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Abstract: In this study, considering all the parameters in radial forging and a three-dimensional model has been simulated using the finite
element method. By implementing an elastoplastic state for the specimen tube, parameters such as friction type, residual stress distribution,
effective strain distribution, material flow velocity, its effect on the neutral plate, and the distribution of force in the die have been studied and
analyzed. The effects of angle on the quality and characteristics of the specimen and the longevity of the die have also been obtained.
Experimental results have been used to confirm the accuracy of the simulation. The results of the hardness test after forging were
compared with the simulation results. Good agreement between the results indicates the accuracy of the simulation in terms of hardness.
Therefore, this validation allows confirming the other obtained results for the analysis and prediction of various components in the
forging process. After the validation and confirmation of the results through the hardness test, the hardness distribution was obtained by

considering temperature changes and the effective strain on the specimen.
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1. Introduction

Radial forging process (RFP) is a type of open die forging, and
the product is surrounded by four dies. Thus, this machine is
designed for round products such as tubes, shafts, stepped shafts,
axes, gun bars, and rifle barrels. Reducing the diameter of
specimens is the main purpose for using radial forging.
Accordingly, the specimen is surrounded by four dies with special
feed rates and rotational angles. Thus, when feeding stops, these
dies reduce the diameter and deform the specimen via frequent
strokes. Based on deformations, there are variations in specimen
dimensions in both the radial and axial directions. In other words,
geometry changes occur in both directions: in the radial direction,
which changes the radius, and in the longitudinal direction, which
changes the hollow shaft length.

Aftasiab et al. [1] found to create an axisymmetric model for the
radial forging process of rods and an analytical method based on
asymptotic analysis is suggested. This model accepts that the neutral
plane’s profile is not a planar cross-section of the workpiece and
may forecast the radial deformation inhomogeneity. In order to
assess the viability of the radial forging process, a link between the
die angle, friction coefficient, and back-push stress has been
established for the first time. Additionally, a novel technique has
been put out that may locate the neutral plane much more quickly
and easily than the conventional way. Du et al. [2] used numerical
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simulation to investigate how process factors (radial reduction Ah,
rotation angle P, and friction coefficient p) affect the forging
process. The combination of Ah=0.25 mm, p=21.68° and
p=0.05 is the optimum method. 0.241367 and 577.029 are the
equivalent E and F, respectively. The forging load was decreased by
1.76%, and the total strain standard deviation was decreased by
14.25% as compared to the original procedure. Ghaei et al. [3] and
Groche et al. [4] claimed to determine an upper bound limit for the
deformation load in the situation of radial forging of rods and tubes,
a novel model based on calculating the deformation work was
created in the study. The goal of the applied conjoint forming
technique is to include a functional element into a tubular section
while concurrently shaping it to its final shape. As a result, good
sensor linearity is guaranteed and lift-off of the sensor element in
the event of tensile pressures during application is forbidden.
According to Herrmann et al. [5], rotary swaging is a cold bulk
deformation method where tools oscillate to reduce workpiece
diameter. Lubricants are used for cooling, lubricating, and cleaning,
but they have drawbacks like recycling and cleaning costs.
Alternatives like structuring and covering instruments can replace
lubricant functions. Jiang et al. [6] took advantage of the radial
forging process in order to achieve a new recrystallization and
partial melting technique that was used to create axial 2AS0
aluminum alloy semi-solid billets. The microstructure properties of
the forged and isothermal-treated materials were examined. The
results showed that heating the sample to 585 °C for 10 min
replaced original elongated grains with spherical equiaxed grains
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and high angle grain boundaries. The grains’ coarsening rate constant
was 378.5 ym®/s. Kumar et al. [7] presented the behavior of magnesium
alloys with properties of lighter weight and higher specific strength in
the manufacturing processes, especially within the radial forging
machine. This overview focuses on the mechanical characteristics
and microstructure development of magnesium alloys through
various forging processes, including open die forging, closed die
forging, multi-directional forging, isothermal forging, and radial
forging, resulting in improved forgeability. Li et al. [8], Liu et al. [9]
and Li et al. [10] investigated on hollow stepped gear shafts for
automobiles focusing on lightweight construction. The orthogonal
design technique was used to choose the best combination of
parameters, including radial reduction, rotation rate, and starting
temperature. The study found that the outermost and innermost
zones of cross-sections had the highest and lowest effective strains,
respectively. A starting temperature of 780 °C, a rotating rate of
21°/stroke, and a radial reduction of 3 mm are found to be the ideal
forging parameters. Accordingly, Mahdavi and Haghighat [11]
illustrated that the drawing force is decreased by increasing the die
angle; after an increase of almost 6°-8°, the drawing force will
increase through the drawing bar. The maximum reduction on the
bar and strain hardening are directly proportional, while most
scientists have studied through the 2D mathematical model that
cannot cover all variations during the process. In this regard, Moumi
et al. [12] studied the material flow of the swaging process via
FEM. The neutral plate was subjected to a variety of friction and
feed velocities. Moreover, this simulation, which was based on a 2D
dimension cloud, describes various process parameters. By
increasing the velocity of feeding, the rate of neutral plate location
change decreases. One of the essential boundary conditions in order
to the simulation of RFP is the assumed flow material within the
process. Thus, Sanjari et al. [13] claimed through a microstructural
investigation, by increasing the friction coefficient, the homogeneity
of deformation will increase. Moreover, they showed that increasing
the friction factor can increase the effective strain plus the variations
of strain range will also increase. On the other hand, to obtain
minimum inhomogeneity and radial force, they used FEM results
for optimization via Taguchi neural networks and validated by
experimental hardness tests. They thus showed that high friction on
the inner side is the cause of high inhomogeneity. The die angle
makes the most contributions to the optimized parameters. On the
other side, Wang et al. [14] used the FORGE software to simulate
the penetration performance of radial forging for 6063 wrought
aluminum bars. The study examines the effects of variables like
billet temperature and forging ratio on hammer load and effective
stress. Results show that effective strain at the center and edge of
the RF-deformed billet increases, but the strain at the edge decreases
with increasing speed. The study recommends low billet temperature
and high forging ratio for optimal performance. The RF-deformed
blank shows a 91.19% penetration performance improvement ratio.
Also, the calculation of the field velocity of material continuously
through the upper band method can provide more accurate
predictions than the parallel velocity field while showing the
material’s streamline. Wu and Dong [15] and Wu et al. [16]
illustrated the location and movement of the neutral plane with
different diameter reductions via the upper bond method. Also, the
convex value at the end of the model increases if the reduction rate
and feed rate increase, and also, the material flow more than the
feed rate depends on the reduction rate. While the FEM have fewer
errors than the upper bound method based on validation by
experimental outcomes, Yang et al. [17-19] analyzed radial forging
with rectangular die and specimens through the upper bound
method and FEM. They showed that by increasing the die angle, the
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axial flow of the material will decrease. They showed that the length
of overlapping can increase the connecting strength; however, if the
necking for aluminium increases by more than 45%, the aluminium
will fail. Zou et al. [20, 21] analyzed the microstructural
characterization of ZK60 Mg alloys under radial forging (RF) using a
regionalized strain field model. The study involved treating ZK60
magnesium alloy bars under various stresses using RF at 300 °C. The
showed that dynamic recrystallization dominated the
subsequent deformation process, while twinning dominated the early
phases. The grains in different radial sections gradually refined,
eventually developing into a bimodal-grained structure with coarse
and fine grains. The c-axis of the deformed grains rotated in the radial
direction, and the texture of the RFed bars changed as the RF strain
rose. After the three passes, better mechanical qualities were also
attained, such as increased tensile strength (341 MPa) and ductility
(27.1%) values. Zuev et al. [22] explored the use of radial forging in
producing Ti alloy rods without mechanical treatment. It analyzes the
plasticized metal flow and microstructural development in various rod
sections using hot pressing and RF. Metallography and X-ray
diffraction reveal the alloy’s two-phase condition, revealing radial
forging’s ability to change the alloy’s phase composition. The study
concludes that radial forging is a reliable technique for achieving
high-quality rod surface and homogeneous fine-grained structure.

Although in the previous investigation, the FEM and parameters
impact have been considered, they have neglected the interaction of
the parameters with each other or the implementation of the most
accurate model and method. Therefore, it is necessary to examine
this complex process through variations in the essential parameters
that influence the process and to take a comprehensive view of the
effects of these changes on the specimen. Therefore, a 3D visco-
elastoplastic model was chosen, as it predicts and characterizes this
process and all factors affecting it with high accuracy. In addition,
the results were validated through the two parameters of total load
and microhardness. The experimental and simulation results are in
agreement, indicating the accuracy of the simulation and prediction
process. Thus, as the principle targets of this article, the
mathematical model has been established to the analysis of the
radial forging parameters, and on the other side, the variations of
die angle and types of friction have been simulated to obtain
optimize angle according to the requested demands.

results

2. Parameters and Methodology of Radial
Forging Process

RFP is one of the basic tools for metal deformation. This machine
includes four dies, which surround the specimen and make consecutive
strokes on it in order to increase material strength. There are many types
of radial machines with different work functions, such as hot or cold
forging, hydraulic or mechanical stroking and rotary swaging. The
radial forging equipment implemented in the simulation is shown in
Figure 1. The mandrel is fixed to the specimens and then four dies
deform the product with consecutive strokes.

The quality and dimension precision depend heavily on the
process parameters. These parameters directly affect the longevity
of the die and forging machine by helping to calculate the residual
stress and principal stress on the other components. As such,
investigating die geometry through 3D finite element simulation,
which can present all interactions between the equipment during
operation, is essential. This numerical simulation has been
implemented in the software DEFORM-3D V11.0. Moreover,
regardless of the geometric characteristics of the workpiece, other
end-product features, such as residual stress and microstructure, can
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Figure 1
(a) Components and motion direction of elements of the radial
forging process. (b) The 3D section of the simulation with the
mesh grid of the workpiece during the simulation process
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be affected by the design criteria of the radial forging machine. The
geometry parameters of the die are presented in Figure 2.

In this figure, the three sections of the die are shown. These have
three duties: sinking, forging, and sizing. The die angle has direct

effects on sinking and forging. It can also change the coordinates
of the neutral plane according to the material flow. The section of
the die has a direct relationship with the feed rate and
homogeneity deformation of the specimen’s surface. The
important factors in RFP such as total force, die angle, type of
friction, and value of the coefficient friction can have a principal
role in microstructure hardness, material flow, residual stress, and
the amount of increased strength of the specimen. Therefore, these
factors are discussed below via a comparison between different
types of friction and the value of parameters.

Two types of friction are considered: coulomb (sliding) and
constant shear (sticking). The coulomb law describes the contact
forces between two objects under elastic deformation. However,
these objects can be elastic-plastic: one is elastic and the other is
rigid during elastic deformation. Moreover, the simulation of sheet
forming has been recommended for this type. The frictional stress
is calculated to describe the contact of two plastic or porous
objects by the flow stress of the object. The frictional force in the
coulomb law model is defined by:

fo=uP (1)

where f; is frictional stress, P is the interface pressure between two
bodies, and w is the friction factor.

Constant shear friction includes highly precise measurement
and modeling of bulk-forming simulations. The frictional force in
the constant shear law is defined as follows:

T =mo,/V3 (2)

where m is the frictional coefficient and o, is the normal yield stress
ofthe material. This states that friction is a function of the yield stress
of the deforming body.

The material used in the simulation was DIN-16CrMo4 steel.
The material parameters are shown in Table 1.

The initial forging temperature was 900 °C. In the current study,

the flow stress was obtained through the Johnson-Cook equation:

= (A +B§”)<1 +Cln (%)) (g)a(D —ET*")  (3)

TT;% and (o) is the flow stress of DIN-16CrMo4

steel. Effective plastic strain rate (£) and (T,.,) is melting

where T* =

temperature and A, B, C,D,E,n,a,&, are model coefficients of
material and T, m are thermal softening of the material. Thus, the
flow stress chart has been presented in Figure 3.

Figure 2
Die angle and three typical zones in the radial forging process with the axial cross-section of the workpiece, die, and mandrel
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Table 1
Mechanical properties of the used material

Density (kg/m?) 7870
Young’s modulus (GPa) 212
Poisson’s ratio 0.3
Specific heat (J/kg/- C) 750
Conductivity (W/m/- C) 15
Melting temperature (C) 1450-1510
Inelastic heat fraction 0.9
Thermal expansion coefficient (1/- C) 11 x 1073
Yield Strength (Mpa) 275

As mentioned, parameters such as residual stress can have a
direct impact on the strength of the specimen and its longevity.
Residual stress is a function of multiple factors such as
temperature, die angle, total force, and friction, and the effect of
these factors has presented and analyzed separately. Thus,
material flow velocity, one of the factors used for calculating the
microstructure of the material and the amount of hardness, is
examined in the following sections. Moreover, the effect of die
angle on the neutral plane coordinates via material velocity and

the location of the neutral plane relative to the die zone is
presented. In terms of the friction, the effects of different values
of coefficient friction on temperature, residual stress, and
specimen quality are shown. The most accurate and most suitable
types of friction have been determined by comparing the
simulation results for two types of friction and their effect on
forging force. It is worth mentioning that the type of friction has
been determined via using the simulation results closest to the
actual results. In this investigation, the simulation has been
validated by comparing the experimental hardness values and the
simulated hardness values. Specimen hardness itself is a function
of different parameters; however, it is expressed here using
temperature and effective strain. For this purpose, a hardness test
was designed to measure hardness at several points along the
specimen. In the previous investigations, the effective strain
values were measured at several points along with the specimen.
Therefore, the hardness was calculated via the hardness function
and measured values. Finally, as simulation verification, the
experimental and measured graphs were compared. Other
outcomes of the simulation could be cited, such as residual stress
and the analysis of other influences on specimen quality.

In general, due to the complex nature of the process, which is a
function of overlapping multiple factors, there is no explicit concept

Figure 3
Flow stress-strain curve of DIN-16CrMo4 steel at 900 °C. With the different strain rate based on the Johnson-Cook equation
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of optimization for the whole process. When expressing an optimal value
for die angle, total force, or feed rate, other parameters may be neglected.

Thus, it seems that the best way to study this process is a
comprehensive analysis of the effects of the parameters on each
other. Due to the wide potential application of this process, it is
worthwhile attempting to increase the quality of the specimen and
meet working conditions.

3. Numerical Analysis and Experimental Method

There are several methods for analyzing the forging process, such
as the upper bounds methods, the slab method, and others investigated
and implemented by previous authors, but the most accurate results are
obtained by FEM. This method provides a comprehensive view of all
the phenomena and conditions during forging.

By applying appropriate boundary conditions and simulation
parameters, simulation accuracy can be significantly increased.
Therefore, conditions such as friction in all process components (the
back spring pressure of manipulators and mandrel and their impacts on
material flow) are considered. Using specimen temperature, the heat
transfer between the mandrel and the specimen has been calculated
while this can have a direct effect on specimen hardness. Therefore, the
viscoplastic model has been used for a more accurate examination of
the material flow rate. Therefore, the Von Mises yield criterion has
been implemented in order to flow rules. The relation between the
essential matrices of FEM has been presented by Darki and Raskatov
[23, 24].

Although other models such as rigid plastic or elastoplastic ones
have been used in most previous studies, these do not have the
necessary precision to determine neutral plate coordinates. In
other words, it can be stated: (i) the material has viscoplastic
behavior during the process; (ii) there is heat transfer during the
forging process; and (iii) the dies and mandrel are assumed to be
made from a rigid material. For the calculations and observations,
RS has been defined as the final stresses on the product and
residual stresses during the process. In most RFP simulations, the
effects of die cooling are ignored due to the relatively short
contact time between the die and the product.

In order to investigate the effects of the die angle, six different
specimens are considered: these are described in the following table.
Also in this simulation, two manipulators are considered. Each
manipulator has a spring in order to control the movements and
feeding of the workpiece in two directions: axial and rotational. In
order to reduce the error of the simulation results and also bring the
operating conditions closer to the industrial and real process, and
according to the previous investigation and the introduction, the
material phase is modeled as viscoplastic of the workpiece as the
main boundary condition. The other geometrical and dynamic
boundary conditions are principally recommended by other previous
investigations and experimental results. However, the range of
boundary conditions was determined by other references, but the
optimization conditions were unknown and defined as targets of the
current study. Other geometrical dimensions of the components are
listed in Table 2. It should be noted that all measurements in the
simulation after each stroke on the specimen have been taken to
show that stroke effect remains the same over the length of the tube.
The length of the specimen is 200 mm. Also, the simulation
dynamic parameters such as rate of stroking (stroke per min),
rotating feeds, axial feed (mm), number of strokes, number of
passes, rotation per pass are respectively: 400, 36°, 20, 12, 2, 10°.

To validate the simulation, the hardness criterion is measurable.
For this purpose, two auxiliary criteria, effective strain and
temperature, have been used. These two criteria have an impact

Table 2
Geometry parameters of the mandrel, specimen, and die

Outer diameter (mm)

— Reduction rate 30 —20%
Inner diameter (mm) 10 — 60%
— Reduction rate
Outer diameter for 4
mandrel (mm)
Length of die (mm) 70
Length of die land (mm) 25
Die angle 5°,10°, 12.5°, 15°, 20°, 90°

on the hardness of the specimen. For this reason, a tube with the
geometry of the simulated specimen was used. The length, radius,
and thickness of the sample were measured by a hardness tester.
The following is a view of the measured sample in Figure 4.

Figure 4
A sample of a forged tube of two different cross-sections for
comparison before and after the radial forging process. The tube
shows the sections required for hardness testing

The experiment used standard temperature conditions and a
portable hardness tester to measure the hardness in different
sections at random points in Figure 5. According to the dimensions
of the tube, the impact device type D has been considered to
measure the hardness of the tube in different section through the
variations of effective strain. The components of a type D impactor
are shown in Figure 6. For this purpose, about 50 points were
marked and measured. It should be noted that the die angle for this

Figure 5
Hardness tester with impact device type D and connecting cable
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Figure 6
(1) Trigger button (2) Loading shell (3) Guide tube (4) Spool (5)
Connecting cable (6) Striking body (7) Support ring

1 2 3 4 5 6 7

test was 5°. After measuring the radius variations and calculating the
effective strain on the sample, the hardness-strain curve was obtained.
The effective strain equation is given below [23]:

&= \/?E \/(81 — 82)2 + (&, — 83)2 + (35— &)’ ©

where ¢, , ; are the principal strains and €. is the effective strain. By
measuring the different strains on the specimen through simulation
and placing them into the hardness function, the hardness value of
the specimen is shown. To apply the temperature effects to other
types of die and to show the distribution of hardness in all sections
of the specimen, the hardness-temperature curve was defined by the
hardness values obtained for different strains and temperature
values. The hardness distribution is thus rendered visible by the
temperature and strain effects. After comparing the experimental

Table 3
Specimen geometry and contact force via the experimental and
simulation results of process

Outer Inner Out Inner

radius of radius of radius of radius of  Die

and simulation results and verifying the accuracy of the simulation,
the same method of the simulation was used to analyze the other
parameters. In the previous investigation expressed the following
equation as the hardness function, where (Hv) is hardness and (¢) is
effective strain.

Hy = —60.782 + 119.17 + 115.1 (5)

4. Results and Discussion

In regard to the comparison between the error percentage of the
simulation and experimental results; the current simulation procedure
can be used for deloping and expanding the investigation of parameters
such as coefficient friction and die geometry. This simulation has been
verified by comparing it with experimental results for cold RFP, which
is presented in Table 3 [1, 23].

Table 3 has illustrated the dimensions of experimental and
mathematical model for a cold forging sample. According to the
obtained results, there is a good correspondence between the
experimental and simulation results in the peak contact force
through FEM simulations. Figure 7 displays a radial forging
machine to obtain the experimental contact force. From the
obtained results, the difference is less than 5%, which might be
due to a thermal effect.

Since the contact force is one of the principal criteria of RFP in
order to analyze of process, the examination of contact force vs
radius reduction leads to an estimate of the quality of forged tube
and dimensions of the radial machine. Therefore, Figure 8
displays the contact force of experimental results and FEM results
vs reduction outer radius of tube, and on the other hand, the
function of this issue has been obtained to estimate applied force
vs reduction radius for the used material. According to this
comparison, the current simulation results have less error rather
than other methods and previous investigation.

4.1. Friction impacts

Sample perform  perform  product product  force It is necessary to determine the most appropriate type of friction
type (mm) (mm) (mm) (mm) (KN) for the simulation before examining the effect of friction on
Experiment 13 146 13.70 930 385.00 temperature, forge force and material flow velocity. Hence, two
FEM 13 145 13.66 045  366.480 types of friction (coulomb and shear) were simulated. In this case,
the simulated forging force was measured and the most

Figure 7

Radial forging machine with a feeding system during the practical test
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Figure 8

The reduction radius rate vs applied force with an estimate by a 3-degree polynomial function
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Figure 9
Total load vs. time for two types of friction. First pas; at
boundary condition: T =900 C, friction coefficient = 0.4, axial
feed =25 mm, rotary feed =40 degrees per stroke, stroke/
pass =8, forging speed = 150 mm/sec, DIN-16CrNi4
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appropriate type of friction was determined by comparing it with the
experimental value. Given the higher values of the forging force for
coulomb friction and the inconsistency with experimental values, it
can be concluded that this type of friction is incapable of describing
this process. On the other hand, due to shear friction’s low error
percentage, it can be claimed that the shear friction has a higher
accuracy for the simulation of RFP. Thus, this friction model will
be used to analyze this process with the assumption of a 0.4
friction coefficient. The comparison of both types of friction is
shown in Figure 9.

As shown in Figure 10, as the friction coefficient increases, the
forging force increases sharply with each stroke. Thus, the friction
coefficient has a direct relationship with the forging force.
Moreover, the total time increases as the friction coefficient increases.

Material flow velocity is one case where friction can have a
direct and significant impact. For this reason, three different
friction coefficient values, 0.4, 0.6, and 0.8, were considered. It
should be noted that a die angle of 15° was assumed and the
velocity was measured in the axial direction after the neutral
plane. All values belong to the first pass. As shown in Figure 11,

Figure 10
The variations of the total load vs. time for different values of shear friction. At boundary condition: T =900 C, friction
coefficient = 0.4, axial feed = 25 mm, rotary feed = 40 degrees per stroke, stroke/pass = 8, forging speed = 150 mm/sec, DIN-16CrNi4
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Figure 11
The axial material velocity vs. length of the workpiece for
different shear frictions of 0.4, 0.6, 0.8, @ = 15°, in the sizing
zone and during the first pass
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as the friction coefficient increases, the material flow velocity
decreases. The highest axial flow velocity of the material is
produced by the lowest friction value.

Figure 12 shows temperature variations based on different
shear friction values. As expected, with increasing friction, the
temperature increases, which in itself can be a confirmation of
the correct simulation method. The temperature distribution is
also considered on the outer surface of the specimen.
Calculating the temperature distribution and the maximum
temperature for different friction values is needed to estimate
specimen hardness. This analysis will be a criterion for
controlling specimen temperature with respect to maximum
allowable temperature.

Figure 13 illustrates the residual stress variations based on
different friction values. The highest residual stress distribution
values are produced by the highest friction value while the lowest
is for the 0.4 shear friction coefficient. However, the non-
uniformity of this stress distribution throughout the specimen can

Figure 12
Distribution of maximum temperature on the outer surface of tube
in axial direction vs. different shear friction values 0.4-0.6-0.8
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Figure 13
Distribution of residual principal stress vs. length of tube for
different shear friction values 0.4-0.6-0.8 for die angle a = 15°
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be considered a factor in reducing specimen quality. The 0.6
coefficient has a uniform RS distribution, which leads to higher
specimen stability under critical loads.

4.2. Die angle impacts

As mentioned, one of the purposes of this simulation is to
investigate the effects of die geometry on the specimen.
Figure 14 presents the effects of the (a) angle on density
changes. Assuming that mass is constant throughout the process
and the volume is reduced during operations, density will
increase. The increase in density reflects the improvement of the
specimen’s microstructure. Figure 14 shows that an angle of 10°
leads to the highest density. After 10°, the gradient of the
density curve declines and the lowest value density is produced
by an angle of 20°.

Figure 15 shows the forging load along the workpiece per
stroke. The shear friction coefficient is 0.4. As the chart shows,
the highest forging load is 5° and the lowest 20°. There are more
oscillations at 20° than at 5°, which can produce additional
vibrations in the forging machine. Therefore, it is necessary to
study the oscillations of the applied force when considering the
maximum amount of force required.

Due to the importance of the surface smoothness of the
specimen and in order to avoid complicated operations, it is
important to examine the dimension changes of the specimen and
its deformation from a strain perspective. For this reason and
given the inhomogeneity factor defined by Equation (6), the
presentation of effective strain distribution should be a measure of
surface quality after forging:

IF = &~ Emin (6)

Emin

g is effective strains on the surfaces contacting the specimen and the die
and ¢,,;, is the minimum strain on the radial direction of the specimen.

In Figure 16, effective strain distribution along the specimen at
different angles is displayed. The most uniform deformation belongs
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Figure 14
Density vs. different die angles. At boundary condition: T =900 C, friction coefficient = 0.4, axial feed = 25 mm, rotary feed = 40
degrees per stroke, stroke/pass =8, forging speed = 150 mm/sec, DIN-16CrNi4
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Figure 15

Total load along the specimen at different die angles. At boundary condition: T =900 C, friction coefficient = 0.4, axial feed = 25 mm,
rotary feed = 40 degrees per stroke, stroke/pass = 8, forging speed = 150 mm/sec, DIN-16CrNi4
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to the 15° angle. The 5° and 90° angles have the highest strain
oscillations, indicating surface non-uniformity.

In Figure 17, the temperature distribution along the specimen is
shown at different angles. As is clear, the lowest average temperature
upon each stroke is at 15° and the highest at 90°. As the angle
increases up to 10°, the temperature increases while for the angles
over than 10° the temperature decreases. It is worth mentioning
the die with the 90° doesn’t follow these variations due to a lack
of all section of geometry. 15° leads to the lowest temperature
distribution. The temperature distribution increases for angles
above 15°.

Material flow velocity can express the position of the neutral
plate and the form of the microstructure particles. The coordinates
of the neutral plate can change the stress distribution on the die

15° m20° m90°

and thus can be used to estimate die longevity. The flow velocity
has a direct influence on the quality and shape of microstructures.
Due to the pattern of material velocity distribution, as the die
angle increases up to 15°, the material flow velocity decreases
while for over than 15° the range of velocity increases. Figure 18
illustrates this trend.

Yang et al. [18] claimed that at an angle of 5°, the neutral plate
is in the forging section. According to the obtained results, as the
angle increases, the position of the neutral plate moves from the
size section to the forging section. Similarly, as the angle
decreases, the distance of the neutral plate from the edge of the
pipe increases. On the other hand, as the die angle increases, the
angle of the distribution of velocity zones in the material
increases (f), which in turn can affect the shape of the granular
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Figure 16
Distribution of effective strain along the specimen at different die
angles. At boundary condition: T = 900 C, friction coefficient = 0.4,
axial feed = 25 mm, rotary feed = 40 degrees per stroke, stroke/
pass = 8, forging speed = 150 mm/sec, DIN-16CrNi4
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Figure 17

Distribution of temperature along the specimen at different die
angles. At boundary condition: T = 900 C, friction coefficient = 0.4,
axial feed = 25 mm, rotary feed = 40 degrees per stroke, stroke/
pass = 8, forging speed = 150 mm/sec, DIN-16CrNi4
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Figure 18
Distribution of velocity along the specimen at different die angles.
At boundary condition: T =900 C, friction coefficient = 0.4, axial
feed = 25 mm, rotary feed = 40 degrees per stroke, stroke/pass =8,
forging speed = 150 mm/sec, DIN-16CrNi4
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material, thereby establishing a criterion for describing the
microstructure. Figure 19 illustrates this phenomenon, the
variation of the angles of the material flow layers, and the
position of the neutral plate.

Residual stress is one of the parameters which can
determine the longevity of the specimen after forging. Hence,
residual stress distribution was measured after each stroke.
Based on examining the effect of die angle on residual stress,
Figure 20 shows the lowest value of residual stress was
produced by an angle of 15°. Thus, by increasing the angle to
15°, residual stress decreases and then increases again for
angles above 15°. It can also be claimed that an angle of 15°
leads to the most uniform stress distribution. This can be a
strong indicator of quality.

Just as angle changes have different effects on the specimen,
these changes can also occur in the forging machine. Residual
stress is an important parameter in die analysis. For this purpose,
the maximum stroke amplitude for different angles in the first
pass was considered and the residual stress in the same motion
range was calculated. These variations are displayed in
Figure 21. According to the results, the lowest value is produced
by an angle of 12.5°. After this angle, the residual stress on the
die increases significantly while there are no drastic changes for
angles lower than 12.5°.

4.3. Hardness

Tube hardness analysis consists of two parts: analysis of the
experimental results and analysis of the simulation results. In the
experimental section, after calculating the effective strain value
and measuring the hardness of the specimen with a hardness
tester, the curves of the effective strain and hardness were
obtained. Figure 22 expresses the strain-hardness curve
obtained via 4 approximated polynomials. Similarly, Figure 23
shows the measured values by hardness tester between 0.2 and
0.3 [mm/mm] effective strain. Finally, the investigation and
analyses have been validated by comparing the hardness-strain
curve obtained through the simulation and the experiment.
Given the strong agreement between the simulation and
experimental results, it can be claimed that other simulation
results are reliable for analyzing radial forging in industrial
conditions.

Figure 24 shows the hardness distribution on the specimen’s
surface along the longitudinal line. According to the results, the
lowest value for hardness distribution on the surface is related to
an angle of 15°. On the other hand, this angle leads to the highest
hardness uniformity. The uniformity of the hardness distribution
can be a criterion of microstructure quality and the uniformity of
granularity in the surface layers.

5. Conclusion

In this research, a three-dimensional model of a radial forge was
simulated and subjected to numerical analysis based on FEM. The
simulation and experimental results were compared to each other
and the strong agreement of the obtained results indicates the
accuracy of the simulation for analyzing and predicting the
characteristics of specimens based on the required conditions. In
this research, an attempt has been made to analyze all the
parameters affecting this process in order to provide the specimen
with the required characteristics. These results can improve the
application of a radial forging machine and optimize the parameters
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Figure 19
(a), (b), and (c) 5, 15, and 20 die angles, respectively, vs. the distribution of velocity and the distance between the
end of the specimen, the neutral plane, and the angle of velocity
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Figure 20
Distribution of residual stress along the specimen at different die angles. At boundary condition: T =900 C, friction coefficient = 0.4,
axial feed =25 mm, rotary feed = 40 degrees per stroke, stroke/pass =8, forging speed = 150 mm/sec, DIN-16CrNi4

250
E 200
pS
2 150
2
7}
= 100
3
5]
- ‘ll H ‘l “l ‘l |
AT I LA fil A 1
Y I R N R > @"0&
4@
Al

Axial Distance [mm]

m5 m]10 m125 =15 m20 =90

Figure 21
Die distribution of residual stress for maximum stroke at different die angles. At boundary condition: T =900 C, friction
coefficient = 0.4, axial feed = 25 mm, rotary feed = 40 degrees per stroke, stroke/pass = 8, forging speed = 150 mm/sec, DIN-16CrNi4
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Figure 22
Comparison of hardness-strain experimental curve (measurement) and simulation values by an approximate fourth-order
polynomial. At boundary condition: T =900 C, friction coefficient = 0.4, axial feed =25 mm, rotary feed =40 degrees per stroke,
stroke/pass = 8, forging speed = 150 mm/sec, DIN-16CrNi4
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Figure 23
The displaying of measured hardness value s[HV] by tester in computer by impactor type D. For 0.2—-0.3 [mm/mm] effective strain
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Figure 24
Distribution of hardness along the specimen at
different die angles
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of the process with the target of modification of forged tube in the
industrial forging process. In the future, research with an
experimental part in the scope of microstructures can address the
other concerns in this scope, although the current inquiry attempted
to take into account every parameter of the forging process. The
obtained results include the distribution of residual stress, velocity,
the coordinate of the neutral plate, temperature, density, and
distribution of hardness. The validation of the finite element model
has been carried out through the hardness test on the forged tube by
portable hardness tester.
Therefore, the results can be summarized as follows:

1) Results based on shear friction are more accurate and valid than
those based on coulomb friction. As friction increases, residual
stress in the specimen will increase;

2) A die angle (a) of 10° produces the highest density in the
specimen while abovel0°, other angles lead to lower densities;

3) As the die angle increases, the angle of the velocity layers (f) in
the material increases. This can reduce the distance between the
neutral plate and the end of the specimen, transferring it to the
sizing area. As a result, the radial force increases;

4) Increasing the die angle increases residual stress in the die. Thus,
for angles above 12.5° residual stress in the die increases

considerably, which indicates a decrease in the longevity of the
die and an increase in die fatigue;

5) The highest hardness is obtained at an angle of 20°, which creates
uniform hardness along the entire length of the specimen. The
amount of hardness changes greatly at other angles.
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