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Abstract 

This study utilized the compression test with 
temperature monitoring system to characterize the flow 
stress behavior of 10B33 boron steel under cold 
forging conditions. Experimental data was used to 
refine the Hollomon equation parameters through a 
Taguchi design and response surface methodology 
optimization. The optimized model accurately 
predicted compressive forces but showed limitations in 
temperature prediction due to the absence of an explicit 
temperature variable. Overall, the study successfully 
characterized the flow behavior of 10B33 material, 
offering valuable insights for cold forging process 
optimization. 
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equation, optimization, response surface methodology, 
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1.​ Introduction 

 AISI 10B33, a medium-carbon steel alloyed with 
boron, exhibits notable strength and has garnered 
extensive application across diverse industries. The 
incorporation of boron, even in small amounts (0.002 
to 0.005 weight percent), significantly enhances the 

steel's hardenability, enabling it to attain elevated 
hardness levels through heat treatment [1]. 
Consequently, AISI 10B33 emerges as a compelling 
material choice when high strength is imperative, 
finding frequent use in automotive and construction 
components, fasteners, and various other applications 
[2]. In the realm of industrial metal forming processes 
like forging and extrusion, the accurate prediction of 
flow stress is paramount for ensuring effective process 
design. Constitutive models provide a mathematical 
framework for this prediction, establishing a 
relationship between flow stress and deformation while 
accounting for crucial variables such as temperature, 
strain rate, and strain [3]. The investigation and 
modeling of flow stress in steel materials have long 
been a research interest focus, driving advancements in 
various industries [4-7]. The flow stress, a measure of a 
material's resistance to deformation under applied 
stress, is a critical parameter in understanding and 

Table 1. Chemical composition of 1

Elements C Si Mn 

%wt 0.32~0.36 0.15~0.35 0.70~1.00 
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optimizing metal forming processes, such as forging, 
extrusion, and rolling. Accurate flow stress prediction 
enables engineers to design efficient and cost-effective 
manufacturing processes, ensuring the production of 
high-quality components with desired mechanical 
properties. Recent studies have mainly focused on 
studying the properties of boron steels at high 
temperatures. Li et al. [8] address the challenge of 
accurate constitutive behavior identification in hot 
stamping of boron steel, a complex process involving 
thermal-mechanical coupling and phase 
transformation. They introduce a novel grip design to 
regulate the Uniform Temperature Zone (UTZ) in 
Gleeble tensile tests and develop a robust DIC system 
for precise strain calibration at high temperatures and 
strain rates. Their research highlights the importance of 
accurate strain measurement and appropriate UTZ 
length for reliable parameter identification, ultimately 
enhancing hot stamping simulation accuracy. Zhou et 
al. [9] investigated the thermo-mechanical behavior of 
22MnB5 boron steel, a material crucial for lightweight 
vehicle manufacturing, through thermal tensile tests 
across a wide range of temperatures and strain rates. 
The study focused on understanding the correlation 
between thermoforming process parameters and the 
resulting microstructure, which ultimately dictates the 
mechanical properties of the formed components. A 
modified Arrhenius-type constitutive model was 
developed to accurately predict flow stress behavior, 
contributing to improved process optimization and 
component design in hot stamping applications. 
Palmieri and Tricarico [10] investigated the 
deformation behavior and constitutive description of 
two quenchable boron steels (USIBOR®1500 and 
USIBOR®2000) relevant to the Press Hardening 
process. Hot tensile tests were conducted under various 
temperatures and strain rates, and an Arrhenius-type 
equation was employed to model the material 
constitutive behavior. The model's validity was 
confirmed by comparing experimental and predicted 
data, demonstrating its effectiveness for both steels. 
Zhang et al. [11] conducted a study to evaluate the 
impact of temperature gradients, a common occurrence 
in Gleeble tensile tests of boron steel under hot 
stamping conditions, on the accuracy of measured 
material properties. By employing digital image 
correlation and varying gauge lengths, they observed a 
bell-shaped strain distribution and gauge 
length-dependent variations in strain, stress-strain 
curves, fracture strains, and flow stresses. Li et al. [12] 
studied the constitutive relationship of boron steel 
B1500HS under various microstructures and 
deformation conditions. Through isothermal uniaxial 
tension tests and regression analysis, they developed 

constitutive equations based on modified Arrhenius 
and Johnson-Cook models to describe the flow stress 
behavior of the steel during hot deformation. The 
accuracy of these models was validated by comparing 
computational and experimental data, demonstrating 
their effectiveness in predicting material response. 
While recent research has extensively explored the 
high-temperature deformation of boron steels, there 
remains a lack of comprehensive investigation into 
modeling the flow stress of boron steel at or near room 
temperature. This is significant as accurate flow stress 
prediction is essential for optimizing cold forging 
processes and ensuring the quality of the final 
products. This study aims to investigate and establish a 
best-fit model for spheroidized AISI 10B33 
boron-alloyed steel in cold forging, thereby 
contributing to a deeper understanding of its 
deformation behavior under varying processing 
conditions. The chemical composition of 10B33 used 
in this study is presented in Table 1. 

2.​ Research methodology 

The Gleeble test, a versatile thermal-mechanical 
simulator, has become an indispensable tool for 
characterizing the deformation behavior of materials 
under various conditions. In the context of cold 
forging, the Gleeble test offers a controlled and 
repeatable environment to investigate the flow stress 
response of boron steel at different strain rates and 
temperatures. By subjecting samples to compressive 
deformation at relevant process parameters, the 
Gleeble test provides valuable data for material 
modeling and process optimization. Figure 1 depicts 
the compression testing system used in this study. 

 
Figure 2. Compression experiment flow curve  

This study aims to employ the Gleeble test to 
experimentally determine the flow stress behavior of 
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boron steel at and near room temperature conditions 
(including room temperature, 100oC and 200oC). 

 
Figure 3. Compression experiment temperature monitoring 

The obtained data will be utilized to refine the 
Hollomon equation parameters and validate the 
optimized model developed in the further section. 
Accurate modeling of flow stress is crucial for 
predicting the deformation behavior and optimizing the 
process parameters in cold forging operations. The 
Hollomon equation, a widely used empirical model, 
has been extensively employed for this purpose. In 
utilizing the Hollomon equation, which presupposes 
uniform deformation, the true strain and true stress 
were derived from the displacement and load data 
acquired during the compression test. This involved 
employing Equations (1) and (2): 

 
 

(1) 

 
 

(2) 

wherein P is the applied force, h represents the 
instantaneous height of the cylindrical sample during 
compression, h0 denotes the initial height of the 
cylinder, and A0 signifies the pre-deformation diameter 
of the specimen [13]. Subsequently, the computed 
strain-stress relationship was expressed with strength 
coefficient (k) and strength hardening (n), as delineated 
in Equation (3): 

  (3) 

In this study, the flow curve at a strain rate of 1 s-1 and 
a temperature of 100°C was utilized. Upon obtaining 
the Hollomon equation model under these conditions, it 

was observed that the model's predictions deviated 
significantly from experimental results, particularly at 
larger strains. Consequently, subsequent analyses 
focused on optimizing the parameters k and n to 
achieve the best-fit flow curve. Noting that the model's 
predicted curve tended to overestimate stress at higher 
strains, a Taguchi experimental design was employed.  

 
Figure 4. Simufact forming simulation setup  

The k and n values derived from the initial experiment 
were designated as the highest level (coded as +1), 
with subsequent levels (coded as 0 and -1) representing 
10% decrements from this baseline. Each experiment 
corresponded to a unique combination of k and n, 
resulting in a distinct stress curve. These stress curves 
were then input as material parameters for finite 
element simulations in Simufact forming (as described 
in Figure 4). The maximum extrusion force and the 
maximum temperature at the thermocouple location 
were extracted from the simulation results. Regression 
analysis was employed to establish a relationship 
between these output factors and the parameters k and 
n. Subsequently, response surface methodology was 
utilized to optimize k and n, aiming to minimize the 
discrepancy between simulated and experimental 
values for maximum extrusion force and temperature. 
This process is referred to as multi-objective 
optimization, where multiple goals (in this case, 
approaching both extrusion force and temperature to 
the target value) are considered simultaneously. 
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Figure 5. Fitting equation at strain rate 1s-1 and 100oC 
In analyzing the compression test data presented in 

Figure 2, two distinct trends are discernible. Firstly, 
flow stress exhibits an inverse relationship with the 
initial set temperature, decreasing as the latter rises. 
Secondly, a more pronounced decline in flow stress is 
observed at higher strain rates compared to lower ones. 
This phenomenon can be elucidated by examining the 
temperature fluctuations during the test, as depicted in 
Figure 3. The general trend reveals a positive 
correlation between strain rate and the temperature 
differential from the initial value, indicating material 
softening induced by deformation-generated heat. 
Consequently, to minimize the influence of 
temperature on the flow curve, the strain region 
between 0.03 and 0.3 was selected for formulating the 
Hollomon equation. 

3.​ Results and Discussions 
3.1​ Hollomon model 

After extracting the data from strain 0.03 to 0.3, 
curve fitting method was used to find the suitable 
expression. Figure 5 shows that the coefficient strength 
and hardening strength at strain rate 1s-1 and 100oC are 
742.13 and 0.1676, respectively, as shown in equation 
(4).   

   (4) 

 
Figure 6. Comparison between experimental results and 
Hollomon equation modelling at strain rate 1s-1 - 100oC 

The stress-strain curve of 10B33 spheroidizing steel at 
a strain rate of 1 s⁻¹ and 100°C reveals a characteristic 
flow stress behavior (as shown in Figure 6), with an 
initial elastic region followed by plastic deformation. 
The Hollomon equation effectively models the 
material's behavior within the strain range of 0.03 to 
0.3, demonstrating a power-law relationship. However, 
at higher strains, the model overestimates stress, 
suggesting the influence of factors such as strain 
hardening and deformation-induced heating. This 
discrepancy underscores the necessity for more 
sophisticated models or modifications to the Hollomon 
equation to comprehensively capture the material's 
response across the whole range of strain. 

3.2​ Model parameter optimizing 

The Taguchi design levels were computed and are 
summarized in Table 2. This yielded nine distinct 
combinations of k and n, each corresponding to a 
unique flow curve. Subsequently, this data was 
incorporated into the Simufact forming software 
database to facilitate compression simulations. Table 3 
presents a comprehensive overview of these k and n 
combinations alongside the corresponding simulation 
outcomes, specifically the maximum extrusion force 
and temperature observed at the designated tracking 
point. 

Table 2. Levels of Taguchi design 

Level -1 0 +1 

k 607.19 674.66 742.13 

n 0.1371 0.1523 0.1676 
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Table 3. Design of experiments and simulation results 

Run 
no. k n 

Max. 
Force 
(kgf) 

Max. 
Temp. 
(℃) 

1 607.19 0.1371 5572 166.6 

2 607.19 0.1523 5522 165.5 

3 607.19 0.1676 5528 164.4 

4 674.66 0.1371 6260 173.5 

5 674.66 0.1523 6209 172.3 

6 674.66 0.1676 6141 171.2 

7 742.13 0.1371 7037 180.3 

8 742.13 0.1523 6807 173.1 

9 742.13 0.1676 6764 177.9 

Experiment/Target value 6307.4 163 

Figures 7 and 8 present the results of response surface 
methodology analyses using coded coefficients, for 
maximum force and temperature respectively. The 
models demonstrate strong explanatory power, 
accounting for 99.85% and 93.27% of the variation in 
their respective response variables. The linear terms (k 
and n) emerge as the most influential factors, whereas 
the squared and interaction terms exhibit less 
significance. Overall, the models demonstrate a good 
fit to the data, suggesting their capability in providing 
reliable predictions based on the predictor variables. 

 

 
Figure 7. Response surface regression of maximum force (F) 

versus k and n 

 

Figure 8. Response surface regression of maximum 
temperature at tracking point (T) versus k and n 
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(5) 

 
 

(6) 

The optimization results indicate that a k value of 
688.6 and an n value of 0.154044 yield the closest 
approximation to the targeted T and F values of 163 
and 6307.4, respectively. This solution, visually 
represented in Figures 9 and 10, achieves a composite 
desirability of 0.690726, signifying a satisfactory 
compromise between the two objectives. The 
optimized Hollomon model, as presented in Equation 
7, was subsequently employed in simulations.  

 

Figure 9. RSM optimizing based on calculated results  

 

Figure 10.RSM optimization results 

 (7) σ = 𝐾ε𝑛 = 688. 6ε0.154044

 
Figure 11. Comparison between experiment and simulation 
using optimal Hollomon model at strain rate 1s-1 and 100oC 

Figure 11 demonstrates a high degree of concordance 
between the simulated and experimental compressive 
forces, with a deviation of less than 1%. However, a 
discrepancy of up to 10 degrees Celsius (exceeding 
6%) was noted in the temperature prediction. This 
underscores a limitation of the current approach, 
wherein the model lacks an explicit temperature 
variable. Nevertheless, the study successfully 
characterizes the flow behavior of 10B33 material 
under cold forging conditions. 

4.​ Conclusions 

In conclusion, this study successfully 
characterized the flow behavior of 10B33 material 
under cold forging conditions by optimizing the 
Hollomon equation parameters using a combination of 
experimental data, Taguchi design, and response 
surface methodology. Despite the model's limitations in 
accurately predicting temperature, the high degree of 
agreement between simulated and experimental 
compressive forces validates its efficacy in 
representing the material's flow stress behavior. This 
research provides valuable insights for optimizing cold 
forging processes and enhancing the accuracy of 
numerical simulations. Future work may focus on 
incorporating temperature dependence into the model 
for improved predictive capabilities across a wider 
range of process conditions. 
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