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Packaging steels are widely used across a broad range of industries, from food and 
beverage to chemical products, for the protection, transportation and storage of 
goods. In this study, the effects of chemical composition and annealing parameters 
on the phase transformation behavior, microstructure, and mechanical properties of 
packaging steels were investigated. Two steel samples, Steel A and Steel B, with 
different chemical compositions (designed according to ASTM A623-22 standard 
limitations), were prepared using a vacuum induction melting (VIM) furnace. Within 
the scope of simulation studies, hot rolling, cold rolling, and annealing process 
simulators were utilized. Before the annealing simulations, the Gleeble 3500 thermal 
simulation device and JMatPro software were used to determine the process 
conditions. A light optical microscope (LOM) and a scanning electron microscope 
(SEM) were used for microstructural characterization studies. Mechanical properties 
were characterized with tensile tests. Steel A and Steel B samples with different 
alloying elements and cooling rates were compared to evaluate their suitability for 
advanced packaging applications. The results of this analysis show that the addition 
of Nb and Mn to Steel B enhances bainite formation, refines grain size, and improves 
mechanical properties compared to Steel A. 
 

 
1. Introduction 
 
Traditional steels often struggle to balance 
strength and ductility; as strength increases, 
ductility typically decreases, making it difficult 
to meet safety and performance standards [1, 2]. 
Advanced high-strength steels (AHSS) with 
multiphase microstructures, including ferrite, 
bainite, martensite, and retained austenite, are 
increasingly used in automotive applications [3-
7]. These steels are favored over traditional high-
strength low-alloy (HSLA) steels because of 
their exceptional strength-to-ductility ratio, 
which merges high strength, excellent ductility, 
continuous yielding and high initial work 
hardening rates [8, 9].  The packaging sector has 
seen significant advancements in steel grades 
over recent decades, focusing on both higher 
strength materials and the need for highly 

formable steels suitable for complex deep 
drawing applications [10]. A specific example of 
such applications is the forming of valve cups for 
aerosol tops, which requires a high level of 
deformation, thus placing substantial demands 
on the materials used [11]. Packaging steels are 
preferred for their compatibility with human 
health, non-toxicity, excellent formability, 
weldability, and resistance to corrosion [12].  
 
Tinplate is a versatile material primarily used in 
the packaging industry, particularly for food and 
beverage containers packaging steel finds use 
across a wide range of applications [13, 14]. 
These include diverse types of containers for 
food, personal hygiene products, household and 
automotive care items, industrial products, and 
paints. Additionally, it is utilized in the creation 
of gifts or promotional products, as well as 
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closures and aerosols [15, 16]. Tinplate materials 
are widely used in various industries due to their 
excellent properties such as corrosion resistance, 
high strength, and formability [17, 18].  
 
Conventional tinplate materials primarily consist 
of a ferritic phase. Ferrite is characterized by its 
low carbon content, providing ductility and 
softness to the steel. This microstructure 
possesses high formability and low strength 
properties, enhancing the workability of tinplate 
materials and making them suitable for various 
packaging applications [19, 20]. Multiphase 
steels refer to materials that have a combination 
of different phases, such as ferrite, bainite, 
martensite and retained austenite. This 
combination enhances the mechanical properties 
of the tinplate, providing a balance of strength 
and ductility, which is beneficial for various 
packaging applications [21, 22]. In multiphase 
steels, high levels of alloying elements such as 
Mn, Si and Cr are required to achieve the desired 
microstructural and mechanical properties [23, 
24]. However, for packaging steels that come 
into contact with food, the ASTM A623-22 
standard imposes restrictions on the chemical 
composition of these elements [25]. Therefore, it 
is necessary to design and develop new concept 
packaging steels that go beyond the conventional 
approaches to multiphase steel production. This 
innovative approach aims to meet both the 
stringent chemical composition requirements for 
food contact and the mechanical performance 
demands of advanced packaging applications. 
 
Recent literature reviews indicate a lack of 
comprehensive information on multiphase 
packaging steel. This is a significant gap 
considering the increasing demands of the 
packaging industry, which expects materials to 
maintain high strength and excellent formability 
even as thickness reductions become more 
stringent. Achieving these properties necessitates 
the presence of phases other than ferrite in the 
final microstructure. In traditional thin packaging 
steel production, a double cold reduction process 
is employed after annealing [26, 27]. This 
process not only reduces the material's thickness 
but also enhances hardness and strength, albeit at 
the expense of elongation percentage [14, 17, 
18]. The desired mechanical properties and 
formability characteristics could potentially be 

achieved through a multiphase microstructure, 
thereby eliminating the need for a second cold 
reduction process. This approach would allow for 
direct utilization of the material post-annealing, 
meeting industry requirements for high 
performance without additional processing steps.  
 
In the present work, the effects of chemical 
composition and annealing parameters on the 
phase transformation behavior, microstructure 
and mechanical properties of multiphase 
packaging steels were investigated. 
 
2. Experimental Study 
 
A schematic diagram illustrating the steps of the 
experimental procedure is shown in Figure 1. 
 

 
Figure 1. Schematic diagram of experimental 

process 
 
2.1. Material 
 
In the experimental studies, cold-rolled steel has 
been used. The chemical compositions of the 
materials used in the experimental studies are 
given in Table 1. The percentage values of the 
elements used in Table 1 have been designed 
considering the limit values specified in the 
ASTM A623-22 standard. 
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Table 1. Chemical composition of samples (wt.%) 
Elements Steel A Steel B 

C 0.110 0.110 
Mn 0.350 0.530 
Si 0.015 0.015 
P 0.011 0.012 
Cr 0.060 0.060 
Nb - 0.017 

 
2.2. Simulation tests 
 
Two different chemical compositions were used 
to produce ingots with dimensions of 
500×150×225 mm in a vacuum induction 
melting (VIM) furnace. VIM furnace process is a 
technique used to melt metals under controlled 
vacuum conditions, typically for producing high-
quality alloys. The process takes place under a 
vacuum environment to minimize contamination 
from gases such as oxygen or nitrogen, which 
could negatively affect the quality of the molten 
metal. This method is particularly useful for 
producing high-purity metals and alloys, as it 
reduces the presence of impurities that can occur 
in more conventional melting methods. The 
casting of materials with the compositions of 
Steel A and Steel B was completed, followed by 
hot rolling processes. During the hot rolling 
process, the finishing temperature was set at 
900°C and the coiling temperature was applied at 
550°C. In the cold rolling simulator, a reduction 
of 80% was applied to the samples. The rolled 
samples were subjected to annealing simulations 
to achieve the desired mechanical properties and 
to develop a multiphase microstructure. Prior to 
the annealing process, transformation 
temperatures can be predicted through physical 
simulations and computational software. 
 
The production of multiphase steel involves 
determining the ferrite-austenite phase transition 
temperatures (A1 and A3), heating the material 
to the specified process temperature within these 
critical temperature ranges and maintaining this 
temperature to achieve the two-phase region. The 
material is then quenched to room temperature in 
order to achieve the desired microstructural 
features [28-29].  
Computer simulations of intercritical continuous 
cooling transformation (CCT) diagrams, which 
are calculated based on chemical composition, 
have been utilized as a strategy to develop new 
chemistries for producing multiphase steels [30, 

31]. The JmatPro software was performed to 
predict phase transformations.  
 
Determining the transformation temperatures, 
Continuous Cooling Transformation (CCT) tests 
were conducted using a Gleeble 3500 thermal 
simulation device. The test involved heating 
solid flat specimens (Figure 2), 17.5 cm in length 
and 5 cm in width, to 920°C at a heating rate of 
1°C/s. The specimens were held at this 
temperature for 30 seconds before being cooled 
to room temperature. It was cooled from this 
temperature to room temperature at a cooling rate 
of 1°C/s. 
 

 
Figure 2. The sample of Gleeble 3500 thermal 

simulation device 
 

2.3. Microstructural and mechanical 
characterization 
 
Samples for microstructural analysis were cut 
along the transverse direction (TD). These 
sectioned specimens hot-mounted, grounded and 
polished in sequence. After polishing, the 
samples were etched with 2% nital and picral 
solutions for characterization. Samples were 
characterized using a light optical microscope 
(Nikon Eclipse MA200) and a scanning electron 
microscope (SEM, Zeiss EVO10).  
 
Tensile tests were performed using a Zwick Z250 
testing machine. The tests were conducted in 
accordance with the ISO 6892-1 standard [32].  
 
3. Results and Discussion 
 
3.1. Evaluation of simulation tests 
 
Before annealing operation, dilatometric 
analyzes were carried out on the Gleeble Thermal 
Simulation device to determine the Ac1 and Ac3 
transformation temperatures of the Steel A 
composition. The dilatation curves featured two 
key points corresponding to the intercritical 
temperatures. These points, marked by the first 
and second peaks on the dilatation curves, 
represent the Ac1 and Ac3 temperatures, 



Sakarya University Journal of Science, 29(2) 2025, 191-199 

194 
 

respectively. The CCT diagrams created and 
calculated with the usage of JMatPro software 
were used to examine the phase transformation 
and transition temperatures. It has been 
determined that the Ac1 (725°C) and Ac3 (870°C) 
temperatures obtained from CCT tests conducted 
on the Gleeble device are compatible with the 
temperatures predicted using JmatPro. The 
temperature values set on the Gleeble device 
were consistent with the measured values. The 
dilatometric curve of Steel A is given in Figure 3 
and CCT diagram of Steel A is shown in Figure 
4. According to the CCT diagram, the possible 
phases in the Steel A sample are ferrite and 
pearlite, with no additional phase 
transformations such as bainite and/or martensite 
observed as the cooling rate increases. 
 

Figure 3. Gleeble dilatometry curve for Steel A 
 

 
Figure 4. Continuous cooling transformation 

diagram for Steel A 
 

The CCT diagram calculated for the composition 
of Steel B using JMatPro is presented in Figure 
5. When comparing the CCT diagrams of Steel A 
and Steel B, it is observed that the Ac1 and Ac3 
temperature values are close. The expected phase 
structures in the microstructure vary depending 
on the cooling rates applied in the CCT diagrams. 

In terms of microstructure, it is predicted that 
bainite and ferrite may form depending on the 
applied cooling rate.  
 

 
Figure 5. Continuous cooling transformation 

diagram for Steel B 
 
Generally, achieving multiphase steel requires a 
high alloy content. However, as previously 
mentioned, due to the alloying limitations 
specified in the ASTM A623-22 standard for 
packaging steels, alloying can not be utilized. 
Therefore, process parameters were optimized to 
achieve the desired final properties. For cold-
rolled steels with low alloy content in their 
chemical composition, it is necessary to apply 
high cooling rates during the annealing process. 
In the annealing process, a temperature of 810°C 
for 100 seconds within the A1 and A3 
temperature range, was applied. Trials were 
performed at different cooling rates (30°C/s and 
150°C/s). 
 
3.2. Characterization of microstructure and 
mechanical properties 
 
Niobium increases material strength with solid 
solution, grain refinement and precipitation 
hardening [33]. Nb is precipitated in the 
microstructure and delays recrystallization and 
forms an effective barrier to grain growth. Grain 
refinement effect also contributes positively to 
material strength and toughness [33, 34]. 
Microstructure images of samples etched with 
nital solution are given in Figure 6. Grain size of 
the Steel B was finer than the Steel A sample. It 
has been observed that niobium has a grain 
refining effect.  
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(a) Grain size 9.00 µm 

 
(b) Grain size 6.00 µm 

Figure 6. Optical microscope micrographs of nital 
etched Steel A (a) and Steel B (b) samples 

 
In the micrographs etched with nital, it was 
observed that the microstructure consisted of a 
two-phase structure. The light-toned regions 
represent the ferrite phase while the dark black 
areas are likely indicative of pearlite or bainite. 
The secondary phase content has been calculated 
using Clemex software. According to the 
calculation, the Steel A contains 8% secondary 
phase while the Steel B contains 9% secondary 
phase. However, this calculation does not 
differentiate between bainite and pearlite. In 
order to determine the second phase, picral 
etched samples were characterized by using 
SEM.  
 
In the Steel A, the microstructure consists of 
ferrite and pearlite (Figure 7). This situation is 
also consistent with the CCT data in the 
simulation studies. Since the Steel A sample had 
a lean analysis, the experimental studies were 
continued with the Steel B sample in order to 
obtain the targeted microstructure and 
mechanical properties.  

 
Figure 7. SEM images of steel A sample annealed at 

low cooling rate 
 

In order to support the bainite transformation and 
strength increase, the Mn alloy element was 
increased and the Nb alloy element was added to 
the Steel B sample. In addition to alloy design 
within standard limits, cooling rates in the 
process were also revised. With the increasing 
cooling rate, bainite formation occurred and the 
microstructure consists of ferrite and bainite 
(Figure 8 and Figure 9). 
 

 
Figure 8. SEM images of Steel B sample 

annealed at low cooling rate 
 

 
Figure 9. SEM images of Steel B sample annealed 

at high cooling rate  
 
The mechanical test results observing the effects 
of process and alloy design for Steel A and Steel 
B samples are presented in Table 2. The 
mechanical tests were performed two times. 
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When simulations performed at low cooling rates 
are compared, it is determined that the 
mechanical properties of the Steel B sample are 
better. Although both steels contain ferrite and 
pearlite phases, this difference in mechanical 
properties can be explained by variations in grain 
size (Steel A: 9 µm / Steel B: 6 µm) and alloy 
composition. Different mechanisms are used to 
enhance the strength of steels. These include 
solid solution strengthening, precipitation 
hardening, grain size refinement, phase 
transformation and work hardening [35-37].  
 
As the grain size decreases, the strength and 
toughness of the steel improve. The relationship 
between grain size and strength is explained by 
the Hall-Petch equation [35]. The precipitates 
present in the microstructure prevent grain 
boundary coarsening and contribute to achieving 
a fine-grained structure [35]. As the grain size 
decreases, grain boundaries act as barriers to 
dislocation motion, thereby enhancing strength. 
In this study, the higher strength observed in the 
Steel B sample compared to Steel A is attributed 
to the contributions of the Nb alloying element to 
fine grain size and precipitation strengthening, as 
well as the Mn alloying element to solid solution 
strengthening. In addition to annealing 
simulation studies performed at low cooling 
rates, the Steel B sample was carried out to both 
low and high cooling rates.  
 
The microstructure of the simulation sample 
subjected to a low cooling rate consisted of 
ferrite and pearlite whereas the sample subjected 
to a high cooling rate exhibited the formation of 
ferrite and bainite (Figure 7, Figure 8 and Figure 
9). In the Steel B sample, the increase in cooling 
rate promoted bainite formation, which 
positively contributed to the improvement of 
tensile strength. 
 

Table 2. Mechanical values of samples 
Mechanical 

Values 
Steel A Steel B 

LCR LCR HCR 
Yield Strength, 

MPa 351±6 370± 5 347±5 

Tensile Strength, 
MPa 402±7 430± 7 502±6 

% Elongation 21 ±1 21± 1 23± 1 

LCR: low cooling rate (30°C/s) 
HCR: high cooling rate (150°C/s) 

3. Conclusion 
 
This study investigated the effects of chemical 
composition and annealing parameters on the 
phase transformation, microstructure, and 
mechanical properties of multiphase packaging 
steels. The results are summarized below. 
 
• The alloying values were used in the 

production of conventional multiphase steels 
can not be applied for packaging steel due to 
the alloying elements limit specified in the 
ASTM A623-22 standard. In the production 
of standard high strength packaging steel, 
the double reduction process enables an 
increase in strength. If the production of 
multiphase packaging steel becomes 
feasible, the double reduction process may 
not be necessary. Within this scope, a new 
alloy and process design has been 
developed. 
 

• Mn contributed significantly to solid 
solution strengthening while Nb promoted 
grain refinement and precipitation 
strengthening. These modifications 
improved the tensile strength of Steel B 
compared to Steel A. 
 

• High cooling rates facilitated the formation 
of bainite which was directly affected to 
tensile strength in Steel B. Conversely, 
lower cooling rates resulted in a 
microstructure dominated by ferrite and 
pearlite. 

 
Article Information Form 
 
Acknowledgments  
Authors would like to thank Eregli Iron and Steel 
Works Co. for their support in experimental 
studies. 
 
Funding 
Authors have no received any financial support 
for the research, authorship or publication of this 
study.  
 
Authors Contribution  
Authors contributed equally to the study. 
 



Ramazan Uzun, Ümran Başkaya, Yasemin Kılıç 

197 
 

The Declaration of Conflict of Interest/ 
Common Interest  
No conflict of interest or common interest has 
been declared by authors.  
 
The Declaration of Ethics Committee Approval 
This study does not require ethics committee 
permission or any special permission. 
 
The Declaration of Research and Publication 
Ethics  
Authors of the paper declare that they comply 
with the scientific, ethical and quotation rules of 
SAUJS in all processes of the paper and that they 
do not make any falsification on the data 
collected. In addition, they declare that Sakarya 
University Journal of Science and its editorial 
board have no responsibility for any ethical 
violations that may be encountered, and that this 
study has not been evaluated in any academic 
publication environment other than Sakarya 
University Journal of Science. 
 
Copyright Statement 
Authors own the copyright of their work 
published in the journal and their work is 
published under the CC BY-NC 4.0 license. 
 
References 
 
[1] E. Gutiérrez-Castañeda, C. Galicia-Ruiz, 

L. Hernández-Hernández, A. Torres-
Castillo, D. F. De Lange, A. Salinas-
Rodríguez, “Development of Low-Alloyed 
Low-Carbon Multiphase Steels under 
Conditions Similar to Those Used in 
Continuous Annealing and Galvanizing 
Lines”, Metals, vol. 12, no. 8, pp. 1818, 
2022. 
 

[2] S. Keeler, M. Kimchi, P. J. Mooney, 
“Advanced High-Strength Steels 
Application Guidelines”, World Auto 
Steel, version 6.0, 2017. 

 
[3] S. Kılıç, F. Öztürk, “Recent trends of 

application of advanced high-strength 
steels in automotive industry to enhance 
sustainability”, The 16th International 
Conference on Machine Design and 
Production, İzmir, Türkiye, 2014. 

 

[4] R. Kuziak, R. Kawalla, S. Waengler, 
“Advanced High Strength Steels for 
Automotive Industry”, Archives of Civil 
and Mechanical Engineering, vol. 8, no. 2, 
pp. 103–117, 2008. 

 
[5] S. C. Ikpeseni, “Review of the 

Applications, Properties and Processing 
Parameters of Dual Phase Steels”, Journal 
of Science and Technology Research, vol. 
3, no. 2, pp. 125–139, 2021. 

 
[6] ASM International, “Carbon and low-

alloyed steels”, ASM Handbook, Volume 
1: Properties and Selection: Irons, Steels, 
and High-Performance Alloys, ASM 
International, 2005, pp. 697–707 

 
[7] H. Matsuda, T. Kobayashi, Y. Fujimoto, 

“Cold-Rolled and Galvannealed (GA) 
Ultra-High Strength Steel Sheets for 
Automobile Structural Parts”, JFE 
Technical Report, vol. 24, pp. 20–27, 2019. 
 

[8] W. L. Samek, E. De Moor, J. Penning, J. G. 
Speer, B. C. De Cooman, “Static Strain 
Aging of Microstructural Constituents in 
Transformations-Induced-Plasticity Steel”, 
Metallurgical and Materials Transactions 
A, vol. 39, no. 10, pp. 2542–54, 2008. 
 

[9] S. H. Han, S. H. Choi, J. K. Choi, H. G. 
Seong, I. B. Kim, “Effect of Hot-Rolling 
Processing on Texture and r-Value of 
Annealed Dual-Phase Steels”, Materials 
Science and Engineering A, vol. 527, pp. 
1686–1694, 2010. 
 

[10] D. K. Leu, “Prediction of the Limiting 
Drawing Ratio and the Maximum Drawing 
Load in Cup Drawing”, International 
Journal of Machine Tools and 
Manufacture, vol. 37, no. 2, pp. 201–213, 
1997. 

 
[11] D. F. Knieps, M. Köhl, M. Merklein, 

“Drawing Capability of High Formable 
Packaging Steel: Comparison of Limiting 
Drawing Ratio and Forming Limit Curve”, 
Key Engineering Materials, vol. 907, pp. 
71–78, 2022.  

 



Sakarya University Journal of Science, 29(2) 2025, 191-199 

198 
 

[12] B. V. Salas, M. S. Wiener, J. M. Bastidas, 
J. R. S. Martínez, G. L. Badilla, “Use of 
Steel in Food Packaging”, Reference 
Module in Food Science, 2016. 
 

[13] Z. Berk, “Food packaging”, Food Process 
Engineering and Technology, 3rd ed., 
Elsevier, 2018, pp. 625–641. 
 

[14] G. K. Deshwal, N. R. Panjagari, “Review 
on Metal Packaging: Materials, Forms, 
Food Applications”, Journal of Food 
Science and Technology, vol. 57, pp. 
2377–2392, 2020. 
 

[15] ASM International, “Surface engineering”, 
ASM Handbook, Volume 5: Surface 
Engineering, ASM International, 1994. 
 

[16] M. Słowik, P. Cepa, K. Czapla, P. 
Zabinski, “Steel Packaging Production 
Process and a Review of New Trends”, 
Archives of Metallurgy and Materials, vol. 
66, pp. 135–143, 2020.  
 

[17] ITRA Tinplate Panel, Guide to Tinplate. 
UK, 2000, pp. 14–41. 

 
[18] S. Pandey, K. K. Mishra, P. Ghosh, A. K. 

Singh, S. K. Jha, “Characterization of Tin-
Plated Steel”, Frontiers in Materials, vol. 
10, pp. 1113438, 2023. 

 
[19] J. Majerníková, E. Spišák, “The 

Comparison of Properties of Tinplates 
during Uniaxial and Biaxial Stress”, 
International Journal of Engineering 
Science, vol. 5, no. 11, pp. 47–52, 2016. 

 
[20] J. R. Davis, Ed., Metallurgy and Material 

Science. ASM International, 1998. 
 

[21] D. Jorge-Badiola, “Advanced Multiphase 
Steels”, Metals, vol. 13, pp. 1871, 2023. 

 
[22] J. Bouquerel, K. Verbeken, B. C. De 

Cooman, “Microstructure Based Model for 
the Static Mechanical Behaviour of 
Multiphase Steels”, Acta Materialia, vol. 
54, pp. 1445–56, 2006. 
 

[23] A. Gołaszewski, J. Szawłowski, W. 
Świątnicki, “Multiphase Steel 
Microstructure and Properties 
Optimisation through a New Heat 
Treatment Process”, Materials Science and 
Technology, vol. 37, no. 1, pp. 1–7, 2021. 

 
[24] A. Grajcar, W. Kwaśny, “Microstructural 

Study on Retained Austenite in Advanced 
High-Strength Multiphase 3Mn-1.5Al and 
5Mn-1.5Al Steels”, Journal of 
Achievements in Materials and 
Manufacturing Engineering, vol. 55, pp. 
168–177, 2012.  

 
[25] ASTM A623-22, Standard Specification 

for Tin Mill Products, General 
Requirements, 2022. 
 

[26] X. F. Zheng, L. H. Liao, Y. L. Kang, W. 
Liu, Q. Q. Qiu, “The Effect of Chemical 
Composition and Processing Technology 
on the Microstructure, Texture, and Earing 
Behavior of DR Tinplate”, Journal of 
Materials Engineering and Performance, 
vol. 28, pp. 485–497, 2019. 

 
[27] B. P. Tian, L. H. Liao, G. Zhu, Y. Kang, 

“Effect of Secondary Cold Reduction 
Rates on Microstructure, Texture, and 
Earing Behavior of Double Reduction 
Tinplate”, Materials, vol. 14, no. 14, pp. 
2335, 2021. 

 
[28] C. C. Tasan, M. Diehl, D. Yan, M. 

Bechtold, F. Roters, L. Schemmann, D. 
Raabe, “An Overview of Dual-Phase 
Steels: Advances in Microstructure-
Oriented Processing and 
Micromechanically Guided Design”, 
Annual Review of Materials Research, vol. 
45, pp. 391–431, 2015.  

 
[29] M. Maleki, H. Mirzadeh, M. Zamani, 

“Effect of Intercritical Annealing on 
Mechanical Properties and Work-
Hardening Response of High Formability 
Dual Phase Steel”, Steel Research 
International, vol. 89, no. 4, pp. 1700412, 
2018. 

 



Ramazan Uzun, Ümran Başkaya, Yasemin Kılıç 

199 
 

[30] J. Ayres, D. Penney, P. Evans, “Effect of 
Intercritical Annealing on the Mechanical 
Properties of Dual-Phase Steel”, 
Ironmaking & Steelmaking, vol. 49, no. 6, 
pp. 821–827, 2022. 

 
[31] A. Contreras, A. López, E. J. Gutiérrez, 

“An Approach for the Design of 
Multiphase Advanced High-Strength 
Steels Based on the Behavior of CCT 
Diagrams Simulated from the Intercritical 
Temperature Range”, Materials Science 
and Engineering A, vol. 772, pp. 138708, 
2020. 

 
[32] ISO 6892-1, Metallic materials - Tensile 

testing, Part 1: Method of test at room 
temperature. 

 
[33] A. G. Kalashami, A. Kermanpur, Y. 

Najafizadeh, A. Mazaheri, “Development 
of a high strength and ductile Nb-bearing 
dual phase steel by cold-rolling and 
intercritical annealing of the ferrite-
martensite microstructures”, Materials 
Science and Engineering A, vol. 658, pp. 
355-366, 2015.  

 
[34] W. Bleck, A. Frehn, J. Ohlert, “Niobium in 

Dual Phase and TRIP Steels”, Department 
of Ferrous Metallurgy, Aachen Univ. 
Technol., Aachen, Germany, 2016. 

 
[35] J. W. Morris Jr., “The influence of grain 

size on the mechanical properties of steel”, 
Lawrence Berkeley National Laboratory, 
2001.  

 
[36] A. Kostryzhev, et al., “Comparative effect 

of Mo and Cr on microstructure and 
mechanical properties in NbV-
microalloyed bainitic steels”, Metals, vol. 
8, p. 134, 2018. 

 
[37] G. Krauss, “Strengthening mechanisms in 

steels”, Encyclopedia of Materials: Science 
and Technology, 2nd ed., K. H. Jürgen 
Buschow, Oxford: Elsevier, 2001, pp. 
8870–8881.  

 
 

 


	Generally, achieving multiphase steel requires a high alloy content. However, as previously mentioned, due to the alloying limitations specified in the ASTM A623-22 standard for packaging steels, alloying can not be utilized. Therefore, process parame...
	3.2. Characterization of microstructure and mechanical properties
	3. Conclusion
	References

