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Abstract
In this article, a three-dimensional finite element analysis using Deform 3D software has been employed to investigate 
the plastic deformation behavior during forging of X20CrMoV121 steel. The focus was on the influence of forging tem-
perature on the strain, stress and particle flow velocity distribution during the forging process. From the results, it has 
been shown that the forging process results in inhomogeneous plastic deformation, hence inhomogeneous strain, 
stress, and particle flow velocity distribution. As the temperature increased from 800 to 1100 °C, the forging loads and 
the deformation resistance were observed to decrease with an increase. For each temperature, the load increased rapidly 
with the stroke and then the increase slowed. This behavior was related to the coefficient of friction at the tool sample 
interface. It was also shown that the maximum effective stress/strain decreased as the forging temperature increased to 
1100 °C. It is suggested that 3D finite element simulation by Deform® 3D software is an efficient method for predicting 
metal flow behavior during the forging process.
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1 Introduction

In metal working processes, plastic deformation is used 
to alter the shape and improve the properties of metallic 
specimens. Some of the most common industrial metal 
forming processes include rolling, forging, extrusion and 
drawing [1, 2]. During these production process, metallic 
materials are subjected to large plastic deformation [3]. For 
example, forging (upsetting) process involves large defor-
mation forces and stresses and therefore the material flow 
in deformation analysis is very complex [4], since the flow 
stress and strain distribution depend on the deformation 
temperature, strain rate and strain [5]. Physical simulation 
processes such as the Gleeble® thermal mechanical simula-
tors have been widely applied to predict and simulate the 
industrial metalworking processes [5–9]. However, these 

laboratory processes encounter optimization challenges 
associated with the deformation process such as the evo-
lution of heat due to the frictional forces between the anvil 
and workpiece [10], thus affecting the flow behavior. The 
generation of heat makes the production process complex 
and inhomogeneous and therefore affecting the proper-
ties of product [11]. Traditionally, the industrial produc-
tion process depends on the experience of the designer 
and trial and error method, hence a costly process [ [1], 
[12] ]. As such, process optimization is necessary to reduce 
the production cost by using a more efficient approach 
to design metal forming processes [12]. Recently, finite 
element modeling (FEM) computer software programs 
such as Deform® 3D, AbaQus, Marc, ANSYS, etc. have been 
used to evaluate and optimize the most common metal 
forming processes [13, 14], leading to the reduction of 
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the production cost and time [15]. Researchers have used 
FEM simulation codes to study various aspects of metal 
forming processes for the prediction of deformation loads 
and metal flow behavior [11–13]. In this study, Deform® 3D 
FEM simulation code has been used for the simulation of 
real industrial upsetting (forging) process of X20CrMoV121 
steel to show the effect of the deformation temperature 
on plastic deformation behavior. The X20CrMoV121 steel 
is chosen because of its extensive industrial application 
and there are limited publications on FEM analyses of this 
material.

2  The principle of the finite element method

The detailed description of FEM formulation for metal 
working process used in DEFORM® 3D software for rigid-
viscoplasticity is not covered herein. However, the general 
equation based on the variational principle that can be 
used to solve rigid-viscoplastic field equations is as given 
in Eq. 1:

In Eq. 1, σi and εi are the effective stress and effective 
strain respectively,  ui the surface velocity components, 
SF is the surface force,  Fi is the traction stress, �̇v is the 
volumetric strain rate and K is a large positive penalty con-
stant. In FEM analysis, Eq. 1 is converted into a non-linear 
algebraic equation through a discretization procedure. The 
solution to the resulting simultaneous equations is deter-
mined using an iteration process [12].

In most numerical analyses, the temperature distribu-
tion is assumed to be constant during the deformation 
process. However, a constant temperature in the metal-
working process is unattainable due to the heat generated 
at the plastic deformation stage. As such, the tempera-
ture distribution during the deformation process should 
be considered and can be obtained by solving the Fourier 
energy balance Eq. 2.

In which K is the conductivity, T is the temperature, q̇ is 
the rate of heat generation during the plastic deformation 
stage, ρ is the density of the material under considera-
tion,  Cp is the specific heat capacity and t is time. Further-
more, the friction between the anvil-workpiece interface 
is mainly assumed to be of shear type (μ = 0.3) in most 
analyses. However, the flow stress analysis has shown that 
friction is a function of strain and temperature [11]. The 
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frictional shear stress ( � f  ) is considered in this analysis and 
is expressed according to Eq. (3).

where m is the frictional coefficient factor that can be 
obtained from the specimen geometry (0≤m≤1), v⃗s is the 
surface velocity factor of the specimen to the anvil, K is 
the shear local flow stress, �

�
 is a constant ( �

�
<< v⃗s ) and 

t is the unit vector in the direction of the surface velocity 
vector.

3  Finite element method

In this study, Design of Environment for Forming (DEFORM 
3D v6.1) software was used [12, 16–18]. The properties of 
the X20CrMoV121 steel as available in the software data-
base were used. The FEM model for the material geometry 
and die assembly were drawn using the primitive modeler 
in the Deform® 3D module. The dimensions of the rectan-
gular billet and die face were 80 × 80 × 150 mm and 200 × 
200 x 50 mm respectively. The forging reduction was from 
150 mm to 50 mm. The forging simulation process was 
conducted at a deformation temperature range of 800 °C 
to 1100 °C and at a constant strain rate of 1 s−1. Most of the 
industrial hot forging processes of steel are undertaken 
within this temperature range. The upper and lower dies 
were set to be rigid bodies, with the upper die moving 
at a velocity of 5 mm/sec and lower die stationary. The 
FEM simulation conditions and the physical properties of 
the deformed billet are: (a) the specimen was discretized 
into 36,927 tetrahedron elements and 7783 nodes with a 
refined mesh of the whole volume of the specimen (b) the 
friction type between the die and the billet was assumed 
to be of shear type and the constant friction was taken to 
be 0.3. In bulk deformation process, shear type friction is 
mostly assumed due to the shear deformation behavior of 
the material and the typical friction values range between 
0.2 and 0.9. Therefore a friction coefficient value of 0.3 was 
taken to represent graphite lubrication, which is usually 
used between the die and specimen. (c) for deformation 
analysis, the elastic region was neglected since the forg-
ing process normally involves large deformations at high 
temperatures (d) the simulation was undertaken at room 
temperature of 20 °C and an isothermal mode of simula-
tion was adopted. The die temperature was taken as 250 °C 
(e) the conventional coefficient to the environment was 
taken as 0.02 N/(s mm °C) and finally (f ) the heat transfer 
coefficient between the platen and the deformed cylinder 
was taken as 5 W/(m2 K) (g) for simulation control, Lagran-
gian incremental simulation type with direct method for 
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iteration process, global remeshing, relative interference 
depth type and conjugate-gradient solver were chosen.

4  Results and discussions

4.1  Effect of forging temperature on forging load

A plot of forging load versus stroke at different tempera-
tures and constant strain rate of 1 s−1 is shown in Fig. 1. As 
shown, as the temperature increases, there is a decrease 
in the forging load. The decrease in forging load can be 
attributed to the fact that high temperature enhances 
dislocation motion and softening of metals such that the 
energy required for deformation is lower. 3. The relation-
ship can also be attributed to generation of dislocation 
density leading to work hardening as the dominant defor-
mation mechanism. These results indicate the depend-
ency of forging load on the temperature [19, 20]. The 
forging load increases rapidly during the initial stages of 
the deformation process, suggesting that work harden-
ing is the dominant deformation mechanism in this stage 
[19, 21–27]. Thereafter, the forging load increases gradu-
ally until a stroke of about 70 mm. This steady increase 
in deformation load might suggest the existence of sof-
tening mechanisms occurring. However, there was still 
resistance to metal flow due to the continuous increase 
of dislocation density [19], hence work hardening rate was 
dominant than the dynamic softening mechanism. As the 
deformation continues up to a stroke of about 70 mm a 
sudden increase in forging load was observed and more 
pronounced at lower forging temperature (800 °C and 
900 °C) as shown in Fig. 1. This abrupt increase in forging 
load at higher deformation levels was attributed to the 
interfacial friction between the workpiece and the die [13]. 

During hot deformation process the friction coefficient is 
not constant but vary as the lateral surface of the work-
piece contacts the die at higher strain [25], hence increas-
ing the flow stress [13]. Li et al [25] pointed out that at 
higher deformation levels the friction coefficient can be as 
higher as 1 due to static friction thus leads to an abnormal 
increase of forging loads. Therefore, the load-stroke flow 
curves correction is needed to predict the actual forging 
loads required in any hot forging process.

4.2  Effect of forging temperature 
on the deformation parameters

The forging temperature greatly influences the metal 
flow behavior during the hot deformation process. The 
strain, stress and particle flow velocity as influenced by 
the forging temperature at a constant strain rate of 1 s−1 
to the deformation degree of 67% (height reduction) is as 
shown in Figs. 2, 3 and 4. It was observed that the highest 
effective strain is located at the center of the billet with 
the outer layers recording lower strain values as shown in 
Fig. 2, suggesting an inhomogeneous deformation process 
[28]. The effective stress distribution is also inhomogene-
ous in the deformed billet (Fig. 3), the highest effective 
stress was observed at regions with small strains [29]. The 
effective stress and strain decrease with the increase in 
temperature during forging as observed in Figs. 2 and 
3. As the deformation (forging) temperature increases, 
the flow stress decreases at a given strain rate and vice 
versa. At a constant deformation temperature and strain 
rate, the flow stress increases up to a peak stress at peak 
strain. After peak strain the flow stress attains steady state 
flow stress and the strain increases for a material exhibit-
ing dynamic recovery softening mechanism. However, for 
dynamic recrystallization, after peak strain the flow stress 
drops as the strain increases until a steady state flow stress 
is attained. The maximum effective stress decreases as the 
forging temperature increases as shown in Fig. 3, hence 
lower forging load is required at higher forging temper-
ature. Moreover, the standard deviation of the effective 
stress and strain distribution decreases with forging tem-
perature indicating still inhomogeneous stress and strain 
distribution during the whole forging process.

Under the compression loading conditions, it was 
observed that the material particles tend to move to the 
nearest material surface boundary as shown in Fig. 4, as 
reported also in the literature [27]. The total velocity of 
the particle depends on its position in the material being 
deformed. The velocity of the particle at the edge of the 
billet was observed to be higher followed by the parti-
cles at the intermediate region while the particles at the 
bottom of the billet had the lowest total velocity (Fig. 4). 
The standard deviation decreases with an increase in 
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Fig. 1  The forging load-stroke flow curves at different forging tem-
peratures and constant strain rate of 1 s−1
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temperature from 800 °C to 1000 °C implying that the 
deformation process is inhomogeneous (Fig. 4).

4.3  The effective strain and stress distribution

The FEM simulation time for the whole forging process was 
19.6 s. The representation of the strain distribution on the 
deformed billet is as shown in Fig. 5. The deformation was 
not uniformly distributed across the billet, with the edge 
and side angles experiencing higher deformations as seen 
in Fig. 5(a). As mentioned earlier, the heterogeneous defor-
mation exhibited during the hot forging process is attrib-
uted to interfacial frictional forces [28, 29]. The existence of 

frictional forces leads to three deformation zones as shown 
in Fig. 5(b). The three zones are categorized as dead zone 
(B) which is adjacent to the die surface and undergoes the 
least deformation due to frictional forces, moderate zone 
(A) and intense shear zone (C) [30].

The change in strain and stress distribution during the 
entire forging process can be illustrated by taking four 
points on the deformed billet as shown in Fig. 5(a). The 
strain distribution of the 4-points was presented as given 
in Fig. 6 at all forging temperatures. It was observed that 
point 1  showed a common behaviour of continuous 
strain increase for all forging temperatures. The higher 
strain was attributed to the restricted deformation by 

Fig. 2  The effect of tempera-
ture on strain distribution in 
the deformed billet at a strain 
rate of 1 s−1 and deformation 
degree of 66% at: a 800 °C, b 
900 °C, c 1000 °C, d 1100 °C



Vol.:(0123456789)

SN Applied Sciences (2019) 1:1044 | https://doi.org/10.1007/s42452-019-1087-y Research Article

the billet edge angle. Points 2 and 3, exhibited similar 
strain curves but with different strain values. Point 2 
experienced the least strain due to frictional stress act-
ing towards the centre of the billet hence preventing 
lateral metal flow [31–33]. The edge surface provides 

resistance to the metal flow, point 3 also experiences 
lower strain than point 4 but higher than point 2. On 
point 4, the higher strain was recorded leading to severe 
plastic deformation, which in turn may enhance recrys-
tallization hence refinement of grain structures.

Fig. 3  The effect of forging temperature on the stress distribution in the deformed billet at a strain rate of 1 s−1 and deformation degree of 
66% at: a 800 °C, b 900 °C, c1000 °C, d 1100 °C
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The stress distribution of the 4-points for the simulated 
conditions is shown in Fig. 7. All the points exhibited a 
rapid increase in stress at the beginning of the defor-
mation process. Point 1, 3 and 4, recorded the highest 

effective stress at the intermediate stage of deformation. 
This can be attributed to the edge angle and side surface 
which restricted the plastic deformation leading to high 
stresses and strain at all forging conditions. For point 2, it 

Fig. 4  The effect of forging temperature on the particle flow velocity in the deformed billet at a strain rate of 1 s−1 and deformation degree 
of 66% at: a 800 °C, b 900 °C, c 1000 °C, d 1100 °C
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showed a sharp drop in the stress curve in the intermedi-
ate region at forging temperature of 800 °C up to 12.6 s. 
This fluctuation in stress at this region might be associated 
with the restriction of metal flow or change in deformation 
temperature [15]. However, after 12.6 s the stress at point 
2 increased gradually until the end of the forging process. 
For other forging temperatures, a gradual increase in stress 
was observed which might be a result of a decrease in the 
deformation temperature. From this analysis, it has been 
shown that at the edge angle and side surface of the billet 
experiences high stresses and strains. In the industrial pro-
duction process, the processing route of the metal compo-
nents is through the casting of billets which are prone to 
casting defects. Then, defects at or near the casting surface 
might act as crack initiators when subjected to the forg-
ing process. Since it has been shown that high stress and 
strain occur at the edge angles and side surfaces of the 
billet. But, internal defects from the casting process such 
as pores and voids might be welded together during the 
forging process hence improving the quality of the final 
product.

4.4  Particle flow velocity distribution

The total velocity distribution of the four points selected 
on the deformed billet after the FEM forging process 
simulation for the three forging temperatures and 
the strain rate of 1  s−1 is presented in Fig. 8. In metal 

forging process, the workpiece is subjected to compres-
sive forces which exert pressure on the particles of the 
material. Due to high compressive forces, the particles 
tend to move towards the nearest free surface at differ-
ent flow velocities. The flow velocity will depend on the 
amount of applied force and the position of the particle 
in the billet (Fig. 4). The particles on the outer surface 
and edge angle of the billet exhibited higher velocity 
compared to the internal particles. It has been shown 
that the velocity of the 4-points selected increase rapidly 
during the beginning of forging process up to the time 
of 2.0 s for all forging temperatures considered (Fig. 8). 
After 2.0 s of forging, point 2 maintained a constant flow 
velocity of 5 mm/sec for the entire process. This con-
stant flow velocity can be attributed to the resistance to 
deformation due to friction forces at the workpiece and 
die interface. Point 1 recorded the highest flow particle 
velocity compared with the other points for all forging 
temperatures. This indicates that the particles at the cor-
ner edge of the billet in contact with the flat surface of 
the die experience high compressive forces and free to 
move. Points 3 and 4 exhibit almost similar flow velocity 
since they are located at half the height of the billet since 
likely to experience equal compression forces. In general, 
the total flow velocity for points 1, 3, and 4 was observed 
to increase with an increase in the forging temperature, 
hence, suggest less resistance to metal flow at high forg-
ing temperatures.

Fig. 5  Strain distribution of 
the deformed billet a strain 
changes in four points: P1, P2, 
P3, P4, b deformation zones: 
A, B, C
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Fig. 6  Effective strain curves for the four points on the billet a 
800 °C, b 900 °C, c 1000 °C, d 1100 °C

Fig. 7  Effective stress curves for the four points on the billet a 
800 °C, b 900 °C, c, 1000 °C d 1100 °C
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5  Conclusion

The hot forging process of the rectangular billet was ana-
lysed using Deform 3D FEM simulation code. The simula-
tion analysis compared the stress, strain and metal particle 
flow velocity at a forging temperature range of 800 °C to 
1100 °C for an interval of 100 °C and the strain rate of 1 s−1. 
From the study, the following were the observations:

• The hot forging process results in inhomogeneous 
deformation of the billet with the effective strain 
located at the centre of the billet. The maximum effec-
tive stress occurred in regions that experienced lower 
strain. The variation in the standard deviation further 
confirmed the inhomogeneity of the forging process.

• The corner edge of the billet (point 1) had the high-
est strain in all the forging temperatures compared to 
other selected points on the deformed billet. Point 2 
and 3 experienced the highest effective stress at all 
forging temperatures.

• The metal particle flow velocity was observed to 
increase with an increase in the forging temperature 
suggesting lower resistance to deformation process 
at higher forging temperature. Thus, the results agree 
with the real industrial forging process, hence com-
puter simulation can provide a reliable solution for 
predicting the metal billet flow behaviour during the 
forging process.
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