrostructure: a – experiment; b – FEM. 
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