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Abstract: The synergetic effect on hardenability by combining boron with other microalloying ele-

ments (such as Nb, Mo and Nb + Mo) is widely known for high-strength medium carbon steels 

produced by direct quenching and subsequent tempering treatment. The improvement of mechan-

ical properties could be reached through optimization of different mechanisms, such as solid solu-

tion hardening, unit size refinement, strain hardening, fine precipitation hardening and the effect of 

carbon in solid solution. The current study proposes a procedure for evaluating the contribution of 

different microstructural aspects on Charpy impact toughness. First, the effect that austenite condi-

tioning has on low-temperature transformation unit sizes and microstructural homogeneity was 

analysed for the different microalloying element combinations. A detailed crystallographic charac-

terization of the tempered martensite was carried out using electron backscattered diffraction 

(EBSD) in order to quantify the effect of unit size refinement and dislocation density. The impact of 

heterogeneity and presence of carbides was also evaluated. The existing equations for impact tran-

sition temperature (ITT50%) predictions were extended from ferrite-pearlite and bainitic micro-

structures to tempered martensite microstructures. The results show that microstructural refine-

ment is most beneficial to strength and toughness while unit size heterogeneity has a particularly 

negative effect on ductile-to-brittle transition behaviour. By properly balancing alloy concept and 

processing, steel having a yield strength above 900 MPa and low impact transition temperature 

could be obtained by direct quenching and tempering. 

Keywords: martensite; thermomechanical simulations; toughness properties; microalloying ele-

ments 

 

1. Introduction 

Quenching and tempering treatments are well established for achieving a favourable 

combination of strength and toughness properties for a wide range of applications. In 

quenched and tempered steels, packet size and particle distribution as well as brittle in-

tergranular fracture modes by grain boundary segregation of impurities in ferrite (temper 

embrittlement) or precipitates in austenite are of importance. Anisotropy of toughness 

arises from banded structures especially when non-metallic inclusions such as MnS are 

stretched out [1]. 
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Cooling installations in modern rolling mills allow for direct quenching from the roll-

ing heat with the option of self-tempering or offline tempering. This approach is econom-

ically attractive. It has to be considered, however, that properties can be anisotropic, in 

this case due to austenite pancaking [2]. 

For ensuring full transformation into martensite of especially heavier gages under 

technically feasible cooling rates, hardenability-increasing alloying elements have to be 

used. The use of boron microalloying is common practice for achieving through harden-

ing low- and medium-carbon manganese steels. However, boron must be segregated as 

the solute to the austenite grain boundary before quenching. Titanium microalloying pro-

tects the loss of solute boron as BN by forming more stable TiN. Furthermore, combined 

alloying of Nb and B as well as Mo and B has been described in the literature as enhancing 

boron’s hardenability effect [2–6]. Both elements prevent boron from forming boron car-

bides (Fe23(C,B)6) in the austenite grain boundaries that would reduce solute boron’s effect 

of obstructing ferrite nucleation [7]. 

Usually, the tempering treatment softens the martensitic microstructure, thereby pro-

moting an improvement of toughness and ductility [8,9]. However, the role of the differ-

ent microstructural features must be taken into account in order to avoid brittle fracture 

behaviour [10]. Since the martensite substructure forms within the austenite grains prior 

to quenching [11], austenite conditioning has a significant impact on achieving an optimal 

balance of strength and toughness [12]. Several works analyse the role of the microstruc-

ture prior to austenitizing in terms of mechanical properties, and different ways of refin-

ing grain size have been proposed in the literature [13–15]. Thermomechanical treatment 

can affect the size and shape of the final martensite and the level of segregation at grain 

boundaries, favouring intergranular fracture. When microalloying elements are added, 

strong pancaking of austenite can be reached. A significant synergetic effect of combining 

Nb and B on recrystallization delay has been reported in several works [16]. The addition 

of Nb is widely used to delay the static recrystallization kinetics of austenite through two 

different mechanisms: solute drag and strain-induced precipitation [17]. This promotes 

the accumulation of deformation on the austenite prior to phase transformation, leading 

to microstructural refinement of the resulting microstructure and ensuring enhancement 

of both tensile and toughness properties [18]. 

In order to evaluate the effect of austenite conditioning in terms of microstructural 

homogeneity and toughness properties, austenitic structure characterization has to be per-

formed. For equiaxed and polygonal austenite, analysis and quantification of the austenite 

grain size distribution usually relies on optical microscopy, yet for highly deformed aus-

tenitic structures, the austenite grain boundaries cannot be properly revealed by optical 

microscopy. Consequently, the use of the electron backscattered diffraction (EBSD) tech-

nique for reconstructing the prior austenite from the martensitic microstructure has be-

come an essential tool for reliable quantitative characterization. In this respect, efforts on 

the development of several austenite reconstruction methods have been made recently 

[19–21]. 

Previous studies evaluated the effect of tempering treatment on directly quenched 

low-alloy ultrahigh-strength steels in terms of microstructure and mechanical properties 

[22,23]. Pallaspuro et al. [23] reported that low-impact transition temperatures at which 

28 J of impact energy is reached (ITT28J) can be achieved after direct quenching and that 

good toughness properties can be ensured without tempering treatment. However, they 

observed a reduction in yield strength and an improvement in ductility as well as tough-

ness after tempering. They noticed a clear beneficial effect of microstructural homogeneity 

in martensite [23]. The presence of coarser effective grain sizes reflects the longer tailing 

out of unit size distributions curves. These result in the deterioration of toughness prop-

erties. The improvement of toughness observed for the direct quenched as compared to 

the reheated and quenched states is attributed to the formation of more homogeneous 

martensitic microstructures with a lower fraction of coarse grains [23]. The positive effect 

of austenite pancaking on martensite homogeneity has also been reported by 
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Saastamoinen et al. [24]. In addition, they concluded that the effective grain size at 90% 

cut-off in the cumulative grain size distribution is the key criterion controlling toughness 

properties for both the Direct Quenching (DQ) and DQ+tempering (DQ+T) processing 

strategies. Regarding the effect of boron in terms of tensile/toughness properties, Hannula 

et al. [12] studied the influence of adding boron to a low-carbon Nb microalloyed marten-

sitic steel. It was demonstrated that removing boron significantly improved the toughness 

properties due to the formation of a finer and more homogeneous martensitic microstruc-

ture in the B-free steel. In another work, Hannula et al. [25] analysed the impact of adding 

Mo and Nb on the martensitic microstructure and mechanical properties of laboratory-

rolled DQ and DQ+T plates. They observed that the addition of Mo and Nb improves the 

strength considerably (0.25 Mo–Nb) via an increased dislocation density and fine precip-

itation hardening. However, 0.25 Mo–Nb steel shows worser toughness properties com-

pared to 0.25 Mo steel due to intense precipitation hardening in the Nb-grade. Even 

though upgrading tensile properties could be reached through optimization of different 

strengthening mechanisms, toughness properties could be impaired. In this context, the 

exact interaction between toughness properties and the different microstructural features 

has to be better understood. Effort has been made in that respect regarding toughness 

properties in ferritic and non-polygonal bainitic microstructures [26–29]. 

Several relationships have been proposed in the literature for quantitatively predict-

ing the impact transition temperatures [28–31]. Most of the proposed approaches consider 

the impact of solid solution, pearlite fraction, dislocation density and fine precipitation 

(both represented by the Δσy term), carbide thickness (t) and unit size refinement. The 

transition temperature can be represented by different definitions, one of them being the 

fracture appearance transition temperature (ITT50%). Most approaches were derived 

from analysing low-carbon ferrite-pearlite steels. These equations account for microstruc-

tural grain size heterogeneities. Several works suggested that a parameter accounting for 

the presence of coarse grains and microstructural heterogeneity is required for accurately 

predicting the ductile-to-brittle transition temperature [32,33]. In that sense, Larzabal et 

al. [34] proposed a relationship (Equation (1)) to predict ITT50% for low-carbon Nb, NbMo 

and TiMo microalloyed steels, thereby taking into account the effect of microstructural 

heterogeneity and the presence of hard secondary phases such as pearlite and Martensite-

austenite (MA) islands. This relationship is applicable to ferritic-pearlitic and bainitic mi-

crostructures [34]. 

���50%(°�) =  −11�� + 42�� + 700�������
�.�

+ 15(��� �������� + ��� ��)
�
� + 0.26∆σy − 14(���°)��.�

+ 63 �
���%

���°
�

�.�

+ 18(���)�.� − 42 
(1)

where D15° is the high angle boundary unit size, D20% is the cut-off unit size at the 80% 

area fraction in a grain size distribution and DMA is the average MA island size. 

The present study aims to modify and extend this relationship for use in martensitic 

steels. In this context, the relationship between microstructure and toughness properties 

is analysed in four different boron microalloyed carbon–manganese steels after direct 

quenching and tempering treatment. The strength properties of the same steels have been 

recently published [35]. A model predicting the yield strength has been proposed and 

validated for both the quenched and tempered martensitic conditions incorporating the 

interaction between the quenched microstructure, the tempering treatment and the addi-

tion of microalloying elements [35]. Specific effects related to alloying of niobium and mo-

lybdenum have been revealed as well. For understanding the toughness properties, 

Charpy tests are performed with the same alloys in direct quenched and tempered condi-

tions. Based on elaborate microstructural characterization, a modified relationship for pre-

dicting ITT50% is defined and validated. This platform allows for the definition of opti-

mized alloy concepts and processing strategies for obtaining superior strength and tough-

ness properties in tempered martensitic steels. 
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2. Materials and Methods 

Table 1 shows the chemical composition of the selected medium carbon steels with 

0.16% of C and 20 ppm of boron. Besides a CMnB steel, three different microalloyed steels 

were also studied, microalloyed with Nb, Mo and NbMo. The Nb level is 0.026%, and Mo 

content is about 0.5%. 

Table 1. Chemical composition of the studied steels (weight percent). 

Steel C Si Mn Mo Nb B 

CMnB 0.15 0.32 1.05 - - 0.0022 

CMnNbB 0.16 0.29 1.05 - 0.026 0.0019 

CMnMoB 0.16 0.28 1.07 0.5 - 0.0022 

CMnNbMoB 0.16 0.31 1.07 0.5 0.026 0.0018 

Plane strain compression tests were carried out in order to simulate the plate hot 

rolling process followed by direct quenching and subsequent tempering treatments. De-

formation by plane strain compression was carried out in a servo-hydraulic machine 

equipped with an induction furnace for reheating. After this stage, the specimen was au-

tomatically transferred to a resistance furnace that was set at the deformation temperature 

and inside which the tools were kept hot. The specimen temperature was continuously 

monitored by an inserted thermocouple. Rectangular samples 60 mm long, 30 mm wide 

and 22 mm thick were used with a tool width of 15 mm. The cycle started with a precon-

ditioning step, with the purpose of ensuring the refinement of the as-cast austenitic struc-

ture and minimizing the presence of coarse austenite grains at the reheating temperature 

(see the thermomechanical schedule in Figure 1). Then, the plate hot rolling simulation was 

carried out based on reheating at 1200 °C for 10 min followed by three roughing defor-

mation passes (� = 0.2 at 2 s−1 and an interpass time of 3 s) at decreasing temperature in the 

interval between 1140 and 1120 °C. Subsequently, after holding for 360 s, 4 finishing 

passes were applied (strain of 0.2 at 5 s−1 with an interpass time of 8 s) in the temperature 

range between 851 and 830 °C. Finally, accelerated cooling was applied until room tem-

perature (cooling rate of about 30 °C/s above 300 °C and below a cooling rate of approxi-

mately 10 °C/s). Afterwards, a tempering treatment was carried out at 600 °C for 15 min. 

Full details of the thermomechanical schedule can be found in Reference [35]. 

 

Figure 1. Schematics of the applied plane strain compression cycle. 

Plane compression samples show that heterogeneous strain distribution through 

thickness was associated with the geometry and friction of the sample/tool [36]. Therefore, 



Metals 2021, 11, 95 5 of 21 
 

 

the specimens used for the microstructural characterization and Charpy tests were ma-

chined from the centre of the plane strain compression samples, with the purpose of min-

imizing strain gradients along the section of the plane strain compression samples. 

Different characterization techniques were employed for microstructural characteri-

zation, such as optical microscopy (OM, LEICA DM15000 M, Leica microsystems) and 

field-emission gun scanning electron microscopy (FEGSEM, JEOL JSM-7100F). Besides an-

alysing the martensitic microstructure after etching with Nital 2%, the austenitic struc-

tures were also characterized after etching in a solution of saturated picric acid and HCl 

after polishing. For crystallographic unit sizes, measurements of the martensitic micro-

structure electron backscattered diffraction (EBSD) technique were employed. Addition-

ally, EBSD data were used for reconstruction of the prior austenite grain orientation, and 

the approach described in [19,20] was applied. EBSD sample preparation consisted of a 

conventional polishing route, using diamond liquids down to 1 μm and final polishing 

with colloidal silica. EBSD was performed on the equipment with a camera NORDLYS II 

with an acquisition program and data analysis, OXFORD HKL CHANNEL 5 PREMIUM 

coupled to the JEOL JSM-7100 F (FEG-SEM). The selected step size and scanned area var-

ied depending on the required resolution. A scan step size of 0.2 μm and a total scanned 

area of 140 × 140μm were defined for unit size quantification. For reconstructing the aus-

tenite prior to transformation, higher scanned area of 300 × 300 μm2 was used and a step 

size of 0.5 μm was defined. Two different crystallographic unit sizes were defined based 

on low- and high-angle boundaries. Low-angle units were defined for grain boundary 

misorientation between 2 and 15°, whereas high-angle unit sizes were set for a grain 

boundary misorientation higher than 15°. 

Regarding toughness property evaluation, Charpy sub-size specimens (approxi-

mately 4 × 10 × 55 mm3) were machined from the central part of the plane strain compres-

sion samples, and Charpy tests were carried out within a −120 to 40 °C test temperature 

range (Tinius Olsen Model Impact 104 pendulum impact tester with maximum capacity 

of 410J). The proportionality rule shown in Equation (2) can be assumed for these Charpy 

specimen thicknesses [28]. 

���� =
10

�
 ���  (2)

where Kv10 and KvB are the absorbed impact energy for 10 mm and B sample thickness, 

respectively. For determining the impact transition curves, the modified hyperbolic tan-

gent fitting algorithm suggested by Wallin was considered [37]. 

3. Results and Discussion 

3.1. Mechanical Behaviour 

In Table 2, upper-shelf energies (US) as well as the transition temperatures for an 

impact energy value of 27 J (ITT27 J) and the temperature at which the sample shows a 

50% ductile–brittle appearance (ITT50%) are shown. Yield strength and tensile strength 

values previously reported in [35] are included. Figure 2 shows the comparison between 

the impact transition curves measured in each chemical composition (ductile fraction is 

plotted as a function of test temperature). Slightly better toughness properties are ob-

served in CMnNbB and CMnMoB steels compared to the CMnB grade one. ITT50% values 

of −66, −75 and −84 °C were quantified for the CMnB, CMnNbB and CMnMoB grades, 

respectively. Conversely, when Nb and Mo were added simultaneously, the impact tran-

sition curve shifted to higher temperatures, showing worse toughness properties (an 

ITT50% of −10 °C was measured in NbMo microalloyed steel). 
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Table 2. US (Upper-Shelf Energy), ITT27J, ITT50%, yield strength and tensile strength values 

measured from Charpy and tensile tests. 

Steel US (J) 
ITT 27 J 

(°C) 
ITT 50% (°C) 

Yield Strength 

(MPa)  

Tensile Strength 

(MPa) 

CMnB 108 −63 −66 617 700 

CMnNbB 112 −59 −75 757 818 

CMnMoB 97 −80 −84 943 991 

CMnNbMoB 82 −1 −10 977 1034 

 

Figure 2. Effect of the addition of microalloying elements on toughness properties (ductile fraction 

as a function of test temperature). 

Detailed fractographic examination was performed on the tested Charpy samples 

(fracture surfaces were analysed) with the aim of evaluating possible cleavage crack-ini-

tiation sites and microstructural features in their vicinity. In Figure 3, cleavage initiation 

sites are shown at different magnifications for CMnNbB and CMnMoB steels (test tem-

perature of −100°C and −120°C, respectively). In the martensitic microstructures, crack in-

itiators are not easy to detect. However, differences in the facet sizes are observed depend-

ing on the chemistry. Coarser facets are noticed in the CMnNbB grade steel (see Figure 

3a) whereas CMnMoB shows the finest facets (see Figure 3c). Additionally, fracture sur-

faces were analysed after Nital 2% etching in order to better distinguish the microstruc-

tural features controlling the fracture. In both steels, some inclusions, such as coarse Ti 

nitride particles, were identified in the crack-initiation regions, as shown in Figure 3b,d. 
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(h) 

Figure 3. Fracture surfaces at different magnifications showing the crack-initiation site: (a–d) CMnNbB (test temperature 

of −100 °C) and (e–h) CMnMoB (test temperature of −120 °C). 

3.2. Microstructural Characterization 

3.2.1. Analysis of the Prior Austenitic Structure 

Optical micrographs illustrating the parent austenite grain structures are shown in Fig-

ure 4. A completely different austenite morphology is noticed depending on the alloy com-

position. In CMnB steel, equiaxed austenite grains are observed, as shown in Figure 4a. In 

the Nb-added alloy, a combination of pancaked and very small equiaxed grains is observed. 

The small grains originate from dynamic recrystallization (DRX) due to the accumulated 

strain reflected on the high degree of pancaking. For Mo-containing grades, a strong accu-

mulation of deformation on austenite is reflected by a fully pancaked microstructure (see 

Figure 4c,d, for CMnMoB and CMnNbMoB, respectively). 

The delay that molybdenum and niobium exert on dynamic recrystallization kinetics 

is associated with two different phenomena. On the one hand, the solute drag of both Mo 

and Nb impedes the mobility of high-angle boundaries [38–40]. On the other hand, dy-

namic recrystallization could be affected by the impact of Mo on the Nb carbonitride pre-

cipitation. It is reported that molybdenum reduces the diffusivity of carbon in austenite 

[41], lowering the available C and consequently reducing Nb(C,N) formation. Therefore, 



Metals 2021, 11, 95 8 of 21 
 

 

a higher content of Nb remains in solution, impeding grain boundary mobility. Nb in solid 

solution has a stronger effect than Nb-based precipitates in hindering the movement of 

grain boundaries during DRX [42]. 

 
(a) CMnB 

 
(b) CMnNbB 

 
(c) CMnMoB 

 
(d) CMnNbMoB 

Figure 4. Optical micrographs of the austenite structure after quenching corresponding to (a) CMnB, (b) CMnNbB, (c) 

CMnMoB and (d) CMnNnMoB steels (picric acid etching is used). 

For highly deformed austenitic structures, the austenite grain boundaries are not 

properly revealed by chemical etching, and therefore, characterization of the austenitic 

structure by optical microscopy becomes more complex. In this respect, the use of the 

EBSD technique for reconstruction of the prior austenite has become an essential tool for 

characterizing and quantifying the austenitic structure from the orientation relationships 

between the parent austenite and final martensite [19,20]. Figure 5 shows the results for 

the reconstruction technique applied to CMnB and CMnNbMoB steels. The applied meth-

odology starts by performing an EBSD scan in a selected area (see Figure 5a,e for CMnB 

and CMnNbMoB steels, respectively). EBSD maps and optical micrographs are aligned 

with the compression deformation direction parallel to the vertical axis. From the marten-

sitic microstructures, the parent austenite grain structure prior to transformation is calcu-

lated. In order to validate the austenite reconstruction procedure, the samples were sub-

sequently etched by picric acid and analysed by optical microscopy in the same region 

where the EBSD scan was performed, as illustrated in Figure 5c,g. Additionally, the aus-

tenite grains were manually drawn in each case with the purpose of quantifying the aus-

tenite grain size distribution in the same area by OM. Figure 5d,h presents the comparison 

between austenite grain size distributions measured by the EBSD technique (considering 

a tolerance angle of 10°, as previously proposed in [20]) and by optical microscopy (con-

sidering equivalent diameter method). Analysing Figure 5d,h confirms that quite similar 

austenite size distributions are achieved by both techniques (EBSD and OM). 
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Figure 5. (a,e) Martensitic microstructure, (b,f) reconstructed austenite by electron backscattered diffraction (EBSD), (c,g) 

optical images corresponding to austenite obtained after picric acid, (d,h) austenite size distributions measured by optical 

microscopy and EBSD technique for (a–d) CMnB and (e–h) CMnNbMoB steels (Applied strain direction, equivalent to 

rolling direction (RD), is considered for Inverse Pole Figure (IPF) representation). 
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3.2.2. Quantification of Mean unit Sizes and Microstructural Homogeneity 

High-resolution EBSD scans were also carried out to measure martensite unit sizes. 

High-angle boundaries act as effective obstacles to cleavage fracture, and therefore, the 

effective unit size affecting toughness properties was defined by a threshold of 15° (D15°). 

Figure 6a,b shows the grain boundary maps corresponding to Nb and NbMo microal-

loyed steels, respectively. Low-angle boundaries, between 2° and 15°, are shown in red, 

whereas high-angle boundaries (>15°) are drawn in black. In both steel grades, complex 

microstructures as well as very fine unit sizes can be distinguished. When Mo is added to 

Nb microalloyed steel, an increase in the low-angle boundaries is apparent and the mar-

tensitic matrix presents a more pronounced substructure (see Figure 6b). For evaluating 

the density of different boundary types, the grain boundary length per unit area was cal-

culated [43]. Concerning low-angle boundaries between 2° and 15°, grain boundary length 

values per unit area of 0.98, 1.55, 1.79 and 1.98 μm−1 are measured for CMnB, CMnNbB, 

CMnMoB and CMnNbMoB steels, respectively. The low-angle boundary density in-

creases with the addition of microalloying elements, reaching the highest density in the 

NbMo-microalloyed grade. 

Additionally, the dislocation density is evaluated from Kernel Average Misorienta-

tion (KAM) maps [34,44]. For the calculation of KAM maps, misorientation lower than 2° 

is assumed and the third neighbour is selected. Figure 6c,d shows the Kernel maps corre-

sponding to Nb- and NbMo-microalloyed steels, respectively. For the CMnNbMo steel 

(see Figure 6d), the KAM map is mainly coloured by yellow-orange, reflecting the pres-

ence of a highly dislocated tempered martensite. However, in the Nb-microalloyed steel 

(see Figure 6c), in addition to regions represented in yellow-orange, some grains coloured 

by blue-green can be clearly distinguished (see black arrows in Figure 6c), showing the 

presence of grains with lower dislocation density in the martensitic matrix. This is at-

tributed to the formation of non-polygonal ferritic islands within the martensitic micro-

structure of the CMnNbB steel. Furthermore, these ferritic grains are characterized by the 

lack of substructure, as can be clearly observed in the grain boundary map shown in Fig-

ure 6a. 

Within the softer ferritic phase, low angle boundaries (drawn in red) are absent (see 

Figure 6a). The presence of non-polygonal ferritic islands inside a martensitic matrix can-

not be due to a lack of a cooling rate. It rather indicates that the obstruction of ferrite nu-

cleation by solute boron was locally not effective. Since solute boron must be segregated 

to the austenite grain boundary for deploying this effect, it is reasonable to assume that 

an insufficient amount of boron was present in part of the grain austenite boundaries. It 

also appears that, in the CMnNbB steel, where this phenomenon is observed, the very 

small equiaxed dynamically recrystallized austenite islands (Figure 4b) coincide with 

these ferritic islands revealed in Figure 6c. It is possible that, at the instant of dynamic 

recrystallization, insufficient solute boron was left in the austenite matrix for segregation 

to these newly formed austenite grain boundaries, rendering a higher density of nuclea-

tion sites for ferrite formation. 

Distribution diagrams of high-angle boundary unit sizes are plotted in Figure 6e for 

the different alloys. The measurements suggest that the addition of both Nb and Mo is 

beneficial as these elements promote the formation of finer unit sizes. However, when Nb 

and Mo are added in combination, a substantial fraction of coarser unit sizes appears in 

the distribution diagram, indicating the presence of mixed prior austenite grain sizes. This 

inhomogeneous austenite grain structure must originate from austenite conditioning. 

Principally, the two-stage deformation schedule applied in this study refines austenite 

grains by multiple recrystallizations during the first stage at higher temperature. The sec-

ond deformation stage at lower temperature pancakes the formerly equiaxed austenite 

grains. Accordingly, size inhomogeneities can occur when an inhomogeneous grain struc-

ture is produced during the first deformation stage, for instance, by partial recrystalliza-
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tion provoking individual grains growing to larger sizes. Oppositely, dynamic recrystal-

lization during severe pancaking in the second rolling stage can produce very fine aus-

tenite grains, which were observed in the CMnNbB steel (Figure 4b). 

In Mo- and NbMo-microalloyed steels, austenite exhibits a pronounced pancake 

morphology prior to quenching caused by solute drag of Mo atoms and particle pinning 

related to Nb-based precipitates. A finer austenite thickness leads to finer effective grain 

size, resulting in improved tensile and toughness properties. By applying direct quench-

ing after austenite conditioning, the martensite packet size is directly related to the aus-

tenite pancake thickness [45]. In Table 3, the Sv parameter related to the austenite bound-

ary area per unit volume as well as the average austenite pancake thickness measured by 

optical microscopy are summarized. In addition, mean unit sizes quantified by EBSD tech-

nique are shown. The lowest Sv value is found for CMnB steel, and the coarsest austenite 

thickness is obtained. When Nb and/or Mo are added, the Sv parameter increases signifi-

cantly, leading to a clear reduction of the austenite thickness. For CMnMoB grade steel, 

the Sv parameter reaches a maximum and the austenite thickness is the lowest. The strong 

accumulation of austenite deformation prior to transformation induces considerable re-

finement of the resulting martensitic microstructure. The lowest mean unit sizes (D2° and 

D15° values) are measured when Nb and Mo are added in combination, despite the 

smaller Sv parameter and larger austenite thickness compared to CMnMoB grade steel. 

  
(a) (b) 

 
(c) 

 
(d) 
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(e) 

 
(f) 

Figure 6. (a,b) Grain boundary maps and (c,d) Kernel maps corresponding to (a,c) Nb and (b,d) NbMo grades, (e) com-

parison between the unit size distributions taking into account 15° misorientation criteria and (f) D15° and Dc20%/D15° 

values measured for each steel grade. 

Table 3. Measured Sv parameter (grain boundary area per unit volume) and average austenite 

thickness for the different alloys: mean unit sizes were quantified by EBSD considering low- and 

high-angle misorientation criteria. 

Steel Sv (µm−1) Austenite Thickness (µm) D2° (µm) D15° (µm) 

CMnB 0.13 12.9 ± 0.8 1.26 ± 0.03 1.85 ± 0.1 

CMnNbB 0.24 5.5 ± 0.2 0.92 ± 0.01 1.45 ± 0.05 

CMnMoB 0.30 4.9 ± 0.2 0.86 ± 0.1 1.44 ± 0.05 

CMnNbMoB 0.23 6.9 ± 0.4 0.85 ± 0.01 1.43 ± 0.06 

In Figure 6f, the mean unit sizes measured for each steel grade are plotted together, 

assuming high-angle misorientation criteria (higher than 15°). The heterogeneity of the 

microstructure is measured by the Dc20% parameter [34], which is considered a useful 

criterion for defining the tail-out length of a size distribution curve. It corresponds to the 

cut-off unit size at the 80% area fraction in a grain size distribution, as indicated in Figure 

6e. The ratio of Dc20%/D15° shown in Figure 6f increases considerably for the 

CMnNbMoB, indicating the presence of a more heterogeneous microstructure. The 

Dc20%/D15° ratios for the other alloys are nearly identical and approximately half of that 

found in the CMnNbMoB steel. From the data, it can be concluded that the inhomogeneity 

must have been generated during the first deformation stage. Djahazi et al. [46] demon-

strated that the addition of boron to a Nb-microalloyed steel accelerates the precipitation 

of Nb(C,N) and induces it to occur at higher temperatures. Additionally, boron and mo-

lybdenum segregating to grain boundaries and dislocations can retard recrystallization 

after deformation. It is thus possible that particularly the combined alloying of niobium, 

molybdenum and boron already impedes recrystallization at rather high deformation 

temperatures [47], resulting in individual unrecrystallized austenite grains growing in 

size. 

3.2.3. Quantification of Carbide Size and Area Fraction 

Tempering treatment causes modification of the quenched martensite, leading to the 

formation of carbides. In Figure 7, FEGSEM images at high magnifications of the different 

steel alloys are presented. Depending on the chemistry, the impact of tempering differs 

considerably, and slightly coarser carbides are identified in CMnB grade steels (Figure 7a) 

and finer carbides are detected in the steels containing Mo (Figure 7c,d). In the tempered 
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martensite, different types of carbides can be clearly distinguished [8]. Part of these car-

bides precipitates within the laths (at lath boundaries or other low-angle boundaries), 

while the other carbide fractions precipitate at high-angle boundaries, such as the prior 

austenite grain boundaries as well as martensite packet or block boundaries (Figure 7c). 

The latter carbides are generally coarser than those precipitating within the laths.  

 
(a) CMnB 

 
(b) CMnNbB 

 
(c) CMnMoB 

 
(d) CMnNbMoB 

Figure 7. Field-emission gun scanning electron microscopy (FEGSEM) micrographs corresponding to (a) CMnB, (b) 

CMnNbB, (c) CMnMoB and (d) CMnNbMoB steels. 

The carbide size and area fraction were evaluated for all alloys, taking into account 

both types of carbides located at low-angle (LAB) and high-angle (HAB) boundaries. The 

carbide size distributions shown in Figure 8 confirm that, for all alloys, the carbides lo-

cated at high-angle boundaries are coarser than the carbides located at low-angle bound-

aries. Generally, coarser carbide size distributions are found in CMnB and CMnNbB steel 

as compared to the two alloys containing Mo. The carbides located at low-angle bounda-

ries in the Mo-alloyed steels have approximately half the size compared to those in Mo-

free steels. Furthermore, a higher area fraction of carbides is measured in the Mo-contain-

ing grades. Therefore, it can be concluded that Mo alloying promotes refinement of car-

bides and an increase in volume fraction. It was outlined in a previous paper [35] on the 

same steels that molybdenum participates in carbides of the MC, M2C, M6C and M23C6 

types while Nb forms only MC-type carbides. 

As both carbide populations, i.e., at high- and low-angle boundaries, are considered 

to have similar detrimental effects on toughness, only the total carbide population is taken 

into account for further interpretation. The characteristics of the total carbide population 

in the four alloys are summarized in Table 4. In addition to carbide size refinement caused 

by the addition of Mo and NbMo, a clear increment of carbide density is detected when 
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molybdenum is added. A synergy between Mo and Nb with regard to carbide area frac-

tion is apparent. 

 

(a) 

 

(b) 

Figure 8. Comparison between carbide size distributions corresponding to the different steels and considering both grain 

boundaries: (a) carbides located at high-angle boundaries and (b) carbides located at low-angle boundaries. 

Table 4. Measured mean carbide sizes and carbide densities considering total carbide population 

(sum of high-angle and low-angle boundaries). 

Steel 
Carbide Size (nm) 

(Total Carbide Population) 

Area Fraction (%) 

(Total Carbide Population) 

CMnB 110.1 ± 3 0.54 

CMnNbB 111.3 ± 2.9 0.60 

CMnMoB 70.6 ± 3 1.46 

CMnNbMoB 72.3 ± 2.4 1.72 

3.2.4. Additional Contributions to Toughness 

Besides the influence of effective unit size and carbide population and among the 

different microstructural aspects, the presence of secondary hard phases, hardening due 

to dislocation density and fine precipitation, as well as the strengthening associated with 

carbon in solid solution have impacts on toughness. In the following paragraphs, a more 

detailed study of each of these influencing factors will be considered.  

(1) Presence of hard secondary phases  

Concerning the differences in the final microstructures depending on alloy composi-

tion, the presence of non-polygonal ferrite is also observed when Nb is added. In the 

FEGSEM image shown in Figure 9a, ferritic regions can be clearly distinguished in the 

martensitic matrix. Within the observed softer phase, martensite-austenite (MA) islands 

are also detected, as shown in Figure 9a. It is commonly known that hard secondary 

phases, such as MA islands, can have a detrimental effect on toughness properties [48]. 

Accordingly, the quantification of MA size and fraction is required [49]. 

In the current work, MA island volume fraction as well as MA mean size (DMA) were 

determined by quantitative metallography on optical micrographs (using the mean equiv-

alent diameter method) after colour etching in LePera reagent [50]. In Figure 9b, an optical 

micrograph after colour etching is shown. Martensitic matrix and regions composed of 

non-polygonal ferrite are in brown, whereas MA islands can be distinguished in white. A 

low fraction of MA islands is measured in CMnNbB steel, approximately 0.04%, and mean 

MA size is about 0.79 µm. In the other alloys, an MA microconstituent has not been de-

tected. The formation of these MA islands must be a consequence of the ferrite growth 
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explaining the close proximity of these phases. Since the carbon solubility in ferrite is very 

small, carbon partitions with growth of the ferrite phase are enriched in a residual austen-

ite phase. The relative sizes of these microstructural features allow for the estimation that 

the carbon content in the MA phase should be indeed high enough (>0.8%) for stabilizing 

austenite at ambient temperature after quenching. It has to be pointed out, however, that 

these MA islands should also decompose by the tempering treatment. 

  
(a) (b) 

Figure 9. Presence of non-polygonal ferrite within martensitic matrix and martensite-austenite (MA) islands in CMnNbB 

steel: (a) FEGSEM micrograph and (b) optical image after LePera colour etching. 

(2) Hardening due to dislocation density, fine precipitation and carbon in solid so-

lution 

Modification of mechanical properties caused by dislocation density and fine precip-

itation in ferrite-pearlite and bainitic microstructures is represented by a Δσy term (Δσy = 

Δσρ + Δσppt). The effect of Δσy on toughness can vary depending on the source. An effect 

of 0.45 °C.MPa−1 is observed by Pickering [51] for a ferritic phase, while a value of 0.26°C. 

MPa−1 is observed for the bainitic constituent. In a recently published work, the contribu-

tion of Δσy to ITT50% has also been determined to be 0.26 °C.MPa−1 [34].  

In the analysis published in Reference [35], the hardening caused by solute carbon 

and fine precipitation is included in the unaccounted strength term. Figure 10 shows their 

contribution to yield strength for the different chemistries. Dislocation strengthening (σρ) 

slightly increases when microalloying elements are added, increasing from 112 to 121 MPa 

for CMnB and Mo-microalloyed steel, respectively. The contribution related to unac-

counted strength (σus) is nearly negligible for CMn and Nb steels, whilst for Mo containing 

grades, the impact of this contribution is considerably higher (185 and 229 MPa, for 

CMnMoB and CMnNbMoB, respectively). This larger yield strength could be attributed 

to the formation of ultrafine Mo-based precipitates during the tempering treatment that 

was also observed by TEM analysis. The synergy between Mo and Nb further enhances 

this precipitation strengthening effect. 
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Figure 10. Dislocation density and unaccounted strength values corresponding to all steel grades. 

3.3. Quantitative Relationship between Microstructure and Transition Temperature 

A recent study on low carbon Nb-, NbMo- and TiMo-microalloyed steels [34] pro-

posed an equation for predicting the impact transition temperature (ITT50%), taking into 

account the effect of microstructural heterogeneity and the presence of hard secondary 

phases such as MA islands (Equation (1)). In addition to the effect of chemical composi-

tion, the positive effect of refining cleavage unit size, the detrimental effect of heterogene-

ity, and MA size and fraction were taken into account. For considering the negative effect 

of heterogeneity, the ratio between Dc20% and 15° mean unit size was added in the equa-

tion.  

Based on Equation (1) [34] which was developed for ferritic-pearlitic and bainitic mi-

crostructures, a modified relationship was worked out for predicting the impact transition 

temperature in medium carbon ultrahigh-strength steels with tempered martensitic mi-

crostructure (Equation (3)). This modified approach included contributions by dislocation 

hardening, σ� , and unaccounted strength, σ�� . Moreover, in this equation, the harmful 

effect of carbides was also considered. Following the approach by Mintz et al. [29], an 

additional term considering the impact of carbide size, t, was introduced. 

ITT50% = −11(%Mn) + 42(%Si) + 700(%N����)�.� + 15(%MA)
�

�� + 18(D��)�.�−14(D��°)
��.�

+ 0.26�σ� + σ�� � + 63 �
D��%

D��°
�

�.�

+ 112(t)�.� 
(3)

Predicted ITT50% values based on Equation (3) are compared to experimental ones 

in Figure 11 for all alloys. The excellent agreement suggests that the modified relationship 

not only is appropriate for predicting transition temperatures of tempered martensitic mi-

crostructures but also allows for the identification of major influencing effects.  
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Figure 11. Correlation between predicted ITT50% considering Equation (3) and the experimental 

ITT50% measured by Charpy tests. 

3.4. Comparative Evaluation of Strengthening versus Transition Temperature 

With the aid of Equation (3), the individual effects on the transition temperature in 

the current four alloy design can be analysed. Using the data for the various strengthening 

mechanisms in these alloys reported in a recent paper [35], vector diagrams have been 

constructed (Figure 12) according to the procedure proposed by Gladman [52]. Since the 

base composition for all four alloys is identical, the first three terms in Equation (3) do not 

account for any of the observed differences. Nitrogen is mostly bound into TiN particles 

in these alloys to protect boron. Hence, nitrogen is not expected to make a contribution to 

ITT50%. The contributions by Mn and Si lead to a strength increase by around 115 MPa 

without changing the transition temperature. 

The MA phase was identified to be present in CMnNbB steel only. Its contribution to 

strength is marginal, but it does increase the ITT50%. Due to decomposition of the MA 

phase by tempering, it is expected to act similarly to the other temper carbides located at 

high- and low-angle boundaries, thus increasing the transition temperature. 

The clearly biggest contribution to strength originates from microstructural refine-

ment according to the Hall–Petch relationship. The generally extremely fine-grained 

structure of martensite in the current steels accounts for a yield strength increase of 450–

520 MPa correlating in that range with the severity of austenite conditioning (Table 3) [6]. 

Simultaneously, the transition temperature significantly decreases with the strength in-

crease, manifesting this well-established and unique benefit of microstructural refine-

ment. 

Other mechanisms such as dislocation strengthening and precipitation strengthening 

(denoted as unaccounted strength) cause an increase in transition temperature, which 

however is largely overcompensated by the microstructural refinement. Thus, the strategy 

for strengthening of first maximizing grain refinement before employing other mecha-

nisms typically results in an improved ductile-to-brittle transition behaviour. 

The main deleterious effect on the ductile-to-brittle behaviour in current steels is re-

lated to the heterogeneity in grain size distribution. Especially, the 20% fraction of largest 

grains is harmful to ITT50%, whereas its impact on strength is neutral. Large grains are 

more sensitive to cleavage at higher temperature than smaller ones. Simultaneously, the 

starting cracks caused by cleaving of larger individual grains are more likely to propagate. 

The fraction of very small prior austenite grains in the CMnNbB steel resulting from dy-

namic recrystallization is thus not expected to negatively affect ITT50%. However, the 

coexistence of very fine and larger grains can cause a serious level of residual stress in 

quenched steels, leading to macroscopic distortion [53]. The occurrence of very fine grains 

by dynamic recrystallization was found to be suppressed in current steels by sufficient 
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alloying of molybdenum. This Mo-based effect has also been confirmed by other studies 

[39]. 

 

Figure 12. Relative contribution of different strengthening mechanisms (grain size, solid solution, 

dislocation density, unaccounted strength, presence of MA and heterogeneity) on both strength 

and toughness properties. 

4. Conclusions 

It was demonstrated in the current study that steel having a yield strength of over 

900 MPa and appreciably low ductile-to-brittle transition temperature (ITT50%) can be 

produced by direct quenching from the rolling heat followed by short tempering treat-

ment (600 °C for 300 s). The use of molybdenum in a 0.15%CMnB base alloy is essential 

for reaching these targets. 

The largest contribution to strength and toughness originates from martensite micro-

structural refinement. Significant refinement is inherent to the martensitic substructure. 

Additional refinement is related to austenite conditioning, which can be achieved by Nb 

microalloying (0.025%), Mo alloying (0.5%) or a combination of both. 

The most harmful effect on ITT50% is related to microstructural heterogeneity and 

more particularly to the fraction of largest prior austenite grains. This heterogeneity was 

quantitatively determined from an EBSD-based austenite reconstruction procedure. The 

combined addition of Mo and Nb causes the most pronounced heterogeneity, which ap-

parently is caused by incomplete recrystallization during the high-temperature defor-

mation (roughing) stage. Optimizing the processing towards achieving a high degree of 

microstructural homogeneity therefore appears to be a more important target than solely 

focusing on maximum refinement. 

Molybdenum was confirmed to suppress dynamic recrystallization occurring during 

austenite conditioning in the CMnB and the Nb-only alloyed steels. The very fine equi-

axed austenite grains showed the tendency to transform into ferrite due to the absence of 

boron on the grain boundary. In that respect, molybdenum can be considered to have an 

indirect contribution to hardenability in addition to its well-known direct transformation-

retarding effect. 
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