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Deform™ 3D Version 11 simulation software. The FEM simulation process conditions were up-
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ratio did not affect the flow stress behaviour during forming. Generally, the forming conditions
influence the flow stress-strain field and distribution behaviour, causing inhomogeneous defor-
mation. A negligible effect of aspect ratio on typical industrial forging process is only attainable
between 1.0 and 2.0. The implications of the results for industrial forging are elucidated.

Introduction

The integrity of structural components for the industrial application depends on the forming process, i.e., forging. Forming pro-
cesses offer unique opportunity to shape parts and develop reproducible microstructure [1]. During metal forming, complex stresses
are applied which affects the metal flow. The microstructure of the final product depends on the forming conditions [2-4]. Hence,
optimisation of process parameters is crucial in ensuring the quality of the final product is desirable with negligible defects [1]. This
reduces the adverse effects on structural and functional properties, thus negligible compromise on structural integrity [5-7].

Constitutive modelling has been used to elucidate the flow behaviour and mechanism associated with hot deformation processes [4,
8,9]. It assesses the intrinsic workability of materials [10] with complex stress—strain states due to the effects of process variables and
parameters [11,12]. Thermo-mechanical equipment simulates the metal forming processes to predict flow behaviour and mechanisms
[13,14] with constant aspect ratio of 1.5 during forging [15,16]. However, different aspect ratios have been used to date [17,18] but
the validity of the flow stress and the effects of different aspect ratios are seldom addressed. Therefore, the effect of varying aspect
ratios on metal flow behaviour during upsetting of 42CrMo4 steel was simulated using finite element method (FEM) with DEFORM™
3D package and compared with experimental data from the Gleeble®. The simulation used seven cylindrical test samples. The
42CrMo4 has excellent strength-toughness synergy with high wear resistance. Hence, it is widely used to manufacture crankshafts, ring

* Corresponding author at: Academic Development Unit, Faculty of Engineering and the Built Environment, University of the Witwatersrand, 1
Jan Smuts Avenue, Johannesburg 2000, South Africa.
E-mail address: desmond.klenam@wits.ac.za (D. Klenam).

https://doi.org/10.1016/j.sciaf.2024.e02265

Received 14 March 2024; Received in revised form 6 May 2024; Accepted 27 May 2024

Available online 27 May 2024

2468-2276/© 2024 The Author(s).  Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:desmond.klenam@wits.ac.za
www.sciencedirect.com/science/journal/24682276
https://www.elsevier.com/locate/sciaf
https://doi.org/10.1016/j.sciaf.2024.e02265
https://doi.org/10.1016/j.sciaf.2024.e02265
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sciaf.2024.e02265&domain=pdf
https://doi.org/10.1016/j.sciaf.2024.e02265
http://creativecommons.org/licenses/by-nc-nd/4.0/

J. Obiko et al. Scientific African 25 (2024) 02265

gears, crowbars, and spindles [19,20].

The aim of the study is to understand the intricate interplay between aspect ratio and metal flow behaviour by numerical simu-
lation. Conventionally, the selection of aspect ratios for metal forming processes relied mostly on experiential rules of thumb. How-
ever, there is the need for standardization to ensure certain ranges are applicable for all materials. Hence the gap in research which is
being addressed using numerical methods and validated with experimental data to avoid discrepancies in the overall analysis. With the
advent of numerical simulation as a robust tool in engineering, it offers an opportunity for deeper insight into complex phenomena that
are not easily captured by empirical methods. By harnessing the power of numerical modelling, one can shed light on the precise and
comprehensive influence of aspect ratio on metal flow behaviour which is largely missing in the literature. This approach resonates
with industrial practice, holding promise for enhancing the efficiency and effectiveness of metal forming processes across diverse
sectors. The assessment of the effects of aspect ratio on metal flow behaviour provide the needed pathway for the optimization of metal
forming processes. Thus, fostering improvements in product quality, reduction in material wastage, and increased productivity. The
implication of this study lays the groundwork for the development of advanced computational models and predictive tools for the
design and optimization of forming processes.

FEM model validation

The quality of forged products depends on the experience. The flow stress analysis and process parameter determination are long
and time-consuming with high production costs [21]. Simulations have revolutionised the manufacturing industry reducing the
process constraints associated with metal flow behaviour [22-29]. The accuracy of FEM simulations depends on the experimental data
validation. Constitutive equations are used for analysing metal flow stress behaviour as input codes for the simulation [4,9,30].
However, experimental data depends on loading conditions and sample geometry which were carefully used in this study with the
DEFORM™ 3D Version 11 software.

Simulation details

The workpiece and two dies were designed using primitive geometry module with properties within the software database. Fig. 1
shows the FEM model and the deformed sample, whereas Table 1 shows the simulation conditions for the 42CrMo4 structural steel. For
a typical forming process, the deformation is better observed in a single-phase domain which is close to the Acs temperature for
structural steels. In the case of 42CrMo4 structural steel, the single-phase is within the austenite region with ACg approximately 900 °C.
Thus, the forging simulation was within the austenite region and comparable to published literature [31]. The upset process was done
at strain rate of 10 s~! for all test samples with 60 % final deformation. The results were validated using experimental data [32].

Results, discussion, and practical implications
Results and discussion
The stress and strain distributions from the FEM simulation are in Figs. 2 and 3. All The samples, irrespective of the aspect ratio had

similar stress/strain distribution after deformation. The contours from the stress-strain distribution show that an inhomogeneous
upsetting process due to dynamic interfacial friction [33], showing the different deformation regions. These regions have distinct
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Fig. 1. (a) Finite element set-up model, and (b) workpiece after deformation where P1 is the tracing point for the flow stress.
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Table 1

Forging parameters for simulation.
Description Value
Workpiece material 42CrMo4 steel

Workpiece height h (mm)

Workpiece diameter d (mm)

Aspect ratio (h/d)

Forging workpiece temperature (°C)
Strain rate (s!)

Forging die temperature (°C)

Coefficient of heat convention (N/(s mm °C))
Coefficient of heat transfer (N/(s.mm °C))
Coefficient of friction (lubricated)
Workpiece discretised elements

Element nodes

Simulation environment (°C)

Friction type

10, 14.4, 18.2, 22.4, 27,32,56
10, 12, 14, 16, 18, 20, 28
1,1.2,1.3,1.4,1.5, 1.6, 2.0
1000

10

300

0.02

5

0.3

35,022

6920

25

shear

Fig. 2. The effect forming conditions on the stress distribution showing aspect ratio of: (a) 1.0, (b) 1.3, (c) 1.6 and (d) 2.0.

microstructures affecting structural integrity. However, through process parameter and variable optimization, better structural and
functional properties can be tuned. Generally, the friction coefficient increases with strain during compression [34].
The simulated flow stress-strain curves at the upsetting temperature of 1000 °C and strain rate 10 s~ with varying aspect ratios is
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Fig. 3. Forming process conditions on strain distribution with aspect ratios of (a) 1.0, (b) 1.3, (c) 1.6, (d) 2.0 and peak stresses given in (e) and (f).
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given in Fig. 3(e) and (f). The characteristic dynamic recrystallisation (DRX) behaviour was observed for all test conditions. The curves
increased rapidly with increasing strain to ~40 % of deformation and peaked. Strain work hardening (WH) was the main deformation
mechanism. High dislocation densities occur at relatively low strain. After the peak flow stress at ~0.4 strain, there was gradually
decrease in flow stress with increasing strain until a steady stress state was attained at 60 % strain. Thus, a dynamic recovery (DRX) was
observed for the curves with WH + DRX as the deformation mechanisms with low flow stress [35]. There was a strong correlation
between the FEM simulations and the experimental data (Fig. 3).

Based on aspect ratio between 1.0 and 2.0, the peak stresses ranged between 174.6 and 176.6 MPa with corresponding strains from
0.38 to 0.41. This showed negligible effects of aspect ratios on metal forming process. Generally, the variation between the highest and
lowest peak stress is less than 1.26 % which is not statistically significant as the standard deviation is really negligible. Similar flow
patterns (stress and strain distribution) and trends in deformed samples has been observed [36]. Although, experiments based on the
Gleeble®, aspect ratios between 1.2 and 1.5 are generally accepted, the suggested range of 1.0-2.0 did not show any large discrep-
ancies and mechanisms associated with the metal flow behaviour. The aspect ratios that are above the 1.5 threshold did not have any
discernible trend or effect on the flow stress. Hence, the material constants and activation energy derived from the constitutive
equations according to [37] did not change. Thus, these values are widely used to analyse flow stress behaviour of most materials as
they are within acceptable limit preventing under—or over estimation of the stress—strain behaviour.

Practical implication on industrial application

Unlocking the practical significance of aspect ratios in metal forming transcends mere theoretical comprehension. It presents
tangible and practical advantages for metal forming industries. These could be in optimized tool design [25-28], process parameter
optimization, enhanced product performance, new rational material design, and predictive modelling based on simulations [29]. In
terms of optimized tool design, insights from understanding the effect of aspect ratio on metal flow behaviour can inform the design
and optimization of forming tools [25-28]. By tailoring the tool geometry to accommodate specific aspect ratios [4], manufacturers
can minimize material waste [38,39], reduce production time, and enhance the overall efficiency of the forming process [22-25,40,
41]. This optimization can lead to cost savings and improved competitiveness in the market [42-44].

Metal forming processes often involve many processing parameters such as temperature, pressure, strain rate, strain, coefficient of
friction and speed. Understanding how aspect ratio influences metal flow behaviour enables engineers to fine-tune these parameters
for maximum effectiveness. By optimizing process parameters based on the aspect ratio of the material being deformed, manufacturers
can achieve higher product quality, tight tolerances, and reduced scrap rates. These are critical for product performance. In industries
where product performance is critical, such as aerospace and automotive sectors, the ability to control metal flow behaviour can have
profound implications. Thus, manufacturers can design components with optimized aspect ratios to enhance structural integrity, fa-
tigue resistance [7,45,46], and overall performance under operating conditions and across microstructural length scales [41,47]. This
can lead to safe and more reliable products, thereby increasing overall satisfaction.

The findings can inform materials development efforts aimed at enhancing formability and processability [4,9,48-52]. By un-
derstanding how different materials respond to varying aspect ratios, researchers can tailor material compositions and microstructures
to facilitate easy deformation and flow during forming operations. This can expand the range of materials available for industrial
applications and open up new possibilities for lightweighting and performance optimization. The process can be further enhanced and
developed through predictive modelling and simulations. Thus, advanced computational models based on the insights gained can be
integrated into simulation softwares complimentary to DEFORM™ in industrial settings. By incorporating accurate predictions of
metal flow behaviour under different aspect ratios, one can simulate and optimize forming processes virtually, reducing the need for
costly trial-and-error experimentation [29]. This accelerates product development cycles, lowers development costs, and enables rapid
adaptation to changing market demands. Thus, understanding the effects of aspect ratios on the deformation process and leveraging
that insights, one can drive innovation, improve competitiveness, and deliver higher quality products to meet the evolving needs of
most of the industries.

While this study focused on analysing the varying aspect ratio of structural steel, it is essential to note that the aspect ratio, being a
function of geometry, applies universally across all metals and alloys that have been studied over the years. However, the issue is to
establish the range that is applicable for no discrepancies. This has been achieved. Therefore, as long as the aspect ratio falls within the
stated ranges and deformation processes are done within a single-phase domain, no significant and adverse challenges should be
encountered.

Conclusion

Based on the FEM simulation, the flow stress increased until the peak stress was attained and then drops to a steady state as the
strain increases. The curves showed dynamic recrystallisation behaviour. The stress and strain distribution were non-uniform with
inhomogeneous deformation behaviour, which is attributed to the interfacial frictional forces between the workpiece and the die
generating internal heat. The aspect ratio between 1.0 and 2.0 had no significant effect on flow behaviour and mechanisms of the
42CrMo4 structural steel. The results were comparable to 1.2-1.5 recommended for experimentation using the Gleeble®.

The practical implications for large scale industrial applications are highlighted. Critical examples are on tool design and process
parameter optimization, enhanced product performance, new rational material design, and predictive modelling based on simulations.
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