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Abstract. The goal of this research is to examine the influence of temperature affects the forging of a 
rectangular billet of AISI 4120 alloy steel using the 3D Deform version 11 software. The simulation was 
performed with 0.3 coefficient of friction on a metal forming (lubricated) process and the part is intended for 
application in aerospace and oil and gas industries. Three modules of deform software were defined to 
execute the simulation: pre-processing, simulation, and post-processing. The pre-processing in forging 
employed standard data— material selection, billet drawing, top and bottom dies design, meshing and 
simulation control. After 120 steps, the post-process estimation of deformation temperature, effective strain 
and stress, total velocity, and total displacement were obtained on the billet of material at temperatures of 
800o C, 1000o C, and 1200° C. The results show that when forging temperatures climb, effective strain and 
stress decrease, total displacement and velocity decrease, and the final temperature increases. 

Introduction 
Metal forming refers to manufacturing process that transforms a given material, generally 

shapeless or of simple geometry, into a valuable item without changing the material's mass and 
composition. The obtained geometric part is often complicated in geometry, with well-defined 
shape, size, accuracy and tolerances, appearance, and qualities. Metal forming procedures such as 
rolling, forging, extrusion, and drawing involve significant plastic deformation posing difficulties 
for analytical analysis. DEFORM-3D software is an innovative process for studying the three-
dimensional (3D) flow of difficult metal forming processes. It is a vital and practical tool for 
forecasting flow of material in industrial forming processes without high cost and time delay of 
shop trials. DEFORM, which is based on FEA, has been shown to be accurate and robust in 
industrial applications over several decades. The simulation can accurately forecast large 
deformation material flow and thermal behaviour. In previous studies in [1], [2], DEFORM-3D 
simulation software was used to anticipate forming faults in the mold steel of 65Ne gear in a cold 
closed-die forging process.  DEFORM 2D/3D-FEM method was used  and conducted comparison 
of analytical and numerical methodologies for a forging process, including friction, reduction ratio, 
and the effect of billet shape [3]. The author in [4] performed a finite element method (FEM) based 
simulation in die forging of a NIMONIC 80A material using DEFORM 3D to decrease 
the temperature on the sheet edges and transverse fractures on the surface. 3D FE-based numerical 
approach sensitivity analysis was utilized to explore the forging process of Ti-6Al-4V ingot to 
assess the influence of press speed, feed, and reduction on workpiece deformation and effective 
strain [5]. DEFORM software was used to simulate temperature, press travel velocity, and friction 
factor to study the processes of die forging of AK6 aluminum alloys [6]. Using Deform 3D 
simulation software, [7] lowered the stress intensity and deformation intensity of the forging die to 
increase cavity fill and minimize waste in metal burrs of steel 40 GOST 1050-88.  
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DEFORM-3D software was also utilized to analyze the experimental and finite element 
simulations of a forging operation's compression finishing and ironing finishing, and the helix angle 
affected the difference in tooth form and surface quality of both tooth surfaces of each gear [8]. The 
authors in [9] assessed the possibilities of reducing working forces, minimizing load, and increasing 
tool life or press capacity in precision metal forming procedures. The authors in [10] used the FEA 
approach in the forging modeling process using Deform Software of an aluminum alloy swing arm 
to save cost. The die stress analysis was performed using the DEFORM 3D by differing the 
temperature of the die while maintaining the heat of the workpiece as a constant,  forming 
a procedure to investigate the effect of variables on the performance features and the influence of 
initial die temperature on die stress [11]. The authors in [12] optimized the forging numerical 
simulations of X20 steel utilizing the Deform 3D software and the optimization was carried out 
using the Taguchi method and ANOVA method to examine the deformation of the cylinder.  

By comparing simulation results with actual components, the author in [13] investigated the 
numerical simulation of the forging process in Deform 3D. The fact that the dies and workpiece 
geometry were properly constructed and filled the workpiece cavity space of the dies means that the 
simulation results mostly match the actual ones. The authors in [14] used DEFORM  software to 
simulate the 21 - 4N valve dies forging process and investigated the simulation results of optimal 
process parameters such as  temperature, speed, and frictional force coefficient. The authors in [15] 
studied using Deform 3D to execute forging process performance of  40 GOST 1050-88 steel 
convex dies. The authors in [16] used DEFORM 3D simulation of Nimonic 115 to assess fatigue 
strength and creep resistance. As a result, the first heat transfer process significantly impacted the 
material's deformation behavior. The authors in [17] compared the results to the tensile strength 
obtained using JMatPro® software and the maximum principal stress derived with DEFORM-3D 
software. 

DEFORM 3D is also widely used to analyze temperature, stress, strain, velocity and 
displacement during simulations. For instance, plastic deformation properties of 42CrMo steel was 
used as a material in upsetting process to determine the possibility of employing DEFORM-3D 
software computer simulation to examine temperature, stress, and strain changes, as well as forming 
flaws [18] . The authors in [19]investigated temperature, stress, strain, velocity, and metal flow 
condition in a forging process for a vehicle front axle, whereas [20] investigated process parameters 
such as temperature using thermomechanical techniques in conjunction with strain rate and 
microstructure evolution. The microstructure evolution is done using optical microscopy in a warm 
forging of a low carbon steel using DEFORM-3D software. The authors in [21] experimented the 
plastic deformation behavior of 1.4922 stainless steel of a forging using Deform 3D software to 
investigate the effect of forging temperature. The data highlighted that higher forging temperatures 
result in lower deformation resistance and that maximum effective stress and strain decreases as 
forging temperature increases. The authors in [22] used Deform-3D simulation software to study the 
temperature, strain, and stress distribution of X20CrMoV121 steel during a forging process. As a 
result, deformation inhomogeneity reduced as the strain rate increased. The strain, stress, total 
velocity, displacement, and temperature of 17Cr-13Ni-2Mo and 17Cr-5Ni-5Mo-Ti alloyed steel 
billets [23] and Ti-6Al-4V billet [24] were determined using Deform-3D software and a comparison 
of performance characteristics at various billet temperatures was performed. The authors in [25] 
used DEFORM 3D FEM software to simulate the temperature field, strain, and shear strain during 
TIMETAL 685 forging. This experiment demonstrated that the needed creep qualities should meet 
using the non-isothermal processing technique with the correct thermomechanical process 
parameters selection. The experiment was conducted on AISI1045 steel end-milling with a tungsten 
carbide tool and  used finite element analysis-based modeling using DEFORM-3D software to 
minimize  temperature, stress, thrust force, tool wear geometry, and strain [26]. 

The review of recent literature shows that there exists limited publications on simulation 
experiments using AISI4120 alloy steel material in open-die forging at forging temperatures of                
800° C, 1000° C and 1200° C. Thus, this research is intended to contribute to the research gap and 
be helpful to industrialists and researchers. The pre-processing and post-processing simulation was 
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done to predict effective strain and stress, velocity, total deformation, and final temperatures using 
DEFORM 3D software.  

 
1.1 Mathematical model 

In the metal forging process, a mathematical model is used to simulate and optimise process 
variables throughout production, analyse the behaviour of the material, and anticipate the effects of 
forging conditions. The activation energy, which is given in equation 1 represents the plastic 
deformability of the material and it is critical for understanding energy and temperature issues in the 
metal forging process [27]. 
 

Ea =2.303R�∂logσ
∂�1T�

�
ε̇
�∂logε̇
∂logσ

�
T
                                                                                                             (1) 

Where ∂logσ
∂�1T�

 refers to the gradient of logσ and 1/T at various strain rate (ε̇) and ∂logε̇
∂logσ

 refers to the 

gradient of logε̇ and  logσ at various deformation temperature.  
The forming process uses the Johnson-Cook material model and the Lagrangian incremental 

(LE) method of mathematical formulation. Equation 2 illustrates the strain rate and temperature 
dependent equation for the work piece's isotropic behavior with deformable thermo-viscoplastic 
property [26]. 
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Where T,Tref 𝑎𝑎𝑎𝑎𝑎𝑎 Tm, are equivalent, reference and melting temperature 
(℃),  σf and σyi 𝑎𝑎𝑎𝑎𝑎𝑎 flow and  initial yield stress(MPa) ,𝐵𝐵 𝑖𝑖𝑖𝑖 hardening modulus and ε,𝑛𝑛 C and ε 
are  plastic, hardening exponent and coefficient of strain rate. 

The viscoplastic equation, which is represented by equation 3, describes the properties of the 
material under various plastic and elastic loading conditions during the forming process [21]. 

δφ = ∫ σe
 
v δε̇edv + ∫ Kε̇v

 
v δε̇vdv − ∫ Fi

 
sf δuids = 0                                                                           (3) 

Where σe and ε̇e are the effective stress and strain,ui,sf, Fi, ε̇v and K are surface velocity(m/s), 
surface force(N), traction stress(MPa), volumetric strain and penalty factor. 

The Fourier energy balance, as shown in equation 4, can be used to estimate the temperature 
distribution of the deformation process. 

𝜌𝜌𝐶𝐶𝑝𝑝
𝛿𝛿𝑇𝑇
𝛿𝛿𝑡𝑡

 = 𝛻𝛻𝑇𝑇(𝐾𝐾𝐾𝐾𝐾𝐾) +  𝑄̇𝑄                                                                                                                    (4) 

Where K, T, Q̇, ρ and Cp are conductivity(W/m·℃), temperature(℃), heat generated(J), density 
of material(kg/m3)and specific capacity of heat(J/kg℃). 

2. Materials and Methods 
2.1 Material data and preprocessing  
For the simulation a rectangular AISI4120 alloy steel with dimensions length, width, and height of 
50 mm × 50 mm × 130 mm and two dies with dimensions length, width, and height of 90 mm ×  
90 mm × 25 mm and 10 mm corner radius were used. The DEFORM-3D software basic modeler 
was used to generate material inter-object material data, which was then used to determine the link 
between the changes from one phase to the next. Using the DEFORM 2D User's Manual,[28] 
proposed material data, Pre-Processor, and Post-Processor simulation techniques. The DEFORM 
material library was used to choose the temperature range for AISI 4120 alloy steel [70-220 F (20-
1200° C)], while the JMatPro - Sente Software was used to test the AISI4120 alloy steel properties, 
as shown in Fig. 1. 
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Fig. 1. AISI4120 alloy thermal and physical properties   

The structural analysis was performed using a finite element model consisting of 8234 points, 
6444 polygons, and 6674 nodes generating volume with 29320 elements, considering three nodded 
triangular elements. 

Fig. 2 (a, b) shows a meshing model for the open-die forging with a billet between two dies. The 
bottom die is rigid; a hydraulic press moves the top die at a forging speed of 5 mm/s. The following 
controls were used to run the simulation:  

- number of steps = 120,  
- step increment = 10, and 
- Control time = 0.01 sec/step increment. 

 

 
Fig. 2 a) Open die forging model with meshed billet; b) Billet position between top and bottom dies 

Shear type friction was often considered due to the material's tendency to shear during bulk 
deformation operations, and typical friction values range between 0.2 and 0.9. Thus, a friction 
coefficient of 0.3 was chosen to mimic the common usage of graphite lubricant between the die and 
material [21]. The inter-object forging assembly of components specification is shown in Fig. 3 (a). 
A "database" is the primary data storage location for both original input and selected solution steps, 
and it encompasses the whole simulation set of data, including simulation control, object data, 

(b) (a) 

(d) (c) 
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relational inter-object data, and material data [28]. The database was successfully generated, as 
shown in Fig. 3 (b). This investigation used an increment-type Lagrangian isothermal simulation 
technique at 20° C (local ambient temperature is 25° C), 200° C die temperature, and a heat transfer 
coefficient of 8 W/m2/K. 

 
Fig. 3. a) Forging assembly of parts definition of the inter-object b) Database generation 

2.2. Simulation and post-processing 
The simulation engine computes numerically; 120 simulation steps (illustrated in Fig. 4) were 

executed by receiving input data from the database and displaying the simulation result. During the 
simulation, message and log files were created. The log file handles general information, re-
meshing, and error messages at the beginning and finish.  

The simulation data was then displayed via a graphical user interface in the post-processing 
phases to view the results of total displacement, total velocity, effective stress, strain, and forging 
temperature. The simulation was performed with different temperatures to obtain varied forging 
temperature results. Fig. 4 shows a typical simulation of the billet in various load stages to improve 
understanding of the billet's behavior before and after forging. The same method was used at 
temperatures of 800° C, 1000° C, and 1200° C. 

 

     

Fig. 4 Billet simulation before and after the application of various load steps 

3.  Results and Discussion 
3.1 Results of the forging simulations 

During the simulation the forging diameter was reduced from 130 mm to 25 mm. The stress, 
strain, total displacement, total velocity, and final temperature simulation results for the three 
selected temperatures are presented below together with their properties. 

The results for the effective stress, total velocity, effective strain, total displacement, and final 
forging temperature at 800° C, 1000° C, and 1200° C are depicted in Fig. 5Fig. 6 and Fig. 7 
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respectively. Summary of the results of the effective stress, total velocity, effective strain, 
displacement distributions and the final temperature after forging are also given in Table 1. 

 

 

 
Fig. 5 Distribution of a) Effective stress, b) Total velocity, c) Effective strain, d) Displacement, and 

e) The final temperature after forging – at 800° C 
 

Table 1 Summary of simulation results 
Test temp. °C. Effective 

stress, MPa 
Total velocity, 
mm/s 

Effective 
strain, 
mm/mm 

Displacement, 
mm 

Final 
temp.°C 

800 584 5.03 5.13 74.8 854 

1000 496 5.04 4.15 74.7 1010 

1200 361 5.0 2.6 75 1190 

 
 
 
 
 
 
 

(a) (b) (c) 

(e) (d) 
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Fig. 6  Distribution of a) Effective stress, b) Total velocity, c) Effective strain, d) Displacement, and 

e) The final temperature after forging – at 1000° C 
 

 
Fig. 7 Distribution of a) Effective stress, b) Total velocity, c) Effective strain, d) Displacement, and 

e) The final temperature after forging – at 1200° C 

3.2. Discussion of results  

During the finite element simulation, the entire forging operation took 14.94 seconds. 
Deformation was not spread uniformly over the three simulations (Figs. 5, 6, and 7), resulting in the 
formation of distinct zones such as the dead zone (less distorted), mild zone (moderately deformed), 
and shear zone (more deformed). From the results, when the forging temperature increased, the 
effective stress reduced from 584 to 496 MPa and then to 361 MPa at 800°C, 1000°C, and  
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1200° C, suggesting that the material deformed plastically. The flow of stress is high at the surface 
due to the minimum heat transfer but as forging temperature increased it reduced ([16], [18]). 
 

As a result, effective strain decreased from 5.04 (mm/mm) to 5.00 (mm/mm), and stress and 
strain were directly proportionate, resulting in less plastic deformation and limited grain structure 
refinement. Finally, displacement and velocity decreased in all three trials, suggesting that the billet 
is resistant to deformation; load and forging temperature increased from step 1 to 120, and it 
becomes undeformable when an unreasonable load is obtained. The energy required for forging was 
decreased as the motion of the dislocation increased and the materials became softer as the 
temperature increased; at the same time, the size of the dislocation extended, hardening the work as 
experimentally shown by [29], [27]. 

As a result, forging stress increases, and temperature influences work hardening caused by 
increased dislocation [21],[23]. In this study, a plot of load (in N) vs stroke (in mm) was used to 
anticipate the actual forging load. The forging load reduced from 1 330 kN to 627 kN and then to 
271 kN as the temperature climbed from 800° C to 1000° C and subsequently to 1200° C, as 
indicated in Fig. 8 (a), (b), and (c), and the similar proposal is offered by [2] , [24]).The coefficient 
of friction increased and approached one as the forging load gradually raised from lower stages to 
higher steps up to 60 mm stroke. As the coefficient of friction increased, the temperature increased, 
softening the workpiece. 

 

  
Fig. 8 Forging load versus stroke curves a) 800° C, b) 1000° C, c) 1200° C 

In hot forging, it is expected that the load progressively increases and the flow stress 
eventually increases [30], while the coefficient of friction at the interface of dies and work pieces 
varies[31]. The results depicted in Figs 5, 6, and 7 indicate that the effective stress and strain flow 
did not remain constant from step to step when AISI 4120 alloy steel was forged at temperatures of 
800° C, 1000° C and 1200° C. The final value of the effective stress is higher at the lowest effective 
strain value, and vice versa, similar to what was reported by [27], [24]). 

As illustrated in Fig. 9 and Fig. 10 the effective stress develops rapidly at temperatures of  
800° C, 1000° C, and 1200° C; the ultimate stress value is attained, and the strain value becomes 
minimum. Furthermore, after the completion of the final value, the stress value decreases, but the 
effective strain value progressively increases, and vice versa [18], [24]. 

 
Fig. 9 Effective stress-curves 

 

(b) (c) (a) 

(c) (b) (a) 
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Fig. 10 Effective strain- curves 

Based on the study's findings, when forging temperature rises, a minimum forging load is 
applied, and as forging temperature rises, effective stress decreases. Increasing the temperatures of 
the billet forging decreases effective stress, lowering the temperature at which deformation occurs. 
The effective strain causes the least amount of plastic deformation and restricts the refinement of 
grain structure. Total velocity and displacement have excellent deformation resistance[24]. 

During pre-processing of this experiment, however, a velocity of 5 mm/s was used and the 
findings indicated that the velocity at the edge differed from the velocity at the intermediate or 
lowest region. The position of the particle within the deforming material affects the particle's 
overall velocity. The particles at the edge of the workpiece were found to move at a higher 
velocity than the particles in the middle region, while the particles towards the bottom of the billet 
moved at a lowest overall velocity [21], [23]. As a consequence, at temperatures of 800° C,  
1000° C, and 1200° C, the velocity at the edge exceeds the velocity at the intermediate, and the 
intermediate velocity exceeds the velocity in the lowest zone Fig. 11. 

   
Fig. 11 Plots showing the billet's total velocity at a) 800° C, b) 1000° C, c) 1200° C 

Figures 12 and 13 illustrate the standard deviations of the effective strain and stress 
distributions, indicating that the deformation process did not result in inhomogeneous deformation. 
Internal heat is generated as a result of friction effects at the die-workpiece contact, resulting in 
inhomogeneous deformation[24]. Deformation inhomogeneity and effective strain formed as a 
result. Since the internal temperature is higher than the exterior temperature, the heat generated is 
lost through the specimen's surface. Similar to the observation reported by [22], the degree of 
deformation and flow inhomogeneity are directly related, implying that as flow inhomogeneity 
increases, consequently the degree of deformation. 

(b) (c) (a) 

(c) (b) (a) 

Key Engineering Materials Vol. 979 89



 

 
Fig. 12 Effect of die movement on the effective stress distribution 

 
Fig. 13 Effect of die movement on the effective strain distribution 

Conclusion 
The hot forging of AISI 4120 alloy steel at different temperatures (800 °C, 1000 °C, and  

1200 °C) was modeled using a computer simulation. 3D Deform version 11 was used to explore the 
impacts of effective strain, effective stress, displacement, flow velocity, and ultimate temperature. 
As a result of this experiment, the following observations were made: 
 

• The effective strain and stress decreased when the forging temperature increased with 200° C 
intervals from 800° C to 1200° C, resulting in less plastic deformation and less refinement of 
grain structure. 

• The total displacement and velocity decreased, leading to higher billet forging resistance. 
• The smallest effective strain was observed at maximum effective stress. 
• As the temperature increases, the minimum load is necessary, as is the case in the forging 

industry. 
• Material deformation may be easily anticipated using computer simulation, providing a superior 

solution for the forging industry. 
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