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1. Introduction

The 7075 aluminium alloy has a wide application in the aerospace and automobile industries (Jenab &
Taheri, 2011). These alloys possess good mechanical and physical properties such as high strength and
attractive corrosion behaviour to various media (Guo et al. 2015; Jenab & Karimi Taheri, 2011). These
desirable mechanical properties are closely related to the microstructure (Rajamuthamilselvan &
Ramanathan, 2011), which largely depends on the thermomechanical processing of the alloys (Taheri-
Mandarjani et al. 2015). Most structural components are produced through the forging process
(Rajamuthamilselvan & Ramanathan, 2011), which involves the high application of forces and stresses
leading to a complex deformation process (Dieter, 1988). The material flow behaviour depends on the
forging parameters such as temperature, strain rate and strain (Lin et al., 2008). The metal flow behaviour
to a large extent affects the final microstructure of the material (Rajamuthamilselvan & Ramanathan, 2011).
The material workability can be improved by understanding the metal flow behaviour.
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Research has been carried out on the hot workability of 7075 aluminium alloys (Guo et al., 2015; Rokni
et al. 2011; Zhang et al. 2011). The focus has been on the development of the constitutive equations can
accurately predict the flow stress behaviour. However, inhomogeneous deformation behaviour is
experienced due to deformation parameters (Christiansen et al., 2016). Carrying out deformation process
through trial and error method based on the expertise of the operators (Maarefdoust, 2012), makes the
production process expensive and time-consuming (Oh et al. 1991). As such, there has been an increasing
application of computer simulations to predict material behaviour during metal working (e.g. forging)
process (Zhang et al. 2009). Although considerable work on FEM simulation of the metal flow behaviour
for a variety of metals and alloys has been reported, there is limited information on FEM simulation of 7075
aluminium alloys. In this study, the forging process of 7075 aluminium alloy was simulated using Deform-
3D software. The effect of forging temperature at a constant die speed on the flow behaviour was
highlighted.

2. Finite element method theory

The visco-plastic material can be conveniently used for the analysis of metal forming process. Oh
(1982) reported that during the forging process, rigid visco-plastic material showed that the flow stress
depends on the strain rate, temperature and strain. The constitutive equations for solving the deformation
behaviour as affected by the deformation parameters are based on the variational principle. The Newton-
Raphson iterative method is widely used to solve these non-linear algebraic equations (Asadi et al., 2011).
The deformation governing equations have been widely reported in the literature (Lee et al., 2004; Oh et
al., 1991). These equations are summarised as follows:

O-,ij :EES (1)

From Eq. (1), ¢';; is the deviatoric stress, the effective stress (&) and strain rate (€) are given in the
following equations:
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To solve the above governing equations in FEM, a weak form of the expression can be developed
through the shape functions as represented by the variational principle below:
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where K is a penalty constant which shows volume change, /" and S represent the volume and surface of
the specimen respectively. Since the forging temperature plays a crucial role during the deformation

process, the temperature distribution of the anvil or workpiece can be solved using the energy balance
equation (Kukuryk, 2012):

vT.(kVT) + ¢ — pe,T = 0, (5)

where T is the temperature, £ is the thermal conductivity, g is the rate of heat generation, p is the specific
density and ¢, is the specific heat. During plastic deformation process the heat generated is given as:

q = ace, (6)
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In Eq. (6), a is the efficiency of the heat generated, which is the amount of mechanical energy
converted in heat during plastic deformation. Then, the energy balance equation can be written as follows
incorporating the shape functions for the weak function estimation of the energy equation:

f KT, 8T, dV + f pe,T8TAV — f aGEST,dV — f 4.,6TdS = 0 )
v v v S

The heat flux normal to the surface boundary is denoted ¢g» which account to the amount of heat lost
into the environment by radiation and convection and the friction heat gained due to friction shear stresses
between the workpiece and the anvil. Eq. (7) can be used to calculate the temperature distribution in the
workpiece and the anvil. According to (Kukuryk, 2012) and (Oh, 1982), the friction between the
workpiece and the anvil occur due to the presence on the frictional shear stress T expressed as:

2 AV,
T=-mk [— arctan (—S>] t ®)
T U

In Eq. (8), m represents the friction factor, £ is the shear yield stress, AVs is relative slipping velocity

vector of the workpiece and ¢ is a vector (unity) and uo is a small positive number in relative to AVs.

3. Finite element modelling (FEM)

The general procedure for undertaking FEM is represented by Fig. 1. The procedure was implemented
in Deform® 3D software to study the forging process of 7075 aluminium alloy. The definition of the
mathematical model is based on the Egs. 1 to 8, the speed and temperature of the die were set as the
natural and essential boundary conditions respectively.
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Fig. 1. General finite element method procedure

The model in this study was based on the existing material properties which are in-built in the software
database. Cylindrical specimen measuring 10 mm diameter and 15 mm length like that used for physical
laboratory forging simulation was defined. The workpiece was taken to be a rigid viscoplastic material
while the dies were rigid. The coefficient of friction was assumed constant (u = 0.3, which represents
friction for hot forging with lubrication). The forging environment was maintained at a constant ambient
temperature of 20°C and the die temperature was set at 50°C. The forging temperature was varied
between 250°C to 400°C at an interval of 50°C. The upper die was set to move at a constant velocity of
5 mm/s while the lower die remained stationary. The loaded simulation assembly and deformed samples
are as shown in Fig. 2 (a) and 2(b), respectively.
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Fig. 2. (a) Loaded finite element model (b) deformed specimen (c) load-stroke curves under different
forging temperatures.

4. Results and discussion
4.1. Load-stroke flow curves

The load-stroke flow curves for the forging simulation process under different forging temperature
(250°C, 300°C, 350°C and 400°C) at a constant die velocity of 5 mm/sec are shown in Fig. 2(c). The
flow curves show that the forging load increases as the temperature decreases. Similarly, it has been
reported earlier that the forging load increases with an increase the strain rate (strain rate € = V;/h,
where Va is the die velocity and /o is the initial height of the workpiece) (Obiko et al. 2019). The forging
loads decreased with an increase in the forging temperature, which can be attributed to the occurrence of
the softening mechanism that enhances dislocation movement at higher forging temperatures. At lower
forging temperatures, the generation rate of dislocation density is high leading to work hardening. Hence,
higher forging loads are required during the forging process. At the initial stages of forging, a rapid
increase in the forging loads was observed with an increase in stroke displacement. This increase in
forging load is due to the resistance of the material to the deformation process resulting from dislocation
density generation and precipitation hardening (Guo et al., 2015). As deformation continues, the forging
load attain a relatively slow increase rate due to dynamic softening. This variation in the flow curve
behaviour during the deformation process has been reported in the literature (Guo et al., 2015;
Rajamuthamilselvan & Ramanathan, 2011; Rokni et al., 2011). It was also observed that at higher stroke
displacement (~ > 6mm) there was an abrupt increase in the forging load. This phenomenon may be due
to the increase in the coefficient of friction between the workpiece and the die. Research has shown that
the coefficient of friction is not constant (Li et al. 2009). The increase in friction coefficient occurs due
to either the lateral side of the workpiece making contact with the die at higher strain levels or decreases
in the thickness of the lubricating film as reported by (Li et al., 2009). Therefore, the effect of friction on
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metal flow behaviour must be corrected before further analysis. Analytical equations for correcting the
effect of friction during the forging process have been developed by Evans and Scharning (2001).

From Fig. 2 (c), it was observed that the maximum forging loads were 51 kN (250°C), 47 kN (300°C),
43 kN (350°C) and 38 kN (400°C). The results showed a decreasing trend as the forging temperature
increases. This characteristic behaviour shows the dependence of forging load on the processing
parameters such as temperature, strain and strain rate (Obiko et al., 2019). Therefore, the load-stroke
flow curves can be used for estimating the forging load required for any given forging conditions and
material. Hence, provides the means to estimate the capacity of the forging machine required for real
industrial applications.

4.2. Forging temperature distribution

During the forging simulation process, the loss of temperature with time for all the simulation
conditions is shown in Fig. 3. Three points (P1, P2 and P3) were selected from the deformed sample as
shown in Fig. 2(b) to monitor the forging process. It can be seen that there was a sharp temperature drop
at the top surface (P1) compared to P2 and P3. The loss in temperature can be attributed to the chilling
effect due to heat transfer from the workpiece to the die. The chilling effect during the forging process
has been reported to be due to the extract of heat from the workpiece leading to inhomogeneous
deformation process (Rasti et al. 2011). Point P2 and P3 have relatively similar temperature changes
during the forging process. The reason may be that the two points are not in contact with any surface but
exchange heat with the environment. The two points (P2 and P3) undergoes severe plastic deformation
than P1. In these points, more heat may be generated and then compensate the heat loss at the die-
workpiece interface to regulate the forging temperature. The temperature drop pattern was similar in all
the forging conditions as shown in Fig. 3. It was observed that the temperature loss increased with an
increase in the forging temperature. At the forging temperature of 250°C, point P1 had a temperature
drop of 75°C compared to 163°C for higher forging temperature of 400°C. A similar trend of higher
temperature loss with increase in forging temperature was observed in the other two points. This
phenomenon needs more investigation to establish the cause of this behaviour.
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4.3. Effective strain distribution during forging process

Fig. 4 shows the strain distribution with time across the deformed workpiece for the selected three
points during the simulation process. As shown, it was observed that the effective strain varied at different
points of the deformed workpiece. This shows that the deformation process was inhomogeneous for all
the forging conditions. The selected points represent the three zones that develop during the hot
deformation process as categorised by Rasti et al. (2011). Point P1 represents the dead zone which
experiences the lowest effective strain as compared to points P2 and P3. This is so because the frictional
stresses between the workpiece and the die act towards the centre of the workpiece, hence restricting the
lateral metal flow. Point P2 represents the region that undergoes intensive shearing and had the highest
effective strain during the forging process. In this region, severe plastic deformation occurs leading to
grain refinement due to enhanced dynamic softening mechanisms (Obiko et al., 2019). On the other hand,
point P3 which is at the outer surface, experiences moderate deformation since there is no restriction to
metal flow during deformation. As such, P3 had lower strain than point P2 but higher than point P1. In
point P3, the microstructure evolution during deformation is less expected (Rasti et al., 2011).
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Fig. 4. Variation of the effective strain at three points in the deformed sample.

4.4. Effective stress distribution during forging process

The effective stress against forging time curves for all forging temperature at constant die velocity
are given in Fig. 5 for regions P1, P2 and P3. It can be seen that at the initial stages of deformation, the
effective stress increased rapidly up to approximately 0.42 seconds. This can be attributed to a higher
rate of dislocation density generation hindering plastic deformation process. At this stage, work
hardening dominates the deformation process (Zhu, 2018). In all the forging temperature, P3 exhibited
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the lowest effective stress as shown since the metal flow was not restricted, hence there was no resistance
to plastic deformation. However, point P3 had the maximum tensile stress which may lead to flow
instabilities such as wedge cracking. The maximum tensile stress at P3 decreased with an increase in the
forging temperature from 183 MPa (250°C) to 135 MPa (400°C). The maximum effective stresses were
observed at P1 and P2 after the forging process as shown in Fig. 5. The higher effective stresses can be
attributed to the restriction of metal flow and the drop in the forging temperature. This leads to the
application of higher forging forces during the deformation process. It was observed that the effective
stresses increased gradually after 0.42 seconds until the end of the forging process. This flow behaviour
was attributed to the drop in the forging temperature as shown in Fig. 3.

4.5. Effective strain rate distribution

The effective strain rate distribution for all the forging temperatures are shown in Fig. 6. The results
showed that the effective strain rate at point P2 was higher than the other two points (P1 and P3). This
shows that the largest plastic deformation process occurred at P2. Point P1 experienced a constant
effective strain rate up to 0.84 seconds of forging time. Thereafter, the effective strain rate increases
exponentially as the deformation continues. The change in effective strain rate can be attributed to an
increase in frictional stresses between the workpiece and the die. Point P3 had a rapid increase in the
effective strain rate at the initial stage of forging below 0.42 seconds. Then, a decrease in the effective
strain rate was observed and maintained at a relatively same level especially at lower forging temperature
(250°C and 300°C). The variation in the effective strain rate shows that the deformation process was not
homogeneous. It is suggested that to achieve a homogeneous deformation process, industrial forging
parameters require an optimisation approach.
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Fig. 5. Variation of the effective stress at three points in the deformed sample.
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Fig. 6. Variation of the effective strain rate at three points in the deformed sample.
5. Conclusion

From the forging simulation of 7075 aluminium alloy at constant die velocity of 5 mm/s and a range
of different forging temperature (250°C-400°C) using Deform-3D software, the following conclusions
were drawn:

1. The load-stroke flow curves showed that the forging loads increased with a decrease in the forging
temperature. A variation in forging temperature was observed across the deformed workpiece
during the entire forging process. The change in the forging temperature caused an
inhomogeneous deformation process. The forging temperature drop showed a similar flow pattern
for all forging temperature conditions.

2. The effective strain and stress distribution across the workpiece exhibited inhomogeneous
deformation behaviour. Point P2 which lies at the mid-height of the workpiece experienced the
highest strain due to large plastic deformation compared to the other outer surfaces (points P1
and P3). Points P1 and P2 exhibited higher effective stress while point P3 had the maximum
tensile stress. The higher effective stress at P1 can be attributed to a rapid drop in forging
temperature due to the chilling effect, which may lead to the formation of flow instabilities. The
distribution of effective strain rate was inhomogeneous, which further showed that the forging
process was inhomogeneous. The variation in effective strain, stress and strain rate was due to
the temperature variation during the forging process.
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