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A B S T R A C T   

The mechanical properties of intercritically rolled microstructures have been scarcely reported in literature. 
Although the strengthening effect of intercritical rolling is generally recognized, there is no a clear opinion on its 
effect on toughness. Therefore, a greater knowledge of how different process parameters affect the mechanical 
properties during intercritical deformation is required. With the aim of evaluating the relationship between 
microstructure and mechanical properties on intercritically deformed low carbon steels, plane strain compression 
tests were carried out. Plane strain compression tests allow for both the characterization of the microstructural 
features and the evaluation of mechanical properties, via tensile and Charpy tests. Firstly, the intercritically 
deformed microstructures were characterized using the EBSD technique, and then a discretization methodology 
was used to distinguish both intercritically deformed and non-deformed ferrite populations. Next, strength and 
toughness properties were measured by means of tensile and Charpy tests. The results indicate that the reduction 
of the deformation temperature leads to an increment of yield strength for both steels, but at the same time 
toughness properties worsen. Deformed ferrite fractions higher than 25% result in a very pronounced loss of 
ductility. The yield strength was predicted by estimating the contribution of different strengthening mechanisms 
(solid solution, grain size refinement, dislocation density) corresponding to each ferrite population by consid
ering a nonlinear law of mixtures. Similarly, the impact of different microstructural parameters (solid solution, 
grain size, microstructural heterogeneity, contribution of dislocation density and secondary phases) on toughness 
was evaluated and a new equation able to predict ductile to brittle transition temperature for intercritically 
deformed microstructures was developed.   

1. Introduction 

Deformation within the intercritical or austenite/ferrite range is a 
process of considerable industrial importance as it leads to higher tensile 
properties more than those produced by deformation solely in the 
austenite region [1,2]. Even though strength levels can be increased by 
intercritical rolling, toughness properties may be impaired, because 
controlling the final properties is much more complex in intercritical 
rolling compared with conventional hot rolling. 

The origin of the increased complexity is principally due to the 
deformation of a two-phase material composed of austenite and ferrite, 
which leads to a different distribution of strain and stress between both 
phases. Generally, when two or more phases coexist in a microstructure, 

the properties of the mixture depend on the characteristics of each 
constituent in a complex way. However, during intercritical rolling there 
is the possibility of several processes and softening mechanisms taking 
place together: austenite recovery, austenite recrystallization, 
deformation-induced austenite to ferrite transformation, ferrite recov
ery and ferrite recrystallization, increasing the difficulty in predicting 
the final properties. 

Although the mechanisms and processes taking place in the austenite 
[3–8] and ferrite [9–14] regions are well understood, there is very little 
literature available on the interactions between both constituents in a 
two-phase mixture. There are some works focused on ferrite recovery 
and the recrystallization that occurs during deformation in the 
two-phase region [9–11]. Other authors studied the dynamic 
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strain-induced transformation that takes place during biphasic defor
mation, which promotes refinement of the ferrite grain size [15,16]. 
Furthermore, the processing windows in intercritical rolling are very 
small, lower than 50 �C in most of the cases, which adds another diffi
culty to the control of the rolling process [11,17]. Therefore, there is no 
clear information about microstructure evolution throughout the whole 
process and the relation between the final microstructure and the 
measured mechanical properties. 

Recent research carried out on intercritical rolling [18] in the frame 
of a European RFCS project, confirmed that intercritically deformed 
ferrite fraction affect strength positively while impairing toughness 
properties. Also, grain size distributions for both deformed and 
non-deformed families were pointed out to be a key factor for 
strengthening and toughness control. Under the testing conditions 
explored during the project, texture effect on mechanical properties 
were shown to be less relevant when compared to grain size [19]. In a 
recently published work [20], a methodology capable of distinguishing 
between different ferrite populations generated after simulating inter
critical rolling conditions (intercritically deformed (DF) and 
non-deformed ferrite (NDF) formed during the final cooling) was 
developed for low carbon steels using EBSD. This procedure permits the 
quantification of different microstructural features like grain size, frac
tion of low and high angle boundaries, dislocation density etc. of each 
ferrite population (NDF and DF) individually, and it provides a better 
understanding of the effect of the rolling process parameters on the 
microstructural evolution. In a follow-up paper [21], the discretization 
procedure was extended and validated for microalloyed steels, and the 
interactions between Nb with intercritically deformed ferrite grains 
were explained in depth. 

In order to complete the study concerning intercritical rolling per
formed in the previously mentioned papers [20,21], the current work is 
focused on the application of this EBSD characterization procedure to 
quantify the strengthening contributions of the microstructure in 
intercritically deformed low carbon steels. The paper discusses the 
different metallurgical phenomena taking place during two-phase 
deformation and explains their impact on tensile and toughness 
properties. 

2. Experimental procedure 

A low carbon steel (with 0.06% C) and a NbV microalloyed steel were 
selected for the current study. The chemical compositions of the steels 
are shown in Table 1. 

Each steel grade was subjected to a different thermomechanical cycle 
using plane strain compression tests, as depicted schematically in Fig. 1a 
and b (Cycle A for the CMn and Cycle B for the NbV steel). Both cycles 
include a reheating step at 1250 �C for 15 min in order to dissolve all the 
microalloying elements in the NbV grade. In both cases, a compression 
deformation of 0.4 at 1 s� 1 was applied at 1050 �C in order to obtain a 
recrystallized austenite prior to transformation. For the NbV steel, a 
second deformation pass was applied at 900 �C, which is below the non- 
recrystallization temperature, in order to accumulate deformation in the 
austenite prior to transformation. Afterwards, in both cycles the samples 
were cooled down (1 �C/s) to four different deformation temperatures. 
These four temperatures define the amount of ferrite before the last 
deformation. To obtain fully austenitic and ferritic microstructures prior 
to the last pass, deformation temperatures of 800 �C and 650 �C, 
denominated here as Tdef0 and Tdef100, respectively (0% and 100% of 
ferrite prior to the last deformation pass), were defined. In the 

intercritical region, two different deformation temperatures were 
defined in order to achieve 25 and 75% of ferrite prior to the last 
deformation (Tdef25 and Tdef75, respectively). For the CMn steel, 
deformation temperatures of 705 and 685 �C were defined, for Tdef25 
and Tdef75, respectively. For the NbV microalloyed steel, higher 
deformation temperatures of 715 and 700 �C were selected, in order to 
reach 25 and 75% of ferrite. After reaching the desired ferrite-austenite 
balance, a deformation of 0.4 was applied in each region: austenitic 
(Tdef0), intercritical (Tdef25 and Tdef75) or ferritic (Tdef100). Finally, 
the specimens were cooled down to room temperature at 1 �C/s. 

The specimens used for the microstructural and mechanical charac
terization were obtained from the central part of the plane strain 
compression samples in order to minimize strain gradients [22]. The 
characterization of the final microstructures was carried out in samples 
etched in 2% Nital by optical microscopy using a LEICA DMI5000 M 
microscope and field-emission gun scanning electron microscopy with a 
JEOL JSM-7000F. Micrographs in the following pictures are aligned 
with the compression deformation direction parallel to the vertical axis. 

EBSD sample preparation was based on a conventional polishing 
route, using diamond liquids down to 1 μm, followed by a final polishing 
with a 50 nm colloidal silica suspension. Orientation imaging micro
scopy was performed on the Philips XL 30CP SEM with a W-filament, 
using TSL equipment. A step size of 0.5 μm was defined and an accel
erating voltage of 20 kV was used, with a total scanned area of 350 �
350 μm2. The EBSD scans were analyzed using TSL OIM™ Analysis 5.31 
software. Different EBSD discretization parameters were employed to 
distinguish the constituents formed in the final microstructure (pearlite, 
non-deformed ferrite and deformed ferrite). To distinguish pearlite from 
ferrite, an image quality (IQ)-based method was employed [23,24]. The 
Average IQ threshold values were fixed to each condition based on the 
pearlite contents measured for each case. The grain orientation spread 
(GOS) parameter was considered in order to differentiate intercritically 
deformed ferrite from non-deformed ferrite. In the current study, a GOS 
tolerance angle of 2� [20] was employed. Ferrite grains with GOS values 
lower and higher than 2� were considered to be non-deformed and 
deformed ferrite grains, respectively. 

Cylindrical tensile samples (diameter of 4 mm and gauge length of 
17 mm) as well as sub-size Charpy specimens (~5.5 � 10 � 55 mm3 and 
~4 � 10 � 55 mm3, for CMn and NbV respectively) were machined from 
the central part of the plane compression specimens. Schematics are 
shown in Fig. 2. The 2% proof stress and the tensile strength were 
determined by averaging the two tensile tests in each condition. The 
tensile tests were carried out at room temperature, on an Instron testing 
machine using a strain rate of 10� 3 s� 1. Charpy tests were carried out in 
a Tilnius Olsen Model Impact 104 pendulum impact tester for the Tdef0, 
Tdef25 and Tdef75 conditions. The impact transition curves were 
defined according to the modified hyperbolic tangent fitting algorithm 
reported by Wallin [25]. Due to geometrical limitation, sub-size speci
mens are machined and therefore, the absorbed energy extrapolation to 
a standard geometry is required. In order to extrapolate the absorbed 
energy according to the standard, the following equation is used [26]. 
Specimen thicknesses of 4 and 5.5 mm are within the applicability range 
of the following proportionality rule: 

kv10¼
10
=B⋅kvB  

where kv10 and kvB are the absorbed energies for Charpy specimens with 
a thickness of 10 mm and B (subsize specimen thickness) mm, 
respectively. 

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

C Mn Si Cr V Ti Al Nb N S P Cu 

CMn 0.063 1.53 0.25 0.012 0.005 0.002 0.035 0.002 0.0030 0.003 0.013 0.009 
NbV 0.062 1.52 0.25 0.012 0.034 0.002 0.038 0.056 0.0040 0.003 0.013 0.010  

U. Mayo et al.                                                                                                                                                                                                                                   



Materials Science & Engineering A 792 (2020) 139800

3

3. Results 

3.1. Microstructural characterization 

Fig. 3 illustrates the differences between the formed microstructures 
as a function of the deformation temperatures of the last deformation 
pass for both chemistries (Tdef0, Tdef25, Tdef75 and Tdef100). When 
the last deformation pass is applied in the austenitic region at 800 �C, as 
shown in Fig. 3a and e, polygonal ferrite grains in conjunction with 
pearlite can be distinguished in the resulting microstructure. Within the 
intercritical region (Tdef25 and Tdef75), combinations of non-deformed 
and deformed ferrite are clearly noticed in all conditions and the 
reduction of the deformation temperature leads to the increment of the 
deformed ferrite content. Furthermore, as the ferrite content prior to 
intercritical deformation increases, the presence of substructure is more 
evident, reflecting a higher fraction of deformed ferrite. Conversely, 
when the last deformation pass is applied at low temperatures in the 
ferritic region at 650 �C (Tdef100), the microstructure is characterized 
by the presence of an almost fully deformed ferritic microstructure (see 
Fig. 3d and h). 

The effect of microalloying elements on the microstructural refine
ment is also evident for all the deformation temperatures studied. Finer 
ferrite grains can be noticed in the NbV microalloyed grade (see Fig. 3e, 
f, g and h). In the Nb containing steel, the last deformation applied below 
Tnr promotes the accumulation of deformation on the austenite prior to 
transformation, significantly increasing the density of ferrite nucleation 
sites and justifying the refinement of the resulting microstructure [27]. 

In the FEG-SEM micrographs shown in Fig. 4, the differences be
tween the NDF and DF populations are relevant. For the Tdef25 condi
tion and both steel grades, relatively polygonal microstructures can be 
distinguished, due to a high fraction of non-deformed ferrite grains. For 

CMn, a well-defined substructure is noticed inside the DF grains when 
Tdef75 is applied (see Fig. 4b), which is related to the activation of 
ferrite restoration mechanisms during deformation in the intercritical 
region. Slightly different DF morphology can be appreciated when the 
microstructure corresponding to NbV and Tdef75 is analyzed in Fig. 4d. 
In this case, the presence of sub-boundaries is less significant and 
deformation bands can be distinguished in some regions. This could be 
associated with the delaying of ferrite restoration caused by Nb in solid 
solution. The solute drag effect that occurs due to the Nb in solution 
delays the restoration/recrystallization phenomena taking place during 
intercritical deformation [21]. 

3.2. Crystallographic characterization by EBSD 

Fig. 5 shows several EBSD maps obtained for the CMn steel and 
different deformed ferrite contents after removing pearlite constituent 
(Tdef0, Tdef25, Tdef75 and Tdef100, in Fig. 5a, b, c and d, respectively). 
Black zones in the grain boundary maps correspond to the pearlite areas. 
In these maps, low angle misorientation boundaries (between 4� and 
15�) are represented in red, whereas black lines correspond to high angle 
boundaries (higher than 15�). As shown in Fig. 5, when the micro
structure before deformation is characterized by the lack of ferrite or a 
low fraction of it, a relatively equiaxed ferritic microstructure is ob
tained after final air cooling (see Fig. 5a and b), which is associated with 
a high non-deformed ferrite content. Nevertheless, as the deformation 
temperature is reduced (Tdef75 and Tdef100), the deformed ferrite 
content increases (see Fig. 5c and d), leading to the formation of more 
elongated ferrite grains with a significant substructure (reflected as low 
angle boundaries drawn in red). 

3.3. Tensile and toughness properties 

Fig. 6a and b shows tensile curves corresponding to CMn and NbV, 
respectively, and for the Tdef0, Tdef25, Tdef75 and Tdef100 conditions. 
Concerning the shape of the curves, most of them show discontinuous 
yielding behavior although this plateau is less evident in the Tdef100 
condition for both steels. In terms of the influence of chemistry, the 
results plotted in Fig. 6 suggest that the addition of microalloying ele
ments promotes the improvement of tensile properties for all the con
ditions. For example, for Tdef75, yield strengths (YS) of 337 and 424.4 
MPa were measured for the CMn and the NbV steels, respectively. 
Concerning the effect of final deformation temperature, both yield and 
tensile strength (TS) increased as this temperature decreases. For both 
chemistries, the highest YS and TS values were achieved for the lowest 
deformation temperature of 650 �C. For example, in the microalloyed 
steel, an improvement of 57 MPa in yield strength was achieved when 
the deformation temperature was decreased from 800 to 650 �C. Even 
though tensile property enhancement could be reached by decreasing 
deformation temperature, the reduction of elongation is significant 

Fig. 1. Thermomechanical cycles applied in plane strain compression tests: (a) Cycle A for CMn and (b) Cycle B for NbV microalloyed steels.  

Fig. 2. Schematics of the mechanical property sample extraction from the 
plane strain compression sample. 
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when the microstructure contains deformed ferrite fractions higher to 
25% (Tdef75 and Tdef100). This trend could be observed in both the 
CMn and the NbV chemistries. In the CMn steel, the elongation decreases 
from 47.5 to 26% for Tdef0 and Tdef100, respectively. 

Fig. 7 shows the impact transition curves obtained for the CMn (a,b) 
and the NbV (c,d) steels. In Fig. 7, both the absorbed energy and the 
ductile fraction are plotted as a function of test temperature. Concerning 
the effect of the addition of microalloying elements, the addition of Nb 
and V shifts the impact transition curves to lower temperatures, showing 
better toughness properties. This could be mainly attributed to the 
microstructural refinement observed when microalloying elements are 
added. Regarding the effect of austenite-ferrite balance prior to defor
mation, for both steels the results suggest that higher transition tem
peratures are achieved as the last deformation temperature decreases 
due to the presence of a higher fraction of deformed ferrite. Therefore, as 

the intercritically deformed ferrite content increases, worse toughness 
behavior is observed. In the CMn steel, sharp ductile to brittle transitions 
are observed when the last deformation is applied at 800 �C (Tdef0) and 
705 �C (Tdef25), whereas for 685 �C (Tdef75) the transition ranges are 
wider. These differences could be explained by the presence of a higher 
content of intercritically deformed ferrite population for the lowest 
deformation temperature. The influence of deformation temperature is 
more evident in the CMn steel than in the NbV steel. 

4. Discussion 

4.1. Differentiation of deformed ferrite from non-deformed ferrite 

Fig. 8a and b shows the grain boundary maps corresponding to the 
non-deformed and deformed ferrite population of the CMn steel, 

Fig. 3. Optical micrographs corresponding to the microstructures obtained after applying the last deformation pass at different deformation temperatures and both 
steels: (a,e) Tdef0 (austenitic region), (b,f) Tdef25 (intercritical region, 25% DF), (c,g) Tdef75 (intercritical region, 75% DF) and (d,h) Tdef100 (ferritic region). 
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discretized by the GOS parameter criterion of 2�. On the other hand, 
Fig. 8c and d correspond to the Kernel Average Misorientation (KAM) 
maps of the non-deformed and deformed ferrite family, respectively, 
obtained in the same conditions. The EBSD map presented in Fig. 8b 
confirms that intercritically deformed ferrite grains are characterized by 
the presence of a more evident substructure (see red lines drawn in the 
grain boundary maps). In addition, in Fig. 8c and d the differences be
tween both ferrite populations become more evident as completely 
different kernel maps are observed for each ferrite family. Significantly 
higher KAM values are measured for the population composed of 
deformed ferrite compared to non-deformed ferrite family. KAM values 
of 0.9 and 1.3� were quantified, for the non-deformed and deformed 
ferrite populations, respectively. In the kernel map corresponding to 
NDF, mainly green-blue colors can be distinguished, while in the 
deformed ferrite family, the red-colored regions are more noticeable. 

In Fig. 9a and b, mean unit size values and KAM values are plotted, 
respectively. For quantifying the mean grain size, the high angle 
misorientation criteria was considered, measuring the unit sizes with 
higher tolerance angle than 15�. Concerning mean unit sizes that was 
quantified by considering high angle boundaries (see Fig. 9a), the 
ferrite-austenite balance before deformation affects 15� mean unit size 
(named as D15), mainly when the non-deformed ferrite population is 
analyzed. D15 is calculated as the equivalent area diameter. This 
parameter is usually applied to equiaxed grains but it was proven to be 
useful for mechanical property quantification for non-polygonal and 
irregular-shaped crystallographic units [28,29]. The measurements 
indicate that the reduction of the deformation temperature ensures 
non-deformed ferrite grain refinement due to a higher ferrite content 
and therefore a smaller remaining austenite content, promoting the 
formation of finer microstructures in the final slow cooling. Similarly, 
the addition of Nb and V promotes the formation of finer NDF and DF 
grains. For the deformed ferrite family, coarser microstructures are 
achieved as the deformed ferrite fraction increases. For the NbV steel, 

D15� of 6.3, 7.9 and 8.3 μm were measured for Tdef25, Tdef75 and 
Tdef100, respectively. 

As plotted in Fig. 9b, the deformed ferrite population presents higher 
KAM values in the entire range of deformation temperatures. For both 
non-deformed and deformed ferrite families, the lowest KAM values are 
achieved in the CMn steel. The increment of kernelvalues caused by 
addition of microalloying elements could be associated with the for
mation of quasipolygonal ferritic phases with higher dislocation density. 
The addition of microalloying elements promotes a delaying of 
austenite-ferrite transformation, leading to a decrease of the trans
formation temperatures and the formation of quasipolygonal ferrite 
instead of polygonal ferrite. Polygonal ferrite (PF) nucleates as grain 
boundary allotriomorphs, contains by very low dislocation densities and 
is characterized by the lack of substructure. Growth of polygonal equi
axed ferrite is controlled by rapid substitutional atom transfer across 
partially coherent boundaries and long-range diffusion of carbon atoms, 
which are rejected from the growing ferrite. Quasipolygonal ferrite (QF) 
grains have irregular grain boundaries and a clear substructure [30]. 
Similar to PF, QF nucleates heterogeneously at the austenite grain 
boundaries. The transformation can be accomplished by short-range 
diffusion across transformation interfaces. Interstitial or substitutional 
atom partitioning may occur at the migrating interfaces, leading to 
irregular growth and jagged boundaries of massive ferrite crystals. QF is 
also characterized by higher dislocation densities. 

Regarding the effect of deformation temperature, the results plotted 
in Fig. 9b suggest that the reduction of deformation temperature from 
Tdef0 to Tdef25 lead to the formation of a NDF family (transformed 
during final air cooling) with higher KAM values for both chemical 
compositions. Conversely, for lower deformation temperatures (below 
Tdef25) for the CMn steel, the kernel parameter remains almost con
stant. Regarding the DF population, the reduction of deformation tem
perature promotes a slight increment of the kernel parameter. For 
example, for the NbV grade, KAM values of 1.3 and 1.5� were quantified 

Fig. 4. FEG-SEM images related to the microstructures obtained after applying the last deformation pass in the intercritical region (CMn in a,b and NbV in c,d): (a,c) 
Tdef25 and (b,d) Tdef75. 
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for Tdef25 and Tdef75, respectively. 

4.2. Estimation of the contribution of strengthening mechanisms to yield 
strength 

Tensile data (yield and tensile strength) corresponding to both steels 
and the entire range of deformation temperatures are plotted in Fig. 10. 

Looking at the evolution of yield strength (YS; see Fig. 10a), two strength 
levels can be clearly distinguished as a function of steel composition. 
The highest strength levels are reached for the NbV steel, which is 
attributed to the potential of Nb and V to promote the formation of finer 
microstructures and quasipolygonal ferritic grains with higher disloca
tion density. For example, in the CMn steel, YS ranges between 332.5 
and 379.4 MPa from Tdef0 to Tdef100, respectively. By contrast, in the 

Fig. 5. Grain boundary maps corresponding to CMn and different conditions: (a) Tdef0, (b) Tdef25, (c) Tdef75 and (d) Tdef100.  

Fig. 6. Comparison between tensile curves obtained after applying the last deformation pass in austenitic region (Tdef0), ferritic region (Tdef100) and intercritical 
region (Tdef25 and Tdef75) for both chemistries: (a) CMn and (b) NbV microalloyed steel. 
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NbV steel, the yield strength value changes from 403.6 to 460.9 MPa for 
the same conditions. A similar trend is noticed for the tensile strength 
(see Fig. 10b). Regarding the effect of deformation temperature, the 
results plotted in Fig. 10a and b suggest that for NbV, the reduction of 
deformation temperature leads to the increment of yield and tensile 
strength values, where the variation of those properties is less relevant 
for the CMn steel. 

In Fig. 10c, the elongation values measured at rupture in each con
dition are shown. On the one hand, the influence of chemical compo
sition on elongation is clear. Higher elongation values are attained for 
the CMn steel compared to the NbV steel due to the formation of more 
polygonal ferritic and softer matrix. On the other hand, as the defor
mation temperature decreases, elongation reduces significantly, which 
is associated with the presence of considerably higher deformed ferrite 
content in the final microstructure. For example, for CMn, the elonga
tion is reduced from 47.5 to 26% for the austenitic 800 �C and the ferritic 
650 �C conditions, respectively. 

In single phase steels, the yield strength is usually estimated by 
considering the linear sum of the different strengthening contributions, 
such as solid solution (σss), grain size (σgs), dislocation density (σρ) and 
fine precipitation (σppt). Several works have already considered this 
linear approach [31–36]. However, for multiphase steels, the hardening 
of the different constituents has to be considered. Several non-linear 
approaches have been published in the literature [37–39], in order to 
take into account the effect of massive aggregate or second-phase 
hardening. For ferrite-pearlite and ferrite-martensite microstructures, 
a non-linear law of mixtures is generally employed, as shown in Equa
tion (1) [40]: 

σy¼ f n
1 σ1 þ

�
1 � f n

1

�
σ2 (1)  

where fi and σi are related to the fraction and the strength of the “i” 
constituent. For ferrite-pearlite microstructures, the n exponent is 
considered 1/3. 

In the current work, the effect of different strengthening mechanisms 
on yield strength was evaluated according to Equation (2). fNDF and fDF 
correspond to non-deformed and deformed ferrite fractions, respec
tively. To estimate the σss, σgs and σρ terms, approaches previously re
ported in the literature have been used, as shown in Equations (3)–(5) 
[41,42]. With regard to Nfree%, for the NbV steel all the nitrogen is 
considered to be fully precipitated at room temperature. Concerning 
dislocation density, the contribution of this strengthening mechanism 
was evaluated through the kernel average misorientation value obtained 
by EBSD. For NDF, due to the presence of polygonal ferritic grains, the 
contribution of dislocation density to the strength is considered to be 
zero. The overestimation in the calculation of dislocation density 
through kernel average misorientation has already been reported by 
other authors, mainly for ferritic microstructures [43,44]. Influence of 
texture in the mechanical properties was neglected in this study. Texture 
analyses in the current grades based on equivalent deformation se
quences revealed that effect of texture formed after intercritical defor
mation was secondary when compared to grain size refinement, 
substructure and dislocation density [45,46]. More information 
regarding the methodology followed can be found in Ref 43: 

σy¼σssþ
�
ðfNDFÞ

1=3 ⋅
�
σgsðNDFÞ þσρðNDFÞ

��
þ
�
ð1 � ðfNDFÞ

1=3� ⋅
�
σgsðDFÞ þσρðDFÞ

��

(2)  

Solid ​ solution: σss¼ σ0 þ 32:3Mnþ 83:2Siþ 11Moþ 354
�
Nfree%

�0:5 (3)  

Grain ​ size: σgs¼ 17:4⋅d� 0:5 (4) 

Fig. 7. (a,c) Absorbed energy and (b,d) ductile fraction as a function of test temperature for the entire range of deformation temperatures and chemical compositions: 
(a,b) CMn and (c,d) NbV. 
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Dislocation ​ density: σρ¼αMμb
ffiffiffiρp ​ ; ​ ρ ¼ 2θ=ub ​ (5) 

The estimated individual strengthening contributions, taking Equa
tion (2) into account, are presented in Fig. 11a, including the experi
mental yield strength values measured. The results suggest that in all the 
conditions, the most important strengthening mechanism is related to 
grain size, followed by solid solution and dislocation density. The 
hardening due to grain refinement increases as the deformed ferrite 

fraction increases, mainly in the CMn steel. For example, in the CMn 
steel, the contribution due to grain size increased from 177 to 233 MPa, 
for Tdef0 and Tdef100, respectively. Similarly, the reduction of the 
deformation temperature promotes an increment of the strengthening 
due to dislocation density. The increment of DF fraction involves an 
increasing of dislocation density. When the microstructure contains a 
low deformed ferrite content, the effect of dislocation density is almost 
negligible. 

Fig. 8. (a,b) Grain boundary and (c,d) kernel average misorientation maps corresponding to CMn steel for Tdef75 condition and both ferrite families: (a,c) NDF 
(GOS<2�) and (b,d) DF (GOS>2�). 

Fig. 9. (a) Mean unit sizes considering high angle boundaries (higher than 15�) and (b) kernel average misorientation values corresponding to NDF and DF pop
ulations and different conditions (Tdef0, Tdef25, Tdef75, Tdef100). 
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For the NbV microalloyed steel, when deformation is applied below 
the Tnr, the formation of strain-induced precipitates is expected, where 
the typical size is between 10 and 20 nm. Due to the precipitate size, the 
contribution of strain-induced precipitation to yield strength improve
ment is considered negligible. Precipitates coarser than 10 nm do not 
contribute considerably to tensile increase, and therefore the precipi
tation hardening is limited to particles finer than 10 nm [47]. In a 

recently published study, a more detailed precipitation analysis was 
carried out for the same NbV microalloyed steel after a similar ther
momechanical cycle [21]. The characterization performed by TEM 
confirmed that most of the precipitates were formed in the austenitic 
region. In addition to these strain-induced precipitates, a low density of 
finer precipitates, which were expected to be formed during or after 
intercritical deformation, was identified. In this study, a mean 

Fig. 10. (a) Yield strength, (b) tensile strength and (c) elongation for all the steels and entire range of deformation temperature.  

Fig. 11. (a) Contribution of different strengthening mechanism (solid solution, grain size and dislocation density) on the yield strength for both compositions and the 
full deformation temperature range. (b) Comparison of predicted yield strength considering Equation (2) and experimental yield strength measured by tensile tests 
for both grades. 
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precipitate size of 15.9 nm was measured for Tdef75, and therefore these 
precipitates can be considered to have a negligible effect on the 
contribution to yield strength. 

In Fig. 11b, the comparison between the experimental and predicted 
yield strength values obtained from Equation (2) is shown. These results 
show that a reasonable estimation of yield is achieved for both chemical 
compositions and the different NDF and DF balances. For the CMn steel 
and the lower deformation temperatures of Tdef75 and Tdef100, the 
most significant deviations can be observed comparing experimental 
and predicted yield strength values. Experimentally lower YS values are 
measured relative to the ones estimated by Equation (2). In the proposed 
approach, no effect of restoration of ferrite during intercritical defor
mation is considered, and therefore the possible softening due to this 
mechanism is not computed. Thus, the difference between the experi
mental and calculated YS could be due to the activation of ferrite 
restoration (observed in the FEG-SEM images shown in Fig. 4a and b). 

Regarding the NbV microalloyed steel, for most of the deformation 
temperatures, slightly higher yield strength values are measured by 
tensile tests compared to the values estimated by Equation (2). This 
deviation could be related to the contribution of a low density of fine 
Nb–V precipitates, which have not been considered and could precipi
tate in the ferrite during the final air cooling. Anyway, from these results 
and considering the current cooling rates, the effect of Vanadium 
strengthening due to fine precipitates is nearly negligible. 

4.3. Development of an equation to predict DBTT temperature 

Fig. 12a shows 50% ductile to brittle transition temperature (DBTT) 
values as a function of the last deformation temperature. As mentioned 
previously, the lowest transition temperatures are measured in the steel 
containing Nb and V, showing that a microalloying addition ensures 
improvement in terms of toughness properties. This trend could be 
attributed to the formation of finer microstructures in the NbV micro
alloyed steel compared to the CMn steel (see Fig. 9a). Concerning the 
effect of the last deformation temperature, for both steels higher DBTT 
values are obtained as deformation temperature decreases, with the 
worsening of toughness property being more evident for the CMn steel. 
In this steel, DBTT values of � 112, � 82 and � 66 �C were measured for 
Tdef0, Tdef25 and Tdef75, respectively. 

A new equation for predicting DBTT was proposed recently; it is 
based on microstructural feature quantification and incorporates the 
impact of secondary hard phases (such as MA islands) and microstruc
tural heterogeneity on toughness properties [48]: 

DBTT ð�CÞ¼ � 11Mnþ42Siþ700
�
Nfree%

�0:5
þ15ðPearlite%þMA%Þ

1 =3 

þ0:5Δσy � 14ðD15�Þ� 0:5
þ39

�

Dc20%=D15�
�0:5

þ23ðDMAÞ
0:5

(6) 

In Equation (6), the first two terms correspond to the solid solution 
contribution and Nfree% is the nitrogen in solid solution. The effect of 
secondary phases is included through the pearlite and MA (martensite- 
austenite island) fractions, as well as the MA size (DMA). For heteroge
neity evaluation, the ratio between Dc20% and D15� is included. In a 
grain size distribution, Dc20% is considered as the cutoff grain size at 
80% of area fraction [48], i.e. 20% of the grains are bigger than this 
cutoff grain size. Concerning the contribution of the term associated 
with fine precipitation and dislocation density, a different impact of Δσy 
as a function of the microstructure morphology was reported. Pickering 
proposed an effect of 0.45 �C⋅MPa� 1 for mainly ferritic microstructures 
[36], whereas for bainitic phases, in a recently modified DBTT equation 
the effect decreases to 0.26 �C⋅MPa� 1 [29]. In the current study, the 
effect of σρ þ σppt was weighted by a factor of 0.5 �C⋅MPa� 1. The same 
factor was also previously reported for low carbon microalloyed steels 
[48,49]. The grain size effect for D15� was multiplied by a factor of 14 
�C⋅MPa� 1. 

To take into account the effective cleavage grain size, D15� is 
calculated by a mixture law in which the grain sizes corresponding to 
each ferrite family are considered: 

D15∘¼D15∘
NDF ⋅fNDF þ D15∘

DF⋅fDF (7) 

Once the term associated with D15� was extended for intercritically 
deformed microstructures, a new prefactor for heterogeneity was 
defined and its detrimental effect on DBTT was reduced. The negative 
effect of the presence of coarse grain sizes is considered in the modified 
D15� expression (Eq. (7)), which includes the bimodality of the inter
critically deformed microstructures. The modified equation developed 
for DBTT prediction of intercritically deformed microstructures is shown 
in Equation (8). In this modified version the effect of MA was not 
included as MA fraction is negligible in all samples.  

DBTT ð�CÞ¼ � 11Mnþ42Siþ700
�
Nfree%

�0:5

þ15ðPearlite%Þ
1 =3
þ0:5Δσy � 14ðD15�Þ� 0:5

þ

�

Dc20%=D15�
�0:5

(8) 

Fig. 12. (a) DBTT as a function of deformation temperature for the CMn and the NbV steels. (b) Comparison between the predicted DBTT through Equation (8) and 
experimental DBTT obtained by Charpy tests. 
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Ductile to brittle transition temperatures were estimated according 
to the proposed Equation (8) and the predicted values have been plotted 
against the experimental ones in Fig. 12b, yielding reasonable DBTT 
predictions. 

4.4. Relation between tensile and toughness properties 

The influence of the different metallurgical parameters on yield 
strength and DBTT values can be analyzed by vector diagrams equiva
lent to the ones proposed by Gladman [31]. These diagrams summarize 
the different strengthening strategies that industry can follow to achieve 
the required mechanical properties. In Fig. 13a and b, the strength
ening/embrittlement terms related to each mechanism and the sum of 
all the contributions are represented for comparison. The different 
deformation temperatures (Tdef0, Tdef25 and Tdef75) are represented 
with different line styles. For both steels, the lowest YS values are pre
dicted for the Tdef0 condition (continuous line), mainly attributed to a 
coarser grain size. Conversely, the best strength property is estimated for 
the lowest deformation temperature (Tdef75), principally due to grain 
size refinement and the increment of the contribution of the dislocation 
density, which is strictly related to the presence of a high fraction of DF 
grains in the microstructure. Nb addition plays an important role in the 
improvement of both the strength and toughness properties, which is 
mainly related to the grain size refinement. Regarding solid solution, a 
beneficial effect of this mechanism on yield strength is observed for both 
steels. Nevertheless, concerning toughness, solid solution affects it 
differently depending on the chemistry. For the CMn steel, due to free N, 
the solid solution promotes an improvement in yield strength, while 
toughness is impaired. By contrast, in the NbV steel, Nb and V are 
supposed to be combined with N, reducing the free N to zero and 
avoiding the detrimental effect of this element on toughness. Pearlite 
content and heterogeneity only affect toughness. 

Concerning the effect of deformation temperature and in the case of 
the NbV steel (see Fig. 13b), yield strength increases as Tdef decreases, 
whereas the reduction of deformation temperature is harmful in terms of 

toughness. The differences observed in the DBTT values depending on 
the deformation temperature are mainly related to slight variations on 
the grain size refinement and dislocation density. In summary, tough
ness and strength properties are impaired and the best relation is ob
tained for the Tdef25 condition in both steels. 

5. Conclusions 

Reducing deformation temperature enhances the yield and tensile 
strength in intercritically rolled microstructures, as more DF grains are 
formed in the final microstructure. This tensile property improvement is 
mainly related to the presence of a higher low angle grain boundary 
fraction, as well as a higher dislocation density. The tensile property 
improvement is more evident in the NbV steel compared to the CMn 
steel. However, elongation is clearly reduced as deformation tempera
ture decreases because of the formation of a higher DF fraction, this 
reduction being more relevant at deformation temperatures below 
Tdef25. 

Worse toughness properties are measured as intercritical deforma
tion temperature decreases, related to a higher presence of DF grains. 
The formation of a higher fraction of DF grains increases the dislocation 
density and heterogeneity of the microstructure, leading to elevated 
impact transition temperatures. The worsening in toughness properties 
is more noticeable in the CMn steel than in the NbV steel. By contrast, 
the addition of Nb and V shifts the impact transition curves to lower 
temperatures due to grain size refinement, improving toughness 
properties. 

The Tdef25 condition presents the optimum strength/toughness 
relation, together with a good ductility due to its homogeneous 
microstructure. 
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