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Abstract

This work focused on studying the flow behavior of BS 080M46 medium carbon steel through hot compression tests, covering a
deformation temperature of 900, 1000, 1100, and 1200°C and strain rates varying from 0.1 to 10 s™X. The purpose of this work was to
effectively predict the flow behavior of the material at elevated temperatures using two different constitutive models: the Arrhenius-
based and the Hansel-Spittel model. The application of the regression method involved fitting the experimental stress-strain data to
obtain the material constants for these models. A comparison was made between the experimental and predicted flow stresses based
on the two constitutive models, demonstrating a strong correlation with the experimental data. The developed Arrhenius-based
constitutive model exhibited greater accuracy and reliability in its predictability compared to the Hansel-Spittel constitutive model,
with AARE of 7.5231%, an RMS of 7.3565 MPa, and an R value of 0.98450. To further validate the predictive capability of the two
constitutive models, they were incorporated into finite element software to conduct simulations of the hot compression tests. Comparing
the actual load-displacement curves with those obtained curves obtained through finite element simulations revealed a comparable
consistency between the predicted and actual load-displacement curves.

Keywords: Finite element modeling, BS 080M46 medium carbon steel, Hansel-Spittel constitutive model, Zener-Hollomon
parameters, Arrhenius-based constitutive model

1. Introduction

BS 080M46 is classified as medium carbon steel grade with excellent mechanical properties and ease of processing, making it
appropriate for high-stress loads, wear resistance, and precision machining. It is widely used in machinery components such as gears,
axles, crankshafts, connecting rods, base plates, springs, milling cutters, and stud shafts that require high precision, durability, and
resistance to wear from various machining tools. The machinery components typically experience extensive strain, strain rate, and
temperature variations as part of the hot forming process [1].

Metal forming is a manufacturing process that involves the plastic deformation of a given material, typically with simple geometry,
in order to achieve the required shape and dimensions. The primary factor shaping the quality of products in advanced manufacturing
technologies such as forging, extrusion, and rolling is the plastic flow of metal at elevated temperatures. Typically, these processes are
conducted at temperatures above the recrystallization point of the material [2, 3]. However, it is worth noting that the hot working
process, despite its advantages, can be a time-consuming and costly endeavor. This is primarily due to the reliance on trial-and-error
methods, which necessitate iterative adjustments and heavily depend on the expertise and experience of the designer or operator. As a
result, the process can be inefficient, leading to increased production time and costs. To address these challenges, there is a growing
need for more efficient and optimized approaches in hot working processes. By incorporating advanced techniques, such as computer
simulations and numerical modeling, it is possible to reduce reliance on trial-and-error methods and enhance the predictability and
accuracy of the hot working processes.

The mathematical description of the relationship between flow stress and deformation parameters can be achieved through the
application of a constitutive model under various deformation conditions [4, 5]. The constitutive models are commonly used in FE
software to facilitate the simulating the forming process [6]. They are used to represent the material flow behavior and aid in achieving
more precise predictions, enabling better control and optimization of the hot working processes. In recent decades, researchers have
made numerous attempts to utilize the regression method to establish constitutive relationships, such as the well-known Arrhenius-
based and the Hansel-Spittel constitutive model. Their ability to incorporate the characteristic flow stress peak and subsequent material
softening resulting from dynamic recrystallization makes them well-suited for describing the hot deformation behavior. The
constitutive model for hot deformation which was presented by Sellars and McTegart [7] is gaining wide acceptance that used to
characterize the material flow behavior. Sellars and Tegart introduced the Arrhenius hyperbolic constitutive model, which accurately
depicts the correlation among flow stress, strain rate, and temperature. This model highlights the importance of thermal activation
energy in controlling the hot deformation process. The hyperbolic sine, exponential, and power functions of the Arrhenius flow stress
model are used on materials under varying stress levels. Since then, numerous scholars have successfully demonstrated the highly
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accurate predictability of the Arrhenius model in describing the high-temperature flow behavior of a variety of materials, including
medium carbon steel [8], the alloys 2519 aluminum [9], SNCMB8 [1], and Al-6.32Zn-2.10Mg [10], as well as the alloys Fe-21Cr-1.5Ni-
5Mn [11]. Yin et al. [12] conducted a study on the thermal compressive deformational characteristics of GCr15 steel. In their research,
they established a thermoplastic constitutive equation by combining the Arrhenius equation and the Zener-Hollomon parameter. The
findings of the analysis demonstrated that the established constitutive equation yielded precise and consistent results. With a specialized
focus on hot working, the Hansel-Spittel constitutive model provides a mathematical equation that comprehensively relates flow stress,
strain, strain rate, and temperature. This model takes into consideration the influence of strain rate sensitivity, thereby providing a more
thorough representation of material behavior [13]. This model consists of a set of nine parameters to accurately predict flow stress. It
is widely utilized in Finite Element Method (FEM) simulations for simulating bulk metal forming processes [14-16]. The application
of the Hansel-Spittel constitutive model has been observed in a wide range of materials. Liang et al. [6] introduces the Hansel-Spittel
constitutive model, specifically designed for the HNi55-7-4-2 alloy, which incorporates stress-strain curves from a hot-compression
test. It accurately predicts flow stress and load-displacement curves, aligning well with experimental results. The proposed model
facilitates the computational analysis of hot precision forging for a synchronizer ring, successfully analyzing material flow and
detecting manufactured defects. Chen’s research focused on studying the flow behavior of different alloys under high-temperature
plastic deformation. Through thermal simulation and employing constitutive models, Chen accurately predicted the thermal
deformation behavior of Cr5 [15], X12 ferritic heat-resistant steel [16], Cr8 alloy steel [17], and Ti6Al4V alloy [18]. The research
provided theoretical support for the development of hot-forming processes, numerical simulations, and optimization of hot forging
parameters for these alloys. Furthermore, Chen established hot processing maps and identified microstructural features, enhancing the
understanding and optimization of formability at elevated temperatures.

This work aimed to study the flow behavior of BS 080M46 medium carbon steel through a hot compression test, which was
performed over a deformation temperature range of 900 to 1200°C, with strain rates of 0.1, 1, and 10 s%. To effectively predict the
flow behavior under high temperatures, two different constitutive models, namely the Arrhenius-based and the Hansel-Spittel
constitutive model, were employed. The material parameters of the constitutive models were determined by fitting the curves through
the regression method. The numerically calculated stress-strain curves were subjected to a comparative analysis with the corresponding
experimental curves, aiming to assess their predictability and accuracy using the product of three standard statistical
parameters—average absolute relative error (AARE), root mean square (RMS) and correlation coefficient (R). Additionally, the load-
displacement curves from the FE simulation were validated against the experimental data.

2. Material and experiment procedure

In this paper, the 080M46 medium carbon steel was investigated. The chemical composition of the steel was analyzed in terms of
weight percentage (Wt%) using an optical emission spectrometer (OES). The composition details are outlined in Table 1. A series of
thermal compression experiments were performed utilizing a Baehr DIL-805 deformation dilatometer. The twelve cylindrical samples
were prepared with a diameter of 5 millimeters and a height of 10 millimeters by laser cutting tool. The deformation temperature was
directly detected by placing a thermocouple on the surface of the sample. The deformation condition parameters consisted of four
temperatures (900, 1000, 1100, and 1200°C) and three different strain rates (0.1, 1, and 10 s'). Each sample was installed in a vacuum
chamber filled with Argon gas. The provided sample was subjected to heating by an induction coil at a heating rate of 1.625°C per
second, reaching the given temperatures. Following that, the sample was held at the given temperatures for a duration of 1 minute in
order to ensure uniformity of temperature distribution throughout the sample. The sample was compressed to a height reduction of
60% using an Alumina punch and immediately quenched in the Argon gas until it reached room temperature at a cooling rate of 40°C
per second. The deformation route of the hot compression experiment was displayed in Figure 1(a). The stress-strain data can be
obtained by recording the applied load (L) and the change in length at regular intervals as the sample is compressed [2]. The flow stress
(o) and true strain (¢) are obtained using ¢ = L/A and € = In(h/h,), respectively, A represents the instantaneous cross-sectional area,
ho and h are initial and instantaneous heights, respectively. The flow curves corresponding to the various deformation conditions have
been displayed in Figures 1(b) to 1(d).

Table 1 Chemical compositions of BS 080M46 medium carbon steel.

C Si Mn P S Ni Cr Mo Cu
0.4671 0.1940 0.6730 0.0265 0.0214 0.0682 0.1100 0.0155 0.1780
200
Holding time 60 s Strain rate of 0.1 s
(a) 180 4
160 (B)
. 60
Temperature of 900, 1000, 1100 and 1200°C P
Strain rate of 0.1, 1 and 10 s =140 / ‘\*-r-,_l¥_
3 & TT——900°C
b g < 120 —
e ) =1 b
2 oS ® % 1004 / -
= o 4 / — J
2 ,‘\\‘\ 2 Z g0d/ - \—__‘——*—m\
£ S = o [ —
& 57 Z ol o
N © e 801/ — 1100
40 /
20
0 T T T T T
Time (s) 0.0 0.1 0.2 0.3 0.4 05 0.6

True strain, &

Figure 1 (a) Processing route of the hot compression experiment and the flow stress curves of BS 080M46 medium carbon steel under
varying deformation temperatures at a strain rate of (b) 0.1 s%; (¢) 1 s%; and (d) 10 s*
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Figure 1 (continued) (a) Processing route of the hot compression experiment and the flow stress curves of BS 080M46 medium carbon
steel under varying deformation temperatures at a strain rate of (b) 0.1 s%; (c) 1 s%; and (d) 10 s*

3. Developing the constitutive models of stress-strain behavior
3.1 Flow curves

Flow curves represent the stress-strain relationship under specific deformation conditions, often displaying dynamic
recrystallization (DRX) behavior, characterized by an initial peak stress followed by a gradual decline to a state of steady stress. It is
evident that flow stress is notably influenced by variations in deformation temperature and strain rate. The flow curves for various
deformation temperatures at a strain rate of 0.1, 1, and 10 s are respectively illustrated in Figures 1(b) to 1(d). At a certain strain rate,
the deformation temperature decreases, and the flow stress tends to increase. Lowering the temperature of a material generally makes
its atomic structure more stable and resistant to deformation resulting in a higher flow stress, which means more force is required to
make the material deform or flow. In contrast to lower temperatures, higher temperatures generally decrease flow stress by increasing
atomic mobility through greater thermal energy. This enhances ductility, aiding processes like hot forging and metal casting.
Furthermore, under constant temperature deformations, a material subjected to a high strain rate usually shows increased flow stress
due to limited time for dislocations to adjust, thereby making the material more resistant to deformation and less ductile. Conversely,
at low strain rates, flow stress tends to decrease as the slower deformation rate allows dislocations more time to interact and results in
reduced flow stress. As a result, lower temperatures and higher strain rates tend to increase flow stress, making materials more rigid
and less ductile. Conversely, reducing the strain rate typically correlates with lower flow stress and enhanced level of ductility, making
the material easier to deform.

3.2 Arrhenius-based constitutive model

The Arrhenius-based constitutive model is a material modeling approach that is utilized to depict the mechanical behavior of
materials at elevated temperatures. The following expression relates the strain rate in heated forming to the flow stress, activation
energy, and temperature:

é= AF(o) exp[—%} @

In Eq. 1, € denoted the strain rate in a unit of s, A is a constant, F(o) is a function of stress which can be described by Eq. 2, Q is the
activation energy for deformation expressed in kJ per mol), R represents the universal gas constant with a value of 8.314 J-mol-1K,
and T is the absolute temperature measure in Kelvin.

o' 100<0.8
F(o)=1 exp (fo) :ac>1.2 2)
[sinh(ac)]" :forallo

where 7, 5, a = B /n and n are apparent material constants [8-12, 19-24]. The rate of deformation at high temperatures is governed by
the activation energy of the material, as described by the Zener-Hollomon parameter. A constitutive model that considers the influence
of temperature and strain rate can be formulated by incorporating the definition of the Zener-Hollomon parameters, and presented in
the following Eq. 3:

Z=éexp (%} (3)

For determination of material constants (7, 8, a, and n) can be directly achieved from experimental data collected through the hot
compression test. The expressions presented have been derived from peak stress (op) as referenced in previous works [8, 10, 11, 20-
24]. By considering the low-stress level (ac < 0.8) and the high-stress level (ac > 1.2), plugging in the power law and the exponential
law of F(o) into Eq. 1, the following equations are respectively derived as follows:
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é=Bo! exp(—%] @
é=Cex _Q
p(ba,))exp| ——= ®)

and applying natural logarithms to both sides of Eq. 4 and Eq. 5, respectively, it can be written as:

In() = In(B) +7n(s,) — % (6)

Q

Iné) = In(C) + fio, ==

("

By keeping the temperature constant and considering the activation energy as a fixed parameter, taking partial differentiation of Eq. 6
and Eq. 7 respectively yields the parameter defined as follows:

1 [ain(s,)

n _[ an(é) l ©)
1 | doy,)

B {aln(e’) } ©

Through the use of the linear regression method, the material constants can be computed. The respective slopes of the fitting lines
depicted in Figures 2(a) and 2(b), which are associated with the plots of In(c,) —In(€) and o, — In(£), yield the values of 1/7 and
1/B. The calculated average values of # and S were respectively 11.460 and 0.11885. Additionally, the value of « is found to be
0.010371. The utilization of the hyperbolic sine law of F(o) is an appropriate approach in characterizing the hot deformation behavior
across a wide spectrum of stress levels [11, 21, 23]. By integrating the hyperbolic sine law (Eq. 2) into Eq. 1, then Eq. 1 is represented
as follows:

&= A[sinh(as,) | exp(-%j (10)

The application of natural logarithms to both sides leads to the derivation of Eq. 10, as shown below:

Iné) = In(4) + nIn[sinh(ac,)] f% (11)

By performing partial differentiation of Eq. 11, the apparent thermal activation energy Q under high temperature can be expressed as
follows:
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Figure 2 Plots of between () In o}, versus In & and (b) a, versus In ¢ for calculation of hot working constants.
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According to Eq. 12, the Q are derived from the slopes of the fitted lines in the scatter plots of In[sinh(aa;,)] —In(¢) and
ln[sinh(aap)] — 1/T in Figure 3(a) and Figure 3(b), respectively. Therefore, the average value of Q can be calculated as 608.97 kJ

per mol.
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Figure 3 Plots of (a) In[sinh(aoy,)] against In(€) and (b) In[sinh(aap,)] versus 1/T for calculation of the apparent thermal activation
energy

By employing Eq.1, Eq. 2 and Eq. 3 as shown in Eq. 13, it is feasible to obtain the correlation throughout Z parameter and flow stress.
Additionally, by applying the natural logarithms to both sides of Eq. 13, a new equation can be stated as Eq. 14:

Z = Alsinh(ao,)]" = £exp (%) (13)

In(Z) = In(A) + ninfsinh(ac,)] (14)
The scatter plot of In(Z) — In[sinh(ao},)] displayed in Figure 4 demonstrate a good linear correlation, indicating a good fit. The
intercept and slope of In(Z) — In[sinh(ag,)] plot correspond to the values of A and n, which are calculated as 1.71099x10% and
8.5106, respectively. Furthermore, it has been observed that the In(Z) reduces as temperature rises and strain rate decreases. According
to Eq. 13, it becomes practical to provide a description of the flow stress at a particular strain in terms of the Z parameter. This
consideration takes into account the definition of the hyperbolic sine law, which may be seen below.

1

1. Z\n
==sinh™| = 15
T (Aj (15)
1
1. .01 . Q)
=Zsinh™| =-é-exp| = 16
Ty (A ¢ p(RTD (o)
The inverse hyperbolic function was defined as follows:
1
1 1 2 2
sinh’l[(Z/A)n}zln (Z/A)n+((Z/A)n+1] a7
Substituting Eq.17 into Eq. 15, renders the flow stress in the form of Z parameter as:
1 1 2 2
s, :In{(Z/A)n +[(Z/A)n +1}} 18)
o
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Figure 4 Plots of InZ versus In[sinh(ao},)] used to propose the constitutive equation

By utilizing general expressions, the peak stresses values of BS 080M46 medium carbon steel can be derived within the temperature
range of 900°C to 1200°C and strain rates of 0.1, 1, and 10 s by plugging the values of «, A, n, and Q into the constitutive model
equations, specifically Eq. 16 and Eq. 18.

1
3 8.5106
o, = sinh-: L ;. expf 8087 x10 as)
0.010371 1.71099x10 RT

1 2

1 Z 8.5106 Z 8.5106
e o )
0.010371 1.71099 %10 1.71099 %10

3.3 Hansel-Spittel Constitutive model

To investigate the deformation behavior BS 080M46 medium carbon steel, the Hansel-Spittel was developed. This model is
designed to represent the dependence of flow stress (o), temperature (T), strain (¢) and strain rate (&) [6, 15-18]. The Hansel-Spittel

model is then utilized to simulate the deformation behavior during metal forming processes and optimize the manufacturing process.
The mathematical expression of flow stress can be written as follows:

my
=A™ e™i™e ¢ (L+&)™ ™ T (21)
The model, as indicated by Eq. 21, is composed of nine parameters. Among these parameters, A represents the material constant
while mz, mz, ms, ms, ms, mz, mg, and mg signify the material parameters, as has been previously established in sources [6, 14, 18, 17,
25]. The temperature correlation coefficient is denoted by mi, whereas mo indicates the temperature-strengthening index. The sensitivity
of the material to strain is determined by mz, m4, and mz. The coefficient ms is associated with the sensitivity of the material to strain
rate. The material parameter ms represents the coefficient of coupling between temperature and strain, while ms is the coefficient of

coupling between strain rate and temperature. By applying the natural logarithm to the both sides of the Eq. 21, as demonstrated by Eq.
22:

In(o) = In(A4) + m,T + m, In(e) + m; In(€) + m, +mgT In(L+ &) + mye + mT In(€) + my In(T) (22)
&
When the strain (¢) and temperature (T) are maintained at fixed vales, the following expression of K1 remains constant:
K, =In(A)+mT +m,In(e) + m, +mgTIn(L+ €) + mye + my In(T) (23)
&

Then Eq. 22 can be transformed as follows:

In(o) = (m; + mT)In(€) + K, (24)
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For constant temperature (900°C), the scatter diagram (Figure 5(a)) of In(s) and In(¢) was plotted and the linear regression was
performed to determine the values of ms+msT and Ki. In Figure 5(b), the linear relationship between ms+msT and the temperature
under varying strain is depicted, where the slope corresponds to ms and the intercept corresponds to the average value of ms. Therefore,
the average values of ms and ms are -0.12044 and 0.00021, respectively. The average correlation coefficients (R) for the ma+msT — K1
plots at 900°C, 1000°C, 1100°C, and 1200°C are 0.92218, 0.86920, 0.94339, and 0.91639, respectively. The overall average R is
calculated to be 0.91279. Additionally, the average R for the ms+msT — T plots is 0.81099. The linear regression analysis of the mz+msT
— K1 and ms+msT — T plots indicates a relatively weak correlation between the fitted regression lines and the data points. The poor
correlation observed in the curve fitting of the ms+msT — K1 plot and ms+msT — T plots can indeed affect the accuracy of the average
values of ms and ms.

53 0.16
Temperature of 900°C )
5.2 1 v 0.14 4
(a)
5.14 0.12
5.0 0.10-
; 499 ‘;wo.os-
T+ -— £0.06 =
= = 0.06 1 K
= 4.7 . 0.04 §
464 = — - el =
n 0.02 o014 X026 A 038 * 05 002_ ‘7- ] 2 > 014 0.26 A 038 * 05
4.5 ® 004 ® 016 ¥ 028 ¥ 04 @ 052 - )& ® 004 @ 016 ¥ 028 ¥ 04 @ 052
A 006 * 018 03 & 042 @ 054 . A 006 * 018 03 & 042 @ 054
4.4 v 008 @ 02 032 4 044 0.56 0.00 4 v 008 @ 02 032 4 044+ 056
N 0.1 @ 022 0.34 b 040 0.58 = 0.1 @ 022 0.34 > 046 0.58
0.12 024 036 ® 048 06 012 024 036 ® 048 06
4.3 T T T T T -0.02 T T T T T T T
-3 -2 -1 0 1 2 3 900 950 1000 1050 1100 1150 1200
Ing (s") T(°C)

Figure 5 (a) Linear regression analysis of (a) In(a) against In(€) plot at temperature of 900°C and (b) mz + mgT versus T under
different strain

The expression of Kz remains constant when the both strain (¢) and strain rate (¢) are held at fixed values, as illustrated by the
equation below:

K, = In(A) + m, In(e) + m, In(&) + ™ + m,e + m,T'In(é) (25)
&

Hence, Eq. 22 can be modified into:

In(o) =K, +[m, + mgIn(L+ &) + my In(£)]T + my In(T) (26)
In this case, k = m; + mg In(1 + €) + mg In(€) is set. The function form of y = K, + kx + mq In(x) can be fitted to obtain the value
of mg for all strain rates. The average value for mg is 5.26228. The Figures 6(a) and 6(b) display the examples of the fitted curve for
the scatter plot of In(c) — T are at strain rate of 0.1 s and 1 s, respectively. When the strain rate is kept fixed, the data can be fitted
with formula k = K3 + ms In(1 + x), where K3 = m; + mgln(¢), under various strain conditions. The values ms and mz are -0.00865

and -0.00655, respectively.

When maintaining a constant strain rate (¢) and temperature, the following expression of K remains constant:

K, =In(A) + mT +m, In(&) + m,T In(€) + my In(T) 27
Thus, Eq. 22 can be turned into:

In(c) = m, In(e) + % +m TN+ &) + mye + K, (28)

At specific temperatures, the function y = m, Inx + (m,/x) + mgTIn(1 + x) + m,x + K, is applied to the scatter plots of In(o)
versus &, and the example of resulting regression curves at temperature of 900°C and 1100°C are illustrated in Figures 7(a) and 7(b),
respectively. The average values of mz2, ms and mz were calculated for all temperature conditions, yielding the following results are: mz
=0.40839, m4 = 0.00210 and m7 = 2.6322.
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Figure 7 Relationships of In(a) — € at temperature of (a) 900°C and (b) 1100°C

The value of A can be calculated by plugging the values of mi1, mz, ms, ms, ms, m7, msand mg into Eq. 21. By performing this
calculation, the value of A can be determined, with an average value of A is 0.00121. Upon substituting of the values obtained for the
aforementioned parameters into Eq. 21, the constitutive equation of BS 080M46 medium carbon steel can be formulated as presented
below:

0.00210

o= 0.00121e—0.00655T80.408398-—0.120446 e (1+ 8)—0.00865T e2.63225é0.00021TT5.26228

(29)
4. Verification of the developed constitutive models

In an effort for verifying the precision of the constitutive models, an analysis was conducted to compare the flow stresses predicted
by the models and those obtained experimentally. Figure 8 displays the flow stress curves predicted by the models along with the
experimental results for BS 080M46 medium carbon steel for entire test conditions. It is observable that the predicted flow stresses,
exhibit a good accordance with the corresponding experimental stress-strain data. To assess the reliability and precision of the
developed constitutive models at high temperatures, three statistical parameters, specially the average absolute relative error (AARE),
root mean square (RMS) and correlation coefficient (R) were employed, following the approaches in previous studies [6, 14, 15, 18].
The formulas for these parameters were as belows:

N —
AARE =%Z E-FR ‘ =100 (30)
i=1 i
1 N
RMS = WZ(Ei -R)’ ()
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The given equation, from Eq. 30 to Eq. 32, serves to relate the experimental value (E) with the predicted value (P), where N
represents the total number of data points considered for this investigation. E and P represent, correspondingly, the average values of
E and P. The statistical parameter denoted as the average absolute relative error, AARE, measures the average deviation, expressed as
a percentage. It offers an indicator of the overall accuracy of the predictions across the dataset. The standard deviation of the predicted
value from the corresponding experimental value is represented by the root mean square error, RMS. This parameter provides an
evaluation of the dispersion or spread of the predictions around the experimental data points. The correlation coefficient, R, assesses
the linearity between predicted and experimental values. A value of R in close proximity to 1 suggests a strong linear relationship,
approaching a perfect match between predicted and experimented values. Figures 9(a) and 9(b), respectively, illustrates experimental
values plotted against predicted values obtained from the Arrhenius-based and the Hansel-Spittel constitutive model. In Figure 9(c),
the AARE is presented in the bar graph with the values, indicating the level of accuracy achieved by both developed constitutive models
in predicting flow stress. The calculation of AARE for specific conditions involves Eq. 30 for each set of deformation conditions:
900°C, 1000°C, 1100°C, and 1200°C, each subjected to strain rates of 0.1 s, 1 s}, and 10 s under each of the developed constitutive
models. Subsequently, the AARE values obtained for each deformation condition are averaged, followed by the computation of an
overall average. For the Arrhenius-based constitutive model, the maximum relative error is 15.7618% at a strain rate of 1 s and a
temperature of 1000°C. Conversely, the minimum relative error is 1.6924% at a strain rate of 0.1 s and a temperature of 1000°C. For
the Hansel-Spittel constitutive model, the maximum relative error is 14.2316% at a strain rate of 1 s** and a temperature of 1000°C,
while the minimum relative error is 3.8399% at a strain rate of 1 s"*and a temperature of 900°C. When evaluating the performance of
constitutive models, it’s important to consider all three statistical parameters (AARE, RMS and R).-From Figure 9, The Arrhenius-based
model yields an AARE of 7.5231%, an RMS of 7.3565 MPa, and an R value of 0.98450, while the Hansel-Spittel model achieves an
AARE of 9.0647%, an RMS of 9.1400 MPa, and an R value of 0.98016. By considering each statistical parameters, suggest that
Avrrhenius-based model provides a higher level of precision and reliable prediction of flow stress compared to the Hansel-Spittel model.
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Figure 8 Comparing the predicted flow curves of 080M46 medium carbon steel with the experimental flow curves, which vary with
deformation temperature at (a) 0.1 s* (b) 1 s*and (c) 10 s%.
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Figure 9 Correlation between the experimental and predicted flow stress from (a) Arrhenius-based and (b) Hansel-Spittel constitutive
model, along with (c) AARE (%) evaluation.

For validation the developed Arrhenius-based and Hansel-Spittle constitutive model in finite element modeling, both developed
constitutive models were implemented into finite element software QFORM 10.1.6. Tetrahedral elements were used to create the
elements of the finite element (FE) model (Figure 10(a)). In the simulation setup, the cylindrical billet was designated as a deformable
body, however the tools were defined as rigid bodies. This approach allows for the analysis of the deformation behavior of the sample
under the applied loads, while the tools remain fixed and unaffected by the simulation, ensuring their stability and immobility
throughout the process. The processing conditions have been set in conformity with the actual experimental conditions. A total of
twelve sets of deformation conditions were selected to simulate the hot compression test. As illustrated in Figure 10(b), the load-
displacement curves obtained through FE simulation using both developed models conform to the experimental load-displacement
curves [14, 15]. The average error observed for the developed Hansel-Spittel model is 2.8400%, while the developed Arrhenius-based
model exhibits an average error of 5.2560%. The validation of the accuracy of both developed constitutive models for BS 080M46
medium carbon steel was indeed based on the small errors observed when comparing the simulated results to the corresponding
experimental data. These small errors indicate a significant level of accuracy and confirm the reliability of the developed models in
predicting the flow behavior of BS 080M46 medium carbon steel during hot compression tests.
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Figure 10 (a) 3D-FE model for hot compression test and (b) load versus displacement from experiment and simulation at strain rate
of (b) 0.1s%, (c) 1stand (d) 10 s
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Figure 10 (continued) (a) 3D-FE model for hot compression test and (b) load versus displacement from experiment and simulation at
strain rate of (b) 0.1s, (c) 1 st and (d) 10 s

5. Conclusion

In this study, hot compression tests were performed on a dilatometer at temperatures ranging from 900 to 1200°C, and applying
strain rates of 0.1, 1, and 10 s for BS 080M46 medium carbon steel. To precisely predict the flow behavior under high temperatures,
two constitutive models were developed: the Arrhenius-based model and the Hansel-Spittel model, taking into account the effect of
strain, strain rate, and deformation temperature on the flow stress. Both the Arrhenius-based and Hansel-Spittel models were subjected
to verification through the calculation of three statistical parameters: average absolute relative error (AARE), root mean square error
(RMS), and correlation coefficient (R). The findings indicated that both the Arrhenius-based and the Hansel-Spittel constitutive models
were successful in accurately predicting the flow stress of BS 080M46 steel under various deformation conditions. In comparison to
the Hansel-Spittel constitutive model, the developed Arrhenius-based model demonstrated superior accuracy and reliability in its
predictive capabilities, yielding an AARE of 7.5231%, an RMS of 7.3565 MPa, and an R value of 0.98450. The findings suggest that
the Arrhenius-based model provide more accuracy and precise prediction of the flow stress for BS 080M46 medium carbon steel. The
accuracy and reliability of the constitutive models in predicting the flow stress of BS 080M46 medium carbon steel under high
temperature conditions have been validated through load-displacement curve comparisons, where the obtained curves from hot
compression tests and FE simulations were compared. The successful comparison of these curves further confirms their reliability and
suitability of the constitutive models for effectively predicting flow stress under high-temperature conditions. The future scope of this
study may extend to the evolution of microstructure for the hot compression experiment. This can be achieved by using appropriate
constitutive models and incorporating detailed microstructural information in finite element simulations. These approaches aim to
advance the understanding of material behavior in hot compression experiments.
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