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Abstract

Over the last ten years, global demand for high-strength steels has grown significantly. Stricter
environmental criteria and more demanding applications have accelerated the development of
high-strength steels and improved the properties of these steels. The chemical composition, as well
as the microalloying, of direct quenched steels, together with the manufacturing process,
substantially affect the properties of the resulting steel. The use of various more special alloying
elements has become more common, especially in steels made for the most demanding
applications. Used correctly, these alloying elements can clearly improve the mechanical
properties of steel.

The aim of the dissertation was to study the effects of certain alloying elements on the
microstructure and mechanical properties of direct quenched ultra-high-strength steels, and to
optimize their use for maximum benefit. The compositions of the steels in the study were based
on existing commercial steel grades and therefore, the achieved results can be used in the
development of new steel grades.

The results of the dissertation showed that phase transformations in steel can be influenced by
microalloying, and especially the use of molybdenum can strongly promote the formation of lower
temperature phases such as bainite and martensite. With molybdenum alloying, together with the
correct process parameters, it is possible to obtain excellent mechanical properties in direct
quenched steel. The results also showed that molybdenum increased tempering resistance without
actual precipitation strengthening. The greatest advantage of niobium alloying with direct
quenched steels was seen to be in slowing down the recrystallization process, which led to the
formation of a finer martensite structure, increasing the strength as well as improving the
toughness. The effect of niobium was also significant in tempering resistance, where the strong
precipitation strengthening clearly increased the yield strength compared to steels without
niobium alloying. Also the boron-free variant of Nb alloyed steel showed significantly improved
impact toughness compared to B-alloyed variant, which was a result of finer and more
homogeneous martensitic microstructure.

Keywords: direct quenching, martensite, microalloying, strength, tempering, toughness
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Tiivistelmä

Viimeisen kymmenen vuoden aikana lujien terästen kysyntä on kasvanut maailmalla merkittä-
västi. Tiukentuneet ympäristökriteerit sekä yhä vaativammat käyttökohteet ovat nopeuttaneet
lujien terästen kehitystyötä sekä parantaneet näiden terästen ominaisuuksia. Suorasammutettu-
jen terästen kemiallinen koostumus sekä käytettävät mikroseosaineet yhdessä valmistuspraktii-
kan kanssa vaikuttavat olennaisesti syntyvän teräksen ominaisuuksiin. Erilaisten seosaineiden
käyttö on lisääntynyt varsinkin vaativimpien käyttökohteiden teräksissä. Näillä seosaineilla voi-
daan oikein käytettynä parantaa selvästi teräksen mekaanisia ominaisuuksia.

Väitöstyön tavoitteena oli tutkia tiettyjen seosaineiden vaikutusta ultralujien terästen mikro-
rakenteeseen ja mekaanisiin ominaisuuksiin, sekä optimoida niiden käyttö maksimaalisen hyö-
dyn aikaansaamiseksi. Tutkittavien terästen koostumukset pohjautuivat jo olemassa oleviin kau-
pallisiin teräksiin, joten saatuja tuloksia on mahdollista hyödyntää uusien teräslajien kehityksessä.

Väitöstyön tulokset osoittivat, että mikroseostuksessa voidaan vaikuttaa teräksen faasimuu-
toksiin ja etenkin molybdeenin käytöllä voidaan voimakkaasti edesauttaa alempien lämpötilojen
faasien, kuten bainiitin ja martensiitin muodostumista. Molybdeeniseostuksella, yhdessä oikei-
den prosessiparametrien kanssa, on mahdollista saada erinomaiset mekaaniset ominaisuudet suo-
rasammutetulle teräkselle. Tulosten perusteella nähtiin myös, että molybdeeni lisäsi päästönkes-
tävyyttä ilman suoranaista erkautuslujittamista. Niobiseostuksen suurin etu suorasammutetuilla
teräksillä nähtiin olevan rekristallisaatioprosessin hidastamisessa, mikä johti hienomman mar-
tensiittirakenteen syntyyn nostaen lujuutta sekä parantaen sitkeyttä. Niobin vaikutus oli merkit-
tävä myös päästönkestävyydessä, missä voimakas erkautuslujittaminen nosti myötölujuutta sel-
västi verrattaessa ilman niobia olleisiin teräksiin. Boorivapaa niobiseostettu teräs omasi erittäin
hyvät iskusitkeysominaisuudet johtuen teräksen hienommasta ja tasaisemmasta raerakenteesta
verrattuna vastaavaan booriseostettuun teräkseen.

Asiasanat: lujuus, martensiitti, mikroseostus, päästö, sitkeys, suorasammutus
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bcc Body-centred cubic 

bct Body-centred tetragonal 

CCT Continuous cooling transformation 

CR Cooling rate 

DQ Direct quenching 

DQT Direct quenched and tempered 

EBSD Electron backscatter diffraction 

ECD Equivalent circle diameter 

fcc Face-centred cubic 

FESEM Field emission scanning electron microscope  

FRT Finish rolling temperature  

IPF Inverse pole figure 

LOM Light optical microscope 

LSCM Laser scanning confocal microscopy  

M/A Martensite-austenite constituent 

ND Normal direction 

RQ Reheating and quenching 

RST The recrystallization stop temperature 

SRX The static recrystallization (SRX)  

TD Transverse to rolling direction  

TEM Transmission electron microscope 

TMCP Thermomechanically controlled processed   

UHSS Ultra-high-strength steel 

XRD X-ray diffraction 

 

Ag Uniform elongation 

A Total elongation 

d Average grain size 

d90% Effective grain size at 90% in the cumulative size distribution 

Ms Martensite start temperature 

r Aspect ratio 

RD  Rolling direction 

Rm Tensile strength 

Rp0.2 Yield strength (0.2% offset proof stress) 

Rtot. Total reduction below the recrystallization temperature 
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Sv  Grain boundary surface area per unit 

TNR  Non-recrystallization temperature 

 Dislocation density 

C Solid solution strengthening of carbon 

Fe Strength of pure annealed iron 

ppt Precipitation strengthening 

SS  Solid solution strengthening 
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1 Introduction  

1.1 Background 

Traditionally, steels used in structural applications have been steels with yield 

strength less than 400 MPa. However, during the last twenty years, more and more 

steels with higher strength level have been used due to several benefits compared 

to lower strength level steels. Due to extensive research and development, high-

strength steels have become more desirable, as these steels do not suffer from issues 

that they had earlier, such as poor toughness, ductility and weldability. For example 

earlier martensite was considered as hard and brittle phase, but lately it has been 

shown that martensite can be also hard and ductile phase.  

Conventionally, a reheating and quenching (RQ) process, possibly combined 

with low-temperature tempering, is used in manufacturing high-strength 

martensitic steels. However, in recent years, there has been an increasing interest 

in employing direct quenching (DQ) in place of reheating and quenching (RQ). In 

the direct quenching process, austenite is quenched into martensite immediately 

after hot rolling without using intermediate cooling and re-austenitization, as in the 

RQ process [1], [2]. The DQ process is efficient from an energy and resource point 

of view in comparison to RQ process due to needing less process stages, such as 

the reheating of material, and it offers the possibility of making high-strength 

structural or abrasion resistant steels with good toughness, weldability, and 

bendability. Additionally, direct quenching is often combined with 

thermomechanically controlled processing (TMCP), which is a novel and effective 

processing route to produce ultra-high-strength, high-performance steels.  

To achieve or improve different properties, such as strength or ductility, steels 

have been alloyed with different alloying elements such as niobium, vanadium, 

molybdenum, boron or titanium. In RQ steels, the use of these alloying elements 

has been widely researched and known for years. However, the application and 

influence of these different microalloying elements is not yet clearly established in 

direct quenched steels, and in order to produce direct quenched steels with 

improved properties, more knowledge is needed. 
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1.2 Objectives of the study 

The topic of this dissertation is the effect of microalloying elements on the 

mechanical properties of direct quenched ultra-high-strength steels. The purpose of 

this work is to increase knowledge of the behaviour of microalloying elements used 

in ultra-high strength steels and how their use affects the properties of the steel, 

produced in particular by the direct-quenching process route. The work focuses 

mainly on the effects of two important microalloying elements, niobium and 

molybdenum. Though the behaviour of these microalloying elements in steels has 

been investigated, previous studies have not been focused on direct quenched steels 

but on more traditional reheated and quenched steels. The purpose of this work is 

to find the optimum use of these microalloying elements for various direct 

quenched steel grades and thereby improve the properties of steel. 

The aims of the thesis are as follows: 

1. To establish the optimal additions of microalloying elements and suitable 

compositions for direct quenched steels with various good combinations of 

strength and toughness properties. 

2. To find optimal microalloying additions for direct quenched and tempered 

steels (600 °C). 

3. To increase understanding of how chemical composition affects the 

microstructures and mechanical properties of direct quenched steels. 

4. To establish a scientific basis for the development of new or improved direct 

quenched steels.  

The use of microalloying elements can significantly affect the properties of steels. 

For certain types of steels, such as ductile high-strength structural steels or highly 

formable steels in the automotive industry, the use of microalloying elements is 

essential for desirable properties. This work is significant for the Finnish steel 

industry, as the results can be utilized in the future development, further processing 

and new applications of new steel products. In addition, generally speaking, the 

main advantage of using high-strength steels is reduced weight in vehicles, or any 

constructional elements, while maintaining enhanced performance, thus providing 

a higher payload capacity. In addition to lower weight, there are other benefits such 

as energy-efficiency, eco-friendliness and an extended lifecycle when upgrading to 

higher strength steels. For example, in the transportation sector, lighter structures 

enable fuel reductions which lowers emissions such as carbon dioxide (CO2). 
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2 Background 

2.1 Ultra-high-strength steels 

Typically, ultra-high strength steels consist of steels with a tensile strength higher 

than 700 MPa. These steels are designed as structural steels and therefore, in 

addition to high strength, good toughness is also an essential property. To achieve 

these desirable properties, different compositions, processing routes and heat 

treatments can be used to produce certain final microstructures, such as martensite, 

bainite, or mixture of different microstructures (martensite/bainite/austenite). In 

this study, the focus of ultra-high strength steels is on the single-phase martensitic 

microstructure produced by direct quenching. Figure 1 presents the strength-

elongation relationship of common steels, also known as the “banana curve”, where 

the steel group “martensite” is highlighted, indicating the focus steel group of this 

study. Single phase martensitic steels have several benefits compared to steels with 

more complex microstructures, such as more simple and cost-effective production, 

lower alloying costs, and more robust properties throughout the steel coil/plate. 

However, for a given strength level, martensitic steels do not generally have as high 

elongation values as steels comprising of several microstructural components, for 

example, significant contents of retained austenite.   

 

Fig. 1. Strength-elongation relationship diagram of common steel groups (“banana 

curve”). 
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2.2 Thermomechanical processing and direct quenching  

Direct quenching has become more important process route in recent years to 

produce high-strength martensitic steels, and has partially replaced traditional 

reheat and quenching (RQ) process. In the direct quenching process, austenite is 

quenched into martensite immediately after hot rolling without using intermediate 

cooling and re-austenization steps, as in the RQ process [1], [2]. Figure 2 illustrates 

the basic principles and differences of direct quenching (DQ) and quenching and 

reheating processes (RQ). Research for the past twenty years has shown that direct 

quenching offers the possibility of making high-strength structural steels with 

improved toughness properties compared to traditional reheating and quenching 

(RQ) process. Direct quenching is often combined with thermomechanically 

controlled processing (TMCP) to achieve even more improved mechanical 

properties [3]–[5]. In TMCP processing, the initial hot rolling, i.e. roughing, is 

carried out in a normal fashion at high temperatures to produce small grain size due 

to the recrystallization of new grains, but the final hot rolling, or final rolling passes, 

is carried out at a lower temperature than normal hot rolling to produce an elongated 

austenite structure leading to a finer martensitic microstructure [6]. It is known that 

an elongated prior austenitic structure produces more nucleation sites for martensite 

compared to equiaxed grains, leading to smaller martensite lath- and block sizes, 

leading to improved mechanical properties [5]. Therefore, combining TMCP and 

direct quenching is an effective way to produce high strength martensitic steels with 

excellent toughness properties. 

 

Fig. 2. Schematic illustration of direct quenching (DQ) (left) and quenching and 

reheating (RQ) (right) processes.  
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2.3 Hardenability 

Hardenability is one of the key factors when designing a new steel or designing the 

processing routes to produce a steel with certain microstructure, for example 

martensitic steel. The ability of steel to form a martensitic microstructure after 

quenching is referred as hardenability, i.e., steel with higher hardenability more 

easily forms martensite than steel with lower hardenability. From a practical point 

of view, for ultra-high-strength steels produced by quenching, a lower cooling rate 

is needed for high hardenability steel to form martensite. There are different factors 

that can have an effect on hardenability, such as steel composition and austenite 

grain size. Chemical composition and alloying elements used have the largest effect 

on hardenability. The most used alloying elements for improving the hardenability 

of steel are manganese, chromium, molybdenum, nickel and boron, where 

manganese can be considered the most common due to the relatively low alloying 

costs. Mae [7] showed that alloying elements, such as Mn, Cr Mo and Ni, affect the 

diffusivity in the austenite phase, increasing the entropy of the austenite phase, 

leading to a more thermodynamically stable austenite phase, which more easily 

reaches the martensite start (Ms) temperature and forms martensite. The Ms – and 

Mf – temperatures are temperatures where martensite formation starts (Ms) and 

finishes (Mf). Ms – temperature also plays an important role in the formation of 

martensite and it is mainly affected by chemical composition, austenization 

conditions and deformation energy from the hot rolling stage, in which the chemical 

composition, especially the amounts of carbon, manganese and nickel, have the 

largest effect on Ms [8]. In addition, prior austenite grain size has an effect on the 

hardenability, i.e., smaller grain size corresponds to a larger grain boundary area, 

which produces more nucleation sites for phases to form. This implies that smaller 

grain size reduces the hardenability and larger grain size improves the hardenability.  

However, it is vital to note that hardenability does not refer to the hardness of 

martensite, which is mainly dependent on the carbon content. Higher carbon 

content increases the hardness of martensite, which is related to higher dislocation 

density, grain boundary area and precipitation. However, there is a limit in carbon 

content (~0.6–1 wt.%) where the hardness of martensite increases under normal 

quenching conditions. This phenomenon is related to the amount of retained 

austenite, as the higher carbon content decreases the martensite finishing (Mf) 

temperature to below room temperature, leading to a mixed structure of martensite 

and retained austenite after quenching to room temperature. It must be noted that 

the hardness of martensite can increase even at higher carbon contents if the 
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quenching temperature is below Mf (i.e., below room temperature), where the 

martensite transformation is finished.  

2.4 Ductile to brittle transition toughness 

Low temperature toughness properties and the behaviour in the ductile-brittle 

transition temperature (DBTT) region is essential for ultra-high strength steels. 

DBTT is used to describe the critical temperature where the fracture type is changed 

from ductile to brittle. There are several different ways to determine the DBTT, as 

it can be a temperature where a certain amount of energy is absorbed, such as 28 J 

(T28J), or it can be an average value of the upper and lower shelf toughness energies 

referred to as T50. Additionally, DBTT can be defined as temperature corresponding 

to 50% of ductile fracture (FATT).  

The most common method used to characterise the transition temperature 

behaviour of steels is Charpy V impact toughness testing, where the absorbed 

energy is measured in the fracture. Impact testing is carried out over a wide range 

of temperatures and absorbed energies are plotted against temperatures, producing 

an S-shaped curve called the ductile to brittle transition curve. The transition curve 

consists of upper shelf- (100% ductile fracture) and lower shelf energies (100% 

brittle fracture), and in between these is the ductile-brittle transition area.  

It has been shown in several studies that grain size has the largest effect on 

ductile-brittle transition behaviour, i.e., smaller grain size leads to improved 

resistance to brittle fracture, leading to lower DBTT. However, depending on the 

existing microstructure, grain size can refer to prior austenite grain size, ferrite 

grain size or packet and block sizes of martensitic/bainitic microstructures. For 

martensitic steels, it has been shown that especially the effective grain size, i.e., the 

size of grains with grain boundary misorientation higher than 15°, have the largest 

effect on DBTT [9], [10]. Recent studies have also shown that the coarsest grains 

in the cumulative grain size distribution, referred to as d80%, describe the critical 

unit size for cleavage fracture [11].  

2.5 Phase transformations and microstructures 

The phase transformations of ultra-high-strength steels produced by direct 

quenching can be considered to be partly or completely diffusionless 

transformations, where atoms do not have the possibility to diffuse long distances 

meaning that the movement of atoms are generally less than interatomic distances 
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(distance between atoms in crystal structure). These phase transformations 

generally occur at low temperatures and the transformation products nucleate and 

grow rapidly without long-range compositional changes. Transformation into 

martensite is diffusionless, but if the formation of martensite is partly preceded by 

a diffusional transformation to bainite, mixed bainitic - martensitic microstructures 

occur. This is often the case with commercial direct quenched ultra-high-strength 

steels with a yield strength level of around 1000 MPa.   

2.5.1 Martensite 

In steels, martensite is formed at low temperatures without diffusion. Cooling from 

the austenite phase needs to be fast enough to avoid the formation of diffusional 

phase transformations, such as the formation of ferrite, pearlite or bainite. The 

crystallographic structure of martensite is body-centred tetragonal (bct) or body 

centred cubic (bcc), depending mainly on the carbon content. Austenite and formed 

martensite have common crystallographic planes, and growing martensite prefers 

certain crystallographic austenite planes, i.e., habit planes. Generally, martensite 

structure can be divided into two morphologies, plate- and lath type structures [12]. 

A lath-type structure forms with carbon contents less than 0.6 wt.%, whereas a fully 

plate-like structure needs more than 1.0 wt.% of carbon [12]. Generally, the 

formation mechanism of lath martensite is slip deformation, which is associated 

with the movement of dislocations. Austenite is sheared into lath martensite by the 

motion of glissile interface resulting tetragonal cubic structure (bct), which is 

assumed to change to bcc structure due to the autotempering of martensite. The 

typical habit plane for lath martensite is {111} [12]. Lath martensite consists of 

laths, blocks and packets, where lath is a single crystal with high amount of lattice 

defects, whereas blocks are formed with multiple laths having the same 

crystallographic orientation. Several blocks with the same orientation create 

packets, which are inside the prior austenite grains [13]. The substructure of lath 

martensite consists of high density of dislocations. Many studies (e.g. Publication 

III and [14], [15]) have shown that the dislocation density of low carbon martensite 

can be between 10151016 m−2.  

In plate martensite, in contrast to lath martensite, formed crystals are not 

parallel to each other. The first formed plates grow through the prior austenite 

grains, and the size of the plates is controlled by the size of the prior austenite grains. 

Moreover, the size of the subsequently formed new plates is controlled by the 

previously formed other plates, leading to wide range of different sizes of plates. 
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In plate martensite, the glissile interface is made up of twinning dislocations, which 

leads to a substructure of twin boundaries and not a high number of dislocations. 

However, some studies have shown that twinning can also occur in lath martensite, 

contrary to traditional beliefs [16]. On the other hand, plate martensite has a 

generally tetragonal bct structure. 

Several factors affect the strength and toughness of martensite, such as grain 

size, which in the case of lath martensite, means substructure size, i.e., effective 

grain size, dislocation density, solid solution strengthening, and possibly 

precipitation strengthening. The substructure of lath martensite, i.e., the block and 

packet size, have been shown to be very important factors concerning the toughness 

and strength of lath martensite. For example, Luo et al. have shown that the block 

width of martensite has the largest effect on improving the impact energies of the 

impact toughness test [17]. In addition, many studies have indicated that for low 

carbon steels (C < 0.2 wt.%), smaller block size correlates well with increased 

strength level [18], [19]. However, Hutchinson et al. have shown that the base 

strength of iron, together with martensite grain size and dislocation density, 

explains less than half of the strength of quenched martensite, indicating that it is 

difficult to account for the total strength of quenched martensite [20].  

2.5.2 Bainite 

The formation of bainite is a diffusion-controlled solid state phase transformation. 

Typically, bainite consists of ferrite and cementite, which forms from austenite as 

a result of eutectoid transformation, and it forms at temperatures higher than 

martensite start temperature (Ms) and lower than pearlite formation temperature 

(reasonably growing rate). However, it has been recently shown that bainite can 

also form at temperatures lower than Ms [21]. The morphology of bainite can be 

lath-like, plate-like or granular depending on the formation temperature and time. 

It has been stated that the nucleation and growth of bainite can be considered 

diffusionless, where the carbon partitioning to retained austenite follows shortly 

after the growth of bainite plates ceases, however others have postulated that the 

growth of bainite can be well described by a transformation controlled by the 

diffusion of carbon [22], [23]. The formation of carbides is not necessary for bainite 

transformation, and carbide-free bainite can be achieved, for example, by a high 

amount of silicon alloying, which reduces the driving force for cementite formation 

from austenite [24], [25].  
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The most common bainite morphologies are referred to as upper bainite, lower 

bainite and granular bainite. The main difference between upper- and lower bainite 

is that lower bainite carbides are precipitated also within ferrite plates, whereas in 

upper bainite, all carbon is decarburised from supersaturated ferrite and cementite 

is distributed only between ferrite lath boundaries [26]. The transition temperature 

to form upper bainite instead of lower bainite can be considered as the highest 

temperature where the time needed for decarburisation of ferrite is smaller than the 

time for obtaining certain volume fraction of carbides. Granular bainite does not 

have lath-like structure, rather, it consists of irregular ferrite grains with granular 

second phase areas between them. In granular bainite, carbides are not formed and 

carbon is partitioned to residual austenite, leading to other transformation products 

formed from this high-carbon austenite, such as pearlite, bainite, M/A (martensite-

austenite) islands or martensite [26].  

The toughness of different bainite morphologies is controlled by the size and 

distribution of hard and brittle second phase particles and areas. For this reason, 

generally, a granular type bainitic structure is shown to have poorer ductility due to 

second phase areas, such as M/A areas, which tend to act as nucleation sites for 

void formation. Additionally, it has been shown that the packet size of bainite 

(ferrite plates with a crystallographic misorientation less than 15°) can prevent void 

progression in the microstructure [27]. Generally, low carbon bainitic steels have 

shown good ductility and toughness properties. In the case of upper and lower 

bainite, void formation is dependent on the size and distribution of carbides, which 

are related to carbon content [28], [29]. The strength of low-carbon bainite mainly 

depends on the solid-solution strengthening, effective grain size and dislocation 

density. Although carbides are formed in lower- and upper bainite, it has been 

indicated that they do not have a significant effect on strength [30].  

2.6 Strengthening factors of martensite and bainite 

The strength of martensite and bainite can be estimated using different components 

that can have effect on strength. These components are strength of pure annealed 

bcc iron (Fe, 150 MPa [20]), solid solution strengthening of substitutional atoms 

and carbon (SS, C) grain size, dislocation density (d) and precipitation 

strengthening (σppt). To estimate the strength using the previously mentioned 

components, Young and Bhadeshia [31] presented the equation 

 𝜎 𝜎 ∑ 𝜎 , 𝜎 𝑘 𝐿 𝜎 𝐾 𝜌 . , (1) 
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where kε(L̅3)−1 is the lath size strengthening component including the constant kε 

(for martensite 115 MPa m) and L̅3 is the mean linear intercept of laths measured at 

random orientations on random sections [32]. Kdρd
0.5 represents the dislocation 

strengthening component, where constant Kd is 0.38 μb for bcc metals, μ is the 

shear modulus (82 GPa for Fe), and b is the burgers vector (0.2485 nm [34]). The 

precipitation strengthening component (σppt) can be estimated using the equation 

0.52V−1, where V  is the volume fraction of particles and  is the average particle 

spacing [31]. 

2.7 Tempering 

In order to improve the ductility and toughness of martensitic steels, tempering 

treatment is often carried out. Tempering is a subsequent heat treatment process 

after austenite is quenched into martensite, where steel is heated to a temperature 

range of 450–700 °C, held at peak temperature for normally 30–60 minutes and air 

cooled to room temperature. Tempering at this temperature range can be also 

referred to as high-temperature tempering, since tempering can also be carried out 

at low temperatures around 180–250 °C, which is called low-temperature 

tempering. Tempering embrittlement can occur at temperature ranges 250–400 °C 

and 450–600 °C, where impurity atoms, such as phosphorus, segregates at prior 

austenite grain boundaries, which weakens the adhesion of these grain boundaries 

leading to loss of toughness. However, this can be avoided by molybdenum 

alloying, which prevents the impurity atoms to segregate at grain boundaries [32].   

Tempering causes several changes in martensitic structure. For high-carbon 

martensite, the tetragonal structure of martensite is changed to a body centred (bcc) 

cubic structure due to carbon diffusion and growing carbides, mainly cementite 

(Fe3C), however in low-carbon martensite, the cubic structure is already bcc after 

the quenching prior to actual tempering. Tempering also affects dislocations, as 

dislocation structure changes from a disordered structure of quenched martensite 

to more organised cell structures, and the annihilation of dislocations lead to a 

decrease of dislocation density. These changes in the microstructure lead to relief 

of internal stresses of martensite. As an aspect of mechanical properties, tempering 

typically decreases the strength and hardness and improves the toughness and 

ductility of steel. In order to prevent or hinder the loss of strength during tempering, 

secondary hardening by precipitates, known as precipitation hardening, can be 

utilized. Certain alloying elements, such as niobium, molybdenum, vanadium or 

titanium, tend to form carbides during tempering at relatively high tempering 
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temperatures (> 550 °C), where cementite particles dissolve and new precipitates 

form. Figure 3 presents the contribution to yield strength of different microalloying 

elements during tempering to give a peak strength contribution at 600 °C by the 

formation of coherent precipitates [33]. Based on Figure 3, it is possible to achieve 

a strength increase up to 300 MPa with niobium, vanadium or titanium alloying 

[33]. The effectiveness of precipitates in preventing the softening of the steel is 

related to precipitation size and distribution throughout the steel matrix. In terms 

of precipitation size and distribution, there is an ideal tempering temperature/time 

combination, where precipitate size and spacing are ideal, leading to the largest 

strengthening effect. The increase in strength caused by the precipitations is 

associated with hindering the movement of dislocations, as they cannot easily pass 

precipitates without cutting or shearing through the precipitates (coherent) or 

looping around them (incoherent precipitates). 

 

Fig. 3. Effect of microalloying elements on peak strength increase by coherent 

precipitation during tempering at 600 °C. (Reprinted, with permission, from [33] © 2011  

Author). 

2.8 Microalloying in high strength steels 

Microalloying has had a significant role in the development of modern high 

strength steels for the past few decades. In these steels, relatively small amounts of 

different alloying elements are used, such as niobium, vanadium, titanium, or boron. 

Generally, alloying of less than 0.15 wt.% of a certain alloying element can be 

considered as microalloying [34]. In recent years, also molybdenum has been 

considered as microalloying in many publications, although molybdenum alloying 
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in steels can be considerably higher than what is considered as microalloying. 

However, even alloying up to 0.5 wt.% of molybdenum, are commonly considered 

microalloying [35]. Microalloying has been shown to be especially beneficial in 

thermomechanical control processing (TMCP), where the use of niobium or 

molybdenum can help to produce a pancaked austenitic structure with higher 

finishing rolling temperatures by delaying the recrystallization process. 

Microalloying has been also widely used to control the austenite grain growth 

during slab soaking treatment or during re-austenization, or to produce 

precipitation strengthening during isothermal holding, such as tempering treatment.  

2.8.1 Niobium 

Small additions of niobium in steel are known to be beneficial for achieving a finer 

grain structure because of its ability to control the austenite grain size during slab 

reheating or re-austenization by the pinning effect of NbC precipitates. The addition 

of niobium can also refine the grain size during subsequent deformation and 

recrystallization in the hot rolling stage [36], [37]. It is established that the use of 

niobium in thermomechanical processing (TMCP) is highly effective in retarding 

the static recrystallization (SRX) of austenite at high temperatures [38]. By adding 

niobium, it is possible to raise the recrystallization stop temperature (RST) and 

enable the possibility of controlled rolling at higher temperatures, thus providing 

adequate pancaking through reduced rolling loads [39], [40]. Figure 4 shows the 

effect of certain alloying elements on the non-recrystallization temperature (TNR) 

low-carbon steel [41]. Niobium alloying clearly has the strongest effect on raising 

the TNR-temperature, even with the smallest alloying contents. It has been shown 

that a pancaked austenitic structure produces finer martensitic microstructure due 

to increased nucleation sites of pancaked austenite [5], [6]. In addition, the effect 

of niobium on hardenability is relevant in the case of direct quenching and has been 

investigated in this study by determining continuous cooling transformation (CCT) 

diagrams. It has been reported that Nb can improve hardenability in a solid solution, 

but the formation of niobium-carbides, if any, can be counterproductive, thus 

decreasing the hardenability [42], [43]. For example, Carpenter et al. [44] showed 

that niobium as a solute strongly suppresses the ferrite formation and shifts the nose 

of the ferrite curve to lower cooling rates in CCT diagrams. Therefore, from a 

processing point of view, it is important to maintain niobium in the solution during 

slab soaking and hot rolling to ensure the effectiveness of niobium on hardenability. 

Additionally, it has been shown that niobium alloying can promote dynamic 
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recrystallization during deformation in a heavily deformed austenite structure. This 

can lead to insufficient boron segregation at new austenite grain boundaries, i.e., 

promoting ferrite formation [45]. As previously mentioned in section 2.7, niobium 

can be used to produce precipitation strengthening during subsequent heat 

treatment at high temperatures (generally > 550 °C) to prevent or reduce the 

softening of martensite.  

Fig. 4. Effect of microalloying elements on the non-recrystallization temperature (TNR) 

of 0.07C – 1.4Mn – 0.25Si steel (wt.%). (Redrawn from [41]). 

2.8.2 Molybdenum 

In high strength steels, molybdenum alloying can produce several benefits by itself 

or with a synergic effect combined with other alloying elements. As solute atoms, 

molybdenum has a tendency to segregate at austenite grain boundaries and thus, 

molybdenum has a similar effect of increasing the hardenability of steel as boron 

microalloying. Additionally, the alloying of molybdenum to boron-microalloyed 

steel prevents boron from forming precipitates, and therefore improves the 

effectiveness of solute boron on hardenability [46]. Takahashi et el. showed that 

molybdenum and boron have a strong synergy effect, although these atoms did not 

have co-segregation tendency at austenite grain boundaries [46]. Strong carbide 

formers, such as Molybdenum, also retards the carbon diffusion by attracting the 
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carbon atoms [47], [48], which increases the solubility of other alloying elements 

at high temperatures for example during slab reheating or the hot rolling process. 

Molybdenum by itself has a slight effect on delaying the recrystallization process, 

however the greatest effect of delaying the recrystallization process has been 

discovered by the combined addition of molybdenum and niobium. Figure 5 

presents how larger amounts of molybdenum in Mo-Nb steel retards the static 

recrystallization process more efficiently [33].  

 

Fig. 5. Effect of molybdenum- and niobium alloying on static recrystallization kinetics. 

(Reprinted, with permission, from [33] © 2011 Author). 

2.8.3 Titanium 

Generally, the advantage of titanium in steels has been its ability to control austenite 

grain size at high temperatures in the austenite region, i.e., austenite grain 

refinement [49]–[51]. It is known that titanium forms with nitrogen stable 

compounds, TiN -particles, which generally have the highest dissolution 

temperatures of particles used in grain refinement (NbC, VC, etc.), leading to more 

efficient grain size control at high temperatures. In order to control the size and 

distribution of the formed TiN particles, the ratio of titanium and nitrogen in 

solution is important. Many studies have shown that the Ti/N ratio should be close 

to the stoichiometric ratio of 3.42, which produces the most effective austenite 

grain refinement [52], [53]. However, some studies have shown that the Ti/N ratio 

should be hypostoichiometric (Ti/N < 3.42), and titanium content in the range of 
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0.01–0.02 wt.% with a typical nitrogen content of 40–50 ppm, in order to achieve 

the smallest austenite grain size [50], [54]. Additionally, other microalloying 

elements, such as niobium, vanadium, molybdenum, affect the behaviour of 

titanium. The combined addition of Nb-Ti can lead to the formation of complex 

(Ti,Nb) (C,N) particles, which reduces the amount of effective niobium on further 

grain refinement, solid solution strengthening, precipitation strengthening etc. [55], 

[56]. It has also been shown that the addition of niobium and vanadium can 

decrease the size of the formed Ti(CN) particles, leading to further grain refinement 

[54]. Molybdenum alloying to Ti-steel can reduce the coarsening of Ti(CN) 

particles, possibly due to the solute drag effect of Mo, where Mo atoms enriches to 

surface of complex (Ti, Mo) C particles [57] . Titanium can also produce secondary 

hardening during tempering treatment at high temperatures (for example 600 °C) 

when the amount of titanium is clearly higher than needed for stoichiometric ratio 

of Ti/N [58].   

2.8.4 Boron 

Boron is known to be a cost-effective microalloying element contributing to the 

increased hardenability of steels. It is well established that segregation of boron in 

solid solutions prior to austenite grain boundaries delays transformation to high 

temperature phases, such as bainite, pearlite, or ferrite by reducing the amount of 

free energy of austenite grain boundaries [59]–[61]. A sufficient amount of boron 

alloying to improve the hardenability has commonly been between 10 to 30 ppm 

[61]–[63]. Several studies have shown that higher amounts of boron alloying (> 30 

ppm) can actually reduce the hardenability via the formation of large boron 

containing particles, such as borocarbides or nitrides, which reduces the amount of 

soluble boron [62], [63]. It has been also shown that these large boron containing 

particles have a negative effect on the impact toughness of steel [63]. To prevent 

boron from forming particles and remaining in solution, other strong nitride-

forming alloying elements can be used, such as titanium or aluminium, which trap 

all the available nitrogen [60], [64], [65]. Boron also has a synergistic effect with 

other alloying elements, such as niobium, molybdenum or titanium. The addition 

of Mo to B-alloyed steel retards the precipitation of boron, leading to higher 

amounts of boron in the solution, which corresponds to increased hardenability. It 

is also possible to use higher amounts of boron when Mo is alloyed [66], [67]. 

Niobium also has a similar effect of improving the hardenability of boron-steel to 

molybdenum [67].    
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3 Experimental 

3.1 Materials 

All the investigated steels were laboratory castings, which were vacuum cast at 

Outokumpu Steel Company’s Research Centre in Finland, and at the OCAS 

research centre in Belgium. The dimensions of the castings were approximately 55 

x 300 x 450 mm for castings from Outokumpu, and 125 x 250 x 270 mm for 

castings from OCAS (Height x Width x Length). Table 1 shows all the investigated 

compositions. Steels 1–4 (Publications I & IV) are compositions with the lowest 

amount of carbon (~0.08 wt.%) and relatively high amounts of manganese and 

chromium to achieve sufficient hardening. The amount of niobium varied between 

0 and 0.05 wt.%, as seen from Table 1. In addition, one composition (#4) was a 

boron-free variant to investigate the effect of boron on hardenability and 

mechanical properties. Steels 1–4 were designed to be produced in direct quenched 

conditions and achieve yield strength values of 900–1000 MPa. Steels 5–8 

(Publications III and V) have slightly higher carbon content, but manganese and 

chromium contents are lower compared to steels 1–4. In these steels, the amount of 

molybdenum has been varied between 0 and 0.5 wt.%. Steel 8 also has an addition 

of niobium to see if there is a synergistic effect of niobium and molybdenum. The 

targeted yield strength level for these steels was planned to be around 900-1000 

MPa in both direct quenched- and direct quenched and tempered conditions. Steels 

5–8 are designed to work in direct quenched- and direct quenched and tempered 

conditions. The last two compositions (9 and 10) (Publication II) have the highest 

carbon content, and these compositions are based on traditional press hardening 

steels with the addition of niobium and molybdenum. The goal with steels 9 and 10 

is to produce steel with tensile strength around 1500 MPa with improved impact 

toughness compared to traditional press hardening steels.  

Table 1. Chemical compositions of investigated steels (wt.%) [Publications I–V].     

Steel C Si Mn P S Cr NI Mo Ti Nb Al B N Condition 

#1 0.071 0.24 1.87 0.004 0.003 1.1 - 0.15 0.017 0.003 0.061 0.0026 0.0025 DQ 

#2 0.077 0.25 1.82 0.004 0.003 1.1 - 0.15 0.018 0.025 0.061 0.0024 0.0029 

#3 0.078 0.26 1.91 0.004 0.003 1 - 0.15 0.017 0.053 0.063 0.0024 0.0027 

#4 0.081 0.25 1.91 0.004 0.003 1 - 0.15 0.016 0.024 0.054 0.0004 0.0027 

#5 0.16 0.21 1.02 0.008 0.004 0.5 0.5 ‐  ‐  ‐  0.030 0.0014 0.0050 DQT 
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Steel C Si Mn P S Cr NI Mo Ti Nb Al B N Condition 

#6 0.16 0.23 1.10 0.007 0.005 0.52 0.52 0.25 - - 0.031 0.0015 0.0043 

#7 0.16 0.23 1.11 0.006 0.004 0.53 0.51 0.49 - - 0.024 0.0016 0.0051 

#8 0.16 0.23 1.10 0.008 0.004 0.52 0.52 0.25 - 0.043 0.020 0.0016 0.0047 

#9 0.22 0.18 1.16 0.008 0.004 0.22 - - 0.03 0.047 0.010 0.0031 0.0040 DQ + 

Re-aust. 

(PHS) 
#10 0.22 0.17 1.17 0.008 0.005 0.25 - 0.16 0.03 0.047 0.014 0.0021 0.0050 

3.2 Hot rolling and further heat treatments 

For all investigated steels, laboratory scale hot rolling trials were performed at the 

University of Oulu using a laboratory rolling mill. Small slabs (~55 x 75 x 200 mm) 

were heated up to 1100–1250 °C for approximately two hours before hot rolling 

was executed. The correct soaking temperatures were designed to be suitable for 

different steel compositions. The final thicknesses of hot rolled plates varied 

between 6 and 12 millimetres. After hot rolling, direct quenching in a water tank 

was used to achieve a high cooling rate (CR) (~40–90 °C/s depending on the final 

thickness). For some of the investigated steels, two different finishing rolling 

temperatures (FRT) were used to achieve different types of austenite prior to 

cooling. Additionally, tempering experiments for steels 5–8 were carried out using 

a tempering temperature of 600 °C for approximately 30 minutes held at peak 

temperature followed by rapid cooling to room temperature. Table 2 summarizes 

the hot rolling parameters used for each different steel groups. To simulate the 

temperature conditions of the press hardening process, Steels #9 and #10 were hot 

rolled to 8 mm thickness (FRT 850 °C), water quenched to room temperature and 

re-austenized at 900 °C for approximately a 5-minute holding time, followed by 

water quenching at cooling rate of ~80 °C/s. 

Table 2. Summary of main hot rolling parameters [Publications I–V]. 

Steel Reheat Temp. FRT  CR  Final thickness  Total reduction  Condition  
[°C] [°C] [°C/s]        [mm]  [%] DQ DQT 

#1–#4 1250 920 & 820 90 6 89 Yes No 

#5–#8 1100 900 & 800 40–50 12 78 Yes Yes 

#9–#10 1200 850 80 8 86 Yes No 
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3.3 CCT diagrams 

Dilatation tests for constructing continuous cooling transformation (CCT) diagrams 

were carried out using a Gleeble 3800 thermomechanical simulator for generating 

the phase transformation data as a function of cooling path (Figure 6). The purpose 

of constructing CCT diagrams was to find out the effect of different alloying 

concepts on the phase transformation kinetics of the investigated steels. Based on 

CCT diagrams, critical cooling rates to form, for example, a fully martensitic 

microstructure can be determined for industrial applications. Cylindrical specimens 

with dimensions 6 mm in diameter and 9 mm in height were machined from 

solution-treated (at 1250 °C) and water-quenched laboratory hot rolled samples. 

Two types of dilatation tests were conducted: with or without prior strain. In the 

case of straining (Figure 6b), samples were heated at 10 °C/s to 1150 °C, held for 

2 minutes, cooled to 850 °C, held for 10 seconds and then compressed with three 

hits each having a strain of ~0.2 at a strain rate of 1 s1. The time between hits was 

25 seconds. The specimens were then held 25 seconds prior to cooling at various 

cooling rates. For niobium alloyed steels #1–#4, cooling rates of 3–96 °C/s were 

used, and for steels #9 and #10 cooling rates of 10–50 °C were used. For 

comparison, CCT diagrams without deformation were also constructed and Gleeble 

experimental procedures for these tests can be found in Figure 6a. 

 

Fig. 6. Gleeble experimental procedure for determining CCT diagrams, a) undeformed, 

b) 3 x 0.2 strain. Cooling rates 3–96 °C/s for steels #1–#4, cooling rates 10–50 °C/s for 

steels #9 & #10. (Adapted under CC BY 4.0 license from Publications II & IV © 2019, 2020 

Authors). 

3.4 Microstructural characterization 

Microstructural characterization was carried out using light optical microscopy 

(LOM), field-emission scanning electron microscopy combined with electron 
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backscatter diffraction (FESEM-EBSD) (Carl Zeiss AG, Oberkochen, Germany), 

and transmission electron microscopy (TEM) (JEOL JEM-2200FS). Prior austenite 

grain sizes were determined using the linear intercept method applied to the laser 

scanning confocal microscopy (LSCM) images of specimens examined at quarter-

thickness in all the three directions: the rolling direction (RD), transverse to rolling 

direction (TD) and in the plate normal direction (ND). Based on these 

measurements, the aspect ratio (r), the total reduction below the recrystallization 

temperature (Rtot), the surface area per unit volume (Sv) and average grain size (d) 

were determined using the equations shown in Table 3. 

Table 3. Parameters for austenite grain structure calculation [68]. 

Parameter Equation 

r dRD/dND 

Rtot. 1− √(1/r) 

Sv 0.429 × (1/dRD) + 0.571 × (1/dTD) + (1/dND) 

d (dRD × dTD × dND)⅓ 

Electron backscatter diffraction (EBSD) measurements and analyses were 

performed using the EDAX-OIM acquisition and analysis software (7.1.0, Amatek 

Inc., Berwyn, PA, USA). The FESEM was operated at 15 kV using a step size of 

0.2 m for the EBSD measurements. Lath and effective grain sizes were 

determined as equivalent circle diameter (ECD) values corresponding to the low-

angle (2.5–15°) and high-angle boundary misorientation (> 15–65°), respectively. 

X-ray diffraction (XRD) analyses were conducted using a Rigaku SmartLab 9 

kW X-ray diffractometer with Cu Kα radiation. Data was analysed using PDXL2 

analysis software to determine the lattice parameters, microstrains, and crystallite 

sizes. Samples for XRD analysis were ground to quarter thickness from the surface 

of the sample, polished with 3 m and 1 m diamond suspension prior to final step 

of polishing with 0.04 m colloidal silica suspension. Based on the achieved 

parameters from XRD analysis, dislocation densities were calculated using the 

Williamson–Hall method [69], [70]. The dislocation density is given by [70], [71] 

 𝜌  𝜌 𝜌 , (2) 

where  

 𝜌       (3) 

and 
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 𝜌 .        (4) 

In Equation (2), ρs is the dislocation density from strain broadening, and ρp is the 

dislocation density from particles (e.g., crystallite size). In Equation (3), ε is 

microstrain (value from XRD), b is the Burgers vector, F is an interaction factor 

(assumed to be 1). Factor k is assumed to be 14.4 for body-centred cubic (bcc) 

metals. In Equation (4), D corresponds to crystallite size (value from XRD), n 

stands for dislocations per block face (assumed to be 1). This assumption is based 

on Williamson and Smallman [71], where it is stated that the metal is broken up 

into blocks and the dislocations lie in the boundaries between the blocks, which 

gives the assumed value (n as 1), leading to the minimum dislocation density. 

3.5 Mechanical testing 

Tensile and Charpy V-notch tests were performed in a longitudinal direction, i.e. 

same direction as rolling direction, to evaluate the strength and low-temperature 

toughness properties. Tensile tests were performed using round and flat bar 

specimens according to the standard ISO 6892-1:2016 [71]. Charpy Vnotch tests 

were performed at various temperatures between 20 °C and −140 °C (two 

specimen/temperature) according to the standard ISO 10 148-1:2016 [72] to derive 

Charpy V transition curves. For steels #1#4 and #9#10, sub-size Charpy V 

specimens of 5 x 10 x 55 mm were used, as steels were hot rolled to thicknesses of 

6 mm and 8 mm. For steels #5#8, a standard size of 10 x 10 x 55 mm Charpy V 

specimens was used. 
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4 Results 

4.1 Effect of microalloying on phase transformations  

Publications I, II and IV cover the effect of microalloying on phase transformation, 

applying the continuous cooling transformations (CCT) diagrams. Fig. 7 shows the 

constructed CCT diagrams of the low carbon steels investigated (#1#3) with 

different levels of niobium alloying. A comparison of the transformation behaviour 

at high cooling rates of CCT diagrams with and without deformation (12–96 °C/s) 

showed that there were no significant differences in hardness values or phase 

constituents, regardless of the Nb content. Critical cooling rates to form fully 

martensitic microstructures were relatively the same level and increases in Nb 

content did not have any major impact on this value. However, with low cooling 

rates (3–6 °C/s), the addition of niobium increased the hardness for all the CCT 

specimens with or without deformation, and the increase of hardness by 30 HV10 

could be achieved with Nb-alloying with cooling rates lower than 6 °C/s. 

Constructed CCT diagrams show that straining the austenite prior to cooling tends 

to increase the hardness at high cooling rates but reduces the hardness at lower 

cooling rates, although the phase transformation start temperatures were not greatly 

affected. The combination of prior straining in the austenite and Nb alloying 

resulted in the highest hardness values due to the elongated austenite structure and 

the ability of niobium to raise the non-recrystallization temperature (TNR), leading 

to extensive pancaking of austenite during deformation [73].  
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Fig. 7. CCT diagrams of the investigated steels, a & d) composition #1 (Nb-free), b) & e) 

composition #2 (0.02 wt.% Nb), c) & f) composition #3 (0.05 wt.% Nb). Upper row: no 

deformation, lower row: 3 x 0.2 deformation. (Reprinted under CC BY 4.0 license from 

Publication IV © 2020 Authors). 

Figure 8 presents the constructed CCT diagrams of low carbon steels #2 and #4 

based on Gleeble simulations to show the effect of boron alloying on hardenability 

in niobium-alloyed (0.02 wt.% Nb) steels. Generally, the microstructures consisted 

of mixtures of bainite and martensite with hardness values varying from 275 to 369 

HV10. Boron alloying increased the hardenability by shifting the ferrite and bainite 

curves to the right and producing higher hardness values, especially with lower 

cooling rates. At a cooling rate of 24 °C/s, the percentages of bainite were ~5 to 10% 

and ~50% with and without a boron addition, respectively. Based on the CCT 

diagrams, even at the highest cooling rate (96 °C/s), a small amount of bainite (~5%) 

still existed in the boron - free steel. Additionally, the maximum hardness value of 

345 HV10 was more than 20 units lower than in the boron-bearing steel.  
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Fig. 8. CCT diagrams of a) #2 (B-alloyed), b) #3 (B-free), after straining 3 x 0.2 at 850 ° C. 

(Reprinted, with permission, from Publication I © 2017 The Minerals, Metals & Materials 

Society and ASM International). 

Microstructures after different Gleeble simulations are presented in Figure 9, in 

which bainite appears bluish, while martensite is various shades of brown to white 

after the initial etching. Small areas with aligned carbides were identified as bainite 

(B), lath-type structure as martensite (M), and carbide-free light etching polygonal 

areas as ferritic microstructure (F).  

Fig. 9. Microstructures of a) & c) Boron-alloyed steel #3, b) & d) B-free steel #4 after CCT 

Gleeble simulations. M = martensite, B = bainite, F = ferrite. (Reprinted, with permission, 

from Publication I © 2017 The Minerals, Metals & Materials Society and ASM 

International). 
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Figure 10 presents the constructed CCT diagrams of steels #9 and #10 with and 

without deformation. These steels were designed as press hardened steels based on 

well-known 22MnB5 steel with the addition of Nb and Nb-Mo alloying. 

Determining critical cooling rates to form fully martensitic microstructures for 

these steels is essential information for further industrial production.   

Minor differences can be noticed when comparing the CCT diagrams without 

deformation (Figs. 10a & 10b). With the slowest cooling rate of 10 °C/s, the Mo 

addition decreased the amount of bainite from ~40% to ~15%, giving a higher 

hardness value of 425 HV10 compared to 351 HV10. Maximum hardness values of 

the fully martensitic microstructure with the highest cooling rate of 50 °C/s were 

460–471 HV10. However, when comparing CCT diagrams with deformation (Fig. 

10c and 10d), it can be seen that the Mo addition had a more significant effect on 

the phase transformation kinetics. In the presence of Mo, the formation of ferrite 

was prevented when cooling at 10 °C/s (403 HV10 versus 278 HV10) and the 

martensite fraction was increased, giving a hardness of 506 HV10 even at a cooling 

rate of 20 °C/s. Deformation accelerated the formation of ferrite and bainite, 

leading to lower hardness values at the lower cooling rates. The addition of Mo 

delayed ferrite/bainite formation, thereby leading to a wider range of cooling rates 

able to fully form martensitic microstructures.  
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Fig. 10.  CCT diagrams of investigates steels. a) & c) Nb-steel #9, b) & d) Nb-Mo steel # 

10. Upper row: no deformation, lower row: 3 x 0.2 deformation. (Reprinted under CC BY 

4.0 license from Publication II © 2019 Authors). 

Figure 11 shows the microstructural differences between Nb- and Nb-Mo alloyed 

steels after the CCT tests with deformation and with the slowest cooling rate of 

10 °C/s. The microstructure of the Nb-alloyed variant (Fig. 11a) was a mixture of 

bainite and ferrite, giving a hardness value of 278 HV10, whereas the Nb-Mo steel 

had a more lath-type microstructure of bainite and martensite without ferrite in the 

microstructure, producing a relatively high hardness of 403 HV10 (Fig. 11b) with a 

relatively low cooling rate of 10 °C/s.  
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Fig. 11. Microstructures after CCT tests with deformation and with a CR of 10 °C/s. a) 

Nb-alloyed steel #9, b) Nb-Mo-alloyed steels #10. Nital etching. F = ferrite. (Reprinted 

under CC BY 4.0 license from Publication II © 2019 Authors). 

4.2 Effect of microalloying on austenite grain structure 

4.2.1 Slab reheating 

To evaluate the effectiveness of niobium on austenite grain growth at high 

temperatures, slab reheating experiments were performed at a temperature range of 

10501200 °C for selected steel compositions #1#3 (0, 0.02, 0.05 wt.% Nb). All 

the steels contained above the stoichiometric amounts of Ti with respect to TiN 

formation (Ti/N ratio 6–7). Therefore, it can be assumed that NbC precipitates 

might have formed during reheating or processing and not the Nb(CN) precipitates. 

However, in the presence of B, Nb(CB) type precipitates could also exist. Djahazi 

et al. [74] detected (Nb,Ti)(CNB) precipitates in low-carbon bainitic steels 

containing Ti, Nb and B using electron energy loss spectroscopy (EELS). They also 

observed that the addition of boron accelerated strain-induced precipitation. On the 

other hand, boron has also been found to have a pronounced effect on the 

recrystallization temperature of Nb-microalloyed steels [75]. However, to the best 

of our knowledge, there is no solubility data for Nb(CB) precipitates.  

Figure 12 shows the results of Thermo-Calc® simulations to estimate the 

dissolution of different precipitates under equilibrium conditions. The alloyed Ti 

and N present in all the compositions leads to the predicted presence of TiN, which 

should dissolve entirely at ~1270 °C in the Nb-free composition and ~1300 °C in 

the Nb-alloyed compositions (Figure 12b,c). In the case of Nb-alloyed variants 
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(Figure 12b,c), NbC precipitates should exist up to dissolution temperatures of 

around 1100 °C for the steel with 0.02 wt.% Nb and 1160 °C for the steel with 0.05 

wt.% Nb. It is known that both Nb and Ti containing precipitates hinder grain 

growth effectively [54], [76], [77]. Based on the thermodynamic simulations, it 

could be expected that both TiN and NbC precipitates would have a pinning effect 

on austenite grain boundaries, at least at the low soaking temperatures used in the 

temperature range 1050–1100 °C. However, the results showing large, measured 

grain sizes at all soaking temperatures are controversial. The Ti/ N ratios of the 

present compositions were between 6 and 7, which can be considered much higher 

than the stoichiometric ratio of 3.42 that is optimal for TiN stability and maximal 

pinning [77]. Although the Ti/N ratio was not optimal, the formation of TiN still 

occurs and will be in all the steel compositions studied. The reason for the similarity 

of the austenite grain sizes after slab reheating simulation can be down to a memory 

effect that has been observed in steels martensitic or bainitic steels. In the as-cast 

slab material that is characterized by a coarse prior austenite grain size, small 

quantities of the austenite are stabilized and on reheating, these austenite regions 

grow and tend to reform the original coarse austenite grain structure [78], [79]. This 

mechanism leads to coarse austenite grains irrespective of the presence of pinning 

precipitates since the pinning forces are only relevant to the grain growth and not 

in the presence of the large driving forces that arise with the ferrite to austenite 

phase transformation. Additionally, boron alloying has been found to promote this 

austenite grain memory phenomenon [78]. Other alloying elements, such as 

manganese and molybdenum, promote this effect by stabilizing cementite particles, 

which do not dissolve before the ferrite to austenite transformation and do not 

promote the formation of normal globular austenite grains nucleating from 

precipitates and grain boundaries [79]. Figure 13 clearly elucidates the coarse prior 

austenite grain sizes irrespective of the niobium content or soaking temperature.  
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Fig. 12. Thermo-Calc® simulations of steels #1#3 to estimate the dissolution of 

different precipitates under equilibrium conditions. (Reprinted under CC BY 4.0 license 

from Publication IV © 2020 Authors). 

 

Fig. 13. Prior austenite grains after soaking treatments. (a,d) steel #1, (b,e) steel #2, (c,f) 

steel #3. Upper row 1050 °C, lower row 1200 °C. Grain boundaries highlighted. 

(Reprinted under CC BY 4.0 license from Publication IV © 2020 Authors). 
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Austenite grain growth behaviour was also studied for Mo- and Mo-Nb alloyed 

steels (#5#8) at the same slab soaking temperature range of 1050–1200 °C. In this 

case, on the contrary to the low-carbon Nb-alloyed steels presented previously, 

molybdenum and niobium had a clear systematic effect on austenite grain size after 

the slab soaking treatments for 2 hours in the range 10501200 °C, see Fig. 14. 

Smaller grain sizes were achieved by Mo and Mo-Nb alloying. The Mo-free variant 

showed clearly coarser grain sizes already at a soaking temperature of 1100 °C; the 

average austenite grain size was more than 100 μm in the case of Mo-free steel. 

Overall, niobium alloying had the strongest effect on hindering austenite grain 

growth. However, abnormal grain growth originating from the dissolution of 

niobium carbides was discovered at a soaking temperature of 1150 °C in the case 

of 0.25Mo-Nb -steel, as seen in Fig 15. Due to the detected phenomenon, when 

choosing the actual soaking temperature prior to hot rolling, a soaking temperature 

around 1150 °C should be avoided.  

The effects of longer holding times at soaking temperature of 1100 °C were 

also studied using holding times of approximately 60 minutes and 180 minutes at 

peak temperature. Based on the results presented in Fig. 14b, the combined alloying 

of Mo and Nb clearly hindered grain growth most efficiently with longer soaking 

times. It can be concluded that Nb itself had the strongest effect on pinning the 

grain boundaries and this is most likely related to Nb containing precipitates (NbC), 

whereas in case of Mo-alloying steels, the pinning effect is most likely related to 

the solute drag effect of solute atoms. In contrast to the austenite grain memory 

effect, which was seen in the cases of steels #1#3, where the grain growth is 

controlled by normal ferrite to austenite transformation and the nucleation and 

growth of new austenite grains.   
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Fig. 14. Average austenite grain sizes of steels #5#8 a) after heating to temperatures 

of 10501200 °C, b) after heating to 1100°C for various holding times. (Unpublished data). 

 

Fig. 15. Prior austenite grain structure of 0.25Mo-Nb steel. a) 1100 °C, b) 1150 °C. Picral 

etching. (Unpublished data). 

4.2.2 Prior austenite structure after hot rolling and quenching 

The deformed prior austenite grain structures after hot rolling were also evaluated. 

Table 4 combines these results for steels #1#8, showing the measured average 

prior austenite grain sizes in three different directions, calculated Sv values, 

corresponding total reduction percentages in the non-recrystallization regime with 

given FRT, and calculated non-recrystallization temperatures (TNR). In the case of 

Nb-alloyed steels #1#4, higher Sv values and reductions in the non-
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recrystallization regimes were generally achieved with Nb microalloying, which 

was expected. The higher FRT of 920 °C produced only a slightly pancaked 

austenite and partial recrystallization occurred in the case of the Nb microalloyed 

steels, which can be seen as mixture of small equiaxed and large deformed grains 

in Figs. 16a–c.  

A comparison of the amount of strain in the matrix estimated using the rolling 

schedule and the non-recrystallization temperature (TNR) predictions (Table 4), with 

the assessed values from Rtot, suggest reasonably good agreement for the Nb-free 

steel irrespective of the FRT, and somewhat lower residual strains on the basis of 

Rtot for the 0.02Nb steel. In addition, the presence of fine grains or slightly 

skewed/kinked grains seen in the microstructures (Figure 16) may have affected 

the estimation of Rtot. On the contrary, calculations using the TNR predictions may 

overestimate the strain in the matrix, as TNR lies slightly above the RST. Measured 

Rtot values for 0.05Nb steel suggest relatively low strain in the matrix (~0.5 and 0.9 

strains at FRTs of 820 °C and 920 °C, respectively) compared to estimations using 

TNR predictions (~1.3). Despite the possibility of a slight overestimation of the 

strains using the TNR predictions, as discussed above, the low strain at 920 °C is 

difficult to explain. The FRT at 820 °C produced more severely pancaked austenite 

in all cases compared to FRT at 920 °C, as seen from Table 4 and Figure 16. Nb 

microalloying led to an increase in Rtot and Sv. Again, the calculated values of Rtot 

appeared relatively small when compared to the calculated TNR values, especially 

when the effect of boron on TNR and RST was taken into account. This may be 

explained by the presence of very small, randomly scattered grains and very coarse 

elongated grains. 
  



50 

Table 4. Average prior austenite grain sizes of direct quenched steels in three principal 

directions and the corresponding d, Sv, and Rtot values [Publications I, IIIV].  

FRT Steel dRD [μm] dND[μm] dTD [μm] d [μm] Sv [mm2/mm3] Reduction (Rtot) 

[%] 

TNR* 

820 °C DQ 13.3 5.4 13.1 9.8 260 36.2 856 

DQ+0.02Nb 17.2 4.8 12.2 10.0 282 47.4 931 

DQ+0.05Nb 26.0 4.4 16.2 12.3 278 58.8 1062 

DQ+0.02Nb, B-free 17.3 5.2 12.1 10.3 264 45.2 931 

920 °C DQ 14.4 11.4 14.0 13.2 158 11.1 856 

DQ+0.02Nb 16.1 7.3 12.8 11.5 208 32.6 931 

DQ+0.05Nb 19.2 6.9 13.2 12.1 210 40.0 1062 

DQ+0.02Nb, B-free 14.3 8.4 14.5 12.0 189 23.6 931 

800 °C 0Mo 26.7 10.7 22.2 18.5 135 36.7 875 

0.25Mo 36.9 11.3 23.5 21.4 125 44.7 875 

0.5Mo 30.8 7.3 21.8 16.9 178 51.4 1035 

0.25Mo-Nb 27.8 6.0 19.4 14.8 212 53.7 875 

900 °C 0Mo 19.2 14.9 19.5 17.7 119 12.0 875 

0.25Mo 19.2 8.4 15.9 13.7 177 33.8 875 

0.5Mo 16.1 7.4 12.2 11.3 210 32.4 1035 

0.25Mo-Nb 23.5 5.8 14.5 12.6 229 50.2 875 

*TNR = 887 + 464*C + (6445*Nb − 644*√Nb) + (732*V − 230*√V) + 890*Ti + 363*Al − 357*Si [80]. 

 

Fig. 16. Prior austenite grain structures of steels #1#3 (left to right). a) & d) Nb-free, b) 

& e) 0.02Nb, c) & f) 0.05Nb. Upper row FRT 920 °C, lower row FRT 820 °C. (Reprinted 

under CC BY 4.0 license from Publication IV © 2020 Authors). 
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Table 4 also shows the measured austenite grain sizes, calculated Sv values, and 

corresponding Rtot values of Mo- and Mo-Nb alloyed steels #5#8. Generally, the 

Sv values and reduction percentages below the recrystallization temperature were 

higher when both Mo and Nb were present. The lower FRT (800 °C) led to higher 

austenite pancaking, i.e., higher Rtot values, although calculated Sv values were 

generally lower, which was probably caused by grain boundary ferrite complicating 

the grain size calculations (Fig. 17). Mo alloying did retard the recrystallization 

process without the presence of Nb, but the combination of Nb-Mo had a larger 

effect in delaying recrystallization. In the case of the 0.25Mo-Nb steel, the same 

level of austenite reduction below the recrystallization temperature was achieved 

with both FRTs, indicating that the non-recrystallization temperature (TNR) of this 

composition is higher than 900 °C, which also explains the calculated TNR value of 

1035 °C (Table 4). Prior austenite grain size measurements confirmed that Mo by 

itself also has an effect on the recrystallization kinetics, as expected, and increased 

the TNR temperature, although calculations of TNR temperatures do not predict this.  

 

Fig. 17. Prior austenite structures of steels #5#8 (left to right). Upper row FRT 900 °C, 

lower row FRT 800 °C. (Adapted under CC BY 4.0 license from Publication III © 2019 

Authors).  
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4.2.3 Prior austenite structure after hot rolling, quenching and re-

austenization  

For steel compositions #9 and #10, prior austenite grain sizes were determined after 

re-austenization at 900 °C with holding at peak temperature for 5 minutes, as these 

compositions were designed as press hardened steels where re-austenization occurs 

during the press hardening process. Table 5 shows the measured austenite grain 

sizes in two principal directions after re-austenization and quenching, as well as 

corresponding Rtot values after hot rolling and direct quenching, to demonstrate 

correlation between pancaked austenite and new nucleated austenite grain size. 

The Nb-Mo steel (#10) produced a more pancaked austenite structure, which 

can be seen as higher dRD and Rtot values in Table 5. Based on previous studies, it 

can be concluded that the effect of Nb on retarding the recrystallization process is 

stronger in the presence of Mo [81], [82]. During hot rolling, in the austenite region, 

carbon diffusion activation energy increases as the content of Mo increases, which 

means that the carbon diffusivity decreases [83]. Additionally, Mo alloying, as 

mentioned previously, in the Nb-containing steel can increase the solubility of the 

Nb(C,N) phase in the austenite and also increase the solid solubility of the Nb 

element in the austenite [83]. Soluble Nb is known to be more effective, retarding 

the dynamic recrystallization process, and precipitated NbC prevents more 

effective static recrystallization [83], [84]. The present results confirm that Nb- Mo 

alloying has a stronger effect on delaying the recrystallization than Nb alloying by 

itself, which could be caused by the synergistic effect of Nb and Mo.  

Figure 18a shows the elongated prior austenite grain structure of Nb-Mo steel 

after hot rolling and direct quenching. Table 5 also presents the prior austenite grain 

sizes (dre-aust.) after rapid re-austenitization and water quenching to simulate the 

actual prior austenite grain sizes after press hardening. Both investigated steels had 

a relatively small prior austenite grain size after re-austenitization and quenching 

(7.4 m and 6.9 m), although the Nb-Mo variant had a slightly smaller average 

grain size (Fig. 18b). It appears that, although the Nb-Mo steel has a more pancaked 

austenite structure after hot rolling and quenching, leading to more nucleation sites 

for new austenite grains to grow during re-austenization, the difference might not 

be large enough (Rtot 38.4% vs. 22.6%) to produce a significant difference in 

average grain sizes.  

  



53 

Table 5. Average austenite grain sizes after hot rolling and quenching (dRD, dND), 

austenite reduction percentage (Rtot) and average grain size after re-austenization and 

quenching (dre-aust.). (Reprinted under CC BY 4.0 license from Publication II © 2019 

Authors). 

Steel dRD [μm] dND [μm] Rtot [%] dre-aust. [μm] 

#9 (Nb) 9.6 5.7 22.6 7.4 

#10 (Nb-Mo) 14.0 5.3 38.4 6.9 

 

Fig. 18. Prior austenite grain boundaries of steel #10 (Nb-Mo) after (a) hot rolling and 

direct quenching (FRT 850 °C), b) after further re-austenitization at 900 °C for 5 min. 

(Reprinted under CC BY 4.0 license from Publication II © 2019 Authors). 

4.3 Effect of microalloying on transformed microstructures  

4.3.1 As-quenched condition 

Figure 19 presents typical microstructures of the low-carbon Nb-alloyed steels 

#1#4 at the quarter depth of the samples for both finish rolling temperatures 

(920 °C, 820 °C) after direct quenching at a cooling rate of ~90 °C/s to room 

temperature. The microstructures consisted of fine packets and blocks of 

martensitic laths oriented in different directions. Autotempering of the martensite, 

leading to the precipitation of fine carbides in the martensite laths, was also evident 

in some areas. Based on the microstructural characterization, both the FRTs 

produced mainly martensitic microstructures in all cases. The elongated martensitic 

structure can be seen especially in the case of steel with highest amount of Nb (0.05 

wt.%) prior to being strained with low FRT (Fig. 19g).  
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Fig. 19. Microstructures (SEM) of direct quenched Nb-alloyed steels #1#4. a) &e) Nb-

free, b) & f) 0.02Nb, c) & g) 0.05Nb, d) & h) B-free 0.02Nb. Upper row FRT 920 °C, lower 

row FRT 820 °C. (Adapted, with permission, from Publication I © 2017 The Minerals, 

Metals & Materials Society and ASM International, and under CC BY 4.0 license from 

Publication IV © 2020 Authors). 

A similar scanning electron microscope (SEM) inspection of Mo-alloyed steels 

#5#8 is presented in Fig. 20, which shows typical microstructures of the 

investigated steels with both FRT’s (900 °C, 800 °C) in the as-quenched condition 

at the quarter depth position. Generally, the microstructures were similar 

martensitic structures, as seen in Fig. 20, consisting of packets and blocks of 

martensitic laths refined and randomized in different directions with parts of auto-

tempered martensite also occurring in some regions of the microstructures, as 

evident from very fine carbides within the martensite laths. Based on 

microstructural characterizations, the higher FRT of 900 °C produced mainly 

martensitic microstructures in all cases (Fig. 20ad), however, slightly coarser lath 

structure can be seen in 0Mo steel (a). The lower FRT of 800 °C produced a mixture 

of martensite and grain boundary ferrite, as seen from Fig. 20e–h. Increasing the 

Mo content decreased the amount of ferrite formation. 0.5Mo steel had only around 

5% ferrite, whereas in 0Mo steel, ferrite content was around 20–30%. The addition 

of Nb had a similar effect on hindering ferrite formation to Mo, which resulted in 

0.25Mo-Nb steel having less than 5% ferrite.  
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Fig. 20. Microstructures (SEM) of steels #5#8 after hot rolling and direct quenching. a) 

& e) Mo free, b) & f) 0.25Mo, c) & g) 0.5Mo, d) & h) 0.25Mo-Nb. Upper row FRT 900 °C, 

lower row FRT 800 °C. (Figures ad adapted under CC BY 4.0 license from Publication 

III © 2019 Authors). 

EBSD analysis was carried out for further microstructural characterization after hot 

rolling and direct quenching. Effective grain (> 15°) and lath sizes (2.5 to 15°), 

determined as ECDs, are presented in Table 6 for all steels #1–#10. As a general 

conclusion, niobium and molybdenum alloying had only a minor effect on grain 

sizes, producing similar or slightly smaller grain sizes compared to non-alloyed 

variants. In addition, the effective grain sizes at 90% in the cumulative size 

distribution (d90%) are also shown in Table 6. Grain size here means the size of 

grains surrounded by high-angle grain boundaries with misorientation angles 

greater than 15°. It can be seen that the 90th percentile, effective grain sizes vary 

considerably more than the mean values. In the case of steels Nb-alloyed steels 

(#1#3), d90%values were generally higher compared to Nb-free steel. This could 

be explained by the non-uniform prior austenite grain structure (Fig. 16) caused by 

the partial recrystallization, leading to mixed martensitic structures with coarser 

and finer areas. In order to eliminate the mixed grain structure, temperatures for hot 

rolling passes should be defined, as passes for grain refining, i.e. rough rolling 

should be executed at temperatures higher than temperature range for partial 

recrystallization, and final passes for pancaked austenitic structure should be 

executed at below TNR -temperature [85]. However, in actual laboratory hot rolling 

used in this study, temperatures for passes are difficult to control due to manual 

control of hot rolling process. 

The biggest influence on measured grain sizes was boron-alloying. Removing 

boron (steels #2 and #4) produced smaller mean grain sizes, and clearly smaller the 

d90% grain sizes, which indicates a more uniform grain size distribution for both 

FRTs because of the smaller difference between the mean values and d90%. The area 
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fraction of grains with an ECD less than 5 μm was approximately 66% (820 °C) 

and 45% (920 °C) in the case of boron-free steel, and only 29% (820 °C) and 19% 

(920 °C) in the case of boron-bearing steel. For Mo- and Mo-Nb alloyed steels 

(#5#10), the increase in Mo and addition of Nb slightly decreased the average 

grain sizes, although the difference is not significant.   

Table 6. Effective-, lath- and d90% grain sizes of investigated steels based on EBSD 

analysis [Publications IV]. 

FRT [°C] Steel Effective grain size [μm] Lath size [μm] d90% [μm] 

820 °C #1 (Nb-free) 1.53 0.98 11.6 

#2 (0.02 Nb) 1.36 0.93 15.0 

#3 (0.05 Nb) 1.44 0.92 11.0 

#4 (0.02 Nb, B-free) 1.16 0.89 7.4 

920 °C #1 (Nb-free) 1.63 1.09 16.5 

#2 (0.02 Nb) 1.58 1.06 24.5 

#3 (0.05 Nb) 1.43 0.91 22.5 

#4 (0.02 Nb, B-free) 1.07 0.82 14.0 

900 °C  #5 (Mo-free) 1.73 1.29 18.2 

#6 (0.25Mo) 1.56 1.14 18.0 

#7 (0.5Mo) 1.64 1.18 19.1 

#8 (0.25Mo-Nb) 1.57 1.12 22.7 

Re-austenization 

at 900 °C 

 #9 (PHS Nb) 1.58 1.08 10.9 

#10 (PHS Nb-Mo) 1.38 1.02 8.2 

Misorientation distributions of the investigated steels were also analysed based on 

EBSD data in as-quenched condition and are shown in Figure 21. As a general 

conclusion, the observed misorientation distributions were not greatly affected by 

niobium or molybdenum alloying. The misorientation distributions shown in 

Figure 21 can be considered typical for martensitic steels as they include peaks at 

~7.5°, 16°, 52.5° and 59°, which correspond to typical characteristics of martensitic 

microstructure such as sub-block boundaries, packet- and block boundaries [86]–

[88]. No sign of clear peaks of the misorientation distribution between angles 15° 

and 50° indicate that the investigated steels did not include phases formed at higher 

temperatures such as different bainite morphologies or ferrite [86], [89]. It can be 

noted that minor peaks detected at 30° are related to misindexing errors in the 

EBSD analysis caused by the pseudosymmetry relationship in bcc lattice [90]. 

These erroneous peaks can be avoided, for example, by increasing the minimum 

number of Kikucki bands for indexing or changing the applied accelerating voltage 
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in the EBSD analysis [90]. The most significant difference in misorientation 

distributions is related to boron-free and boron-alloyed Nb-steels. The boron-free 

steel has higher misorientation peaks at ~52° and ⁓59°, but a lower misorientation 

peak at ~7.5° (820 °C), than the boron-bearing steel. This result is in line with the 

results of effective grain and lath size measurements. The boron-free steel has a 

smaller effective grain size than the boron-containing steel, which also appears as 

a higher fraction of high-angle boundaries. The presence of lower bainite increases 

the fraction of high-angle boundaries at the expense of low-angle boundaries, 

which was detected in the case of boron-bearing steel. [86] It can be concluded that 

the EBSD results support the observations based on the secondary electron images 

which show that the microstructure of boron-free steel contained a higher fraction 

of lower bainite (LB) than the boron-bearing steel when FRT was 820 °C. 

Fig. 21. Misorientation distributions based on EBSD analysis after hot rolling and direct 

quenching: a) steels #1#4 FRT 920 °C, b) steels #1#4 FRT 820 °C, c) steels #5#8 FRT 

900 °C, d) steels #9 & #10 FRT 850 °C. (Adapted, with permission, from Publication I © 

2017 The Minerals, Metals & Materials Society and ASM International, and under CC BY 

4.0 license from Publications IIIV © 2019, 2020 Authors). 
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To further investigate the differences in microstructures between boron-alloyed 

(steel #2) and boron-free steels (steel #4), TEM images, high-angle grain boundary 

maps (> 15°), and inverse pole figure (IPF) maps of the steels with an FRT of 

820 °C are presented in Figure 22. The lath structure of martensite and the high 

dislocation density are evident for the boron-bearing sample (Figure 22a). In the 

case of the boron-free steel, the lath microstructure is not as clear and could indicate 

a more bainitic microstructure. Previously presented CCT diagrams (Fig. 8, page 

43) showed that bainitic microstructures existed even with the highest cooling rate 

of 96 °C/s. Figures 22c and d show the locations of the high-angle grain boundaries 

both with and without the presence of boron, as determined using EBSD. These 

figures show how, in the absence of boron, there are fewer large grains in the grain 

size distribution. Additionally, the IPF maps (Figures 22e and f) show that boron-

free steel has a significantly finer microstructure than boron-containing steel. 

Further, the elongated prior austenite structure is difficult to detect in the boron-

free steel. This more unclear microstructure could indicate the formation of bainite 

during cooling to room temperature. The IPF maps show the same area as the grain 

boundary maps but with a higher magnification. The corresponding areas are 

marked with red squares in Figures 22c and d. 
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Fig. 22. Steel #2 (B-alloyed, left column) and #4 (B-free, right column): a) & b) bright-

field thin-foil TEM images, c) & d) high-angle grain boundary maps, and e) & f) IPFs in 

the RD direction. (Reprinted, with permission, from Publication I © 2017 The Minerals, 

Metals & Materials Society and ASM International). 

4.3.2 Quenched and tempered condition 

Microstructures in Mo-alloyed steels #5#8 (0.16 wt.% C) were also produced in 

direct-quenched and tempered (DQT) condition (tempering at 600 °C), which were 

also characterized using FESEM and the microstructures are shown in Figure 23. 

Highly precipitated martensitic structures were present in all steels. Microstructural 

characterization revealed small, round and needle-shaped precipitates throughout 

all the investigated steels. Generally, more and slightly smaller precipitates were 
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noted in 0.5Mo- and 0.25Mo-Nb steels compared to less alloyed variants, as shown 

by comparing Figures 23e–h. The least number of precipitates were discovered in 

steel #5 where microalloying was not present (Fig. 23a and e). However, the 

accuracy of the scanning electron microscope (SEM) was not high enough for more 

accurate examination of precipitation structure.  

 

Fig. 23. Microstructures (SEM) after tempering at 600 C. a) & e) 0Mo steel, b) & f) 0.25Mo 

steels, c) & g) 0.5Mo steels, d) & h) 0.25Mo-Nb steel. (Adapted, with permission, from 

Publication V © 2020 Wiley-WCH). 

For more detailed characterization of existed precipitates, transmission electron 

microscopy (TEM) was carried out for the tempered steels using carbon extraction 

replicas. Investigation revealed the existence of iron and niobium carbides in the 

matrix (Fig. 24). In Mo-free steel, only cementite precipitates were discovered with 

sizes ranging from tens to hundreds of nanometres (Fig. 24a), which can be 

expected as there was no microalloying used in this steel. In Mo-alloyed steels, no 

molybdenum carbides were found in replica samples. However, the iron carbide 

precipitates were enriched with Mo, as shown in Figures 24b and c. It has been 

shown that the formation of Mo2C is driven by the enrichment of cementite as well 

as the dissolution of cementite [91]. In the early stage of tempering, cementite 

particles can be assumed to contain equal amounts of Mo as in the bulk of the 

material. As tempering proceeds further, the amount of Mo in cementite particles 

will increase towards the equilibrium by diffusion. In the end, cementite particles 

will dissolve and Mo2C remains in the matrix. Comparing previous analysis to 

results found in this study, it can be concluded that in Mo steels, the tempering time 

at 600 °C (30 min holding at 600 °C) was not long enough to form Mo2C 

precipitates in preference to cementite. Mo content increase from 0.25 to 0.5 wt.% 

produced only slightly higher concentrations of Mo in cementite particles, as seen 
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by comparing Figure 24b and 24c. It has been shown that the dissolution of all 

cementite particles in Mo-alloyed steel can take up to 100 hours, and the maximum 

number density of Mo2C precipitates is achieved after 10 hours of tempering at a 

temperature of 600 °C, which is equal to our tempering temperature [91]. Addition 

of niobium produced NbC precipitates in addition to Fe3C cementite particles, as 

shown in Fig. 24d.  

 

Fig. 24.  TEM analysis of precipitation structure using carbon replica samples. a) steel 

#5 (Mo-free), b) steel #6 (0.25Mo), c) steel #7 (0.5Mo), d) steel #8 (0.25Mo-Nb). (Reprinted, 

with permission, from Publication V © 2020 Wiley-WCH). 

Based on EBSD analysis, Figure 25a shows the misorientation distributions of the 

investigated steels in direct-quenched and tempered condition. Relative amounts of 

high-angle boundaries are clearly higher in Mo-free steel compared to other 

investigated steels. For further analysis of low-angle boundaries, Figure 25b 

presents a comparison of the measured low-angle boundaries between steels in 

direct quenched- and direct quenched and tempered conditions. The number of low-

angle boundaries decreased significantly after tempering in the case of Mo-free 

steel compared to other investigated steels. For 0.5Mo and Mo-Nb steels, there was 

practically no decrease in the number of low-angle boundaries after tempering 
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treatment, and even 0.25 wt.% of Mo hindered the reduction of low-angle 

boundaries during tempering. Low-angle boundaries can be assumed to be 

composed of an array of dislocations, indicating that lower amount of low-angle 

boundaries can refer to lower dislocation density [92], [93]. In our study, EBSD 

data further verified that microalloying with Mo and Mo-Nb hindered the 

annihilation and movement of dislocations during the tempering process. As 

mentioned previously, the strongest pinning effect of dislocations was achieved 

with the combined alloying of Nb and Mo. 

 

Fig. 25. a) Misorientation distribution of steels #5#8 after tempering at 600 °C, b) total 

length of low-angle boundaries of steels #5#8 in DQ- and DQT conditions. (Reprinted, 

with permission, from Publication V © 2020 Wiley-WCH). 

4.4 Effect of microalloying on mechanical properties 

4.4.1 As-quenched condition 

The tensile test results of the Nb-alloyed steels #1#4 are presented in Table 7. The 

lower FRT of 820 °C produced a yield strength (Rp0.2) of over 1000 MPa in all cases 

and only marginally higher strength values were achieved by Nb microalloying. 

The low FRT developed high Sv values in all cases, i.e., highly elongated austenite, 

which did not reveal the effectiveness of Nb clearly. In contrast, the greatest effect 

of Nb on strength was achieved with the higher FRT of 920 °C, where the effect of 

Nb on austenite pancaking was strongest. A higher degree of deformation in 

austenite was achieved by Nb alloying at higher FRT (see Table 4, page 50), which 

resulted in a noticeable increase in yield (Rp0.2) and tensile strength (Rm). Adding 
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more than 0.02 wt.% Nb provided no additional benefit with respect to the yield 

strength and only a small improvement in the tensile strength (Table 5). 

Additionally, in the case of boron-free steel #4, a clear drop in strength values were 

noticed with the higher FRT of 920 °C, where B-free steel has the lowest yield 

strength of 918 MPa. However, low FRT (820 °C) compensated for the absence of 

boron producing equal strength values with slightly better elongation values, 

producing the highest elongation to fracture (Rm×A) value.  

Overall, the benefits of Nb on strengthening can be realised using the higher 

FRT. Mid-thickness Vickers hardness values of the investigated steels are also 

presented in Table 7. Hardness values over 400 HV10 were achieved with Nb 

microalloying as well as with the lower FRT of 820 °C. Hardness values correlate 

well with the tensile test results giving Rm / HV10 ratios of 3–3.1 in all cases. The 

hardness of the Nb-free steel rolled with a high FRT has a hardness of 382 HV10, 

close to the theoretical hardness (378 HV) predicted for a steel containing 0.071 

wt.% C following reheating and quenching. The present results, therefore, show 

that pancaking the austenite can produce higher hardness and strength values than 

predicted.  

Table 7. Mechanical properties of steels #1–#4 [Publications I, IIIV]. 

FRT [°C] Steel Rp0.2 

[MPa] 

Rm 

[MPa] 

Ag 

[%] 

A50 

[%] 

Rmx A 

[MPa.%] 

HV10 Rm / HV10 

 

 

920 

#1 (Nb-free) 943  20 1151  11 3.1  0.1 12.2  0.3 14036 382  8 3.1 

#2 (0.02Nb) 1014  6 1195  8 3.1  0.0 11.2  0.4 13384 392  8 3.1 

#3 (0.05Nb) 1011  14 1208  10 3.0  0.1 12.2  0.7 14738 394  3 3 

#4 (0.02Nb,B-free) 918  7 1163  2 3.7  0.4 13.2  1.2 15313 384  4 3 

 

 

820 

#1 (Nb-free) 1022  3 1215  1 2.8  0.1 12.2  0.6 14756 393  7 3 

#2 (0.02Nb) 1067  8 1245  8 2.7  0.1 12.2  0.2 15189 409  3 3.1 

#3 (0.05Nb) 1060  10 1262  8 3.1  0.1 12.2  1.1 15396 425  9 3.1 

#4 (0.02Nb,B-free) 1057  3 1232  14 3.2  0.2 13.1  0.9 16133 412  8 3 

1 Ag = uniform elongation, 2 A50 = total elongation with gauge length of 50mm 

Figure 26 shows Charpy V-notch test results and fitted transition curves according 

to the procedure described in References [94], [95]. For steels #1#3, 5 x 10 x 55 

mm sub-size Charpy V specimens were used, and therefore, transition temperatures 

were defined on the basis of 34 J/cm2, which corresponds to the 27 J commonly 

used to define the transition temperature of full size 10 mm specimens.  

Considering the investigated steels and different levels of Nb, the transition 
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temperatures are very close to each other, as seen from Figure 26. A slight 

deterioration of the impact toughness properties can be seen at the higher Nb 

content (0.05 wt.%), presumably as a result of formation of NbC precipitates at 

high temperatures during the hot rolling stage or an increased tendency for 

microsegregation. Slightly better impact toughness properties were achieved with 

the lower FRT (820 °C) in comparison to the higher FRT (920 °C) when comparing 

the 34 J / cm2 transition temperature values. Esterl et al. presented similar results 

showing that Nb additions of 0.02–0.04 wt.% did not have a significant effect on 

impact toughness of direct quenched high-strength steels. They also showed that 

lower FRT (850 °C vs. 930 °C) produced better impact toughness properties, as is 

also seen in our study [96]. Note that the apparent deviation of the fitted curves 

from the data points in the transition temperature data range in Fig. 26 is caused by 

the fitting tanh procedure used. 

 

Fig. 26.  Charpy V Transition curves of steels #1#3 in longitudinal direction. a) 920 °C, 

b) 820 °C. (Reprinted under CC BY 4.0 license from Publication IV © 2020 Authors). 

Figure 27 shows also Charpy V-notch test results and fitted transition curves of B-

alloyed (steel #2) and B-free (steel #4) Nb-alloyed steels. Overall, lower transition 

temperatures (34 J/cm2) were achieved with an FRT of 820 °C compared to an FRT 

of 920 °C. A striking deterioration of toughness, as measured by the transition 

temperature, is caused by boron microalloying, as seen from Figure 27. Without 

boron, the transition temperature was remarkably low (115 °C), with the upper 

shelf temperature of 60 °C when the lower FRT of 820 °C was used. A similar 

effect of boron on the impact toughness is also noticeable with the higher FRT of 

920 °C, as shown in Figure 27. The behaviour of the transition temperature can be 
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considered to be related to the microstructural differences. Possible explanations 

for the effect of boron on transition temperature can be factors such as prior 

austenite grain structure, the final microstructure after cooling and transformation, 

and possible presence of Fe23(BC)6 precipitates. As mentioned previously, many 

studies have shown that deteriorated impact toughness of boron-alloyed steels is 

related to the formation of boron-containing precipitates [63], [97]. However, in 

these studies, boron-alloying usually is higher than 20–30 ppm, which was used in 

our study. It has also been shown that Nb-alloying can prevent the formation of 

M23BC6 precipitates at prior austenite grain boundaries [67].  

Fig. 27. Comparison of Charpy V transition curves of boron-alloyed (#2) and boron-free 

steels (#4). (Reprinted, with permission, from Publication I © 2017 The Minerals, Metals 

& Materials Society and ASM International). 

The mechanical properties of the Mo -and Mo-Nb alloyed steels (#5#8) in the as-

quenched condition with both FRTs are presented in Table 8. The FRT of 900 °C 

resulted in a yield stress (Rp0.2, i.e., 0.2% offset proof stress) in the range of 950–

1119 MPa and total elongation to fracture values in the narrow range of 8.6–10.7%. 

With the FRT of 900 °C, the Mo-free steel showed rather low yield and tensile 

strengths, but an addition of 0.25 wt.% Mo enhanced the strength by more than 100 

MPa (Table 8). Especially in the case of Mo-free steel, the lower FRT of 800 °C 

produced significantly lower strength values compared to other steels and results 

with higher FRT. Previously presented microstructures (Fig. 20) revealed that 

ferrite was formed at the low FRT of 800 °C, and Mo- and Mo-Nb alloying reduced 

the amount of ferrite effectively. This can also be clearly seen in tensile properties 
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with the FRT of 800 °C. However, the existence of ferrite does not explain the lower 

strength values of Mo-free steel with the higher FRT. Microstructural analysis and 

EBSD showed similar features of martensite, although EBSD showed larger grain 

sizes for Mo-free steel, which can explain the lower strength of Mo-free steel with 

the FRT of 900 °C.  

Table 8. Mechanical properties of steels #5#8. (Adapted under CC BY 4.0 license from 

Publication III © 2019 Authors). 

FRT Steel Rp0.2 [MPa] Rm [MPa] Ag [%]1 A50 [%]2 Rm x A [MPa.%] HV10 

900 °C #5 (0Mo) 950  10 1310  3 3.5  0.2 10.7  0.6 14661 400  10 

#6 (0.25Mo) 1078  3 1436  3 3.2  0.1 10.0  0.1 15096 440  3 

#7 (0.5Mo) 1119  13 1485  3 3.2  0.5 8.8  0.4 13915 445  11 

#8 (0.25Mo-Nb) 1100  17 1473  7 3.3  0.1 8.6  0.5 13497 440  5 

800 °C #5 (0Mo) 766  19 1204  8 5.0  0.6 7.4  0.9  9488 336  21 

#6 (0.25Mo) 1003  13 1400  14 3.4  0.3 6.6  0.9 10011 390  8 

#7 (0.5Mo) 1107  13 1513  6 3.0  0.3 7.7  0.3 12515 440  7 

#8 (0.25Mo-Nb) 1086  12 1496  9 3.2  0.4 8.2  0.2 13087 440  9 

1Ag = uniform elongation, 2A50 = total elongation with gauge length of 50mm. 

Based on Charpy V-notch test results (standard 10 x 10 x 55 mm sample), fitted 

transition curves were constructed in the temperature range of +20 to −140 °C, see 

Fig. 28. It can be seen that additions of Mo and Mo-Nb significantly improved the 

impact toughness, even though both the yield and tensile strengths were clearly 

higher than those of the unalloyed 0Mo steel, as seen from Table 8. Mo- and Mo-

Nb alloying improved the 28 J -transition temperature approximately 30–60 °C 

depending on the alloying and FRT used.  
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Fig. 28. Charpy V Transition curves of steels #5–#8 in the longitudinal direction. a) 

900 °C, b) 800 °C. (Reprinted under CC BY 4.0 license from Publication III © 2019 

Authors). 

4.4.2 Quenched and tempered condition 

Steels #5–#8 were also produced in direct-quenched and tempered (DQT) 

conditions (FRT 900 °C, tempering at 600 °C), and the mechanical properties are 

presented in Table 9. The yield strength of steels in the direct quenched condition, 

which were presented in Table 8, were between 950–1119 MPa and total elongation 

to fracture values were in the range of 8.6–10.7%. After tempering, strength values 

generally decreased, especially in respect to tensile strength compared to as-

quenched steels. However, the elongation values improved significantly after 

tempering. These changes in mechanical properties can be considered typical when 

comparing the tempered (at high temperatures 500–650 °C) and untempered steels 

[98], [99]. Mo and Nb alloying led to a clear increase in strength. The addition of 

0.25 wt.% Mo already increased yield strength by over 150 MPa. Further increases 

in yield strength was achieved by higher Mo-alloying (269 MPa) and by combined 

alloying of Mo-Nb (379 MPa). These increases can be attributed to factors such as 

precipitation strengthening or slowing down dislocation recovery due to solute drag. 

It has been shown that Nb tends to segregate at dislocations, leading to a retardation 

of dislocation recovery and thus resulting in a higher density of dislocations despite 

treatment at high temperatures [100]. It is also known that Nb particularly forms 

the precipitates during subsequent heat treatment, such as tempering, leading to an 

increase in strength [101]. As shown in microstructural characterization (chapter 

4.3.2 and Fig. 24), molybdenum was associated with cementite carbides and did 
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not form Mo3C -precipitates. Therefore, higher strength values originating from 

Mo-alloying can be related to the annihilation of dislocations by solute Mo, and 

also hinderance of the growth of cementite particles. In the case of Nb-alloying, 

NbC-precipitates were discovered, which explains the additional strengthening.  

Table 9. Mechanical properties of steels #5–#8 in direct quenched and tempered (600 °C) 

condition. (Adapted, with permission, from Publication V © 2020 Wiley-WCH). 

Steel Rp0.2 [MPa] Rm [MPa] Ag [%] A50 [%] Rm x A [MPa%] 

#5 (0Mo) 632  2 712  2 7.5  0.2 18.3  1 13052 

#6 (0.25Mo) 813  2 864  1 6.2  0.1 16.4  0.2 14157 

#7 (0.5Mo) 901  2 952  2 6.1  0.1 16.1  0.5 15292 

#8 (0.25Mo-Nb) 1011  2 1049  2 4.9  0.1 13.3  0.2 13951 

1 Ag = uniform elongation, 2 A50 = total elongation with gauge length of 50mm 

Impact toughness transition curves for the investigated steels #5–#8 after tempering 

treatment are shown in Figure 29. 0.25Mo steel had the best impact toughness 

properties after tempering with an exceptionally low 28 J transition temperature of 

–122 °C for the samples parallel to the RD (Fig. 29a). In addition, the upper shelf 

was reached at the low temperature of –50 °C. An addition of 0.04 wt. % of Nb to 

the 0.25Mo steel (steel #8) clearly deteriorated impact toughness properties, 

producing transition temperatures 40–50 °C higher with the upper shelf energy drop 

from ~135 J to ~85 J. The decrease was considered to be caused by the higher 

strength of the 0.25Mo-Nb steel, which was a result of strong precipitation 

hardening during tempering, leading to the formation of coarse precipitates that 

contribute to the lower impact toughness, thus acting as nucleation sites for crack 

initiation and fracture. Several studies have proved that coarse precipitates tend to 

decrease the impact toughness of steels [102], [103]. Also in our study, the 

previously presented TEM investigation showed that NbC precipitates existed in 

the matrix of Mo–Nb steel, which are likely the reason for lower impact toughness.  
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Fig. 29.  Charpy V Transition curves of steels #5–#8 after tempering at 600 °C: a) rolling 

direction, b) transverse to rolling direction. (Reprinted, with permission, from 

Publication V © 2020 Wiley-WCH). 

4.4.3 Quenched and re-austenized condition 

Steels #9 and #10 were produced with an FRT of 850 °C prior to direct quenching 

to room temperature followed by rapid re-austenization at 900 °C to simulate the 

heating cycle of an actual press hardening process. The measured yield stress values 

after re-austenization (Rp0.2, i.e., 0.2% offset proof stress) varied in the range of 

1108–1147 MPa, tensile strength values in the range of 1510–1537 MPa and total 

elongation to fracture values in the narrow range of 10.7–11.2%. Uniform 

elongation values were between 4 and 4.4 % and can be considered high for ~1500 

MPa steel. Stress-strain curves from tensile tests are presented in Fig. 30a. The Nb-

Mo steel achieved slightly higher strength and elongation values.  

Transition curves were constructed based on Charpy V-notch test results 

obtained in the temperature range from +80 to –80 °C (Fig. 30b). Both the 

investigated steels produced similar impact toughness results, having 34 J/cm2 

transition temperatures in the range of –64 to –68 °C. The Nb-Mo steel had slightly 

lower upper shelf energy due to its higher tensile strength, although at the same 

time, the 34 J/cm2 transition temperature was slightly lower. Previous studies have 

shown that impact transition temperature is controlled by the largest grains in the 

grain size distribution, where grain size refers to the ECD of grains with grain 

boundary misorientations >15°, for example d90% [Publication I], [11]. By alloying 
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with Nb-Mo, a pancaked austenite structure was achieved after hot rolling, which 

then produced a finer and more uniform prior austenite structure after re-

austenitization, presumably due to the presence of more nucleation sites for 

austenite grains. This led to a finer martensitic structure and a slight improvement 

in mechanical properties with higher strength and better impact toughness.  

 

Fig. 30. a) Stress-strain curves, b) transition curves (Charpy V) of steels #9 (Nb) and #10 

(Nb-Mo) after FRT 850°C  DQ  Re–aust. at 900 °C. (Reprinted under CC BY 4.0 license 

from Publication II © 2019 Authors). 
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5 Discussion 

5.1 Phase transformations (CCT) 

The effect of niobium alloying on the phase transformation kinetics was not 

appreciably large in the case of Nb-alloyed steels in our study, as has been seen in 

other studies [104], [105]. These studies have shown that in low hardenability steels, 

Nb can hinder ferrite formation and promote bainitic microstructure. However, in 

our study, all investigated steels (#1–#3) produced mostly martensitic 

microstructures even without Nb alloying with cooling rates higher than 24 °C/s, 

and also Nb alloying did not have a significant effect on the critical cooling rate to 

produce fully martensitic microstructures. The strongest effect of Nb on the 

hardenability was seen with a low cooling rate of 6 °C/s, where the microstructure 

was mostly bainitic with small quantities of ferrite. In addition, other studies have 

mainly focused on the effect of Nb on hardenability in solid solutions with lower 

hardenability steels with lower strength level and with mainly ferritic/bainitic 

microstructures, where the transformation kinetics are different to higher 

hardenability steels like in our studies [106]. Nevertheless, it can be assumed that 

the effectiveness of hardenability at low cooling rates was based on the effect of 

Nb in the solution and not Nb(CN) precipitates. Carpenter et al. have shown that 

the formation of Nb precipitates was evident with a cooling rate of 1 °C/ s and with 

an Nb amount of 0.08 wt.%, but in our study, Nb levels were lower and cooling 

rates higher. This would suggest that, in our studies, niobium was affecting the 

phase transformation kinetics as soluble atoms. 

Constructed CCT diagrams of steels #9 and #10 showed that combined 

alloying of molybdenum and niobium had a stronger effect on phase transformation 

kinetics compared to an only niobium alloyed variant. Previous studies have shown 

that soluble Nb has a stronger effect on lowering the transformation temperatures 

compared with precipitated niobium [107]. The effect of Mo on lowering the 

transformation temperatures and producing higher hardness values in Nb-alloyed 

steel could be due to a synergistic effect in the combined alloying of niobium and 

molybdenum. Molybdenum alloying has the ability to increase the solid solubility 

of Nb in the austenite, which produces lower transformation temperatures, 

increasing the amount of bainite and decreasing the amount of ferrite with lower 

cooling rates [83], [107]. Mo itself can also effectively improve hardenability due 

to the segregation of solute atoms at austenite grain boundaries, retarding the ferrite 
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formation. Based on the CCT diagrams for the deformed specimens of steels #9 

and #10, the Nb-alloyed steel (#9) required a cooling rate of approximately 30–

40 °C/s to produce a fully martensitic microstructure, whereas the Nb-Mo steel 

(#10) required a cooling rate of only ~20 °C/s, which can be a significant difference. 

Additionally, the hardness values of fully martensitic structures were higher in Nb-

Mo steel than only Nb-alloyed steel (503–504 vs. 486–490 HV10), presumably due 

to the minor solid solution strengthening of molybdenum and/or more pronounced 

pancaking of austenite, especially evident from the results of deformation tests.  

These steels were designed based on press hardening steel (22MnB5) and 

reducing the cooling rate to form fully martensitic steel from press hardening steel 

can lead to several benefits in press hardening process. 

5.2 Effect of microalloying on transformed microstructure and 

mechanical properties 

In the case of low-carbon Nb-alloyed steels produced by direct quenching (steels 

#1–#4), the results indicate that most of the effect of Nb-alloying on mechanical 

properties can be achieved with a high finish rolling temperature (> 900°C). The 

higher strength of Nb can be associated with a delay of the recrystallization process 

and the production of a more pancaked austenitic structure, leading to finer final 

microstructure, and especially a martensitic structure. This finer martensitic 

microstructure can be also achieved using a lower finish rolling temperature when 

Nb-alloying might not be necessary. However, from a practical perspective, a 

higher finish rolling temperature can lead to several benefits, such as lower rolling 

forces and less risk of ferrite formation during the last hot rolling passes. Figure 

31a presents the calculated Sv values and yield strength values of steels #1–#4 and 

the results show a relatively good correlation between Sv and yield strength. In 

addition to greater strength achieved by a finer grain structure, Nb-alloying can also 

produce an increase of a few tens of MPa by solid solution strengthening, which 

can be considered a rather small factor, when the total strength of martensite is 

taken into account. Figure 31b summarizes the measured yield strength and 

transition temperatures of steels #1–#4. It can be noticed that especially the B-free 

variants have produced excellent combinations of strength and toughness, 

particularly the B-free steel combined with the low FRT of 820 °C.  
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Fig. 31. a) Correlation between SV and yield strength, b) Yield strength vs. T (34 J / cm2) 

transition temperature of Nb-alloyed steels #1–#4.  

The superior mechanical properties of B-free steel were associated with finer and 

more uniform martensitic microstructure. Morito et al. [108] have shown that there 

is a correlation between the yield strength of martensite and the inverse square root 

of the mean martensite block size, which are referred to as high-angle boundaries 

(>15°) [109]. Therefore, the mean effective grain size determined from the EBSD 

data should also be expected to explain part of the yield strength differences and 

this correlation is presented in Figure 32a. Results show that for a given boron 

content, strength increases with decreasing effective grain size. In addition to the 

effect of effective grain size, the yield strength will also depend on all the other 

strengthening mechanisms. Figure 32a shows that with higher FRT, effective grain 

size is equal, although B-alloyed steel has higher strength, which can be assumed 

to be related to the higher hardenability due to the boron alloying. In the case of 

lower FRT, B-alloying increased the effective grain size compared to B-free steel, 

which seemed to eliminate the improved hardenability of boron alloying.  

As further analysis of the superior mechanical properties of B-free steel 

compared to B-alloyed steel, on the basis of the microstructural and fractographic 

investigations described in section 4.3, the transition temperature differences 

between the boron-bearing and boron-free compositions can be best explained by 

the differences in effective grain size for cleavage crack propagation, i.e., the size 

of grains with boundaries having misorientation angles greater than 15°. Rather 

than mean size, it is the largest grains in the grain size distribution that are more 

important in determining the critical cleavage stress and the transition temperature. 
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In this work, we have taken the 90th percentile of the grain size distribution (d90%) 

as representative of the size of the coarsest grains. Although the removal of boron 

from the present composition had little effect on the mean high-angle grain size, it 

had a clear effect on decreasing the d90% grain size with both FRT’s. In the case of 

the low FRT, where the removal of boron had almost no effect on yield stress 

(Figure 5), the significant decrease in the transition temperature is consistent with 

an increase in the critical stress for cleavage crack propagation, which would be 

consistent with the observed halving of the size of the largest high-angle grains 

(d90%). At the high FRT, the removal of boron led to a reduction in the yield stress 

as well as an improvement in the transition temperature. In this case, the results 

follow the common perception that lower strength produces improved impact 

toughness, and therefore it is impossible to separate the effect of a decrease in yield 

stress and smaller d90% grain size on the improved impact toughness. Ignoring the 

effect of yield stress, plotting transition temperatures against the inverse square root 

of d90% (Fig. 32b) indicates that the d90% grain size can explain most of the variation 

in transition temperatures. However, it must be noted that the effect of boron on 

decreasing the impact toughness is related to microstructural features, i.e., refining 

the microstructure, which could have been obtained, for example, by other 

compositional changes. 

 

Fig. 32. correlation of a) inverse square root of mean effective grain size and yield 

strength, b) inverse square root of d90% grain size and transition temperature of B-free 

and B-alloyed steels. (Reprinted, with permission, from Publication I © 2017 The 

Minerals, Metals & Materials Society and ASM International). 

Figure 33 shows the correlation of transition temperature and yield strength of Mo-

alloyed steels #5#8 in as-quenched condition for both FRTs. It can be seen that 

excellent combinations of strength and 28 J transition temperatures were obtained 
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with the addition of Mo and Mo-Nb compared to the non-alloyed variant (0Mo). 

The correlation of strength and toughness in this case can be described as inverse 

compared to usual, where higher strength produces higher transition temperature. 

The influence of ferrite can be discerned by comparing the results obtained at the 

FRT of 800 °C. Strength values dropped in steels with 0 wt.% and 0.25 wt.% Mo, 

where significant amounts of ferrite formed at the lower FRT. In the 0.5Mo and 

0.25Mo-Nb steels, however, nearly identical yield and tensile strengths were 

achieved at both FRTs, which indicates that the presence of the very small amounts 

of strain-induced ferrite (corresponding to 800 °C FRT) had practically no 

appreciable effect on the yield and tensile strengths. In the two leanest compositions, 

the presence of larger fractions of strain-induced ferrite seemed to have a negative 

effect on ductility, thus reducing the total elongations to fracture (A) in comparison 

with the values obtained at higher FRTs (without ferrite), presumably because of 

strain concentration and fracture in the softer phase. A corresponding effect is 

observed in the Rm×A values shown in Table 8. 

 

Fig. 33. Correlation of transition temperature (T(28 J)) and yield strength (Rp0.2) of steels 

#5#8 in as-quenched condition, a) FRT 800 °C, b) FRT 900 °C. 

Table 10 summarizes the achieved mechanical properties of steels #1#8. Nearly 

all micro-alloyed steels showed improved properties in comparison to non-alloyed 

versions. All micro-alloyed steels with deteriorated properties are marked with 

either superscript “a” (deterioration) and “b” (clear deterioration). As seen in Table 

10, only one steel indicated a clear decrease in property. Otherwise, microalloying 



76 

has generally improved nearly all properties in different steels and conditions. 

Using Table 10, the best composition of each steel group can be found with respect 

to mechanical properties.  

Table 10. Summary of mechanical properties [Publications I, II-V].   

Condition Steel Rp0.2 [MPa] Rm [MPa] A50 [%] T (34J/cm2) [°C] 

DQ              

(FRT 900 °C) 

0Mo 950 1310 10.7 50 

0.25Mo 1078 1436 10.0 85 

0.5Mo 1119 1485 8.8a 93 

0.25Mo-Nb 1100 1473 8.6a 79 

DQ              

(FRT 800 °C) 

0Mo 766 1204 7.4 43 

0.25Mo 1003 1400 6.6a 85 

0.5Mo 1107 1513 7.7 88 

0.25Mo-Nb 1086 1496 8.2 93 

DQT 

(900°C+600°C) 

0Mo 632 712 18.3 87 

0.25Mo 813 864 16.4a 122 

0.5Mo 901 952 16.1a 95 

0.25Mo-Nb 1011 1049 13.3b 73a 

DQ              

(FRT 920 °C) 

Nb-free 943 1151 12.2 66 

0.02Nb 1014 1195 11.2a 56a 

0.05Nb 1011 1208 12.2 53a 

0.02Nb (B-free) 918 1163 13.2 88 

DQ              

(FRT 820 °C) 

Nb-free 1022 1215 12.2 67 

0.02Nb 1067 1245 12.2 67 

0.05Nb 1060 1262 12.2 58a 

0.02Nb (B-free) 1057 1232 13.1 115 

aDeteriorated property, bClearly deteriorated property. 

5.3 Effects of molybdenum and niobium on tempering resistance  

Mo-alloyed steels #5#8 were also produced in tempered condition to evaluate the 

effect of Mo and Nb on tempering resistance. Figure 34 shows the comparison of 

yield strength and the 28 J transition temperatures of the investigated steels in the 

direct quenched- and direct quenched and tempered conditions. The highest 

tempering resistance was achieved with the 0.25Mo-Nb steel, where the yield 
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strength dropped only 100 MPa compared to the direct quenched variant. In the 

case of the two least alloyed compositions, 28 J transition temperatures improved 

after tempering, whereas for the 0.5Mo and 0.25Mo-Nb compositions, there was 

no significant change in transition temperature, despite the drops in yield strength 

(Figure 34b). As seen in chapter 4.3.2, the highest strength of Nb-Mo steel after 

tempering was caused by the formation of NbC precipitates, leading to precipitation 

strengthening. In Mo-alloyed steels, no Mo-containing precipitates were found. 

These observations are also in line with the transition temperature values, showing 

that a slightly higher transition temperature of Nb-Mo alloyed steel is also 

associated with precipitation, whereas other steels show improved impact 

toughness after tempering. However, it can be concluded that the achieved 28 J 

transition temperatures of all steels #5#8 were relatively low (73 to 113 °C) in 

both direct quenched- and direct quenched and tempered conditions, as shown in 

Figure 34b. 

 

Fig. 34. Comparison of yield strengths (a) and transition temperatures (b) of steels 

#5#8 with (DQ&T) and without (DQ) tempering treatment. (Reprinted, with permission, 

from Publication V © 2020 Wiley-WCH). 

For further analysis of the effect of microalloying on tempering resistance, 

dislocation densities of the steels #5–#8 were measured using X-ray diffraction 

(XRD) with and without tempering, and the results are shown in Figure 35. 

According to the XRD measurements, the studied steels in direct quenched 

conditions produced almost equal dislocation density values between ~3–4 × 1015 

m2. These values are in line with the results found in other publications. 

Nakashima et al. [15] reported a dislocation density value of 3 × 1015 m2 for a cold-
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rolled steel sheet, and a saturation value of around 1016 m2.Morito et al. [14] 

showed similar dislocation density values of 1–4 × 1015 m2 for martensitic steels. 

Minor differences can be noticed by comparing the dislocation densities of the 

direct quenched steels, although no statistically significant conclusions can be 

made. As expected, tempering treatment reduced the dislocation densities, 

producing dislocation density values from 2.8 × 1014 to 1.3 × 1015 m2, as shown in 

Figure 24. It can be seen that Mo and Mo-Nb alloying clearly hindered the decrease 

of dislocation densities during tempering. The most significant effect was achieved 

by the combined alloying of Mo and Nb. As mentioned previously, the solutes Nb 

and Mo can create a strong solute drag effect, and also NbC precipitates can create 

a strong pinning effect on dislocations [100], [110], [111]. Based on the 

microstructural observations shown in chapter 4.3.2 and Figure 24, the role of Mo 

in preserving the high dislocation density was based on the solute drag effect, and 

in the case of the 0.25Mo-Nb steel, the effect of NbC precipitates on pinning the 

dislocations led to an even higher dislocation density after tempering. Figure 35b 

presents the correlation between the measured dislocation densities and yield 

strength (Rp0.2) of direct quenched and tempered steels. A high correlation can be 

noted between the measured values. However, it must be emphasized that although 

the dislocation density affects the yield strength, it is not the only factor affecting 

it and therefore, it is not reasonable to evaluate the strength by only estimating the 

dislocation density of the martensitic steel. 

 

Fig. 35. Steels #5#8: a) dislocation densities of direct quenched- and direct quenched 

and tempered steels, b) correlation between dislocation densities and yield strength 

values in direct quenched and tempered condition. (Reprinted, with permission, from 

Publication V © 2020 Wiley-WCH). 
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6 Summary and conclusions  

The focus of this thesis was to examine the effect of microalloying on the 

mechanical properties and microstructures of direct quenched low-carbon steels. 

The goal was to find the optimal use of microalloying in different steel 

compositions designed for different processing routes where direct quenching has 

essential role. The investigated steels had carbon contents between 0.08 wt.% and 

0.22 wt.% combined with different levels of microalloying of Nb, Mo, B and Ti, 

with Nb and Mo levels especially varied. First, steels #1#4 were designed as direct 

quenched steels with strength levels close to 1000 MPa. The second group of steels 

#5#8 were designed as direct quenched- and direct quenched and tempered steels 

with similar strength levels to the first four steels. Last, two steels with highest 

carbon content (0.22 wt.%) were designed as press hardened steels with tensile 

strength values up to 1500 MPa. The following topics were under investigation 

throughout the research: phase transformations kinetics, prior austenite grain 

growth behaviour, transformed microstructures and austenite structures achieved 

with different finish rolling temperatures and direct quenching, mechanical 

properties, and tempering resistance.  

The addition of molybdenum had a significant effect on phase transformation 

kinetics by delaying bainite and ferrite transformations and promoting martensitic 

transformation. Concerning the investigated steel compositions and cooling rates 

used, niobium alloying did not greatly affect the phase transformation kinetics. 

However, during hot rolling with relatively low FRT (800 °C), the addition of Nb 

to 0.25Mo steel prevented grain boundary ferrite formation more efficiently 

compared to a variant alloyed with only Mo. Mo-alloying in particular can promote 

significant martensite formation, which was seen in steels #9 and #10 (designed for 

press hardening) where the addition of 0.16 wt.% Mo reduced the needed cooling 

rate to form a fully martensitic structure from ~40 °C/s to ~20 °C/s. Nb alloying 

itself did not have a significant effect on phase transformation based on the 

constructed CCT diagrams of Nb bearing steels #1#4. Only at low cooling rates 

did niobium decrease the amount of bainite formation, leading to higher hardness 

values as a result of improved hardenability. 

Nb microalloying led to improved strength in direct quenched low-carbon 

steels. The greatest effect of Nb on strength was observed with a higher finish 

rolling temperature (FRT) (920 °C), where the effect of Nb on austenite pancaking 

was strongest. When hot rolling was carried out with a low FRT (820 °C), high 

strength values were achieved even without Nb-alloying. The addition of 0.02 wt.% 
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of niobium combined with the low FRT produced the overall best mechanical 

properties and can be considered to be high level compared to steels with similar 

strength class.  

For direct quenched steels #5#8, Mo and Nb microalloying raised the non-

recrystallization temperature, leading to a more pancaked austenite structure and 

higher Sv values. There was a strong synergy between Nb and Mo alloying. On the 

basis of microstructural and SEM-EBSD analyses, microstructures were essentially 

martensitic when the finish rolling temperature was 900 °C. There were no 

significant differences in the lath sizes, mean effective grain sizes, or the 10–90th 

percentile effective grain sizes among the different compositions. The finish rolling 

temperature of 800 °C led to the formation of strain-induced ferrite at the austenite 

grain boundaries, which decreased yield and tensile strengths, but the addition of 

Mo and Mo-Nb alloying significantly improved hardenability and reduced the 

amount of ferrite formation, and thereby increased the strength. For FRTs of 800 

and 900 °C, Mo and Mo-Nb microalloying increased both the strength and impact 

toughness of the direct-quenched state. 

Steels #5#8 were also tempered at 600 °C after direct quenching. In the 

quenched and tempered condition, no molybdenum carbides were discovered 

except the cementite particles saturated with Mo content. In the Mo-Nb alloyed 

steel, NbC precipitates were found in the TEM replicas. Overall, Mo and Nb 

additions increased strength significantly in the direct quenched and tempered 

(DQT) condition due to higher dislocation densities and precipitation hardening. 

The 0.25Mo-Nb steel was the only steel with over 1000 MPa yield strength after 

tempering treatment. Presumably this was due to molybdenum reducing the activity 

of carbon and nitrogen, allowing niobium in the solution to form precipitates during 

tempering rather than precipitation during hot rolling. However, Nb microalloying 

decreased the impact toughness due to previously mentioned precipitation 

hardening. The steel with 0.25 wt.% Mo alloying had the best 28 J transition 

temperature properties (120 °C) in the tempered condition. The effect of Mo 

alloying on the tempering resistance was related to solute drag, leading to higher 

dislocation density, as no molybdenum carbides were discovered in the 

microstructure of DQT steels. XRD analysis showed that the addition of Mo and 

Mo-Nb alloying reduced the annihilation and rearrangement of dislocations during 

tempering, which led to higher dislocation densities, This, together with 

precipitation hardening, led to higher strength values. EBSD analysis showed 

similar results, indicating that high dislocation density after tempering can be 

achieved with Mo and Mo-Nb alloying. 
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7 Novel features 

To the author’s best knowledge, the following findings are original to this thesis: 

– Niobium alloying in low-carbon steels combined with direct quenching can be 

beneficial when high finish rolling temperatures (> 900 °C) are used. Lower 

finish rolling temperature can diminish the effect of niobium, although it can 

cause certain negative factors such as ferrite formation or increased rolling 

loads.  

– Low-carbon Nb-alloyed steel without boron alloying produced by using a low 

finish rolling temperature (FRT) and direct quenching can produce a superior 

strength and toughness combination. The deterioration of impact toughness of 

boron-alloying was not related to boron-containing precipitates. The reason for 

poorer impact toughness was associated with more inhomogeneous and coarser 

microstructures in B-alloyed variants. 

– Molybdenum-alloyed 0.16 wt.% carbon steel combined with proper rolling 

schedules and direct quenching can produce superior mechanical properties. 

Mo-alloying was discovered to improve both strength and impact toughness 

remarkably. 

– Tempering resistance of molybdenum alloying (0.25–0.5 wt.%) in traditional 

high temperature tempering was related to solute drag, leading to higher 

dislocation density. No molybdenum carbides were discovered in the 

microstructure after tempering.  

– Tempering resistance can be further improved by the combined alloying of 

niobium and molybdenum, due to high dislocation density in addition to 

precipitation strengthening by NbC particles. However, the formation of NbC 

precipitates led to slightly deteriorated impact toughness. 
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8 Future work 

This research work present the results of optimizing the compositions of direct 

quenched steels to improve the mechanical properties of these steels in different 

conditions, such as direct quenched-, and direct quenched and tempered conditions. 

Research work covers the relationship between microstructural features and 

mechanical properties of steel compositions with different microalloying. Based on 

achieved results, following points are important for future studies:  

– Texture analysis and possible correlation to mechanical properties. 

– Produce also reheat- and quenched variants and compare the results between 

martensitic steels with equiaxed- and pancaked austenitic structures. 

– Studying the effect of different tempering temperatures and times on 

mechanical properties and formation of precipitations.  

– Usability studies including weldability and formability. Challenges in welding 

for ultra-high-strength steels are for example sensitivity for heat input, decrease 

in impact toughness in welded area, and matching weld in terms of strength. 

Bendability is also important property, when designing the final product. 

– Evaluation of fracture mechanics, including fracture toughness. Also 

evaluation of hydrogen resistance and hydrogen embrittlement in ultra-high 

strength steels.  
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