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Abstract  

 

Steel, combining strength, high-temperature performance, and corrosion resistance 

when derived from suitable alloying design, remains among the most widely utilized 

materials in the energy sector, including oil and gas, nuclear power, and renewables. 

Ensuring reliable operation in aggressive environments requires a deeper 

understanding of its metallurgy and the behavior of advanced steel adaptations. 

Despite extensive studies on supermartensitic stainless steels, a limited quantitative 

understanding persists of how deformation temperature, strain amount, and alloying 

additions collectively govern the evolution of the austenitic microstructure, interfacial 

area per unit volume, and transformation behavior. This research aims to understand 

the role of the prior austenite microstructure in supermartensitic stainless steel on the 

final transformed microstructure.  Particular emphasis is placed on the influence of 

controlled nickel and manganese additions on critical processing temperatures and 

transformation behavior. Specifically, this research aims to investigate the influence of 

austenite being deformed either above the recrystallization-limit temperature T95% or 

below the recrystallization-stop temperature T5%, providing a comprehensive 

understanding of the influence of the difference in the microstructure on the difference 

in the interfacial area per unit volume Sv which will affect the transformation behavior 

and accordingly, the transformation product. Successful achievement of this research 

has been accomplished through carrying out plane strain compression (PSC) tests to 

address the identified purpose of this work. The principal findings demonstrated 

distinct compositional effects arising from variations in nickel and manganese content, 

with manganese increasing total Sv and strength across the studied conditions, while 

nickel contributed to higher ductility and a greater suppression of the martensitic 

transformation temperature. In addition, deformation below T5% resulted in significantly 

higher total Sv values, more refined martensitic structures, and enhanced mechanical 

strength. Conversely, deformation above T95% produced equiaxed austenitic grains with 

lower total Sv values, enhancing ductility and offering a controllable pathway for 

balancing strength and toughness via thermomechanical processing. 
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Chapter 1  Introduction  

 

1.1 Insights on the Energy Industry  

 

Energy industries have been relying on conventional sources to generate power from 

fossil fuels, whereas coal, oil, and gas have been considered to be the primary energy 

sources for decades despite their financial cost and environmental impact. Some 

unconventional sources have been unleashed in recent years enabling the world not to 

be dependent on a sole source of energy and broadening it to include nuclear power 

and renewable energy as promising alternative sources to address the continuous 

concerns regarding the increasing prices and security of supply during global conflicts 

and pandemics. 

 

Oil prices, for instance, experienced throughout the past fifty years a variability of price 

ranges more than once in direct connection with invasions, revolutions, and other sorts 

of crisis; BP plc reported hyperinflation in the price of all energy sources with the lion's 

share of the increase observed for natural gas prices which increased by more than 

400% in 2021 along with an increase of about 150% and 70% in coal and oil prices, 

respectively1. 

 

McKinsey & Company expected that depending on three energy transition scenarios, 

global fossil fuels will make up between 39% to 61% of global energy demand by 2050 

when the compass gravitates towards nuclear and renewable energy, in accordance 

with the current analytics projecting that coal demand will continue to decrease after 

reaching its peak in 2013 while oil and gas demands will continue to plateau until 2030 

firmly highlighting that a delayed decrease in demand is expected if the key goals of 

Paris Agreement are failed to be realistically achieved; represented by continued 

momentum and slow evolution scenarios as opposed to the sustainable 

transformation (Figure 1.1)2. 
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Figure 1.1 Historical and projected global fossil fuel demand revealing a dramatic decline by 2050 

depending on power generation alternatives and successful global commitment to sustainability (above), 

a gradual decline anticipating a precarious deployment of low-carbon technologies by 2050 (middle), 

and a consistent demand as a result of reduced investments into low-carbon technologies(reproduced)2. 

 

According to the Organisation for Economic Co-operation and Development (OECD), a 

large proportion of coal power plants existing in many countries all over the world, as 

presented in Figure 1.2, should be under an obligation to shut down to meet the 

commitments outlined in the Paris Agreement which has been adopted by the vast 

majority of the parties of the United Nations (UN); highlighting that unabated coal 

generation should be globally reduced to minimal levels by 2030 and phased out within 

the following few years3,4. 
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The UK, for instance in the case, has reached an advanced stage towards the full 

implementation of its policy to phase out unabated coal generation by October 2025; 

considering that the number of power stations has been significantly reduced over the 

past decade and only one coal-fired station was in operation until September 2024, 

when it was finally shut down after decades of service, turning the page of coal age in 

the UK and advancing further towards decarbonization of the power sector, 

corresponding to international efforts5Õ9. 

 

 

Figure 1.2 Global power plants by capacity and fuel type turning the spotlight on tens of thousands of 

different energy sources spread worldwide; where some are hypothesized to grow in the future while 

others are presumed to diminish (adapted)10. 

 

1.2 Insights on the Steel Industry  

 

Steel production in its first solid form that is often processed further to be employed in 

various product applications is in continual growth in response to high global 

demand11. Although sophisticated steels are less common when compared to 
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traditional steels, the era of lower-performance steel grades is expected to decline in 

the years to come as global quality requirements continue to rise. 

 

Steel is recognized to be one of the most widely utilized materials in energy industries 

including oil and gas industries, nuclear power industries, and renewable energy 

industries. Managing the integrity of energy applications is a complex activity and 

careful attention shall be paid to the materials used in the construction of equipment 

utilized to avoid failures that sometimes culminate in unexpected incidents12. 

 

The combination of mechanical properties which can be tailored for various product 

applications through combinations of alloy chemistry and thermomechanical 

processing of steels, at a relatively lower cost than other engineering materials, have 

unanimously played a vital role in the deployment of numerous improved steel 

variations within diverse challenging environments within energy industries. 

 

Nevertheless, there are challenging operational factors that restrict the use of steel and 

its newly developed adaptations, in particular their operation in critical aggressive 

environments (i.e. high-temperature environments, corrosive environments, and high 

irradiation conditions). 

 

1.3 Turning Challenges into Opportunities  

 

Stainless steel is a ferrous alloy composed primarily of iron with at least 10.5% 

chromium and it was first ever developed commercially in 1913 when Harry Brearley 

cast martensitic steel with a composition of 12.86% chromium and 0.24% carbon in 

Sheffield, England13. From that point forward, various grades of stainless steel were 

developed which all fall under one of the five stainless steel categories: austenitic, 

ferritic, martensitic, duplex, and precipitation-hardening14,15. The first four families are 

characterized according to their crystalline structure, while the precipitation hardening 

stainless steel corresponds to a special strengthening mechanism in the austenitic or 

martensitic structures 13,16. 
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Identification of limitations restricting the use of stainless steel opens the door widely 

for researchers to break a specific challenge down and concentrate on delivering an 

attainment solution that forms an addition to knowledge via the establishment of a 

systematic study leading to a tangible advancement in the field of materials science; 

with regards to this matter, supermartensitic stainless steels have the tendency to fall 

within the category of trending materials worth to be evaluated. 

 

Supermartensitic stainless steels are improved low-carbon martensitic stainless steels 

developed in the last quarter of the 20th century and introduced enhanced mechanical 

and corrosion resistance properties17Õ20. In contrast to other expensive stainless steels 

employed in various applications to secure a stable operation of equipment, 

supermartensitic stainless steels are cost-effective alloys giving rise to substituting 

some of the more expensive alloys within the family of steels leading to added 

profitability and increased productivity of industrial operations17,18,21Õ29. 

 

Notwithstanding the fact that supermartensitic stainless steels are already in operation 

to some measures, future applications in sensitive environments depend on further 

understanding of their principal parameters which have not been studied yet. An 

advanced level of knowledge will facilitate placing these steels in service and finding 

their path into power plant applications as they demand operating at high 

temperatures. 

 

Hence, it is necessary to design the microstructure in a conservative manner, i.e. 

tailoring the microstructure through balancing alloying elements, outlining the limits of 

the properties of the alloy, ensuring overall stability of the material under the 

demanded operation conditions, and avoiding groundless modifications leading to 

degradation on the short-term or long-term, aiming towards achieving outstanding 

properties. 

 

Supermartensitic stainless steels are modified iron-based alloys containing chromium, 

nickel, molybdenum, manganese, and other alloying elements in particularly defined 

presence in specific percentage within the metallurgy of these steels on the one hand, 
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and reduced amount of carbon content on the other hand. The chemical composition is 

a significant aspect that has a partial impact on the microstructure and consequently a 

partial responsibility in determining the strength and toughness properties; hence, an 

outstanding metallurgical effort is required to enhance these properties by least 

possible alloy additions. 

 

Thermomechanical processing (TMP) is another significant aspect with a direct 

influence on the final microstructure and mechanical properties, monopolizing the final 

product. In essence, it consists of a series of multiple stages of processing 

mechanisms that are required to be effectively controlled in the direction of designing a 

well-engineered microstructure and mechanical properties; such process requires 

deformation of alloys under specific conditions followed by explicit investigation of 

microstructural transformation where this process requires tensive attention due to the 

complexity of its mechanisms. 

 

1.3.1 Scientific Perspective  

 

The underlying method to control the mechanical properties of a particular alloy 

composition is through the understanding of the processing steps involved, where the 

dedicated approach to implement changes, e.g. increase or decrease certain 

properties, is carried out by creating variations in terms of processing route and this 

clear understanding of the initial process is the core component in the way of 

accomplishing the purpose in demand. 

 

The relationship between the processing techniques, specifically with regard to 

deformation temperature, and the influence it has on the austenitic microstructure and 

the final structure and properties initially on the basis of quantifying the high total 

interfacial area per unit volume Sv (which will be defined in detail in Section 2.4) in 

conjunction with its influence upon cooling at a certain rate fall into the classification of 

unique research studies owing to the fact that this relation has not been investigated 

enough30. 
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The proper combination of alloying elements and thermomechanical processing leads 

to a high total interfacial area per unit volume Sv value in the as-rolled austenite 

microstructure prior to transformation which subsequently leads to grain refinement. 

Although significant progress driven by the requirements of the industry has  

been conducted on supermartensitic stainless steels, there are still aspects of 

fundamental importance to understanding recrystallization that has not been studied 

yet31. 

 

1.3.2 Commercial Perspective  

 

Supermartensitic stainless steels represent extreme importance to several steel-

producing companies supplying products for different industries around the world 

including high-demand sectors such as aerospace, defense, construction, and 

particularly oil and gas, where these alloys are extensively used in offshore pipelines, 

flowlines, risers, and subsea components. In the UK, for instance, multiple 

manufacturers are producing supermartensitic stainless steels for various applications 

while looking forward towards a higher production efficiency by virtue of ongoing 

research and development, where the outcome of this research matches with the 

interest of those manufacturers and necessarily creating a driving force to proceed 

forward with the study. 

 

In principle, the investigated compositions in this study are variations of an alloy that is 

already available in the market, specifically derived from the commercially recognized 

UNS S41427 grade currently used in oil and gas transport systems and hydrocarbon 

handling equipment as well as other subsea applications owing to its combination of 

high strength, moderate corrosion resistance and good weldability that ensure reliable 

operation under sour service and high-pressure conditions, which continues to 

demand further property optimization; thus, it is feasible to intelligently explore the 

possible prospects leading to enhancing this alloy on the basis of experimenting 

different compositions following the same process, experimenting different processes 
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while the composition remains as is, or implementing slight changes to both processes 

and compositions32. 

 

Recognizing that minor compositional or processing adjustments can substantially 

alter microstructural stability and transformation behavior, such modifications are 

representative of the continuous industrial practice of refining existing grades to 

achieve improved mechanical strength, corrosion performance, long-term service 

reliability, and processing efficiency without altering the established manufacturing 

infrastructure.  Nevertheless, this should be performed through an appropriate 

procedures to ensure reaching optimum quality while maintaining balance between 

cost, time, and scope, in accordance with the fundamentals of the project 

management triangle. 

 

Over and above that, the work carried out in this research including but not  

limited to the new processes of new products along with understanding the 

metallurgical aspects tolerating the development of microstructural features ,  

directly supports the industrial objectives of achieving improved steel performance in 

critical service environments, where durability, reliability, and process efficiency are of 

paramount importance. The outcomes of this work extend beyond laboratory-scale 

experimentation to offer practical insights applicable to industrial alloy design and 

manufacturing optimization, particularly in sectors driven by safety, performance, and 

cost-effectiveness. 

 

This research makes a substantive contribution to advancing sustainable and 

technologically adaptive production practices, supporting the ongoing transformation 

of the steel industry toward low-carbon and resource-efficient manufacturing  

models, and reinforcing the collaborative link between academic innovation and 

industrial implementation.  The study is in line with the core research tasks of  

Strategic University Steel Technology and Innovation Network (SUSTAIN)  

Future Manufacturing Research Hub and falls, more specifically, under the umbrella of 

Task 9/Task 1733. 

 



 

Chapter 1 Introduction  38 

1.4 Research Aim, Scope, and Objectives  

 

The thrust of this research is to study the influence of different processing 

temperatures and deformation amounts on the phase transformation and mechanical 

properties of ferrite-martensite steels with moderately manipulated chemical 

compositions.  

 

The scope of this research is to understand the role of the austenite microstructure of 

the supermartensitic stainless steels and investigate whether or not the austenite is 

deformed above the recrystallization-limit temperature T95% or below the 

recrystallization-stop temperature T5%; correspondingly, to understand the influence of 

the difference in the microstructure on the difference in the total interfacial area per 

unit volume Sv which shall affect the transformation behavior and accordingly, the 

transformation product.  

 

Plane strain compression (PSC) tests were carried out accompanied by deep-rooted 

microstructural characterization and evaluation, outlined in Chapter 3, to address the 

identified purpose of this work and achieve the following objectives: 

 

I. To study the behavior of supermartensitic stainless against the critical 

processing temperatures and evaluate the influence of nickel and manganese 

additions on these temperatures. 

 

II. To investigate and quantify the total interfacial area per unit volume Sv when 

these alloys are deformed above or below the critical processing  

temperatures, and to investigate its effect on the subsequent transformation 

microstructures.  

 

III. To investigate and quantify the contribution of the reconstructed prior 

austenite grains to the total interfacial area per unit volume Sv for the extreme 

identified conditions, and to investigate its effect on the transformation 

product.  
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1.5 Structure of Thesis  

 

This thesis is composed of six interlinked chapters, each building systematically upon 

the preceding one to establish a coherent narrative that traces the progression from 

conceptual motivation to mechanistic understanding, quantitative analysis, and final 

interpretation of findings within the broader context of thermomechanical processing of 

supermartensitic stainless steels, thereby providing both deeper fundamental insights 

and extended applied relevance to industrial alloy development and thermomechanical 

process optimization. 

 

I. Chapter 1 introduces the global and industrial context of the  

research, outlining the contemporary challenges facing the steel and energy 

sectors and framing the scientific and commercial motivations for developing 

advanced supermartensitic stainless steels with improved strength-ductility 

synergy. It defines the overarching research problem, articulates the aims, 

scope, and objectives, and positions the study within the broader materials 

science and engineering landscape, thereby setting the foundation for 

subsequent chapters. 

 

II. Chapter 2 presents the current understanding of microstructural constituents, 

alloying element effects, and thermomechanical processing parameters that 

govern the behavior of supermartensitic stainless steels. It consolidates 

knowledge on microstructural restoration mechanisms, interfacial 

phenomena, and critical transformation temperatures, identifying key scientific 

gaps that the present research addresses through a quantitative approach 

based on interfacial area per unit volume and prior austenite  

grain reconstruction. 

 

III. Chapter 3 provides the systematic methodology adopted to design  

and execute the thermomechanical tests, including alloy manufacturing by 

vacuum induction melting, plane-strain compression experiments, 

metallographic preparation, and microstructural and mechanical 



 

Chapter 1 Introduction  40 

characterization. This chapter establishes the experimental foundation by 

defining the compliance framework, test matrix, and analytical techniques 

employed for quantifying Sv and assessing mechanical performance under 

varied deformation conditions. 

 

IV. Chapter 4 outlines the experimental findings in a structured manner 

encompassing dilatometric assessment, microstructural evolution, 

quantitative measurements, and mechanical testing outcomes. The chapter 

interrelates observed microstructural changes with processing parameters, 

thereby generating a quantitatively data-driven perspective on how 

deformation temperature, strain amount, and chemical composition 

collectively influence the transformation behavior and mechanical response of 

the studied alloys. 

 

V. Chapter 5 discusses the results to establish a comprehensive  

understanding of the governing phenomena that define the  

processing-structure-property relationships. It systematically examines  

the influence of finish deformation temperature, strain amount,  

and alloy composition on microstructural refinement and  

mechanical performance, thereby elucidating their interdependence  

while providing practical insights for process control and industrial 

applicability . 

 

VI. Chapter 6 synthesizes the principal findings and reflects on their  

scientific and practical implications. It summarizes the contributions of the 

research to the understanding of deformation-induced microstructural 

evolution in supermartensitic stainless steels and proposes future directions 

encompassing advanced characterization, multiscale modeling, and industrial-

scale validation to further develop the field of high-performance structural 

alloys. 
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Chapter 2  Literature Review  

 

2.1 Microstructure Elements  

 

With regard to martensitic stainless steels, a crystal structure of martensite with a 

body-centered tetragonal (bct) lattice is formed through a shear mechanism during a 

diffusionless transformation of austenite with face-centered cubic (fcc) lattice as a 

consequence of cooling at very high rates; in addition, the transformation from 

austenite to martensite, which leads to increased strength due to increased 

dislocations, depends on the chemical composition where the microstructure shall 

transform almost entirely to martensite only if cooling is performed at a specific 

temperature that is below the martensitic start temperature noting that retained 

austenite may persist either due to chemical stabilization in steels with relatively high 

carbon content or due to partial mechanical stabilization in low-carbon martensitic 

stainless steels, where residual stresses and dislocation substructures locally hinder 

the completion of the transformation31,34Õ43. 

 

2.2 Alloying Elements  

 

Martensitic stainless steels are designed principally based upon balancing between a 

set of different elements; in the first place, the chromium content in their chemical 

composition typically ranges roughly between 11 wt% and 18 wt% on the side of 

carbon content reaching up to 1 wt%, along with relatively small amounts of some 

other alloying elements acknowledging that these elements are the main 

characteristics to distinguish and differentiate between the different UNS grades of 

martensitic stainless steels as illustrated in Figure 2.144. It is critical to establish a 

precise combination of these alloying elements to achieve a well-balanced martensitic 

stainless steel with the desired properties. 
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Figure 2.1 Chart of various grades of martensitic stainless steels and, notably, nickel appears only in the 

composition of UNS S41400 series (adapted)15. 

S41000

General      
Purpose

S41400

Ni is added         
for better 
corrosion 
resistance

S43100

Cr and Ni are 
increased for 
better corrosion 
resistance and 
mechanical 
properties

S42200

Mo, V, and W  
are added           
to increase 
strength and 
toughness

S40300

Select quality   
for turbines     
and highly 
stressed parts

S42000

C is increased       
to improve  
mechanical 
properties

S41600

P and S are  
increased           
to improve  
machining

S41623

Se is aded             
for better   
machined    
surface

S42020

P and S are 
increased more  
to improve   
machining   
further

S44004

C is increased      
for highest  
hardness and    
Cr increased     
for corrosion 
resistance

S44003

C is decreased   
slightly to  
improve   
toughness

S44002

C is decreased 
more to    
improve 
toughness  
further
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Supermartensitic stainless steels are advanced derivatives of conventional martensitic 

stainless steels, achieved through carefully controlled compositional optimization 

designed to enhance corrosion resistance, toughness, and weldability while 

maintaining high strength. They possess a predominantly martensitic microstructure, 

resulting from reduced carbon content and balanced alloying design that collectively 

improve phase stability and mechanical performance compared with traditional 

martensitic grades. 

 

The microstructural morphology of supermartensitic stainless steels is predominantly 

composed of lath martensite arranged within packets that are confined by prior 

austenite grain boundaries, as shown in Figure 2.2, which presents representative 

micrographs of a typical supermartensitic stainless steel at two magnifications. At 

lower magnification, the microstructure exhibits a lath morphology distributed across 

several prior austenite grains, reflecting a transformation structure that developed 

upon rapid cooling from the austenitic phase. At higher magnification, the lath 

arrangements are revealed in greater detail, where the individual martensite laths are 

separated by low-angle dislocation boundaries and substructure interfaces formed 

through the diffusionless shear transformation. 

 

 

Figure 2.2 Representative microstructure of supermartensitic stainless steel (C 0.013%, Si 0.60%,  

Mn 0.86%, P 0.019%, S 0.002%, Cr 13.14%, Mo 0.78%, Ni 4.64%) castings: (a) low-magnification 

micrograph showing lath martensite packets within prior austenite grains, and (b) high-magnification 

micrograph revealing the detailed lath morphology characteristic of the martensitic structure 

(adapted)45. 
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Distortions in the body-centered tetragonal (bct) crystal structure are restricted due to 

the particularly low-carbon content46. The first solid phase to form during solidification 

is delta ferrite with a body-centered cubic (bcc) crystal structure. With decreasing 

temperature, it will be transformed to austenite with a face-centered cubic (fcc) crystal 

structure followed by a transformation to martensite that is attributed to rapid cooling 

from elevated temperature. The stability of microstructure is contingent upon 

constituents of supermartensitic stainless steels where chromium, molybdenum, 

silicon, and titanium are prominent ferrite stabilizing elements whilst nickel, 

manganese, carbon, nitrogen, and copper are prominent austenite stabilizing 

elements. 

 

The addition of elements has a notable influence on microstructure leading to 

enhancement in a lot of characteristics beyond material strength; evidence 

demonstrated that alloying alters multiple properties i.e. mechanical properties such 

as hardenability, fatigue, and creep resistance; service properties such as hardness, 

corrosion, and wear resistance; processing properties such as castability, weldability, 

and machinability; and physical properties such as density, elastic modulus, and 

thermal expansion47,48. 

 

The effects of a wide variety of alloying additions that shall modify the behavior of steels 

during thermomechanical processing are summarized in Table 2.1; it is worth 

mentioning that while the presence of an element may improve a specific property, it 

may deteriorate another. Furthermore, a contrast to a certain extent is expected as an 

outcome of different alloying elements corresponding to their concentration meaning 

that the same amount of nickel or manganese, for instance, will not stabilize the 

austenite in the same manner. 

 

It is worth highlighting that the influence of alloying elements on the critical points of a 

phase diagram is associated with the condition of their existence in solid solution and 

not precipitation as second phases; hence, the presence of an alloying element in the 

chemical analysis on its own does not necessarily indicate the effectiveness of such 

element49. 
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Table 2.1 Summary of the effects of alloying elements on the properties and processing of carbon and 

alloy steels (adapted)47. 

 Alloying element 

Property C Mn Si Cr Ni Mo V Nb Al B Ti N P S 
 

Room-temperature properties  
              

Strength Ṋ Ṋ  Ṋa   Ṋa   Ṋa     Ṋ Ṋ  

Ductility  x           x x x 

Fatigue Ṋ    Ṋ          

Hardness Ṋ Ṋ     Ṋ     Ṋ Ṋ  

Hardenability Ṋ Ṋ  Ṋ  Ṋb Ṋ  Ṋc   Ṋ  Ṋd  xe   

Charpy impact x    Ṋ  Ṋ      x x 

Fracture (KTc) toughness x    Ṋf Ṋ  Ṋ  xg     Ṋh x  
 

High-temperature properties  
              

Strength     Ṋi  Ṋ         

Creep resistance      Ṋ         
 

Low-temperature properties  
              

Strength     Ṋ          

Toughness x    Ṋ  Ṋ        
 

Microstructure  
              

Segregation* Mod. Sl. Sl.           Max. 

Grain refiner       Ṋ  Ṋ   Ṋ   

Slows grain growth       Ṋ  Ṋ  Ṋ  Ṋh   

Deoxidizer  Ṋ Ṋ      Ṋ  Ṋ    

Eliminates hot shortness  Ṋ             

Carbide former    Ṋ  Ṋ Ṋ Ṋ       

Reduces temper embrittlement      Ṋ       x  

Austenite stabilizer Ṋ Ṋ   Ṋ          

Ferrite stabilizer   Ṋ Ṋ  Ṋ  Ṋ       

Ṋ = effective. x = detrimental. aFerrite strengthener. bNickel improves hardenability in conjunction with chromium. 
cAdditions of vanadium up to 0.05% increase hardenability; larger additions result in carbide formation which is 
detrimental to hardenability. dTitanium is effective because it protects boron from nitrogen in boron-treated steels. If 
carbides form, it is detrimental. eNitrogen can reduce the effect of boron on the hardenability of steel. fChromium 
improves toughness in conjunction with nickel. gDetrimental unless grain is refined. hEffective in aluminum-killed 
steels because nitrogen forms AIN particles that control grain size and improve strength and toughness. Nitrogen 
lowers toughness in aluminum-free steels. iChromium increases high-temperature strength in conjunction with 
molybdenum. *Segregation ratings: Mod. = moderate; Sl. = slight; and Max. = Maximum. 

 

2.2.1 Chromium  

 

Chromium, which is a ferrite stabilizer, is the main alloying element of supermartensitic 

stainless steels which assumes the fundamental role of outlining the main mechanical 

properties, e.g. strength, hardness, toughness, etc50. Chromium effectively enhances 

these properties along with its effectiveness in the enhancement of corrosion 

resistance owing to a coherent oxidation layer formed by its virtue; conversely, 

chromium may detriment the properties of an alloy when it combines with carbon if an 
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inaccurate treatment process is carried out because of its nature as a carbide 

former47,48,51Õ53. 

 

Elaborating further, the passive barrier is primarily composed of chromium oxide, 

Cr2O3, which protects the surface of stainless steels from the penetration of corrosive 

agents such as oxygen as presented in Figure 2.3; hence, the presence of chromium is 

crucial in this context54. However, the effectiveness of chromium is governed by the 

presence of excess amounts of carbon combined with improper processing conditions, 

particularly at elevated temperatures55,56. Under such conditions, carbide precipitates 

at grain boundaries leading to decreased toughness and increased susceptibility to 

corrosion. Fortunately, supermartensitic stainless steels are low-carbon steels which 

significantly reduce the concerns and fears associated with the precipitation of 

carbide. 

 

 

Figure 2.3 Formation of the passive layer on a stainless steel surface where chromium in the material 

reacts with oxygen from the air (left) to form an ultra-thin Cr2O3 protective film (right). 

 

In addition, chromium plays a substantive role in determining the final microstructure 

of low-carbon steels, depending on its weight percent within the composition as well as 

the presence or absence of other alloying elements57,58. A fully martensitic 

microstructure is typically achieved when the chromium content is less than 12 wt%, 

as the transformation to martensite occurs upon rapid cooling from austenite, which 

forms from ferrite during heating at elevated temperatures58. Conversely, a fully ferritic 

microstructure is obtained when the chromium content exceeds 14 wt%, while a dual-

phase microstructure, consisting of both ferrite and martensite, is observed when the 
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chromium content lies approximately between these two ranges, depending on the 

specific alloy composition and processing conditions57,58. 

 

2.2.2 Molybdenum  

 

Molybdenum, which is a ferrite stabilizer, is in the group of the significant alloying 

elements of supermartensitic stainless steels and minor addition of it would positively 

influence hardenability as well as its influence on the continuous cooling 

transformation when it is combined with nickel and manganese, where a consequent 

effect will be reflected on the martensitic transformation start temperature that is 

decreasing by the addition of molybdenum due to its role in reducing the free energy 

and reducing the accompanying equilibrium temperature47,48,59Õ61. 

 

2.2.3 Vanadium  

 

Vanadium, which is a ferrite stabilizer, is in the group of the significant alloying 

elements of supermartensitic stainless steels; however, its presence is limited where it 

is added to the composition mainly to refine grain size and retard the growth of grains 

during the austenitization process; in addition, it is worth to highlight that even the 

small amount of vanadium tends to increase material strength, hardness, and 

toughness47,48,61Õ65. 

 

2.2.4 Nickel  

 

Nickel is one of the significant alloying elements of supermartensitic stainless steels 

contributing to enhanced strength and improved toughness together with greater 

hardenability, particularly when combined with chromium; in addition, it is 

comprehended as the strongest austenite stabilizer among all other alloying elements, 

with the exception of nitrogen, whereas the unwanted delta ferrite formation is limited 
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when nickel is presented in adequate amounts around 5% where it solidifies to 

austenite crystals taking into account that austenitic structure is stabilized further with 

increasing nickel content as illustrated in Figure 2.444,47,48,66Õ78. 

 

 

Figure 2.4 Influence of nickel concentrations on the range of the austenite phase in the iron-chromium 

system with a carbon content of 0.05 wt% (adapted)75. 

 

2.2.5 Manganese 

 

Manganese is another significant alloying element of supermartensitic stainless steels 

which has a strong influence on increasing the hardenability and limited contribution to 

the strength and hardness enhancement; it is often proposed as a moderate alternative 

to nickel despite that it is not a strong austenite stabilizer as nickel as demonstrated in 

Figure 2.5, yet it will influence the phase transformation temperature by increasing the 

recrystallization temperature of austenite to higher temperatures and decreasing the 

start temperature of martensite transformation to lower temperatures implying that 

further reduction passes can be conducted at lower temperatures while being in single 

phase region44,47,48,63,73Õ80. 
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Figure 2.5 Isothermal profile in the ternary iron-chromium-manganese constitution diagram at 700°C and 

ternary iron-chromium-nickel constitution diagram at 800°C (adapted)75. 
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2.3 Thermomechanical Processing  

 

At the same hierarchical level, alloy design, and thermomechanical processing are 

complementary approaches that contribute towards tailoring the microstructure of the 

material to achieve the essential physical or mechanical properties necessary for 

optimal performance under specific operational conditions. On one hand, alloy design 

is a structure-guided approach that involves a methodical manipulation of the 

microstructure to engineer steels with higher material strength fine-tuned through the 

careful addition of alloying elements which may be presented in the form of solutes, 

precipitates, or a combination of the two forms81,82. 

 

On the other hand, thermomechanical processing is a key component in achieving 

higher material strength and toughness by primarily controlling the final microstructure 

through the refinement of austenite grains during deformation at elevated temperatures 

which subsequently leads to the refinement of transformation products such as 

polygonal ferrite, Widmanstätten ferrite, acicular ferrite, bainitic ferrite, 

martensite81,83,84. This process adheres to a defined schedule to obtain the maximum 

possible amounts of fine homogenized grains as opposed to the minimum possible 

amounts of inhomogeneous grains considering that this process is governed by  

several interrelated factors, e.g. processing temperatures, strain rate, and cooling 

rate85Õ89. 

 

The principle of thermomechanical processing of ferrous alloys is strongly related to 

the control of the microstructure of steels which can be accomplished through 

deforming the material in a series of well-designed and carefully controlled processes 

that can best be categorized under four determinant headings: reheating, rough rolling 

in the fully recrystallized region, finish rolling in the fully recrystallized region, the fully 

unrecrystallized region, or the partially recrystallized region, and cooling (air-cooled, 

water-quenched, or a combination of both methods depending on the desired final 

product properties). The metallurgical mechanisms and the associated microstructural 

evolution during each critical stage of thermomechanical processing are thoroughly 

detailed and illustrated in Figure 2.6. 
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Figure 2.6 Schematic illustration of the four stages of thermomechanical processing where coarsen 

equiaxial microstructure is obtained after reheating (gray) followed by finer equiaxial microstructure 

resulting from a rough rolling pass (red) preceding an even finer equiaxial microstructure or elongated 

morphology due to a finish rolling pass in the fully recrystallized region (blue) or the fully unrecrystallized 

region (green), and finally cooling by air, immersion or other techniques. 

 

Successful thermomechanical processing can be attributed to the control of the as-

rolled austenite microstructure prior to its transformation. The as-rolled austenite 

microstructure may be fully recrystallized when deformed above T95%, fully 

unrecrystallized when deformed below T5%, or partially recrystallized when deformed 

between T95% and T5%. Furthermore, the grain boundary area per unit volume depends 

primarily on the starting grain size and the aspect ratio of the deformed grains when the 

microstructure is not fully recrystallized, i.e. in partially or fully unrecrystallized 

microstructures 90. 

 

Optimum mechanical properties of alloyed steels are achieved through 

thermomechanical processing bearing in mind on the one hand that unprocessed 

alloyed steels exhibit less favorable properties and on the other hand that 
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thermomechanical processing of steels in the absence of alloying elements is difficult 

as essential microstructural control mechanisms are often deficient89. Hence, the 

correlation between alloying elements and thermomechanical processing is associated 

with their direct impact on the final microstructure and their critical responsibility in 

determining the mechanical properties. 

 

While thermomechanical processing can lead to improved toughness caused by 

refined austenite microstructure, alloying elements combined with unrefined austenite 

microstructure consisting of large grains lead to a lower material toughness caused by 

the presence of large ferrite grains and the possible formation of low-temperature 

transformation products, i.e. martensite, with this effect becoming more pronounced in 

highly alloyed steels. Furthermore, it is evident that grain refinement is the only 

adequate mechanism to improve strength along with toughness, whereas other 

strength-increasing mechanisms deteriorate toughness84,91. 

 

The influence of grain size on material strength is expressed by the classic Hall-Petch 

relationship: 

 „ „ ὯὨ Ⱦ Equation 2.1 

where „ is the yield stress, „ is the friction stress, Ὠ is the average grain size, and Ὧ is 

the material-dependent constant92,93. Despite that several alternative relationships 

were developed at later periods of time; this grain size relationship which represents 

the first quantification and implementation of a model to relate microstructure to a 

mechanical property remains the most widely applicable equation for evaluating the 

effect of grain size on strength, taking into account that it depends on the precise value 

of Ὧ94Õ96. 

 

Nevertheless, the Hall-Petch relationship in its classical sense becomes less relevant 

for heavily deformed microstructure at high strain rates and low temperatures 

whereupon the concept of the average grain size vanishes attributed to the highly 

elongated grains; accordingly, a more suitable parameter supersedes this relationship 

and embodies grain size with other structural defects e.g. shear bands or dislocation 

networks97. 
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2.4 Interfacial Area per Unit Volume Sv 

 

Nucleation of the low-temperature transformation product can occur from either fully 

recrystallized or fully unrecrystallized austenite grains, where the number of nucleation 

sites is governed by the grain boundary area per unit volume, which in turn is directly 

related to the initial grain size of austenite84. In physical terms, martensite commonly 

nucleates at prior austenite grain boundaries and at intersections of deformation bands 

within grains, particularly where local strain accumulation and crystallographic 

misorientation are pronounced. Practically, the finest grain size of the final product is 

attained at a high nucleation rate, which depends primarily on subdividing austenite 

grains along with the presence of structures built into them, e.g. deformation bands84. 

 

In addition, the density of deformation bands is related to the temperature at which  

the material is deformed where higher density is attained at lower deformation 

temperatures falling within the fully unrecrystallized region and vice versa89.  

These deformation-induced features provide additional nucleation sites, 

supplementing those at prior austenite grain boundaries. This enhanced subdivision 

contributes to an increased total interfacial area per unit volume, thereby elevating Sv 

and increasing the number of available nucleation sites, both of which critically 

influence the transformation pathway and the final morphology of ferritic or martensitic 

structures81,98. 

 

Research carried out during the early years of the last quarter of the 20th century 

defined a stereological parameter, Sv, to measure the frequency of nucleation occurring 

at austenite grain boundary area per unit volume which was introduced in 1970 by 

Underwood through the advancement of quantitative metallography techniques85,99. 

The empirical relationship between Sv and ferrite grain size is represented in Figure 2.7 

for a transformation product consisting of ferrite and pearlite, where higher Sv values 

are shown to correspond with finer ferrite grains. 

 

This correlation primarily depends on the state of austenite, whether it is recrystallized 

or unrecrystallized, prior to transformation. Despite that intentional grain refinement is 
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generally intended to increase Sv following deformation in the recrystallized or 

unrecrystallized regions, the rate of nucleation significantly increases in the condition 

of deformation in the unrecrystallized region leading to further refinement of the 

microstructure 89. 

 

This phenomenon is particularly relevant in thermomechanical processing where 

deformation at low temperatures restricts dynamic recovery, encouraging dislocation 

accumulation and storage. Accordingly, martensitic nucleation is spatially 

heterogeneous and governed by the availability of boundaries and deformation 

substructures that locally raise the driving force for transformation. These stored 

dislocations, along with the formation of sub-grain structures and deformation bands 

contribute not only to grain subdivision but also to a higher interfacial area density 

within the austenitic microstructure, encompassing both grain boundaries and 

deformation-induced internal interfaces; consequently, Sv becomes a powerful 

indicator of transformation potential and microstructural refinement 81. 

 

 

Figure 2.7 Ferrite grain sizes produced from recrystallized and unrecrystallized austenite at various Sv 

values, with the unit of mm2/mm 3 or simply mm-1 (adapted)100. 
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The total interfacial area per unit volume tends to be larger for  

unrecrystallized austenite than recrystallized austenite primarily attributed  

to distinct factors for each of the two conditions. The refinement of the  

recrystallized microstructure occurring at a temperature above the recrystallization-

limit temperature is the one and only factor influencing the interfacial area per  

unit volume with an inverse variation denoting that the larger values of Sv  

depend straight forward on the smaller equiaxed grains which substituted the  

original larger equiaxed grains, as a direct consequence of complete dynamic 

recrystallization, where the relationship under this condition can be expressed by  

the following: 

 Ὓ
ς

Ὀ
 Equation 2.2 

where Ὓ is the total effective interfacial area per unit volume of recrystallized 

austenite, and Ὀ  is the average recrystallized austenite grain size85,99. 

 

However, the highly elongated grains along with the intragranular  

crystalline defects occurring at a temperature below the recrystallization- 

stop temperature are the two factors influencing the interfacial area per  

unit volume and standing behind the larger values of Sv in this condition  

where the relationship between these parameters can be expressed by  

the following: 

 Ὓ Ὓ Ὓ  Equation 2.3 

where Ὓ is the total effective interfacial area per unit volume of unrecrystallized 

austenite, Ὓ  is the grain boundary contribution, and Ὓ  is the intragranular planar 

defect contribution 85,100. 

 

The grain boundary contribution to the total interfacial area per unit  

volume is affected by rolling reduction and initial grain size prior to deformation as 

illustrated in Figure 2.8; accordingly, this contribution can be expressed by  

the following: 

 Ὓ
ρ

Ὀ
ρ Ὑ

ρ

Ὑ
 Equation 2.4 
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where Ὀ  is the initial grain size of austenite, and Ὑ is the ratio of rolling reduction in 

thickness from original to final85,100. 

 

The intragranular planar defect contribution to the total interfacial area  per unit volume 

is affected by a minimum rolling reduction percentage of 30 when a linear increase 

initiates thenceforth as illustrated in Figure 2.9; accordingly, this contribution  

can be expressed by the following: 

 Ὓ πȢφσ ὙὩὨόὧὸὭέὲϷ σπάά  Equation 2.5 

where deformation bands are associated with a rolling reduction of 30%  

and above; otherwise, the contribution of intragranular planar defect to Sv  

does not anticipate being captured85,101. Such dual contributions make Sv  

a more versatile and accurate indicator of interface density than average  

grain size, especially in heavily deformed or thermomechanically processed  

steels102. 

 

 

Figure 2.8 Grain boundary contribution to Sv for a hypothetical array of cube-shaped grains of variable 

initial grain size (adapted)100. 

 



 

Chapter 2 Literature Review  57 

 

Figure 2.9 Intragranular planar defect contribution to Sv along with grain boundary contribution to Sv for 

an austenite grain diameter of 100 ˃m (adapted)100. 

 

2.5 Microstructural  Changes during Deformation  

 

The deformation of austenite during thermomechanical processing results in the 

generation of dislocations which serve as the primary carriers of plastic strain, and as 

deformation progresses, the dislocation density increases substantially, particularly at 

lower processing temperatures where the rate of dynamic recovery is reduced and 

dislocation annihilation becomes limited, thereby promoting the subdivision of 

austenite grains and the formation of intragranular features such as deformation bands 

and sub-grains102. 

 

This, in turn, contributes to elevated Sv values due to the increased interfacial area 

generated by grain boundary refinement and the presence of internal planar defects; 

consequently, the evolution of Sv is directly related to the intensity and nature of the 

deformation process; for instance, dislocations and their associated stored energy 
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accumulate significantly when dynamic recovery and recrystallization mechanisms are 

largely suppressed103. 

 

The dislocations generated during deformation are not passive defects but active 

reservoirs of stored energy that drive subsequent microstructural evolution. While the 

majority of mechanical work applied to the material is dissipated as heat, a fraction is 

retained as internal energy associated with dislocation networks and lattice distortions; 

furthermore, the density and distribution of these dislocations are influenced by 

various factors including but not limited to deformation temperature, strain rate, and 

alloying composition. 

 

In supermartensitic stainless steels, the presence of specific alloying elements  

in the austenitic phase reduces the stacking fault energy, which promotes planar slip 

over cross-slip, thus leading to localized strain accumulation and the development of 

persistent dislocation structures, which not only act as barriers to further plastic 

deformation but also impede dislocation mobility, amplify the effects of strain 

hardening, and elevate the driving force for thermally activated restoration processes 

such as recovery and recrystallization during subsequent annealing104. 

 

Understanding the evolution of dislocations during deformation, aside from being 

fundamental to controlling Sv, is also significant in anticipating the onset and 

progression of microstructural restoration mechanisms that are inherently driven by 

the internal energy, whereupon, throughout and following the course of deformation, 

the material exhibits an intrinsic tendency to reduce its accumulated energy, initiating a 

series of structural rearrangements governed by the balance between the stored energy 

associated with dislocation networks and the opposing energy barriers to lattice 

reconfiguration. 

 

In this regard, the character of the dislocation configurations established during 

deformation not only governs the immediate austenitic response but also critically 

influences the path and extent of restoration, ultimately defining the final 

microstructure and mechanical performance of the material105. 
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2.6 Microstructural Restoration Processes  

 

2.6.1 Restoration Driving Forces  

 

Approximately 90-95% of the total energy generated via steel deformation is dissipated 

in the form of heat and only a relatively small yet critical fractional  amount of the 

deformation is stored in the alloy leaving it in an energetically unstable and structurally 

distorted state where the microstructure represented in grains and grain boundaries is 

directly affected by the continuous generation of dislocations and defects, leading to 

increasing amounts of stored energy depending on multiple factors including 

deformation temperature and strain amount102. 

 

This energy is the primary driving force for microstructural restoration processes which 

are best categorized into two distinct types: recovery and recrystallization. Recovery 

refers to the rearrangement of dislocations into lower-energy configurations and the 

elimination of vacancies while maintaining the existing grain shape and orientation; 

despite the slight overall decrease in dislocation density, the pre-existing grain 

framework is essentially preserved, with only limited boundary migration48,102,106. In 

contrast, recrystallization refers to the reduction of dislocations and the formation of 

new grains with significantly lower dislocation density and varying sizes, shapes, and 

orientations, accompanied by the migration of grain boundaries48,102,106. 

 

On one hand, recovery is a process occurring in advance of recrystallization where  

a partial restoration of properties and microstructure to their original condition prior  

to deformation is often achieved through the elimination of point defects and 

dislocations; apparently, most of the point defects anneal out at low temperatures 

while dislocations rearrange into other configurations such as sub-grains, under  

a phenomenon known as polygonization102. This process involves a sequence of 

multiple recovery mechanisms which typically occur in the order illustrated in  

Figure 2.10. 

 



 

Chapter 2 Literature Review  60 

 

Figure 2.10 Schematic illustration of the different stages of dislocation recovery starting with tangled 

dislocations subsequent to plastic deformation, followed by cell structure formation, then dislocation 

annihilation within cells, reaching sub-grain structures formation and growth (adapted)102. 

 

On the other hand, recrystallization is the process of restructuring the  

deformed microstructure during annealing through the formation of new grains  

and the migration of grain boundaries toward states of lower free energy;  

meanwhile, the driving force for further migration and growth decreases  

significantly due to the substantial reduction in dislocation density by virtue of  

newly originated grains as illustrated in Figure 2.11, and this decrease in the  

driving force for grain migration and growth subsequently leads to an increase  

in Sv
31,102,106. 

 

 

Figure 2.11 Schematic illustration of the different stages of recrystallization starting with the formation of 

grains at the old grain boundaries (dotted lines), followed by continuous nucleation of new grains at the 

new grain boundaries, reaching fully recrystallized structure with finer grains (adapted)102. 

 

Fundamentally, recrystallization is driven by the stored strain energy accumulated 

within the deformed microstructure, primarily arising from the high density of 

dislocations, sub-boundaries, and lattice distortions generated during plastic 

deformation; this stored energy provides the thermodynamic potential required to 

nucleate new strain-free grains and to activate boundary migration that eliminates 

regions of high internal energy102. 
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The magnitude of this driving force increases with greater deformation and lower 

processing temperatures that suppress recovery, whereas it decreases as recovery 

proceeds and dislocation density is reduced; nevertheless, the balance between the 

driving force from stored energy and the retarding forces from solute drag or particle 

pinning ultimately governs the onset, rate, and extent of recrystallization in 

supermartensitic stainless steels102,107. 

 

2.6.2 Restoration Retarding Forces  

 

Microstructural restoration processes are subject to certain conditions proceeding  

only when the driving forces exceed the retarding forces; in other words,  

restoration is inhibited when retarding forces dominate. The basic and essential 

aspects of retarding forces are associated with restraining grains from further 

restoration following their deformation, driven by mechanisms such as solute drag  

and particle pinning which are the cause of inhibition of further grain boundary 

migration leading to stabilization of smaller grains and an increase in Sv as a 

consequence102,108Õ110. 

 

Specifically, solute drag creates a drag force when solute atoms segregate at grain 

boundaries, effectively restricting their movement, whereas particle pinning forms a 

physical barrier when phase particles pin at grain boundaries, thereby preventing their 

growth111. Furthermore, the high interfacial area per unit volume acts as a stumbling 

block to the motion of dislocations, intensifying resistance by creating obstacles that 

hinder deformation112. 

 

2.6.3 Recrystallization Mechanisms  

 

Recrystallization in supermartensitic stainless steels occurs during or following  

the deformation of austenite depending primarily on deformation temperature,  

strain amount, and the stored energy accumulated during plastic deformation;  
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more specifically, it represents a fundamental restoration stage that dictates 

subsequent transformation behavior, and in this context, the mechanisms that govern 

this process include dynamic recrystallization, static recrystallization, and, under 

certain intermediate conditions, continuous recrystallization, each of which 

contributes differently to the restoration and refinement of the austenitic 

microstructure 102. 

 

When deformation is carried out above the recrystallization-limit temperature, the 

simultaneous accumulation of dislocations and the migration of existing  

boundaries lead to dynamic recrystallization, which is characterized by the nucleation 

and growth of new strain-free grains along high-angle boundaries, deformation  

bands, and triple junctions; during this thermally activated process, localized 

nucleation events progressively consume regions of high dislocation density, as this 

process progresses, the deformed microstructure is gradually replaced by  

finer equiaxed grains, thereby enhancing homogeneity and reducing dislocation 

density102. 

 

In contrast, deformation below the recrystallization-limit temperature, yet above  

the recrystallization-stop temperature, restricts boundary mobility and suppresses  

the formation of new grains through dynamic recrystallization; nevertheless,  

recovery processes dominate, allowing sub-grain structures to evolve through 

dislocation rearrangement and gradual rotation of low-angle boundaries, eventually 

facilitating a progressive transition from recovery to recrystallization,  

ultimately producing new grains through continuous recrystallization as strain 

increases102. 

 

When deformation ceases while sufficient thermal energy remains available,  

static recrystallization proceeds as new grains nucleate and grow into the previously 

deformed matrix, driven by the release of stored strain energy; however, in 

supermartensitic stainless steels, the rate and extent of static recrystallization  

are strongly influenced by alloying additions that modify boundary mobility,  

where elements such as chromium and molybdenum tend to retard grain  
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boundary migration through solute drag, while manganese enhances  

recrystallization locally by increasing dislocation density and providing favorable 

nucleation sites that promote uniform grain subdivision and microstructural  

homogenization102,113. 

 

Consequently, the dominant mechanism depends on the thermomechanical  

regime, whereby dynamic recrystallization governs grain refinement above the 

recrystallization-limit temperature, continuous recrystallization becomes significant 

between the recrystallization-limit temperature and the recrystallization-stop 

temperature, and static recrystallization completes restoration once deformation 

stops; collectively, these processes control the evolution of austenite prior to 

martensitic transformation and thus determine the total interfacial area per unit 

volume and the resulting balance between strength, ductility, and toughness in 

supermartensitic stainless steels102,107,114. 

 

2.6.4 Grain Coarsening  

 

Grain coarsening represents a later stage in microstructural evolution process 

occurring after restoration processes such as recovery and recrystallization; in fact, 

this process, also referred to as grain growth, involves a gradual increase in grain size 

due to the consumption of smaller grains and the growth of larger grains driven by the 

reduction of grain boundary energy and governed by the tendency to minimize total free 

energy achieved through the migration of grain boundaries toward their centers of 

curvature during annealing90,115. 

 

While the presence of fine particles or solute atoms may retard grain coarsening 

through mechanisms such as Zener pinning or solute drag, impurities or second phases 

may accelerate grain growth leading to significant consequences affecting material 

properties as larger grain sizes generally result in a reduction of principal properties 

such as strength and hardness, yet improve other properties such as ductility and 

toughness102,116. 
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2.7 Critical Processing Temperatures  

 

2.7.1 Phase Transformation Temperatures  

 

There are several phase transformation temperatures important to define for better 

understanding of the microstructural evolution of steels during heating and cooling 

processes; Ae1 refers to the equilibrium eutectoid temperature for the lower boundary 

of the +h  ɹ region at which steel is fully ferritic and similar to that, Ae3 refers to the 

carbon concentration of austenite in equilibrium with ferrite and represents the upper 

boundary of the +h  ɹ region, above which the steel is fully austenitic. Four phase 

transformation temperatures can be integrated from Ae1 and Ae3 depending on whether 

the transformation is occurring during heating or cooling i.e. Ac1, Ac3, Ar1, and Ar3. 

 

While Ae fp abklqba _v qeb ibqqbo ÙbÚ ^p ^k fkaf`^qflk lc bnrfif_ofrj `lkafqflkp¾ Ac and Ar 

^ob abklqba _v qeb ibqqbop Ù`Ú ^ka ÙoÚ ^p ^k fkaf`^qflk lc eb^qfkd lo `llifkd `lkafqflkp 

which comes from the French words chauffage and refroidissement which means 

heating and cooling, respectively77,117. The Fe-Fe3C phase diagram with the main 

boundaries representing the phase transformation temperatures is illustrated in Figure 

2.12. From an industrial processing point of view, transformation temperatures during 

heating and cooling are considerably more important than those at equilibrium since 

they play a role in identifying TMP limits. 

 

In addition to these transformation temperatures, it is necessary to define the 

martensitic start temperature, Ms, which is an important phase transformation 

temperature at which the microstructure starts to transform from the austenitic phase 

into the martensitic phase; it is worth recalling that this temperature, as do other 

transformation temperatures, is influenced by alloying elements80. Figure 2.13 

represents the effect of alloying elements on Ac1, and Figure 2.14 represents the effect 

of alloying elements on Ms; additionally, Figure 2.15 represents a dilation diagram of a 

supermartensitic stainless steel with titanium addition indicating that Ac1 is around 

680°C, and Ms is around 220°C118. 



 

Chapter 2 Literature Review  65 

 

Figure 2.12 Iron-carbon phase diagram exhibiting the different phases of steels at different temperatures 

with respect to carbon content (adapted)117. 
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Austenite to martensite transformation during cooling occurs at a specific temperature 

which varies depending on the composition of the alloy; however, this temperature 

does not depend significantly on the cooling rate where this transformation may  

take place at various cooling rates119. Due to the nature of martensitic transformation 

that is associated with rapid cooling after heating to a very high temperature, the  

iron-carbon phase diagram is no longer sufficient120. 

 

It is significant to identify the phase transformation temperatures due to their influence 

on the final microstructure and consequently, the mechanical properties. Multiple 

empirical equations tend to estimate various transformation temperatures and  

several of them have shown satisfactory predictions; however, these equations are not 

precise enough as they take into account the chemical composition of a variety  

range of steels and without paying attention to heating and cooling effects which  

play an important role in determining these temperatures, yet they possessed  

the ability to provide an adequate approximate estimation with an accepted margin  

of error121. 

 

 

Figure 2.13 Effect of alloying elements on Ac1 where a steady decrease is anticipated with the addition of 

nickel or manganese (adapted)119. 
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Figure 2.14 Effect of alloying elements on Ms where a decrease is anticipated with the addition of most 

elements, except cobalt and aluminum (adapted) 119. 

 

 

Figure 2.15 Dilation diagram of a low-carbon supermartensitic stainless steel heated to 1000°C at a rate 

of 0.33°C/s, and then cooled to ambient temperature at a rate of 0.2°C/s (adapted)118. 
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2.7.2 Critical Recrystallization Temperatures  

 

Austenite recrystallization is associated with two critical processing temperatures 

defining the three recrystallization regions: fully recrystallized, partially recrystallized, 

and fully unrecrystallized. The recrystallization-limit temperature T95% represents the 

temperature above which a fully recrystallized region exists; by contrast, the 

recrystallization-stop temperature T5% represents the temperature below which a fully 

unrecrystallized region exists due to the insufficient stored energy from prior 

deformation to drive further nucleation and growth of new grains122. As a matter of 

course, the partially recrystallized region exists within these two recrystallization-limit 

temperatures: T95% and T5%. 

 

Whereas a maximum percentage of 5% of recrystallized austenite grains may exist at 

T5%, a minimum of 95% of recrystallized austenite grains must exist at T95%. These 

temperatures have a direct influence on the final microstructure resulting from 

thermomechanical processing; hence, it is significant to identify them precisely taking 

into consideration that both temperatures are strongly affected by the chemical 

composition of the alloy and the particular deformation conditions as well as initial 

grain size and recrystallization kinetics49,87,89,122Õ124. 

 

2.8 Critical Processing Conditions  

 

Deformation of austenite is possible to be conducted in different regions; it can be 

deformed above the recrystallization-limit temperature T95% and can be also deformed 

below the recrystallization-stop temperature T5% where the final microstructure will be 

significantly different88,89. 

 

The degree of importance of these two parameters is that T95% and T5% are both 

extremely critical to two out of the four stages of thermomechanical processing; 

therefore, understanding their fundamentals is a significant contributory cause to 

achieving the desired final product. 
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2.8.1 Deformation Above T95% 

 

The process of rough rolling in the fully recrystallized region results in fine equiaxed 

austenite grains and when the finish rolling is performed also at high temperatures in 

this region, a much finer equiaxed microstructure is achieved due to the repeated 

reduction passes where the final microstructure depends on the initial grain size at the 

early processing stages and on the amount of strain applied87,89. Deformation in this 

region results in the formation of strain-free grains that refine and homogenize the 

microstructure  through continuous dynamic recrystallization which promotes the 

elimination of dislocation networks. Furthermore, the conditioning of austenite grains 

improves material strength and toughness; moreover, it eventually increases the value 

of Sv. 

 

2.8.2 Deformation Below T5% 

 

Deformation in the fully unrecrystallized region below T5% and above Ar3 results in 

elongated austenite grains and the effectiveness of finish rolling in this region is 

influenced by the temperature window where the larger the magnitude of the 

unrecrystallized region is, the more reduction passes can be performed87,89. 

Deformation in this region results in the formation of sub-grains that lead to the gradual 

rearrangement of dislocations dominated by dynamic recovery which delays the onset 

of recrystallization. In fact, this process will subsequently result in a microstructure 

with a high density of dislocations and deformation bands due to the repeated 

reduction passes which correspondingly results in higher Sv values, compared to 

deformation above T95%. 

 

2.8.3 Controlled Cooling  

 

The final microstructure transformation of a material is significantly influenced by 

cooling parameters; therefore, it is critical to control the overall cooling process from 
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the austenitic region and determine the optimum cooling rates by considering the 

continuous cooling transformation (CCT) diagrams to mitigate any undesirable phase 

formation aiming towards enhanced material performance. The cooling rate is 

calculated via the following equation: 

 Ὕ
ЎὝ

Ўὸ
 Equation 2.6 

where Ὕ is the cooling rate, ЎὝ is the change in temperature, and Ўὸ is the change in 

time associated with the temperature change125. 

 

For supermartensitic stainless steels, austenitic to martensitic transformation is 

obtained at a wide range of cooling rates because of the high hardenability of these 

steels where a fully martensitic single-phase structure with absolutely no other 

transformation products is expected at a cooling rate of 0.2°C/s or even higher as 

presented in Figure 2.16 which emphasizes a relatively low Ms temperature; hence, 

either water quenching or air cooling is sufficient to attain the desired final 

microstructure.  

 

 

Figure 2.16 CCT diagram of a low-carbon supermartensitic stainless steel (C-0.04%, Si-0.55%,  

Mn-0.80%, P-0.018%, S-0.008%, Cr-12.8%, Mo-0.28%, Ni-5.25%) cooled from 1350°C (adapted)126. 
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2.9 Summary of Literature Review  

 

Increasing interfacial area per unit volume to the highest possible value is an essential 

purpose of this study and should be delivered by increasing the number of defects 

within unit volume giving rise to the number of nucleation sites which will eventually 

lead to a finer transformed microstructure which is acknowledged to be the only 

mechanism that causes to not only a higher strength but also a higher toughness. The 

primary methods to increase Sv value are associated with the refinement of initial 

austenite grain size prior to deformation, and deformation of austenite above T95% or 

below T5%. 

 

While the magnitude of Sv is influenced by the initial grain size refinement that is 

achieved through reheating followed by deformation above T95% where large Sv values 

are to be expected, larger Sv values are attained with much finer transformation product 

traceable to a reduction below T5% where the number of passes of deformation in the 

fully unrecrystallized region is directly related to the final value of Sv. In connection with 

this, alloying elements furnish the ground for further passes to be conducted within this 

region based on their impact on T5% which, in practice, direct to higher Sv values due to 

enhanced microstructural control 87. 

 

Controlling the as-rolled austenite microstructure of supermartensitic stainless steels 

preceding transformation is a principal target of TMP and furnishes the ground for the 

successful development of the desired mechanical properties. In addition, 

understanding the core metallurgical aspects of thermomechanical processing 

enables designing a specific microstructure with certain properties e.g. high strength 

and high toughness. 
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Chapter 3  Experimental Procedure  

 

3.1 Research Compliance  

 

All experimental work including testing, characterization, and evaluation was 

meticulously performed and determined in compliance with relevant specifications and 

practices developed by trusted sources such as ASTM standards, where applicable. 

Strict adherence to recognized guidelines ensures not only the reliability and 

reproducibility of the research outcomes but also their consistency with industry best 

practices. Additionally, instruction manuals and user guides for all equipment and 

testing procedures were thoroughly reviewed and followed to obey the same principle 

of compliance, with a zero-tolerance level maintained for all matters related to health 

and safety measures, thus ensuring a secure working environment throughout the 

research process. 

 

3.2 Research Concept  

 

Plane strain compression (PSC) testing was conducted incorporating a diverse range of 

processing conditions as outlined in the concept map in Figure 3.1, including 

deformation in both recrystallized and unrecrystallized regions, to systematically vary 

Sv. A series of experimental steps were planned, prepared, and executed before, during, 

and after PSC tests to construct a comprehensive sequence of outcomes that enabled 

accurate data acquisition and contributed to a deep understanding of the complex 

relationships and the notable differentiations between the various processing 

conditions and their effect on mechanical properties across three different material 

compositions, thereby allowing for an assessment of their response to different 

deformation regimes. 
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Figure 3.1 Design of experiments chart presenting the different processing conditions to be followed in this research project. 
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3.3 Material Manufacturing  

 

Three supermartensitic stainless steel bars were cast using an Arcast Arc 200 arc 

melting furnace and homogenized at a temperature of 1200°C for 1 h and then hot 

rolled with a rolling reduction of 50%. The chemical composition of the alloys 

manufactured by arc melting is represented in Table 3.1, as determined by optical 

emission spectroscopy (OES), where the main difference between the three 

compositions is the higher nickel content in the second and the higher manganese 

content in the third, while the majority of other elements are within the identified range 

of UNS S41427 composition limits as per ANSI/NACE MR0175/ISO 15156 standard 

recognizing that the base steel was provided from LIBERTY Steel UK32. 

 

Larger homogeneous alloy casts were manufactured by Consarc small R&D vacuum 

induction melting furnace (VIM) presented in Figure 3.2, using the same nominal charge 

and weight ratios as the arc-melted alloys, and accordingly, the composition of the 

VIM-processed materials is considered equivalent to that reported in Table 3.1, with 

variations remaining within the analytical uncertainty of OES. The base steel, 

electrolytic iron, ferrovanadium, ferromolybdenum, ferrochromium, and nickel were 

placed in an alumina AL68S one-shot crucible developed by Capital Refractories; in 

addition, graphite, carbon, and manganese were placed in an over-melt charger to be 

introduced into the crucible at a later stage of melting, taking into account that the 

chamber was backfilled with argon from the outset to suppress element evaporation. 

 

A mold with a footprint of 80 mm x 80 mm made of a copper base and steel plates, 

lined with boron nitride to prevent welding during the casting of the molten alloy, was 

assembled to accommodate the melt after magnetic stirring at 1550°C for 300 s when 

all components were completely melted and thoroughly homogenized at a medium 

frequency of 35 kW initiated by an induction generator in the system which was then 

vacuumed down to an ultralow pressure of 5 x 10-4 mbar by a diffusion pump to ensure 

precise control during the casting process, i.e. to maintain uniform cooling rates and 

minimize thermal gradients. 
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A total of the three rectangular cuboid ingots presented in Figure 3.3 were made via VIM 

where the weight of each was around 5000 g with initial dimensions of 80 mm in length 

x 80 mm in depth x 100 mm in height; these ingots were then homogenized at a 

temperature of 1200°C and hot rolled to plates down to 12 mm in thickness using FENN 

rolling mill machine presented in Figure 3.4. It is worth mentioning that the leftover 

materials that remain in each of the three crucibles were collected and preserved for 

additional microstructural investigation of the as-cast condition versus the as-rolled 

condition.  

 

The hot rolling process was conducted on each of the three casts where each ingot 

underwent a total of 14 reduction passes; the first 13 passes were done with a 

reduction of 5 mm in thickness during each pass followed by a final pass with a 

reduction of 2 mm to reach the final desired thickness and the reason behind choosing 

this specific thickness is to ensure that specimens of 10 mm in thickness are obtained 

after machining taking into consideration that the end product resulting from hot rolling 

would have a non-even surface to a certain degree, which could influence subsequent 

machining precision if adequate attention is not given. 

 

Out of these plates, plane strain compression (PSC) specimens were machined with 

the dimensions of 60 mm in length x 30 mm in width x 10 mm in thickness as presented 

in Figure 3.5; indeed, these specimens were used for subsequent PSC testing. 

Henceforth, the alloy with no further additions, the alloy with higher nickel content, and 

the alloy with higher manganese content will be referred to as Base Alloy (BA), Base 

Alloy  UHigh Ni (BA U  Ni), and Base Alloy U  High Mn (BA U  Mn), respectively, to simplify 

data presentation. 

 

Table 3.1 Chemical compositions (wt%) of supermartensitic stainless steel. 

Material Identification  C Si Mn P S Cr Mo Ni Ti V 

BA  0.019 0.18 0.30 0.011 0.005 12.10 1.95 5.38 <0.01 0.15 

BA U  Ni  0.019 0.19 0.33 0.011 0.005 12.10 1.93 6.42 <0.01 0.15 

BA U  Mn  0.017 0.19 1.02 0.010 0.005 12.06 1.93 5.32 <0.01 0.15 

UNS S41427 
Min. - - - - - 11.50 1.50 4.50 - 0.10 

Max. 0.300 0.05 1.00 0.020 0.005 13.50 2.50 6.50 0.01 0.50 
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Figure 3.2 Vacuum induction melting furnace used for casting of the three homogeneous 5000 g ingots, 

located at Royce Discovery Centre. 

 

 

Figure 3.3 The three 5000 g ingots cast via VIM (left) along with the one-shot liners which were dried and 

conditioned by applying a low induction power that was increased gradually until the alloys were melted 

(right). 
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Figure 3.4 Hot rolling mill used to roll the three ingots into plates, reducing their thickness to 12 mm, 

where one of these plates appears at the bottom right corner. 

 

 

Figure 3.5 Illustration of the process followed to manufacture the PSC specimens; taking into 

consideration that all were aligned with the rolling direction. 
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3.4 Dilatometric Assessment  

 

In advance of dilatometry, simulations were done via a simulation software,  

JMatPro 7.0, to identify the phase transformation temperatures, Ac1 and Ac3, for the 

three different compositions with an estimated austenite grain size of 200 ˃ m.  

Within this framework and for more precise determination, phase transformation 

temperatures were determined by dilatometry where small cylindrical specimens  

with dimensions of 10 mm in length and a diameter of 6 mm were machined along  

the rolling direction to measure the thermal expansion as a function of temperature  

in a controlled atmosphere where specimens were heated to 1200°C at a rate  

of 5.0°C/min (0.08°C/s) and then cooled to ambient temperature at the same  

rate127,128. 

 

Curves representing the fractional change in length against temperature during heating 

and cooling were acquired from a computerized system connected to the dilatometer 

DIL 402 Expedis Classic presented in Figure 3.6, which were used to determine these 

temperatures for the three different compositions as these two temperatures are 

associated with the chemical composition taking into account that the system was 

vacuumed in order to prevent possible oxidation. 

 

         

Figure 3.6 Dilatometer apparatus used for measurement and identification of critical transformation 

temperatures during continuous heating and cooling, temperatures were measured by a thermocouple 

located in close proximity to the sample to maintain the accuracy of dilation readings. 
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The determination of the critical transformation temperatures (Ac1, Ac3, and Ms) followed 

the procedure described in the ASTM A1033 standard, where the measurements were 

derived directly from the length-temperature curves obtained during dilatometry129.  

Ac1 and Ac3 were obtained by constructing tangent lines on the heating portion of the 

curve; in practice, the first tangent was drawn to the linear segment preceding the 

contraction associated with the transformation from martensite to austenite, and the 

second tangent was drawn to the segment after the transformation region where 

thermal expansion resumed. 

 

The intersections of these lines defined Ac1 and Ac3, marking the characteristic slope 

changes where strain first decreased and then increased with temperature.  

During cooling, the martensitic start temperature, Ms, was identified at the inflection 

point where the linear contraction of austenite deviated toward expansion, indicating 

the onset of transformation from austenite to martensite; this approach followed the 

derivative and extrapolation method outlined in ASTM A1033, where slope  

deviations and extrapolated austenite baselines are used to identify the start and 

progress of transformation, with an an example of this method illustrated in  

Figure 3.7129. 

 

 

Figure 3.7 An example of a dilatometer curve used for determination of critical transformation 

temperatures during continuous heating and cooling of the alloy with higher manganese content where 

the black dashed lines represent the extrapolation process used to define Ac1, Ac3, and Ms. 
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3.5 Thermomechanical Compression  

 

Plane strain compression (PSC) tests were carried out as per the revised version of the 

measurement good practice guide NPL-CMMT (GPG)027; in principle, specimens that 

were machined from plates to the dimensions illustrated in Figure 3.8 were deformed 

at specified pre-defined conditions of different temperatures and strains to measure 

the change in load and displacement against temperature using the thermomechanical 

compression (TMC) machine presented in Figure 3.9 which is a modified system of the 

oldest TMC that was developed for the first time in its history by Servotest in 

cooperation with the University of Sheffield130. 

 

 

Figure 3.8 Schematic diagram of a plane strain compression test illustrating the standard dimensions 

and position of a test piece, highlighted in red, equally distant between the upper and lower tools prior to 

deformation (left) and post deformation (right). 
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Figure 3.9 Thermomechanical compression (TMC) machine used for deformation at a specified 

temperature and strain rate. 

 

Experiments were conducted above the recrystallization-limit temperature T95% and 

below the recrystallization-stop temperature T5% with an initial strain of 0.3 and a final 

strain that was increasing gradually by 0.3 resulting in a final total strain of 0.6, 0.9,  

or 1.2; in operation, a rough rolling pass was done at 1150°C followed by a finishing 

pass or more at 1050°C or 800°C, which were identified as the temperatures above  

and below T95% and T5%, respectively. A comprehensive full testing assessment was 

performed starting from controlled heating to controlled cooling, where different  

sets of strain compression tests were conducted to investigate the deformation impact 

on the final product where Sv was the significant parameter in determining this 

influence. 
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Based upon the historical understanding of the thermomechanical behavior of 

supermartensitic stainless steels, it was initially anticipated that 1050°C would be 

positioned above T95% and 800°C would fall below T5%. With the intention of promoting 

either fully recrystallized or fully unrecrystallized austenitic microstructures, these 

assumptions regarding both selected temperatures were later validated through 

detailed microstructural characterization, as presented in Section 4.3.2. To clarify, if a 

given condition failed to yield the expected transformation state during microstructural 

examination, i.e. if austenite was not fully recrystallized at the presumed temperature 

above T95% or not fully unrecrystallized at the presumed temperature below T5%, then 

alternate finishing temperatures would be selected through progressive trial-and-error 

adjustment. 

 

For the avoidance of doubt, if austenite exhibited partial recrystallization instead  

of fully recrystallized or fully unrecrystallized austenite, the finishing  

deformation temperatures would simply be increased or decreased accordingly, 

depending on the observed outcome. The reason for not precisely determining  

these temperatures beforehand is due to the fact that the primary aim of this  

study was to investigate the development of Sv as a function of strain and  

composition in a systematic and comparative manner; evaluating how it  

evolves from microstructures transformed from fully recrystallized versus  

fully unrecrystallized austenite, rather than focusing on exact thermodynamic 

thresholds. 

 

Several measures were adopted prior to conducting any PSC test including but  

not limited to repositioning the crosshead of the thermomechanical treatment 

simulator to an ideal height where the upper and lower tools would be slightly in 

contact, zeroing the transducers to ensure that the crosshead was not  

tremendously lowered or considerably elevated, and testing the stiffness to ensure the 

compliance of the machine, in addition to other precautions of a similar 

instrumentation and calibration nature that are typically required for achieving 

consistent and repeatable experimental conditions. 
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A number of functions were fulfilled to accommodate the test in a systematic 

configuration minimizing the probability of testing deficiencies or biased outcomes, key 

aspects of appropriate test embraced setting up the temperature of the preheat 

furnace and the main furnace, identifying the sample parameters including height, 

width, and geometric factor as well as the logged signals to be recorded including 

displacement, load, velocity, temperature and other parameters of interest, and 

delineating the test sequence through outlining the various segments and their 

parameters which were the most critical aspect before running the plane strain 

compression test. 

 

A massive number of segments could be outlined, segments of interest depended 

mainly on the fast thermal treatment unit (FTTU) where all tests commenced by heating 

the sample from ambient temperature to 1200°C and holding it for 300 s, followed by 

cooling it down to 1150°C where it was prepared to handle a rough rolling pass in 

advance of further FTTU segments as per the predefined processing conditions, e.g. 

finish rolling passes at 1050°C or 800°C ahead of cooling by air, mist or water spry, 

where an example of a full test profile for one of the 39 PSC tests which were 

conducted following the design of experiments, outlined earlier in Figure 3.1, is 

presented in Figure 3.10. 

 

A particular emphasis was placed on the thermocouple by securing its functionality 

and firm connection with the sample through precise alignment and controlled 

positioning to avoid bending or tilting, ensuring it remained parallel to the robotic arms 

of the testing system. The thermocouple was fixed in place using high-temperature 

adhesive tape, allowing sufficient free space for movement while ensuring it was 

carried exclusively by the motion of the arms rather than moving independently, 

considering the fact that the test would fail for an eventuality of thermocouple failure; 

in addition, the test piece was lubricated with boron nitride to protect the surface from 

possible oxidation as presented in Figure 3.11. A successful test would lead to further 

processing of certain recorded variable parameters with time such as changes in load, 

crosshead velocity and displacement, and many others to identify the true stress and 
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equivalent strain providing valuable flow curves as outlined in the revised version of the 

measurement good practice guide NPL-CMMT (GPG)027 bearing in mind the fact that 

further microstructural investigation would be carried on the test piece itself130. 

 

 

Figure 3.10 PSC test profile illustrating temperature as a function of time during the different segments of 

the test, shedding light on the fact that real-time readings were transmitted by the thermocouple and 

displayed on the main dashboard for instant monitoring purposes. 

 

 

Figure 3.11 SPC test piece lubricated by boron nitride, connected with the thermocouple, and held by the 

robot arms. 
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3.6 Metallographic Preparation  

 

3.6.1 Prior to Deformation  

 

As a matter of material characterization, metallographic preparation of specimens was 

performed as per ASTM E3 standard to reveal the general microstructure where a 

sample from each alloy composition was sectioned along the rolling direction via 

Secotom-20, hot-compression mounted in a conductive Bakelite resin via SimpliMet 

1000, and mechanically ground by with conventional silicon carbide papers ranging 

from P120 up to P2500 and then, mechanically polished with diamond particles down 

to 1 ˃ m in diameter; detailed procedure followed throughout each stage of the modified 

automated preparation method which was done via EcoMet 250 Pro is presented in 

Table 3.2131. 

 

Table 3.2 Stages of the specimen preparation method utilizing grinding papers and polishing cloths 

(adapted)132. 

 Abrasive parameters  Mechanical Parameters 

Stage Type Grade Fluid  Speeda Speedb Direction Forcec Timed 
1 SiC P120 - P2500 Water  60 240 Compe 22 120 
2 Diamond 6 ˃ m Suspension  60 150 Compe 18 180 
3 Diamond 3 ˃ m Suspension  60 150 Compe 18 180 
4 Diamond 1 ˃ m Suspension  60 150 Contraf 18 300 

aPowerhead speed, in rpm. bPlaten speed, in rpm. cApplied to 25 mm diameter mount, in N. dStage time, in s.     
eWork wheel and specimen holder rotate in the same direction. fWork wheel and specimen holder rotate in the 
opposite direction. 

 

Once a mirror-like surface was obtained, specimens were etched in a fume hood at 

ambient temperature with Vilella's reagent to reveal the general microstructure for the 

three compositions as per ASTM E407 standard; further details regarding this etchant 

are presented in Table 3.330,133. 

 

Table 3.3 Composition of Vilella's reagent and procedure to reveal microstructure (adapted)133. 

Etchant Composition Procedure 

Vilella's Reagent 
5 mL HCl 

Immerse for a few seconds at a time until 
the desired results are obtained 

1 g picric acid 
100 mL ethanol (95%) or methanol (95%) 
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3.6.2 During Deformation  

 

Metallographic preparation of specimens was performed as per ASTM E3 standard to 

reveal the deformed microstructure where each of the PSC test pieces was sectioned 

from the middle and a sample towards the long transverse direction perpendicular to 

the rolling direction was acquired for all processing conditions, i.e. deformation in 

recrystallized and unrecrystallized regions, in conjunction with another sample towards 

the short transverse direction only for the deformation condition in which 

unrecrystallized microstructures were attained; an illustration of the orientation and 

location of the area under characterization is presented in Figure 3.12. 

 

Deformed specimens were mounted, ground, and polished in the same manner as the 

undeformed specimens were prepared; however, these specimens were etched in a 

fume hood at ambient temperature with ASTM 36 ferric chloride etch to reveal the 

deformed microstructure as per ASTM E407 standard; further details regarding this 

etchant are presented in Table 3.430,133. 

 

 

Figure 3.12 Schematic view of the PSC test piece clarifying the location of the samples sectioned for 

further examination, highlighted in red, in the center of the test piece towards the long and short 

transverse directions. 
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Table 3.4 Composition of ASTM 36 etch and procedure to reveal microstructure (adapted)133. 

Etchant Composition Procedure 

ASTM 36 
Ferric Chloride Etch 

25 g FeCl3 
Immerse for a few seconds at a time until 

the desired results are obtained 
25 mL HCl 

100 mL water 

 

3.7 Microstructural Analysis  

 

Beyond a shadow of a doubt, optical microscopy provided an acceptable general 

overview of the general microstructure, but its resolution is limited, and greater depth 

of field at the same magnification and higher magnifications attracted attention to the 

value of utilizing some more powerful tools including scanning electron microscopy 

(SEM) and its based techniques such as energy dispersive spectroscopy (EDS) and 

electron backscatter diffraction (EBSD) to define the microstructure and proceed with 

the quantitative analysis of the three different compositions processed under different 

conditions. Hence, only the microstructure prior to deformation was evaluated via 

optical microscopy, while the microstructure post deformation was evaluated via 

electron microscopy. Together, SEM, EDS, and EBSD formed an integrated 

characterization suite combining surface morphology, elemental composition, and 

crystallographic orientation. SEM provided detailed imaging of deformation features 

and grain morphology; EDS confirmed compositional uniformity and identified 

segregation; and EBSD quantified orientation, phase distribution, and substructure 

development. The complementary use of these techniques ensured a comprehensive 

and quantitative understanding of how thermomechanical processing influenced the 

morphology, chemistry, and crystallography of the studied alloys. 

 

3.7.1 Scanning Electron Microscopy  

 

Specimens of each and all deformation conditions were characterized by SEM to reveal 

the morphology of the deformed microstructure and highlight the grain boundaries and 

other main microstructural features to be quantified. SEM operates by scanning a finely 

focused beam of high-energy electrons across the specimen surface. As the incident 
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beam interacts with atoms, it generates secondary electrons that emerge from the top 

few nanometers of the surface and backscattered electrons that depend on atomic 

number, together forming an image with topographic and compositional contrast134. 

The technique therefore enables visualization of grain morphology, phase distribution, 

and deformation features with a resolution much higher than optical microscopy. 

 

Rigorously, the different microstructures of polished samples were observed at a high 

resolution via FEI Inspect F50 which is presented in Figure 3.13 where the parameters 

used were the same all along the line to ensure consistency of reported total Sv values, 

and in particular while comparing between the morphologies of different conditions, 

e.g. two different compositions at a constant temperature and strain. Accordingly, the 

Everhart-Thornley detector was operated in combination with a high-vacuum in 

secondary electron (SE) mode at an accelerating voltage of 20 kV, an analytical working 

distance of 10 mm, a spot size of 3.5, and a magnification of x1000 which provided 

satisfactory micrographs of the sophisticated surface morphology. 

 

 

Figure 3.13 Inspect F50 scanning electron microscope used to acquire high resolution images of the 

deformed microstructure.  
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3.7.2 Energy Dispersive Spectroscopy  

 

Selected specimens were characterized by SEM coupled with an X-Max 80mm2 EDS 

silicon drift detector for elemental analysis purposes, i.e. determination of the 

presence of specific elements, and to confirm the homogeneity of the presented 

elements. EDS operates by detecting the characteristic X-rays emitted when the 

electron beam displaces inner-shell electrons from atoms in the specimen. As outer-

shell electrons fill these vacancies, X-rays with element-specific energies are 

produced; measurement of these energies enables qualitative and quantitative 

elemental analysis134. This method therefore provides a direct means of confirming 

elemental distribution and identifying segregation or compositional gradients within the 

investigated alloys. 

 

Consequently, a few EDS maps were captured and analyzed by an acquisition and 

analysis software, AZtec 6.1. The decision on which specimens to characterize and 

whether to proceed with further characterization was made based upon the initial EDS 

maps representing whether segregation was presented or not. If segregation was 

detected, additional characterization would be carried out to evaluate its extent and 

assess its implications on microstructural evolution. 

 

3.7.3 Electron Backscatter Diffraction  

 

Specimens of various deformation conditions which trigger attention for further 

investigation via EBSD were mounted, ground, and polished following the same 

procedure outlined previously in Table 3.2; however, these specimens were vibratory 

polished for 1.5 h at a vibration amplitude of 30% with a 0.02 ˃m non-crystallizing 

colloidal silica suspension; furthermore, these specimens were ultrasonically cleaned 

in distilled water for 10 min to remove any residuals of colloidal silica remained 

following vibratory polishing via VibroMet 2. 
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Thereafter, specimens were etched for 2 h at an ion beam energy of 5.0 keV and a 

rotation speed of 6 rpm with a tilt angle of 4° for both argon ion guns using a precision 

etching coating system, PECS II 685, which is presented in Figure 3.14 noting that 

specimens during this stage were mounted onto 12.5 mm x 10 mm aluminum cylinder 

stubs using fast drying silver paint post to their extraction from Bakelite mounts; an 

illustration of the orientation and location of the area under characterization is 

presented in Figure 3.15. 

 

EBSD is a crystallographic technique integrated within the SEM that determines local 

crystal orientation and phase by analyzing the Kikuchi diffraction patterns formed when 

backscattered electrons satisfy Bragg diffraction conditions on a tilted, polished 

crystalline surface, where each pattern corresponds to a distinct lattice orientation, 

and automated indexing across the scanned area yields orientation maps that reveal 

grain morphology, misorientation, and boundary character135. Low-angle boundaries 

correspond to sub-grains or dislocation arrays, whereas high-angle boundaries 

delineate prior grains or recrystallized regions. This capability made EBSD essential for 

quantifying deformation, recovery, and recrystallization mechanisms in this study. 

 

It matters to remark that the total Sv findings were the main criteria for identifying the 

extreme conditions to be investigated via JSM-7900F which is presented in Figure 3.16 

where a total of eight EBSD maps were captured to reconstruct the prior austenite 

grains of the base alloy with no further additions versus the base alloy with higher 

manganese content when those alloys were deformed at high and low temperatures 

with final strains of 0.6 and 1.2; while neither the base alloy with higher nickel content 

was investigated nor all alloys with a final strain of 0.9 considering that those 

conditions were outside of the above-mentioned criteria. 

 

Reconstruction of PAG relying on the captured inverse pole figure (IPF) maps obtained 

via EBSD, using a step size not exceeding the threshold of ~0.1 ˃m, was achieved via a 

processing software, AZtecCrystal 6.1, to identify the austenitic microstructure and 

reveal its boundaries prior to deformation, employing the Nishiyama-Wasserman 
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crystallographic orientation relationship targeting high-angle grain boundaries (HAGB) 

with misorientation angles greater than 10°. 

 

Thereafter, the relationship was refined to improve the reconstruction of PAG further 

and accurately define parent and child phases, i.e. fcc austenite and bcc martensite, 

respectively, which enabled quantification of PAG contribution to the total Sv for 

selected processing conditions outlined previously which were acknowledged to 

exhibit an extreme behavior136Õ138. In addition, PAG was reconstructed by another 

processing software, i.e. MTEX 6.0, yet in the same vein outlined previously while 

explaining data processing aided by AZtecCrystal 6.1, where the underlying reasons 

were to validate the accuracy of the reconstruction and pinpoint intrinsic differences 

between the outcomes of the two software, if any136Õ140. 

 

Following the reconstruction of PAG, quantitative evaluation of PAG size and, where 

appropriate, transverse intercept distance was performed using two distinct 

approaches matched to the microstructural geometry of each condition. All 

measurements were refined by applying the internal noise-reduction and data-cleaning 

filters that excluded dubious grains and removed polygons intersecting the map 

borders to ensure statistical validity and eliminate artifacts from edge truncation.  

 

Both recrystallized and unrecrystallized morphologies were analyzed using procedures 

suited to their geometry. For equiaxed grains (recrystallized), statistical grain size 

determination followed ASTM E2627, reported as average grain size141. For elongated 

grains (unrecrystallized), a separate directional line-intercept method based on ASTM 

E112 was used to characterize effective grain thickness orthogonal to the elongation 

axis, reported as an average transverse intercept distance142. This ensured that all 

reported grain metrics reflected the physical dimensions relevant to each 

microstructural state, rather than orientation distortions caused by deformation. 

 

For the conditions deformed at 1050°C with total strain amounts of 0.6 and 1.2, the 

ASTM E2627 grain size numbers were extracted directly from AZtecCrystal 6.1, as these 
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microstructures were fully recrystallized and exhibited equiaxed morphologies 

amenable to automated statistical quantification. Via the standard ASTM relation 

between grain size number and mean grain area, these values were converted to 

average prior austenite grain size and reported as equivalent circle diameters. At these 

conditions, the reconstructed PAG were well defined and continuous across the 

analyzed areas, allowing accurate grain size determination based on complete polygonal 

segmentation without the need for directional correction or manual adjustment. 

 

Conversely, for the conditions deformed at 800°C with total strain amounts of 0.6 and 

1.2, where recrystallization was incomplete and the microstructure remained 

elongated, average PAG thickness was evaluated via a directional line-intercept method. 

Five equidistant test lines of fixed length, i.e. 85 ˃ m, were drawn at ~90° to the 

elongation direction, the number of reconstructed PAG boundary intercepts along each 

line was counted, and the average transverse intercept distance was obtained by 

dividing line length by intercept count and averaging over the five lines, where smaller 

values indicated a thinner effective grain thickness and larger values a greater 

transverse dimension. Since the PAG were elongated primarily along the rolling 

direction, intercepts measured orthogonal to that axis provided a representative 

measure of effective transverse grain thickness, whereas intercepts along 0° would 

exaggerate aspect ratios due to deformation-induced elongation. 

 

Quantitative parameters such as Kernel Average Misorientation (KAM), martensite lath 

and block size, and retained austenite fraction were not extracted in the present 

analysis. The EBSD step size of approximately 0.1 ˃m is comparable to the expected 

martensitic lath width of 0.1-0.3 m˃, which would cause under-sampling and limit the 

reliability of such measurements, while KAM is highly sensitive to step size, pattern 

noise, and neighbor-definition criteria. In addition, retained austenite present in very 

low volume fractions is more accurately quantified by X-ray diffraction with Rietveld 

refinement than by EBSD indexing. The analysis therefore focused on total Sv and 

reconstructed PAG, which provide a more robust basis for microstructural 

quantification under the present conditions. 
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Figure 3.14 Automated argon ion polishing system used to accomplish damage-free surfaces securing 

successful EBSD analysis; the loading dock on the right-hand side is used to adjust the height of the 

mounted specimen before transferring it into the system. 

 

 

Figure 3.15 Schematic view of the PSC test piece clarifying the location of the samples sectioned for 

EBSD examination, highlighted in red, in the center of the test piece towards the long transverse 

directions. 
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Figure 3.16 Schottky field emission scanning electron microscope used to perform distortion-free EBSD 

analysis. 

 

3.8 Microstructure Quantification  

 

3.8.1 Interfacial Area per Unit Volume Sv 

 

Sv is the key element in this research for understanding the behavior of alloys deformed 

under various conditions; precise quantitative measurements were carried out for every 

condition applied to each and all compositions relying on the resulted microstructure 

as a reference for quantitative evaluation where, for every condition, four separate 

fields-of-view under the same magnification of x1000 were captured via SEM to ensure 

higher confidence of the reported Sv values. These Sv values were determined by 

analyzing the deformed microstructure through the Abrams Three-Circle Procedure as 

per ASTM E112 standard, relying on the geometric analysis of the intersecting circles 

within the microstructure to quantify grain size142. 
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An example of how this methodology was followed is presented in Figure 3.17 and 

details regarding the analyzed fields are provided in Table 3.5 taking into consideration 

that this data was directed toward determining total Sv values for conditions under 

investigation by: 

 ὔ
ὔ

ὒὓϳ
 Equation 3.1 

where ὔ  is the number of intercepts per unit length of the test line, ὔ is the number of 

intercepts counted on each field, ὒ is the total test line length, and ὓ is the 

magnification142. Once this parameter was determined, total Sv was then calculated 

straight forward equation that is: 

 Ὓ ςὔ  Equation 3.2 

where Ὓ is the total effective interfacial area per unit volume of recrystallized 

austenite, and ὔ  is the number of intercepts per unit length of the test line142. The 

average and standard deviation of total Sv were then calculated based on the quantified 

fields for each deformation condition highlighting that circular methodology was followed in 

particular to avoid possible bias caused by taking measurements in a linear fashion. 

While it would not matter with the recrystallized microstructure; it would matter 

significantly for the unrecrystallized microstructure where the circles compile different 

directional orientations into a sort of plane field. For this reason, a circular methodology was 

adopted to reflect rigorous quantification of the microstructure based on composition 

differences and processing conditions leading to establishing a relationship between 

the quantified microstructure and the measured mechanical properties98,142Õ144. 

 

Table 3.5 An example of data from which total Sv was quantified via the Abrams Three-Circle procedure 

for an alloy with higher manganese content deformed at 1050°C and quenched in water. 

Field Magnification Circumference (˃ m) Number of Intercepts Total Sv (mm-1) 

A x1000 
700 229 

612000 500 137 
300 93 

B x1000 
700 198 

592000 500 164 
300 82 

C x1000 
700 182 

556000 500 158 
300 77 

D x1000 
700 172 

548000 500 168 
300 71 
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Figure 3.17 An example of Abrams Three-Circle methodology for an alloy with higher manganese content 

deformed at 1050°C and quenched in water. 

 

3.8.2 Prior Austenite Grains (PAG) Contribution to Total Sv 

 

The contribution of prior austenite grains (PAG) to the total Sv for the extreme 

conditions was investigated and quantified adhering to the same procedure followed to 

analyze the total Sv, i.e. Abrams Three-Circle Procedure as per ASTM E112 standard142. 

However, only a single field of view at a magnification of x1000 was captured for each 

extreme condition explaining the absence of error bars for the reported PAG 

contribution to total Sv despite their presence for the reported total Sv, yet the 

reconstructed EBSD maps revealed reliable results. 

 

Pondering these considerations, investigation of the austenite grains at the point of 

transformation was performed by breaking the confusing martensitic microstructure 

apart and measuring only the contribution of the reconstructed PAG to the total Sv 

excluding all other defects present in the deformed microstructure, for the selected 

conditions. An example of how this methodology was followed is presented in Figure 3.18. 
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Figure 3.18 An example of Abrams Three-Circle methodology for the same alloy whose microstructure is 

presented in Figure 3.17. 

 

3.9 Mechanical Properties  

 

3.9.1 Instrumented Indentation Testing  

 

Nanoindentation tests were performed at ambient temperature as per ASTM E2546 

standard using the NanoTest Vantage system presented in Figure 3.19, where a 

controlled load of 1000 ˃ N was applied at a loading and unloading rate of 200 ˃N/s with 

a holding time of 2 s to measure the mean contact pressure, pm, of some of the alloys 

under study and investigate their response to the different processes to which the 

material was subjected, from which Vickers hardness was evaluated via the following 

equation: 

 Ὄὠ Ὄ πȢπωττωυ Equation 3.3 

where Ὄὠ is the Vickers hardness, and Ὄ is the Meyer hardness that is equivalent to the 

mean contact pressure, i.e. Ὄ ὴ 145,146. A 2 x 5 grid pattern equally spaced by an 

offset of 20 m˃ in the vertical and horizontal directions was defined to conduct ten 
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indentation measurements on the long transverse surface mounted in a conductive 

Bakelite resin and etched with ASTM 36 ferric chloride after polishing down to 1 ˃ m as 

presented earlier in Figure 3.12. 

 

3.9.2 Uniaxial Tension Testing  

 

Tensile tests were performed at ambient temperature as per ASTM E8 standard using 

the ZwickRoell ProLine materials testing machine presented in Figure 3.20 to evaluate 

the properties of the alloys under study and compare the different processes to which 

the material was subjected, where test pieces with a gage length of 12 mm and gage 

width of 2 mm were machined from the middle section of the PSC specimens which 

were previously deformed at 800°C and 1050°C, perpendicular to the rolling direction 

as illustrated in Figure 3.21147. 

 

 

Figure 3.19 NanoTest Vantage system used to perform depth versus load hysteresis nanoindentation 

testing. 

 



 

Chapter 3 Experimental Procedure  99 

 

 

Figure 3.20 Universal testing machine used for tensile testing through applying a specific force and 

capturing the elongation of material until fracture. 

 

 

Figure 3.21 Schematic view of the PSC test piece clarifying the location of the tensile test piece 

sectioned for tensile testing, in the middle of the test piece perpendicular to the rolling direction. 
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Strain measurement was conducted using a calibrated clip-on extensometer firmly 

attached to the gage section of each specimen, thereby recording the actual  

specimen elongation rather than the crosshead displacement. This configuration 

eliminated machine compliance and grip deformation effects, ensuring that the 

measured strain accurately represented the true local deformation within the uniform 

gage length. Accordingly, the engineering stress-strain curves obtained from these 

measurements were constructed from the instantaneous applied load and the 

extensometer-measured strain in strict accordance with the standard testing 

methodology. 

 

A couple of important mechanical properties including the yield strength and tensile 

strength were determined straight from the graphically constructed engineering stress-

strain curves by applying the standard methodologies for mechanical testing and 

acknowledging that the 0.2% strain offset criterion was laid out parallel to the straight-

line portion of these curves as presented in Figure 3.22 for one condition as an 

example. 

 

 

Figure 3.22 An example of an engineering stress-strain curve for an alloy with higher manganese content 

deformed at 1050°C followed by cooling at a rate of 0.5°C/s where the red straight-line represents the 

0.2% offset. 
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Furthermore, the ratio between the yield strength and tensile strength was calculated 

to evaluate work hardening while the reduction of area was calculated to evaluate the 

ductility of the material after fracture. This reduction of area is expressed by the 

following: 

 Ὑὃ
ὃ ὃ

ὃ
ρππ Equation 3.4 

where Ὑὃ is the reduction of area occurring during tensile testing, ὃ is the original 

cross-sectional area of the test piece, and ὃ is the smallest cross-sectional area after 

fracture148. 

 

3.10 Summary of Experimental Procedure  

 

Several activities were carried out following a structured and detailed experimental 

procedure allowing interested researchers to execute experiments of interest as 

necessary. The well-constructed design of experiments presenting the different 

implemented processing conditions assisted in understanding the research concept 

and was treated as the roadmap to be followed which commenced by manufacturing 

the material via a vacuum induction melting furnace to meet certain specifications 

regarding composition followed by hot rolling the homogenized cast ingots to plates 

from which PSC specimens were machined. 

 

Characterization of microstructure before and after deformation was performed using 

advanced analytical techniques including SEM and EBSD to evaluate the impact of the 

alloy additions as well as the various deformation amounts and deformation 

temperatures on the final product; in addition to other tests such as tensile and 

nanoindentation tests which were performed in order to determine the mechanical 

properties. 
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Chapter 4  Results and Discussion  

 

4.1 Dilatometric Assessment  

 

Dilatometric curves, shown in Figure 4.1, introduced changes in the slope during 

continuous heating corresponding to a significant volume contraction in connection 

with the transformation from martensite (bct) to austenite (fcc) where the temperatures 

at which this transformation is projected to start, Ac1, and end, Ac3, for the three studied 

compositions are provided in Table 4.1; in addition to the martensitic start temperature 

that is representing the transformation from austenite (fcc) to martensite (bct) which 

was estimated based on the slope change occurred during continuous cooling 

corresponding to significant volume expansion and phase transformation 

behavior127,149,150. 

 

Transformation temperatures obtained from simulations conducted using the JMatPro 

7.0 software were consistent with the dilatometry results; indeed, the CCT diagrams 

presented in Figure 4.2 support the measurements made by dilatometric assessment, 

demonstrating that the final transformed microstructure shall be fully martensitic upon 

cooling. In other words, martensite was the only phase present, with no evidence of 

other transformation products such as ferrite, pearlite, or bainite. It is evident from the 

CCT diagrams that the martensitic transformation starts at temperatures comparable 

to those obtained from dilatometry, and that the minor differences observed can be 

attributed to the fact that these calculations were done on the basis of an austenite 

grain size and/or grain shape, which was estimated and may not precisely reflect the 

actual grain size. In the present work, no direct experimental austenite or martensite 

grain size quantification was performed at this stage; thus, the simulated 

transformation temperatures should be interpreted without implying a measured grain 

size baseline. 
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It should also be noted that the CCT diagrams generated by JMatPro do not conform to 

the standard convention where cooling initiates from the Ae3; instead, the software 

automatically commences cooling from the calculated equilibrium austenitization 

temperature that reflects its thermodynamic modeling framework. Accordingly, these 

simulations represent theoretical projections rather than experimentally standardized 

CCT curves, and they are intended to provide comparative insight into the relative 

transformation tendencies of the studied alloys rather than to define exact 

transformation start points. 

 

Furthermore, an earlier study on a supermartensitic stainless steel with a relatively 

similar composition reported moderately consistent transformation temperatures; 

specifically, Ac1 was 565°C, Ac3 was 843°C, and Ms ranged between 230°C and 280°C126. 

These transformation temperatures align well with the experimental dilatometry results 

as well as the predictions from the software simulations, thereby reinforcing their 

reliability.The slight variations observed between the temperature values obtained in 

the current study and those reported in the literature may stem from differences in key 

factors such as alloying element concentrations, processing conditions, and austenite 

grain size and/or grain shape. 

 

While carbon content has a significant influence on Ms, results indicate that  

the addition of nickel and manganese influences not only the thermodynamic  

stability of austenite but also the onset of the martensitic transformation,  

as evidenced by the observed variations in the Ms temperatures. Notably,  

manganese tends to decrease Ms to a greater degree than nickel in alloys  

with relatively low chromium concentrations ; however, the effect of nickel  

becomes progressively less pronounced relative to manganese when chromium is 

present in sufficiently high concentrations,  suggesting a shift in transformation 

behavior depending on the specific alloy composition 119. Hence, it is essential to 

consider the combined effects of complex interactions between these alloying  

elements and carbon, rather than evaluating their individual or isolated  

contributions.  
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Figure 4.1 Dilatometer curves used for determination of critical transformation temperatures during 

continuous heating and cooling of: (a) BA, (b) BA U Ni, and (c) BA U  Mn. 
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Figure 4.2 CCT curves used for estimation of critical transformation temperatures during continuous 

cooling of: (a) BA, (b) BA U Ni, and (c) BA U  Mn. 
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Table 4.1 Critical transformation temperatures (°C) extracted from the dilatometric analysis. 

Material Identification Ac1 Ac3 Ms 
BA  620 700 230 

BA U  Ni 600 680 190 

BA U  Mn 610 690 210 

 

In brief, these findings provide a foundation for optimizing the parameters of the 

thermomechanical composition and processing routes to control  microstructure via 

refining grain size and, consequently, paving the way for improved mechanical 

properties. The identification of deformation temperatures would lead to precise 

control of grain morphology; for instance, deformation at a temperature of 1050°C 

would result in a recrystallized microstructure consisting of refined and equiaxed 

grains, while deformation at a temperature of 800°C would promote an unrecrystallized 

microstructure consisting of refined and elongated grains associated with higher 

strength and fracture resistance. 

 

4.2 Thermomechanical Compression  

 

The macroscopic flow behavior is presented in Figure 3.4 in the form of true  

stress-strain curves obtained from the analyzed plane strain compression data for each 

of the three compositions at a constant true strain rate of 10 s-1 with a single rough 

rolling pass at 1150°C and a strain of 0.3 followed by single, double, or triple finish 

rolling passes at 1050°C or 800°C with a varied total strain amounts of 0.6, 0.9, or 1.2, 

respectively. Excellent consistency in deformation behavior was observed across all 

processing conditions for the three compositions. Considering the differences and 

similarities into account, the overall response of the different compositions was both 

similar and consistent, whereas softening effects became more pronounced at the 

higher deformation temperatures compared to the lower deformation temperatures. 

 

The flow curves are comparable to their dependence on the temperature at which the 

alloy was deformed, where the stress level increased as the deformation temperature 

decreased from 1150°C to 1050°C; more distinctly, the stress escalated by decreasing 

the deformation temperature down to 800°C. This behavior is indicative of work 
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hardening where softening mechanisms such as dynamic recovery and dynamic 

recrystallization were suppressed which was reflected by the characteristic drooping 

nature of the flow curves in some conditions with a high strain amount, such as BA U  Mn 

deformed at a temperature of 800°C and a strain of 1.2. The short period of time 

available for energy accumulation when the deformation occurs at a lower deformation 

temperature promoted the nucleation and growth of dynamically recrystallized grains 

while facilitating the annihilation of dislocations at grain boundaries102. 

 

Distinctly, the BA U  Mn exhibited a unique stress-strain response at 800°C where the 

flow stress notably dropped at high strain, suggesting the onset of dynamic 

recrystallization. However, this behavior was less evident in the other compositions, 

suggesting that Mn increases grain boundary mobility and facilitates  recrystallization 

nucleation by reducing stacking fault energy (SFE) and increasing dislocation 

accumulation, leading to an acceleration of dynamic recrystallization kinetics103,151.  

It should be noted, however, that this interpretation is qualitative, as no direct 

dislocation mapping or saturation analysis was carried out within this study. 

 

It is acknowledged that the stress-strain curves obtained from the thermomechanical 

compression experiments are subject to certain inherent limitations despite being 

conducted using the modified TMC system in accordance with the good practice guide 

NPL-CMMT (GPG)027130. Minor frictional effects at the tooling interfaces, slight 

temperature gradients across the sample thickness, and localized adiabatic heating 

during high-strain deformation could have introduced small variations in the  

recorded stress levels. 

 

Furthermore, the conversion of load-displacement data to true stress-strain form 

followed the procedures described in the referenced good practice guide, using 

measured spread to determine a spread coefficient and account for friction, thereby 

reducing barreling and edge effects. These experimental factors were minimized 

through precise control of strain rate, temperature, and lubrication; nevertheless, they 

may still introduce minor uncertainty in stress magnitudes without affecting relative 

deformation trends or mechanistic interpretations of the overall flow behavior. 
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Figure 4.3 Stress-strain flow curves of (a) BA, (b) BA U Ni, and (c) BA U  Mn where rough rolling at 1150°C, 

finish rolling at 1050°C, and 800°C are highlighted in red, blue, and green, respectively. 
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4.3 Microstructural Analysis  

 

4.3.1 Prior to Deformation  

 

Optical micrographs of the as-cast and as-hot rolled structures are presented in  

Figure 4.4 where a coarse equiaxed microstructure is observed in the as-cast state, 

compared to a finer equiaxed microstructure composed of prior austenite grain 

boundaries along with amounts of transformed needle-like martensite that formed as  

a result of hot rolling at a high temperature of 1200°C followed by subsequent  

rapid cooling to inhibit diffusional transformations, including ferrite and pearlite 

formation, and facilitate the martensitic transformation. It is worth noting that rapid 

cooling plays an essential role in the formation or absence of phases, where high 

cooling rates suppress the formation of softer equilibrium phases while promoting  

the formation of harder non-equilibrium phases, ensuring a fully martensitic 

microstructure 81,124,152. 

 

The micrographs indicate that all three compositions exhibit a similar recrystallized 

microstructure. Furthermore, this revealed microstructure closely resembles  

UNS S41427 and other supermartensitic stainless steels that share similar chemical 

compositions to the alloys under study, highlighting that a certain acceptable degree  

of variation is noticeable which is to be expected and is primarily arising from 

compositional modifications in these alloys; nevertheless, none of the examined 

microstructures exhibited any anomalous characteristics, unexpected deviations, or 

abnormal features when compared to earlier findings that have been comprehensively 

reported in the existing literature25,26,28,29,118. 

 

EDS analysis demonstrated a uniform elemental distribution of elements with no 

evidence of segregation from the casting via VIM before reheating; as a matter of 

course, even if any segregation had been present at the casting stage, it would have 

been eliminated after hot rolling at 1200°C and subsequent reheating at 1150°C.  

To provide additional clarity, individual elemental distribution maps for Fe, Cr, Ni,  
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Mo, Mn, Si, V, and C are provided in Figure 4.5, Figure 4.6, and Figure 4.7,  

further confirming the homogeneity of the elemental distribution and the  

absence of segregation across all three alloys. Hence, EDS for the as-rolled  

state would not provide further insightful information since a similar level of  

chemical homogeneity would be expected across the three alloys, i.e. the base  

alloy, the alloy with higher nickel content, and the alloy with higher manganese  

content. 

 

The faint banded morphology observable in Figure 4.4, particularly within the as-cast 

microstructure, corresponded to subtle microsegregation bands that developed  

during solidification and were partially retained after hot rolling, originating from 

compositional variations between dendritic and interdendritic regions that evolved as 

solute elements such as Cr, Mo, and Mn partitioned during the final stages of 

solidification under non-equilibrium conditions, where rapid cooling limited complete 

solute redistribution before solidification completion and produced local chemical 

heterogeneity that is inherently characteristic of steels processed by VIM42,153. 

 

Upon subsequent reheating and hot rolling, these solute fluctuations were 

substantially reduced through diffusion and dynamic recovery yet not entirely 

eliminated, as hot rolling at 1200°C and reheating at 1150°C promoted partial 

homogenization without fully eradicating compositional gradients which, upon cooling, 

locally influenced the martensitic transformation kinetics, giving rise to alternating 

regions of slightly differing transformation temperatures and etching responses that 

appeared as microstructural banding, a phenomenon widely recognized as a residual 

effect of segregation contrasts in multi-component steels containing strong carbide 

and ferrite stabilizers with differing diffusion coefficients rather than a manifestation of 

thermomechanical deformation effects31,81. 

 

These banded regions did not represent deformation-induced flow lines, recrystallization 

artifacts, or abnormal austenite morphology, but instead reflected minor and non-

critical solidification inhomogeneities whose influence was negligible in structural or 

mechanical terms, as confirmed by the EDS elemental distribution maps which verified 
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chemical uniformity at the microscale, thereby affirming that the observed banding was 

a visual remnant of primary solidification history typical of vacuum melted steels and 

not indicative of any compositional segregation or instability within the as-rolled 

condition30,154. 

 

 

Figure 4.4 Optical micrographs representing the as-cast (left) and as-hot rolled (right) general 

microstructures of: (a) BA, (b) BA U Ni, and (c) BA U  Mn. 
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Figure 4.5 Individual elemental distribution maps (Fe, Cr, Ni, Mo, Mn, Si, V, C) for the as-cast BA,  

showing homogeneous chemical distribution and the absence of segregation. 






















































































































































































































































































