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Abstract

The study reports on the metal flow behaviour during upsetting or forging using the finite element method. Forging simulation
studied the metal flow behaviour of a laboratory-sized specimen and a cylindrical engine connecting rod specimen of AISI
52100 high-chromium steel specified in the software database. The focus was to study the effect of deformation conditions
(temperature and die velocity) on metal flow behaviour during forging. The simulation results showed heterogeneous metal flow
behaviour during forging. Hence, this indicates that effective flow stress and flow strain, particle flow velocity, effective strain
rate, damage and temperature distribution exhibited inhomogeneous deformation behaviour. As the temperature increased,
the forging load decreased, thus a decrease in deformation resistance. The simulation of the engine connecting rod further
confirmed inhomogeneous deformation during forging. Damage coefficient results show that the crack pin end had a higher
damage probability during forging. This study clearly showed that finite element simulation can predict metal flow behaviour
during the forging of AISI 52100 steel. The study output provides a basis for analysing and optimising most industrial metal

forming processes using a numerical simulation approach. Hence, this method is effective in predicting flow behaviour.

Keywords Deform 3D - Finite element simulation - Deformation behaviour - Flow stress and strain - AIST 52100 steel

1 Introduction

The processing route of industrial structural and functional
components is achieved through metal-forming processes
such as forging, rolling, extrusion and wire drawing [ 1, 2]. For
example, forging is the manufacturing technique for indus-
trial machine parts such as gears and crankshafts [3]. During
forging, metallic materials undergo severe plastic deforma-
tion and stress [4, 5]. Large plastic deformation induces
microstructural changes in the material, hence affecting the
mechanical properties of the material [6]. The grain refine-
ment occurs due to severe plastic deformation during forging
[7]. The metal flow behaviour plays a role in shaping the
final product quality [8]. High-end research in metal form-
ing has been a topic of concern to predict the flow behaviour
of metal and alloys during forging [9-12]. The study of flow
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characteristics of metals under severe deformation is to deter-
mine the load requirements during forming [13]. The flow
stress—strain curves assist in predicting the forming parame-
ters. Metal forming parameters such as strain hardening can
be easily derived from the developed constitutive equations
[14]. The forming parameters, therefore, provide the basis
for the design of dies and other machine components for the
forging machine [15]. To this end, understanding the metal
flow behaviour is paramount in designing forming tools and
components.

Due to large deformation forces and stresses experienced
during forging, metal flow analysis is complex [4, 5]. The
metal flow analysis poses a challenge due to heat generated
by frictional forces, which affect the flow stress behaviour
[6, 16]. The internal heat generated directly affects the flow
behaviour [17], hence the product quality. During forging,
material flow properties are temperature and strain-rate sen-
sitive, thus affecting metal flow behaviour. The increase
in temperature due to interfacial friction invalidates flow
stress measurements [16]. Therefore, final product quality
depends on the lubricant quality, which reduces interfa-
cial friction, thus reducing the barrelling effect resulting
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in a homogeneous deformation [18, 19]. Evans and Scan-
ning [17] suggested the analytical equations for correcting
flow stress with friction effect. Several other researchers
have adopted the same equations to correct flow stress after
forging [20-23]. The flow stress correction applies only to
laboratory-tested samples after thermomechanical process-
ing using equipment such as the Gleeble thermal mechanical
simulator. Therefore, there is a need for more industrial-based
studies to provide insights into metal flow behaviour at higher
strain and strain rates. Hence, industries should integrate a
high-computing simulation module into their production pro-
cess for process parameter optimisation. This approach will
reduce production costs and improve efficiency.

From the industrial perspective, the production of qual-
ity products depends on the experience of engineers and the
trial and error method [2, 24], hence high production costs
and time-consuming [8, 24]. As a result, new analysis tech-
niques, such as the finite element methods, are used widely to
study metal flow behaviour [25-28]. These techniques reduce
the cost of production by optimising the production process
[24]. Computer software tools such as Deform 3D, ANSYS
and Abaqus find application in studying and optimising the
forging process of metal and alloys [13, 24]. However, the
accuracy of finite element simulation depends on the con-
stitutive equations developed using experimental data [29].
The constitutive equations are the most common method of
studying the hot deformation behaviour in metal and alloys.
These equations model the relationship between the flow
stress and the deformation conditions such as temperature,
strain and strain rate during forming. These equations pro-
vide information on the flow stress characteristics and act as
input codes for the computational simulation of metal form-
ing [11, 30-34]. The constitutive models commonly used in
metal forming analysis include:

e Phenomenological model: This model considers the con-
tinuum mechanics and thermodynamic irreversibility. Dur-
ing analysis, the model accounts for the deformation
mechanisms, such as work hardening due to dislocation
and dynamic softening (recrystallisation and recovery) that
occur during forming ascribed to thermal activation.

e Artificial neural network models: This model has been
recently used to solve complex metal forming problems,
which poses a challenge when solving using constitutive
equations.

e Physical-based model: This model mainly considers dislo-
cation density theory and dynamic recrystallisation kinet-
ics during forming.

The basis of classifications of these equations is mainly on
the computational parameters used to quantify the flow stress
behaviour pattern during forming [35]. Physical models are
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complex compared to phenomenological models. The phe-
nomenological model, especially the Arrhenius constitutive,
is commonly used to describe the relationship between flow
stress, temperature, strain and strain rate [8—13]. Researchers
have used the Arrhenius type model to characterise the flow
stress behaviour of metal and alloys such as aluminium alloys
[18-20], 35CrMo steel [17], P92 steel [7, 12, 13], 9Cr-1Mo
steel [31], 20CrMo alloy steel [36], Nickel-based superalloy
[37], magnesium alloys [22] and titanium alloys [38]. The
developed equations predict the flow stress behaviour. This
equation acts as input code for numerical simulation.

The current study focuses on how finite element simula-
tion can be applied in studying the influence of deformation
parameters on the metal flow behaviour during forming. This
study provides the required information for process and tool
designers to understand fully the metal flow pattern during
the metal forming process. In this study, to demonstrate the
metal flow behaviour during forming, AIST 52100 steel was
used. This steel finds application in manufacturing mechan-
ical components such as pipes, tubes, extrusion tools and
bearings. The wide application of this steel is due to its high
wear resistance and contact fatigue. During production, the
processing route involves melting, casting and then forging or
hot rolling before heat treatment. Hence, this steel is suitable
for this study to illustrate the effect of deformation conditions
on metal flow behaviour.

2 Finite element simulation theory

Finite element method (FEM) software can analyse and opti-
mise the forging (upsetting) process [39]. The modelling of
this process is based on rigid-viscoelasticity using the vari-
ational principle [40]. This model assumes that: (a) Elastic
strain is negligible compared to plastic strain. Hence, the
analysis ignored the elastic strain during the analysis (b) The
volume of the workpiece is incompressible (c) The work-
piece exhibits isotropic characteristics. The theory behind
FEM has been widely discussed elsewhere in the literature
[40-42]. The highlight of the FEM simulation theory is in
this section. In this method, the analysis approach uses func-
tional variation minimisation to study stress and strain fields

(Eq. ).
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In Eq. 2, o; is the effective stress, ¢; is the effective
strain respectively, u; is the surface velocity components, SF
denotes the surface force, Sy is the surface velocity, F; is the
traction stress_ &, is the volumetric strain rate, v is the volume
of the billet and K is the penalty constant for volume change

/ . . . . . .
[41], o is the deviatoric stress tensor and &;; is the strain rate
ij
tensor [40].

During the isothermal forging process, the deformation
temperature within the billet is kept constant. However, in
industrial practice, the isothermal process is unattainable.
During deformation, internal heat generation causes temper-
ature variation. During forging, the temperature field can be
calculated by FEM simulation using the Fourier formulation
[41] as in Eq. 3.

VI(KVT)+ ¢ — pCp8T /8t =0 3)

In Eq. 3, K is the thermal conductivity,T is the tempera-
ture in Kelvin (K), g is the heat generation rate during plastic
deformation, p is the material-specific density,C), is the spe-
cific heat capacity and ¢ is time (sec) (Eq. 3). The rate of heat
generation during the plastic deformation stage is given in
Eq. 4.

Q(T) = aoi; @)

where « is the fraction of mechanical energy converted to
heat during deformation, assumed to be 0.9 [17, 40, 43].
The temperature distribution between the die and the
workpiece can be determined by solving the energy equation
using the weighted residual method [40], as follows Eq. 5:
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v v v
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N

In a FEM simulation, the effect of interfacial friction
between the die-workpiece is taken to be of shear type [41].
This friction plays an important role during forging. The fric-
tion produces a shear force that restricts metal flow in the die
[44]. Thus, the frictional shear stress 7 s is expressed as shown
in Eq. 6 [42].

Ty = —mk| —tan — ) |t (6)
T Mo

InEq. 6, m is the coefficient of friction calculated using the
deformed sample geometry (0 < m < 1), Uy is the velocity
vector of the workpiece to the anvil, & is the local flow stress
due to shear, 11 is a constant (19 << U ) and 7 is the unit
vector.

3 Finite element modelling

Finite element analysis (FEA) is a digital tool widely used
to solve real-life problems in the manufacturing industry,
particularly in shaping technology. FEA simulation codes
can approximate metal flow behaviour and process param-
eter optimisation. The use of computer codes for industrial
processes reduces production costs and time. In this study,
FEA analysis evaluates the metal flow behaviour during
upsetting (forging). AISI 52100 high chromium bearing steel
was used as the workpiece material to study the metal flow
behaviour. AISI 52100 steel finds application in the manu-
facturing industry due to its superior properties, such as high
wear and corrosion resistance, flexural strength and desirable
dimensional stability [33]. This steel manufactures indus-
trial components such as bearing rings, ball screws and other
mechanical components through forging [33, 45].

Forging, particularly upsetting, has been widely used to
study metal flow behaviour for most metals and alloys by
many experts in this study field. Therefore, the study adapted
this process to illustrate the effect of loading conditions on
metal flow behaviour. The finite element simulation model
was designed using the primitive geometry built-in Deform®
3D software. For the upsetting model, the cylinder (work-
piece) and platens (dies) are shown in Fig. la. Figure 1b
shows the deformed workpiece indicating the strain distribu-
tion after simulation. The workpiece geometry dimensions
used for the forging simulation were the same as those
commonly used for the Gleeble® 3500 thermo-mechanical
laboratory testing specimen, as reported in the literature [5].
Table 1 shows the simulation conditions. The upper and lower
dies are rigid bodies. The elastic deformation which occurs
during forging is negligible. In FEM simulation, the work-
piece had discretised into 26,155 tetrahedron elements and
5792 nodes. The whole workpiece volume had a refined mesh
to increase the accuracy of the analysis. The dies and spec-
imen interface had a lubricant to reduce friction during the
upsetting simulation [8]. During hot forging, frictional shear
stress at the die-workpiece interface occurs. A shear-type
friction parameter was 0.3 between the die and the workpiece
[28]. An illustration of the effect of deformation conditions
is further reported herein by a forging simulation of the con-
necting rod. Table 2 shows the connecting rod simulation
parameters. In the analysis of forging simulation data, the
elastic deformation did not influence the data analysis since,
during forging, large plastic deformations occur.

4 FEM simulation model validation

The accuracy and reliability of the FEM model in predict-
ing metal flow behaviour is of great concern to engineers

@ Springer
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Fig. 1 Finite element model
showing meshed workpiece
under loading

a) Simulation model set-up

Table 1 Forging simulation parameters

b) Workpiece and dies after complete deformation

Table 2 Connecting rod simulation parameters

No Simulation parameter Value Simulation parameters Description
1 Workpiece material AISI 52100 Workpiece material AISI 52100
steel Die material AISTHI3
Cylinder specimen height (mm) 15 Mesh element of connecting rod 10,464
Cylinder specimen diameter (mm) 10 Element nodes 2869
Forging workpiece temperature (°C) 950, 1050, Displacement step 05
1150
. Forging temperature 1150
Upper and lower die temperature (°C) 350 .
. . Die Speed 50
Conventional coefficient (N/ (s.mm. 0.02
°C)) Number of steps 104
7 Heat transfer coefficient (N/ (s.mm. °C)) 5 *Qther simulation conditions are similar as in Table 1
Number of deformation steps 71
Forging enwmnmef“ temperature (°C) % is negligible compared to plastic strain. Hence, the analysis
10 Upper punch velocity (mm/sec) 3, 10,50 ignores the elastic strain during the analysis. (b) the volume
11 Number of elements 26,155 of the workpiece is incompressible, and c) the workpiece
12 Number of nodes 5792 exhibits isotropic characteristics, as mentioned in Sect. 2. The
13 Coefficient of friction (shear-type) 0.3 use of FEM simulation simplifies the real-life physical phe-

and designers. The FEM results depend on the constitu-
tive equation, which acts as input codes, mainly obtained
from experimental data. Therefore, FEM simulation accu-
racy depends on an accurate description of material flow
behaviour under varying conditions as represented by the
constitutive equations.

The following assumptions apply when analysing the
forging process using this simulation model: (a) Elastic strain

@ Springer

nomenon and gives an approximate solution. The obtained
solution plays a role during process design and evaluation
of the production process. Therefore, the authors strongly
assert that the future of any production relies on developed
simulation models.

To avoid repetition of model validation, in this study, the
developed and validated model used in our previous stud-
ies, which is available in the literature [46, 47], was used
to investigate the flow stress behaviour as affected by the
process parameters.
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5 Results and discussion
5.1 Effect of forging parameters on the forging load

Figure 2 shows the forging load-time flow curves at a given
temperature and different die speeds during the forging sim-
ulation. The flow curves show that the applied force is
proportional to the die speed at a given temperature. The
forming load decreases with an increase in the forming tem-
perature (Fig. 2). At a given temperature, the deformation
load increases with an increase in die speed and decreases as
the forming temperature increases during metal forming [48].
The dependency of flow behaviour on deformation parame-
ters is available in the literature. A study by Zhu et al. [11]
showed that the flow stress increases with a decrease in the
deformation temperature at a given strain rate. These flow
characteristics are sensitive to deformation conditions. At
high deformation temperatures, there is a high mobility of
atoms, which increases the dislocation driving force. This
phenomenon results in lower flow stress [11]. In this study,
the forming loads appeared to decrease with an increase in
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Z 40,000
(0]
g
S 30,000
o
2 20,000 .
2 ——950°C
< 10,000 ——1050°C
—1150°C
0
0.0 1.0 2.0 3.0
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50,000
40,000 -
Z 30,000 1
[0}
et
£ 20,000 -
e}
9
§ 10,000 A —900°C
——1050°C
—1150°C
0 T T T
0.00 0.10 0.20 0.30
Time (sec)
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the die speed at a given forming temperature. This charac-
teristic behaviour is due to the influence of the friction factor
during the hot-forming process. At a lower strain rate, high
flow stress has been observed to occur due to prolonged die-
workpiece contact time, resulting in a change of friction from
kinetic to static friction [49]. At a higher die speed, the max-
imum forming loads decreased (from 42.35 kN, 36.36 kN
and 26.34 kN) with an increase in the forming temperature
(920 °C, 1050 °C, and 1150 °C), but the loads were lower
than those recorded for lower die speeds as shown in Fig. 2.

The variation in the forming loads can be attributed to a
higher generation of internal heat, causing softening of the
workpiece during forming at higher die speeds. This dynamic
softening reduces the forming loads at high die speeds. Evans
and Scharning [17] reported that internal heat generation dur-
ing metal forming reduces the required force to deform the
material due to inhomogeneous conditions inside the work-
piece. To this end, the actual forming load requires analysis
to account for the influence of friction.

Figure 3 shows the load-time curve at a constant die speed
at different forming temperatures. The flow curves show that

50,000
— 40,000 -
=3
Q
£ 30,000 -
Nel
©
220,000 -
o
2
10,000 A —950°C
——1050°C
0 . —1150°C
0.0 0.5 1.0 1.5
Time (sec)
b) 10 mm/sec

Fig. 2 Load-time curves at a constant die speed and varying forging temperatures
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Fig.3 Load-time curves at constant forging temperatures and varying die speeds

forging at higher die velocities takes a short time to com-
plete the deformation process as expected compared to lower
die velocities. As mentioned earlier, the forging loads are
higher at lower die speeds than at higher die speeds. Tra-
ditionally, higher flow stress or force is expected to occur
at a higher strain rate or die speed than a lower strain rate.
Higher velocity causes a generation of internal heat, resulting
in temperature rise, thus increasing the mobility of atoms dur-
ing deformation, lowering the deformation force. From the
results, load-time flow curves estimated the forming load.
From an industrial perspective, the optimal production pro-
cess occurs at a low forming load and shorter forming time
[48]. In this study, a die velocity of 50 mm/sec and a forming
temperature of 1150 °C were the optimal conditions. There-
fore, the workability behaviour of AISI5S2100 steel occurs
under these conditions.

5.2 Effective strain distribution

The stress and strain distribution provide an avenue to analyse
metal flow behaviour during forging. The influence of form-
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ing parameters on the metal flow behaviour during forging
plays arole in industrial design. Figure 4 shows the strain dis-
tribution during forging simulation at a forging temperature
of 1150 °C and different die velocities (velocity = 5, 10, and
50 mm/sec). Three points (denoted P1, P2, and P3, Fig. 4),
which occur at three different deformation zones during
metal forming, the intense shear zone (P1), moderate defor-
mation zone (P2) and the dead-metal zone (P3) [7], provide
the basis for this analysis. The three points had strain varia-
tion, indicating an inhomogeneous deformation process. The
three points used for strain analysis have been categorised by
Rasti et al. [7], Point P1 represents the intense shearing zone
during forging, hence experiencing severe plastic deforma-
tion. Grain refinement occurs in this zone, which can result
in dynamic recrystallisation [7, 18]. Point P2 experienced a
moderate strain, but this region had a higher effective strain
than point P3 and lower than point P1, as shown in Fig. 5.
Finally, point P3 represents the dead metal zone. Point P3
experienced a lower effective strain than point P1 and P2,
attributed to the shear friction stress at the die-workpiece
interface.
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Strain - Effective (mm/mm)

183

0.00
0.22 Min

9.80 Max
a) 5 mm/sec

Strain - Effective (mm/mm)

4.81 Max

¢) 50 mm/sec

Strain - Effective (mm/mm)

0.000
0.215 Min
6.01 Max

b) 10 mm/sec

P1—point 1, the intense shear zone

P2—point 2, the moderate deformation zone

P3—point 3, the dead metal zone

* This notation (P1, P2 and P3) will be used
throughout the article to represent the three
zones analysed.

Fig.4 Contour map of effective strain distribution at the forming temperature of 1150 °C and different die velocities a 5 mm/sec, b 10 mm/sec, and

¢ 50 mm/sec

The frictional stress acts towards the centre of the work-
piece. Thus, this frictional force restricts metal flow during
forging. The maximum effective strain (at point P1) values
occurred at the centre of the deformed workpiece, as shown in
Fig. 5. The maximum strain values obtained from the defor-
mation process were 1.72 (5 mm/sec), 1.57 (10 mm/sec) and
1.54 (50 mm/sec), as shown in Fig. 5. These strain values
show that forging at a forming temperature of 1150 °C and
die velocity of 5 mm/sec had the highest effective strain.
Hence, this strain may cause a more pronounced dynamic
recrystallisation. Equbal et al. [29] reported that forging at
higher forging temperatures and lower strain rates results in
the strain-softening phenomenon. This phenomenon occurs
due to long deformation time, causing energy accumulation,
boundary mobility and grain recrystallisation growth [11].

5.3 Effective stress distribution

Figure 6 shows the effective stress distributions for the entire
forging process at a forming temperature of 1150°C and dif-
ferent die velocities (5, 10, and 50 mm/sec). The deformed
sample (Fig. 6) shows an inhomogeneous deformation pro-
cess during forming. Maximum effective stress occurred at
the die-workpiece interface (i.e., point P3). The maximum
flow stress values were 196.63 MPa (5 mm/sec), 162.20 MPa
(10 mm/sec), and 132.89 MPa (50 mm/sec) under a con-
stant forging simulation temperature of 1150 °C. These flow
stress values show that effective flow stress is sensitive to die
velocity. The flow behaviour can be affected by friction at
the die-workpiece interface, causing high flow stress. Also,
the internal heat generation during deformation may cause

@ Springer
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Fig.5 Plot of effective strain vs. time showing effective strain dis-
tribution of the three points at different die velocities a 5 mm/sec,
b 10 mm/sec, and ¢ 50 mm/sec. * The legend: I, 2 and 3 represent

softening, hence reducing flow stress. This variation in defor-
mation behaviour affects measured effective flow stress due
to non-isothermal conditions. Thus, the measured flow stress
is invalid [17]. To this end, the sole purpose of forming is
to break down the carbides and ensure that particles are uni-
formly distributed in the material, thus improving mechanical
properties. Therefore, the variation in temperature, stress,
and strain distribution causes an inconsistent forming pro-
cess, resulting in an uneven grain size refinement process.
Hence, uneven grain size affects the overall performance of
the component.

Figure 7 shows the variation in the effective flow stress ver-
sus the forging time curves for the entire forging simulation
at constant forging temperature and different die velocities.
The point tracking technique in the software monitored the
effective flow stress of three points (P1, P2, and P3). The
effective flow stress curves show that at the initial stages of
deformation, the flow stress increased rapidly up to 0.14 s
(5 mm/sec), 0.07 s (10 mm/sec), and 0.01 s (50 mm/sec),
as shown in Fig. 7a—c. At initial deformation, the work-
piece exhibited work-hardening characteristics due to an
increase in the rate of dislocation density generation [11].

@ Springer

Stra%n éIEﬁective ) (mm/mm)

1.21
0.91
0.60
0.30
0.00 f f :
0.00 021 _ 042 063 0.84 1.05
Time (sec)
b) 10 mny/sec

points: P1, P2 and P3 respectively. They were obtained using the point
tracking technique on the deformed sample

Point P3 had the highest effective flow stress compared to
other points (P1 and P2) in all deformation conditions. This
higher effective flow stress (point P3) resulted from metal
flow restriction and a drop in forging temperature during forg-
ing. A sharp temperature drop occurred at the die-workpiece
interface due to the chilling effect. The temperature drop at
the workpiece/die interface has been reported elsewhere in
the literature [7]. The chilling effect occurs due to the temper-
ature gradient between the die and the workpiece, resulting
in heat extraction from the workpiece. The chilling effect
lowers the workpiece deformation temperature of the pre-
set temperature during the forming simulation, resulting in
high effective flow stress. At higher deformation, the effec-
tive flow stress (points P1, P2, and P3) increased gradually
with the deformation time for the entire forging simulation
for 5 mm/sec (Fig. 7a) and 10 mm/sec (Fig. 7b) die velocity.

However, a die velocity of 50 mm/sec (Fig. 7¢) after the
initial deformation (0.01 s) shows different effective flow
curves for points P1 and P2. The effective flow stress for point
P3 increased gradually until the end of the forging simulation,
while the effective flow stress of points P1 and P2 reached
a maximum flow stress after 0.08 s. P1 and P2 flow stress
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Fig.6 Contour map showing effective flow stress distribution at the forming temperature of 1150 °C and different die velocities a 5 mm/sec,

b 10 mm/sec, and ¢ 50 mm/sec

curves exhibited a state-steady flow behaviour after 0.08 s
up to 0.17 s. After 0.17 s, the flow stress value increased as
deformation increased until the end of the simulation process.
The higher effective flow stress in higher deformation was
due to friction [49].

The study shows that higher stress and strain occur at the
centre of the cylinder when forging or upsetting a cylindri-
cal billet. Industrial casting of components results in defect
formation, such as pores and voids. These casting defects
act as stress concentration sites that can initiate cracks to
cause failure. The production route for most industrial com-
ponents is through castings. Metal forming such as upsetting
is used as a secondary process to minimise casting defects,
thus improving mechanical properties. Therefore, the high
stresses and strains experienced during forging improve the
product quality by welding the internal casting defects.

5.4 Particle flow velocity distribution

Figure 8 shows the particle flow velocity distribution at a con-
stant forging temperature and different die velocities during
the forging simulation. The 3D simulation plot shows that
the particles move towards the nearest surface boundary. The
simulation plot shows different colours to denote the velocity
magnitude.

The particle flow velocity was maximum, especially at the
outer sample surface (red contour) and minimum at the cen-
tre of the deformed sample (blue contour), as shown in Fig. 8.
The particles on the outer surface of the workpiece flow at a
higher flow velocity than on the inner surface. During forg-
ing, particle flow velocity mainly depends on the applied
compressive force [18].

@ Springer
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Figure 9 shows the velocity distribution curves at different
die velocities and constant temperatures.

Figure 9 shows the particle velocity distribution curves
of the three points, P1, P2, and P3. Flow velocity increased
rapidly from the beginning of the deformation up to when the
forging deformation reached a peak flow velocity in 0.14 s
(5 mm/sec), 0.07 s (10 mm/sec), and 0.01 s (10 mm/sec) (

Figure 9). At the initial stage of forming, the material
particle experiences high pressure due to high compression
forces applied during forging. This pressure makes the par-
ticles move quickly to the nearest free surface, as in the case
of P3. After the peak flow velocity, P3 maintained a constant
particle flow velocity equivalent to the initial die velocity for
each deformation case. The steady-state flow velocity may
be due to the shear friction stress resisting deformation at the
die-workpiece interface.

P1 had the lowest flow velocity compared to the other
points in all the deformation conditions. The minimum flow
velocity behaviour can be due to the restriction of particle
flow at the centre of the cylinder. This flow behaviour indi-
cates that the particles at the centre of the cylinder experience
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points: P1, P2 and P3 respectively. They were obtained using the point
tracking technique on deformed the sample

a lower compressive force, hence less flow movement. Gen-
erally, the particle flow velocity for P1, P2, and P3 increased
as the die velocity increased at a given constant forming tem-
perature (

Figure 9). Hence, metal flow resistance is less at higher
die velocities due to high compressive force.

5.5 Strain rate distribution

The effective strain rate distributions for the three points (P1,
P2, and P3) in the deformed sample at a constant forging
temperature are as in Fig. 10. The results show that point
P1 had the highest strain rate compared to the other two
points (P2 and P3). A higher strain rate at point P1 indicates
that large plastic deformation occurred. Comparing Fig. 5
and Fig. 10, a higher effective strain rate and effective strain
occurred at the same point (P1), indicating large plastic defor-
mation. Figure 10 shows that in all die velocities, the effective
strain rate increased rapidly with an increase in forging time
up to 0.14 s (5 mm/sec), 0.07 s (10 mm/sec), and 0.01 s
(50 mm/sec).
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After the initial peak in strain rate, P3 had a strain rate
drop for all die velocities and then increased exponentially
after 0.84 s (5 mm/sec), 0.42 s (10 mm/sec), and 0.08 s
(50 mm/sec) of forging time until the end of the forging sim-
ulation. The effective strain rate increased due to increased
interfacial friction between the dies and the workpiece. Point
P2 maintained a relatively constant strain rate value after an
initial rapid increase during the early stages of deformation
for all die velocities. The variation in the effective strain rate
showed that the forging process was inhomogeneous. From
this discussion, it is evident that the strain rate is not con-
stant. However, in most laboratory studies, a constant strain
rate value is assumed for all analyses. Therefore, to ensure
homogeneous deformation, process parameters optimisation
is a must. The process parameter optimisation will enhance
the forming process, thus achieving uniform grain size refine-
ment.

5.6 Forging temperature distribution

Figure 11 shows the temperature distribution during upset-
ting at constant temperature and different die velocities.
Points P1, P2, and P3, shown in the deformed sample (Fig. 4),
have traced the upsetting temperature distribution. The tem-
perature—time curves for die velocities of 5 and 10 mm/sec
showed a similar trend of forging temperature drop, Fig. 1 1a
and b.

However, 5 mm/sec forging die velocity had a higher tem-
perature drop than 10 mm/sec. The P3 curve exhibited a
similar trend in temperature drop in all forging simulation
conditions. The forging temperature drop occurred due to the
chilling effect (the heat extraction from the workpiece due to
the temperature gradient between the die and the workpiece)
at the die-workpiece contact surfaces [7].
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The temperature difference of the deformed sample causes
an inhomogeneous deformation process. P1 and P2 for forg-
ing die velocities of 5 and 10 mm/sec had a similar trend in
temperature drop but were lower than P3. The reason can be
that these two points are not in contact with any surface, thus
exchanging heat with the environment. However, P1 and P2
(50 mm/sec) had an increase in forging temperature during
forging. This behaviour shows that the two points (P1 and
P2) experienced severe plastic deformation, causing inter-
nal heat generation. This variation in forging temperature in
the deformed sample showed that inhomogeneous deforma-
tion occurred during forging, hence a non-isothermal forging
process.

5.7 Connecting rod FEM simulation

As mentioned, the microstructure and mechanical properties
of forged structural and functional components are sensitive
to deformation conditions. Therefore, there is a need to pro-
vide a further understanding of metal flow patterns during
forming. Hence, this information provides a basis necessary
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for process optimisation. This section further tries to illus-
trate the influence of deformation conditions on metal flow
patterns during forming. The study used AISI 52100 steel
(as before) to simulate an automobile engine connecting rod
forging process for conformity.

Figure 12 shows the simulation process setup and the
deformed connecting rod sample. The study used the con-
necting rod model from the inbuilt software geometry. Table
2 gives the simulation conditions. The study illustrates metal
flow pattern sensitivity to loading conditions. The results
have further confirmed that the metal flow pattern is inho-
mogeneous during forming, thus affecting microstructure
evolution and mechanical properties.

The study considered five tracking points to investigate
the metal flow patterns in different areas of the connecting
rod ((Fig. 12b). Points P1 (piston pin), P2 (the shank), and
P4 (crack pin end) are from the inside of the connecting rod.
Points P3 and P5 are on the surface of the crank pin end.
Figure 13 shows the metal flow patterns of the connecting
rod during forging. The forging temperature, stress, strain,
and damage along the tracking points (P1-5) show inhomo-
geneous deformation behaviour during forging.
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Fig. 10 A plot of effective strain rate vs. time showing effective strain
rate distribution at the three points in the deformed sample at a con-
stant forging temperature of 1150°C. * The legend: I, 2 and 3 represent

For example, Fig. 13a and b shows that the stress and
strain distribution varied with the deformation time. All the
tracking points indicate different stress and strain values. The
variation in stress and strain values can be due to the forging
temperature variation during forging (Fig. 13c), thus caus-
ing inhomogeneous deformation. Point 4 shows a peculiar
temperature drop. This behaviour may be due to a reduction
in the cross-section area resulting in close contact between
the two dies (top and bottom die). Hence, causing a quicker
heat transfer to the environment. This phenomenon accel-
erates the cooling rate, causing a temperature drop in this
region. Generally, during the hot deformation process, plastic
deformation causes the generation of internal heat, caus-
ing a temperature rise. The damage coefficient (Fig. 13d)
indicates the damage probability during forging. A higher
damage coefficient indicates a higher damage probability.
Generally, PS5 showed the highest damage coefficient (0.2),
which means that damage is most likely to occur at this
point of the connecting rod during forging. The study has
shown that metal flow behaviour during upsetting (forging)
is inhomogeneous, resulting in inferior mechanical proper-
ties due to varied microstructure variation. Therefore, process
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points: P1, P2 and P3 respectively. They were obtained using the point
tracking technique on the deformed sample

parameter optimisation is paramount to determine the opti-
mal processing conditions for high product quality during
industrial metal forming processes.

6 Industrial implications and future
directions

The forging process has been in existence dating back to the
Industrial Revolution for the manufacture of hand tools and
other equipment. Forging or upsetting finds application in
producing most machine parts. As such, the incorporation
of the finite element method (FEM) in the production pro-
cess has optimised the production parameters [24]. The FEM
has been in existence for more than 40 years ago. The 3D
FEM approach has revolutionised the industrial manufactur-
ing processes such as forging. High-processing computers
have enabled the development of finite element software
codes. These software codes enhanced the production pro-
cess by studying and optimising the metal flow behaviour
[24, 48].
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a) Finite Element Simulation set-up

Fig. 12 Forging simulation process

Researchers have widely used the FEM tool to predict
and accurately describe real-life problems such as the metal
deformation process [2]. However, the application of FEM
still faces challenges. The challenge is to achieve accuracy
in FEM computational analysis. The FEM simulation results
depend on the understanding of the material properties and
behaviour, process parameters, geometry description and the

@ Springer

Temperature (C)
1260

1230
1200
170
1140
A 1120
1090
1060
1030

1000

b) Simulation deformed sample (P1-5 used for analysis)

boundary conditions [50]. These factors need attention dur-
ing the design of the simulation process. Statistical tools and
Dynamic Material modelling (DMM) are widely applied in
process parameter optimisation [51, 52]. Studies on metal
flow behaviour and forging parameters optimisation are read-
ily available in the literature. Therefore, future research
should focus on the die tool design and life [50]. Progress is
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ongoing to improve tool life and design, study stress distribu-
tion, and reduce tool wear. Future development also requires
a fully developed production chain that can study and predict
microstructure during metal forming. Therefore, the compu-
tational tool needs an enhancement towards achieving high
processing capacity to reduce the computational time.

7 Conclusions

The forging simulation of AISI 52100 high-chromium steel
was studied using the finite element method. From the sim-
ulation results, the following are the conclusions:

1. The forging load-time curves showed that the forging
load increased with a decrease in the forging tempera-
ture at a constant die velocity. Under constant forging
temperature, the 5 mm/sec die velocity had a higher
forging load. This behaviour can be due to friction
change from dynamic to static, causing deformation
resistance. The results show that deformation was inho-
mogeneous due to variations in stress/strain distribution
across the deformed sample. The maximum effective
strain occurred at the centre of the deformed sample.

This temperature drop was due to the temperature gradi-
ent at the die-sample contact surfaces. The temperature
variation during forging causes inhomogeneous flow
behaviour variation across the sample.

The particle flow velocity curves showed a similar flow
trend for all tested conditions. The particle flow velocity
increased as die velocity increased at a constant forging
temperature. The flow velocity increase suggests a lower
resistance to deformation at higher die velocities. Lower
particle flow velocity occurred at the inner centre surface
of the deformed sample due to flow restriction and lower
compressive forces.

Forging simulation of an engine connecting rod further
confirms that inhomogeneous deformation occurs during
upsetting (forging). The deformation conditions affect
flow behaviour, causing variations in microstructure
evolution during forging. The microstructure variation
affects the overall mechanical performance of the com-
ponent. Therefore, process optimisation is paramount.
From the FEM results, the analysis and optimisation of
most industrial metal forming processes by using numer-
ical simulation methods is possible. The results show the
effectiveness and efficiency of using FEM as a routine
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tool for designing and optimising the metal forming pro-
cesses.
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