
metals

Article

Grain Size Evolution and Mechanical Properties of Nb, V–Nb,
and Ti–Nb Boron Type S1100QL Steels

Jan Foder 1,2, Jaka Burja 3 and Grega Klančnik 1,*
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Abstract: Titanium additions are often used for boron factor and primary austenite grain size
control in boron high- and ultra-high-strength alloys. Due to the risk of formation of coarse TiN
during solidification the addition of titanium is limited in respect to nitrogen. The risk of coarse
nitrides working as non-metallic inclusions formed in the last solidification front can degrade
fatigue properties and weldability of the final product. In the presented study three microalloying
systems with minor additions were tested, two without any titanium addition, to evaluate grain
size evolution and mechanical properties with pre-defined as-cast, hot forging, hot rolling, and
off-line heat-treatment strategy to meet demands for S1100QL steel. Microstructure evolution from
hot-forged to final martensitic microstructure was observed, continuous cooling transformation
diagrams of non-deformed austenite were constructed for off-line heat treatment, and the mechanical
properties of Nb and V–Nb were compared to Ti–Nb microalloying system with a limited titanium
addition. Using the parameters in the laboratory environment all three micro-alloying systems can
provide needed mechanical properties, especially the Ti–Nb system can be successfully replaced with
V–Nb having the highest response in tensile properties and still obtaining satisfying toughness of
27 J at −40 ◦C using Charpy V-notch samples.

Keywords: S1100QL; grain size; microalloying; vanadium; niobium; titanium; boron; mechanical
properties; microstructure; non-metallic inclusions

1. Introduction

High yield strength levels above 550 MPa are required when talking about advanced
high-strength steels (AHSS). When tensile strengths above 780 MPa are achieved, the term
“ultra-high-strength steels” (UHSS) is used. Nowadays, tensile strengths above 1000 MPa
are typical for high-strength steels. Non-standardized S1100QL steel belongs to the group
of ultra-high-strength fine-grained martensitic steels. It must meet the minimum yield
strength of 1100 MPa and Charpy impact toughness of at least 27 J transverse and 30 J
longitudinal to the rolling direction at −40 ◦C. The latter is referred to as standardized steel
grades aimed for similar applications [1]. Superior strength and satisfactory toughness
enable the use in the most demanding construction projects, heavy lifting industry, mining,
and elsewhere. Ultra-high-strength is the result of various strengthening mechanisms like
grain refinement, solid-solution strengthening, precipitation strengthening, and deforma-
tion substructure formation [2]. However, to achieve the desired strengthening mechanisms,
many factors such as alloying and microalloying, primary and secondary steelmaking,
casting practice, hot rolling, and final heat treatment process must be controlled [3,4]. One
of the most important factors, affecting final microstructure and mechanical properties,
is the use of optimal microalloying technology. Microalloying involves a small addition
of elements, usually a maximum 0.1 wt %, that form high-temperature carbides, and ni-
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trides. The most common microalloying elements are Nb, Ti, and V, which can be used
independently or in combination with each other [5].

Titanium forms small and stable TiN that pin the austenite grain boundaries, thus
limiting grain boundary mobility during reheating and hot rolling [4,6]. Ti is also used
as a N binding agent for B protection, because of its high affinity to N [7]. Ti addition is
limited in respect to nitrogen, not only as of the Ti/N ratio but also as the total product
of Ti · N, due to the risk of coarse primary TiN formation [8]. In the case of higher total
Ti · N product TiN forms non-metallic inclusions in the last solidification front. These
coarse non-metallic inclusions do not provide prior austenite grain (PAG) size control,
furthermore, they degrade fatigue properties, weldability, and impact toughness of the
final product [8–10].

Niobium primarily forms NbC, which is, according to most industrial and laboratory
practice, fully dissolved in austenite solid solution during reheating before hot rolling [11].
Nb in solid solution retards the grain boundary migration and recrystallization kinetics via
the solute drag effect [12]. Nb is even more effective in form of strain-induced precipitation
(SIP) of NbC, which occurs during an adapted hot rolling strategy. NbC precipitates pin
dislocations and austenite grain and subgrain boundaries, thus additionally retarding re-
crystallization [13–16]. In subsequent heat treatment, NbC precipitates remain undissolved,
providing additional PAG size control during austenitization [16,17]. Nevertheless, the
precipitates can coarsen during reaustenitization, thus diminishing grain size control, as
also possible strengthening [4].

Even higher solubility in austenite is typical for vanadium, which primarily forms
fine nitrides or carbides that precipitate around the austenite to ferrite transformation
temperature, providing precipitation strengthening and inhibiting static recrystallization
during final rolling passes [18–22]. Caution needs to be taken during simultaneous Ti
and V addition because Ti forms TiN which is more stable than VN or VC, thus Ti and V
addition needs to be carefully planned concerning the N content in steel [21]. In the case of
simultaneous Ti and Nb addition co-precipitation of niobium-rich particles on existing TiN
is also possible [23].

Boron is another important microalloying element, used to increase hardenability.
During austenitization before quenching, B should be in austenite solution, so it can segre-
gate to austenite grain boundaries during quenching [24]. Grain boundary segregation of
B lowers the austenite grain boundary energy, thus retards the austenite to ferrite trans-
formation. It also suppresses phosphorus enrichment on the austenite grain boundaries,
due to preferential occupation of the grain boundary sites by B atoms [25]. If B is in form
of borides like BN, it cannot be fully dissolved during austenitization, that is why Ti is
commonly used for B protection, to bind the excess nitrogen. Excess Al and a combination
of Al and Ti [26], as also a combination of up to 0.1 wt % Al and under 0.03 wt % Nb is
used for B protection, latter is also used to prevent coarse TiN formation [27].

In this study, Nb, Nb–V and Nb–Ti microalloying systems were tested for tensile
and toughness properties. The aim was to achieve the best combination of mechanical
properties with the mentioned microalloying systems. The Nb additions never exceeded
0.015 wt %. Microstructure characterization, with the emphasis on the PAG size and
distribution, was performed from hot-forged, hot-rolled to final heat-treated condition.
Each microalloying system was evaluated to determine the most promising system which
will meet the demands for S1100QL steel.

2. Materials and Methods

Three laboratory heats of S1100QL, using Nb, V–Nb, and Ti–Nb microalloying systems,
were produced in a laboratory vacuum induction furnace and cast as 12 kg, 80 × 80 mm
ingots. The experimental steel grades were designed on composition limitations in the EN
10025-6 standard [1] using refined master alloys with close to target composition and low P
and S content. Slag-free system and protective inert Ar atmosphere in combination with
deep vacuum and induction stirring were used to achieve high cleanliness and chemical
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homogeneity of the steel melt. The as-cast ingots were soaked at 1150 ◦C for 2 h and
hot-forged into 60 × 60 mm billets. Billets were then reheated at the temperature of
1200 ◦C for 2 h and hot-rolled into 12 mm thick strips. Reheating temperature and time
ensured that Nb was completely in austenite solid solution to maximize the solute drag
effect as well as to get sufficient SIP during hot rolling. Hot rolling was performed with
predefined 11 continuous passes with subsequent air-cooling. Finish rolling temperature
(FRT) was around 880 ◦C, ensuring strain energy accumulation and austenite pancaking
during the last few passes. The rolling setup for all three heats was made to obtain a similar
PAG average. Based on the variation of non-recrystallization temperatures (Tnr) with
target FRT, the final reduction percentage under Tnr varies with the chosen microalloying
system. The Nb, V–Nb, and Ti–Nb were finished rolled using 49%, 42%, and 58% of final
reduction below the Tnr. Detailed analysis of laboratory hot rolling, temperature control,
and percentage of final reduction of Ti–Nb S1100QL steel can be found in [28]. The last
step in the production process was off-line laboratory heat treatment in an electric furnace,
using additional type-K thermocouples for temperature control. Heat treatment consisted
of re-austenitization at 900 ◦C and a holding time of 20 min followed by water quenching
(Q) and low-temperature tempering (QT) at 200 ◦C for 1 h. Low-temperature tempering
is commonly used for S1100QL and similar steel grades to relieve the internal stresses,
as well as to achieve yield strength increment with minor hardness and tensile strength
decrease [29].

The refinement of the effective grain size is essential for improving the properties of
the as-quenched or quenched and tempered martensite. As the PAG size becomes larger at
the highest soaking temperatures before rolling, a way to control the austenite grain growth
is by dispersion of finely distributed particles in austenite. For example, by introducing
high-temperature stable TiN and/or using Nb or V (in synergy with Mo) for suppressing
the recrystallization process. As hot-rolling in the recrystallization region (in the absence
of micro-alloying elements and lack of pinning particles) leads to only moderate grain
refinement and homogenization [16]. Therefore, the degradation of mechanical properties
is expected, because of potential grain growth during hot rolling, and upon re-heating of
the as-rolled strip to austenitization temperature before quenching. The alloy design was
therefore optimized in a way that some of the finishing passes, as described above, will
be done below Tnr as the composition is suitable for controlled-rolling (CR) rather than
for recrystallization controlled-rolling (RCR). The later would be in the case where the
use of micro-alloying elements would be omitted or by using a changed rolling protocol.
Additionally, upon reheating of the strip (or the plate) to austenitization temperature,
the austenite grain growth is limited due to the low solubility of Nb precipitates due to
minor Nb addition in all three heats, see Table 1. Some limited grain size control can
also be expected for V-rich precipitates during re-austenitizing, but not at austenitization
temperature due to the high solubility of V-rich precipitates in austenite [16]. The control of
grain growth during reheating seems to be important, as in industrial practice the achieved
heating rates are much lower than in laboratory conditions, and longer times are needed
for re-austenitization. The objective of the presented paper was to evaluate the three chosen
combinations of microalloying systems using similar deformation and heat treatment
protocols to observe microstructure evolution and still obtaining the needed values for
S1100QL instead of comparing the benefits of micro-alloying itself, related to micro-alloyed
free grade with same basic composition.

The general chemical composition of the hot-rolled strips was determined by optical
emission spectroscopy using ARL MA-310 (Si, Mn, Cr, Ni, Mo, Cu, Al, Ti, Nb, V, and B), C
and S were determined by the combustion method using LECO CS-600 and N using LECO
TC-500.

Samples for metallographic analysis of hot-forged, hot-rolled, and heat-treated (QT)
conditions were prepared, following a standard metallographic procedure of grinding,
polishing, and etching using 2 vol.% Nital solution. Microstructure and PAG size evolution
were performed using a scanning electron microscope with field emission gun (FE-SEM)
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Zeiss Supra VP55 and light microscope Zeiss Axio Imager 2. For PAG size evaluation, a
semi-automatic approach was used. At least 500 grains were manually evaluated for the
PAG size distribution of each sample. Feret’s diameter was automatically calculated, using
commercial ImageJ software. Typical non-metallic inclusions were investigated, using
energy-dispersive X-ray spectroscopy (EDS) on FE-SEM.

Full-thickness longitudinal flat tensile specimens were prepared, and tests were car-
ried out following EN ISO 6892-1:2017 standard [30], using Zwick/Roell Z600 testing
machine. Standard Charpy impact toughness V-notch transverse specimens were ma-
chined according to EN ISO 148-1:2016 [31]. Charpy impact toughness tests were carried
out on 750 J Zwick/Roell PSW750 pendulum machine at −40 ◦C. Impact toughness testing
was conducted using three specimens for Q and QT to calculate the average. Tensile and
toughness testing was conducted for Q and QT, to evaluate the effect of low-temperature
tempering on the mechanical properties of S1100QL steel.

A continuous cooling transformation (CCT) diagram has been constructed for steel
that displayed the highest response in tensile properties with satisfying toughness as the
most promising steel grade for further studies. Cylindrical specimens of 10 mm length and
3 mm diameter were machined from a hot-rolled strip. Samples were not homogenized to
record transformation temperature scatter typically for industrial environment. Samples
were heated with 1 ◦C/s to 900 ◦C with holding time of 15 min and cooling with different
cooling rates from 0.1 to 100 ◦C/s down to room temperature, using Linseis L78 R.I.T.A.
dilatometer. Dilatometric curves were obtained and samples were metallographically
examined to confirm the characteristic temperatures, determined from dilatometric curves.

Thermodynamic prediction, using Thermo-Calc 2021a with TCFE11 database, was
conducted. Equilibrium calculations with full composition for Nb, V–Nb, and Ti–Nb steel
were made, and a histogram was constructed showing temperature dependence of liquid,
austenite, and ferrite phases as well as nitrides, carbides, and carbo-nitrides for three
compositions.

3. Results and Discussion
3.1. Chemical Analysis

The chemical composition of three steel strips is presented in Table 1.

Table 1. Chemical composition of the studied S1100QL steels (wt %).

C Si Mn S * Cr Ni Cu Mo Al Ti Nb V B * N * Fe

Nb 0.19 0.24 0.85 30 0.52 1.30 0.38 0.42 0.06 / 0.013 / 11 29 bal.
V–Nb 0.17 0.23 0.88 30 0.51 1.28 0.37 0.40 0.05 / 0.013 0.02 11 46 bal.
Ti–Nb 0.18 0.23 0.87 30 0.52 1.30 0.35 0.41 0.06 0.013 0.014 / 11 31 bal.

* in ppm.

The hardenability of the steel is increased by the addition of C, Mn, Cr, Ni, Mo, and
B [32,33]. The role of medium Mo addition is also limiting the grain size by solute drag
effect, which also retards recrystallization during high-temperature deformation, espe-
cially in combination with Nb, thus caution needs to be taken that full recrystallization is
achieved during roughing rolling phase [34]. Ni addition is used to enhance the toughness
properties by decreasing the ductile to the brittle transition temperature. In the Ti–Nb steel,
B protection is ensured by sufficient Ti plus Al content, whereas the higher Al content is
also used for B protection in steels Nb and V–Nb in respect to low N.

Ti addition is over-stochiometric in respect to N (4.2), however, the total product of Ti
and N is kept low, thus limiting the possible impact toughness degradation due to coarse
TiN [35]. According to Yan et al. [8], the total product of Ti and N should be lower than
the solubility product at solidus temperature (Tsol). This is affected by the equation used
to calculate the solubility product, as well as by the method used to determine the Tsol.
If solubility product is calculated with equation proposed by Kunze et al. [36] the start
of the precipitation is predicted above Tsol also if Tsol is increased by excluding B from
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the calculations (1471 ◦C, calculated with Thermo-Calc 2021a, TCFE11), whereas using
equation by Inoue et al. [37] predicts precipitation below Tsol.

Nb addition is controlled to allow full solubility at reheating before hot rolling. If
equations proposed by Klinkenberg et al. [38] for NbC and Irvine et al. [39], for Nb(C, N)
are used for steel Ti–Nb, it is predicted that NbC and Nb(C, N) will be in austenite solid
solution at 1103 and 1122 ◦C, respectively. Similar stands for Nb and V–Nb steels with 1101
and 1089 ◦C for NbC and 1120 and 1107 ◦C for Nb(C,N) precipitation, respectively.

3.2. Thermodynamic Predictions

For a better understanding of equilibrium precipitation during and after solidifica-
tion of microalloying products such as nitrides, carbo-nitrides, or carbides important for
grain size control, thermodynamic calculations, using Thermo-Calc 2021a with the newest
database TCFE11, was used. Thermodynamic calculations were done with full composition
for Nb, V–Nb, and Ti–Nb steel for identifying possible equilibrium stability of liquid phase,
austenite, ferrite, borides, TiN, Nb(C,N), and VC (Figure 1).
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Figure 1. Equilibrium calculations of stability of liquid phase, austenite, ferrite, M3B2, Nb(C,N), TiN,
and VC for all three samples. Temperature regions for hot forging, hot rolling, and austenitization
are presented.

In the case of Ti–Nb, TiN is predicted to precipitate in solid austenite below Tsol which
eliminates the possibility of coarse primary TiN formation obeying the Lever rule. The
temperature stability of TiN covers the entire austenite region for reheating, multi-pass hot
forging, rolling, and cooling, providing the potential for efficient Zenner pinning force for
austenite grain size control.

The start of the homogeneous precipitation of Nb(C,N) is predicted at 1098, 1099, and
1110 ◦C for Nb, V–Nb, and Ti–Nb respectively, which ensures full solubility at typical
reheating temperatures of around 1200 ◦C. The temperature of homogeneous precipitation
of Nb(C,N) is increased with increasing C content, regardless of the steel grade, which is in
accordance with the solubility product of Nb, C, and N [39].

Much higher solubility in austenite is typical for V in V–Nb steel, where V is also
dissolved in NbC, since V, Nb, and Ti carbides and nitrides show mutual solubility. Most
of the V however remains in austenite solid solution until the beginning of the MC type
carbide precipitation at 755 ◦C, much lower than FRT and chosen re-austenitization temper-
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ature for all steels. This means that VC was not present in the austenite during rolling with
possible VC precipitation occurring under FRT [22] and dissolving at chosen austenitization
temperature.

Precipitation of M3B2 (Mo2FeB2) phase is predicted around 990 ◦C, however no BN,
Fe23(C, B)6 or Fe2B formation is predicted, regardless of the microalloying addition used
at austenitization temperatures used in this study. The latter was found to decrease the
hardenability. Nb and Mo are added to prevent the precipitation of such borides [40].

3.3. Microstructure

Microstructures of hot-forged, hot-rolled, and QT conditions for steel Nb, V–Nb, and
Ti–Nb are presented in Figure 2.
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Figure 2. The microstructure of steel Nb, V–Nb, and Ti–Nb for hot-forged, hot-rolled, and low-
temperature tempering (QT) conditions. Marks “B” and “M” represent bainite and martensite,
respectively. Etched state, light microscopy. (a) Steel Nb, hot-forged; (b) steel Nb, hot-rolled; (c) steel
Nb, QT; (d) steel V–Nb, hot-forged; (e) steel V–Nb, hot-rolled; (f) steel V–Nb, QT; (g) steel Ti–Nb,
hot-forged; (h) steel Ti–Nb, hot-rolled; (i) steel Ti–Nb, QT.

The microstructures of hot-forged (Figure 2a,d,g) and hot-rolled (Figure 2b,e,h) condi-
tions for all three samples are heterogeneous due to mixed bainitic-martensitic microstruc-
ture with predominating bainite. Fractions of martensite are detected in areas of solute
enrichment as a part of casting history and recognized as microstructural banding after hot
deformation. Microstructural banding as alternating parallel bands is hardly noticeable but
still detectable in rolled and QT conditions. The side effect of enrichment of substitutional
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alloying elements in the final condition overall negatively influences the impact toughness
and weldability response of HSLA steels. At lower cooling rates (air) the alternating bands
are usually more pronounced [41].

Coarse equiaxed shaped austenite grains are recognized after a limited absolute
reduction during forging (ingot to billet thickness ratio is 1.3) and higher temperature finish
(approximately 950 ◦C) followed by limited cooling of the billets to room temperature
(Figure 2a,d,g). The refined mixed microstructure is observed in the hot-rolled state
(Figure 2b,e,h) as a part of forged-rolled technology used in this paper with higher final
absolute deformation (billet to strip thickness ratio is 5). Because of the finer PAG size
and increased cooling rate of a strip with a thinner cross-section and lower measured FRT
also the refinement of bainitic ferrite (BF) is visible as a part of bainite (B) in the as-rolled
sample. For all steels in the as-rolled condition, prior austenite grains are to some extent
elongated (“pancaked”) in a rolling direction, which indicates that some rolling passes
of the final reduction are conducted under Tnr. More in detail further in this paper, see
Figure 6. Theoretic Tnr, can be calculated with well accepted [42] equation proposed by
Boratto et al. [43], with 921, 899, and 936 ◦C for steel Nb, V–Nb, and Ti–Nb respectively,
which is above measured FRT. It is interesting to notice that even when FRT (approximately
880 ◦C measured on the rolled surface) is close to predicted Tnr for V–Nb the presence
of partially elongated grains is evidenced on the defined final reduction of 42%. This is
related to the fact that Tnr is positioned between recrystallization low temperature (RLT)
and recrystallization stop temperature (RST), i.e., temperature where approximately 95
and 5% recrystallization still occurs.

Microstructure after off-line QT heat treatment (Figure 2c,f,i) is fully martensitic (M)
and therefore uniform compared to forged and rolled conditions for all three samples,
indicating that cooling rate is sufficient for martensite formation and therefore a variation
of mechanical properties is not attributed to non-martensitic products. Nevertheless,
micrographs reveal some of the unetched white grains as a part of possible untempered
martensite achieved after tempering at 200 ◦C and continuous cooling under air. A closer
look reveals a similar fraction of untempered “white” martensite for all steel grades due to
similar martensite start (Ms) position (discussed later) and reproducible heat treatment and
therefore the variation of toughness values concerning hard and brittle martensite should
not be considered as the main cause.

For detailed analysis, a secondary electron (SE) image on FE-SEM was taken for hot-
forged, hot-rolled, and QT conditions for steel Ti–Nb. As can be seen from Figure 3a in
hot-forged condition microstructure is predominantly bainitic. Bainite is expected since
air-cooling was performed after forging. Austenite “pancakes” can be observed after hot
rolling (Figure 3b) and much finer bainite plates are formed. The finer microstructure
can be expected, since the last rolling passes were done below Tnr, introducing a larger
number of potential nucleation sites for subsequent bainite nucleation. In QT condition
(Figure 3c) microstructure consists of fine lath martensite, which is typical for low-carbon
QT steels. Self-tempered martensite (SM) is also observed which is the consequence of a
rather high Ms temperature (395 ◦C and 386 ± 5, calculated with Thermo-Calc 2021a using
database TCFE11 and measured one, respectively). Low-temperature tempering at 200 ◦C
does not alter the martensitic microstructure, however, internal stresses are relieved and
some transition ε carbides are presumably precipitated [29]. These transition carbides are
few nanometers in size and semi-coherent with the matrix, thus cannot be observed using
FE-SEM.
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3.4. Non-Metallic Inclusions

Typical coarse non-metallic inclusions in hot-rolled conditions are presented in Figure 4.
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microscopy; (b) steel V–Nb, polished state, light microscopy; (c) steel Ti-Nb, polished state, light microscopy; (d) steel Ti–Nb,
FE-SEM BSE image with EDS analysis of the inclusion.

Dark grey non-metallic inclusions in Figure 4a,c (marked by red arrows) represent
MnS, which are deformable and oriented in the rolling direction. Black arrows represent
primary Nb(C,N) inclusions. They are formed during solidification, because of the solute
enrichment, meaning that real solidification follows non-equilibrium solidification with
limited diffusion in solid. Primary and therefore coarse Nb(C,N) do not contribute to
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dislocation and grain and subgrain boundary pinning. In fact, they have a negative effect
of depleting Nb from solution, minimizing Nb solute drag effect, as well as negatively
affecting isotropy and ductility. Primary Nb(C,N) cannot be easily dissolved in austenite
solid solution during reheating before hot rolling and are taken as non-metallic inclusion
working as a stress concentrator. Primary (Ti,Nb)(C,N) and TiN are presented in Figure 4c.
Nb(C,N) and (Ti,Nb)(C,N) can be differentiated already on light microscopy by color, since
Ti-rich inclusions have orange-golden color, while Nb-rich inclusions have brown-red color.
They also differ in shape, since TiN are more cuboidal than Nb(C,N).

Figure 4d shows a backscattered electron (BSE) image with EDS analysis of typical
non-metallic inclusion in Ti–Nb micro-alloyed steel. EDS spectrum peaks, marked as 1,
correspond to (Ti,Nb)(C,N), which has nucleated on Al2O3 (marked as 2). Based on the
stability of Nb- and Ti-rich inclusions, TiN has nucleated on Al2O3 and later enriched on
Nb and C, forming complex primary (Nb,Ti)(C,N) non-metallic inclusion.

No clusters of coarse primary non-metallic inclusions were detected, which occurs in
the interdendritic regions, where solute enrichment takes place. These clusters are harmful
for final mechanical properties, deteriorating final toughness, and tensile properties thus
must be avoided.

Obtained results differ from thermodynamic predictions for TiN and NbC (Figure 1),
however, predictions were made for equilibrium conditions, while non-equilibrium con-
ditions are typical for solidification. Solute enrichment of Nb, Ti, C, and N during solidi-
fication occurs, exceeding the solubility product and forming coarse primary inclusions.
The amount of coarse primary non-metallic inclusions should be as little as possible, thus
precautions at chemistry design with minor Nb and Ti addition with proper control of C, N,
and minimum superheat before casting and casting itself is needed. Later with emphasis
on the primary and secondary cooling regime when continuous (strand) casting is used.
Regardless of the type of casting, one of the important parameters is mold geometry and
related achieved temperature and concentrations gradients during solidification.

3.5. CCT Diagram

The CCT diagram for steel V–Nb is presented in Figure 5a. The variation of nose
position for bainite and ferrite plus pearlite as well as Ms and martensite finish (Mf)
temperature is marked with the shaded region, related mostly to achieved grain size after
rolling. One can assume that the cooling rate after forging was around 1 ◦C/s, since a
very-small fraction of pearlite was present in the microstructure. The cooling rate after hot
rolling was somewhat higher, as no pearlite was detected, which is reasonable, since the
heat dissipation in a hot-rolled strip of 12 mm thickness was higher than in 60 mm thick
ingot, as discussed already previously. The cooling rate during water-quenching exceeded
10 ◦C/s and was estimated to be on average approximately 35 to 40 ◦C/s, providing fully
martensitic microstructure through-thickness. Ms was measured at 386 ± 5 ◦C, which
agrees well with the Thermo-Calc prediction of 395 ◦C.

According to transformation temperatures determined by dilatometry, Figure 5b,
specific dilatometric curves of cooling revealed the transformation start of a new phase
from austenite (martensite, bainite, and ferrite, respectively). This is also supported by the
measured hardness. Both, dilatometric curves and metallographic characterization were
considered, especially for low cooling rates as in [44]. At the lowest cooling rates under
1.5 ◦C/s, the transformation start for ferrite (F) is recorded but not for the pearlite (P).
However, having natural banded microstructure as a part of solidification history, carbide
agglomerates formed inside the F. Therefore, the high-temperature region was classified
as F + P rather than F, as the latter was never the case. Figure 5b represents three primary
dilatometric curves for the highest, intermediate, and lowest cooling rate.
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Figure 5. (a) Continuous cooling transformation diagram for steel V–Nb with HV10 hardness
measurement for each cooling rate. The shaded region presents the possible variation of Nb and Ti–Nb
steel. (b) Dilatometric curves for cooling rates 0.1, 3 and 50 ◦C/s with representative microstructure.
Marks “F”, “P”, “B” and “M” represent ferrite, pearlite, bainite and martensite, respectively.

3.6. PAG Size and Distribution

Another important aspect, affecting final mechanical properties, is PAG size and
distribution. Table 2 presents the average and maximum PAG size, standard deviation, and
distribution factor G (differencing from grain size number G in terms of ASTM E112) [45]),
defined as:

G =
davg

dmax
, (1)

davg and dmax being average and maximum PAG size in µm, respectively. The higher
the value G, the more uniform grain size distribution is expected. Average and maximum
PAG size is smallest in Ti–Nb steel regardless of the condition, followed by V–Nb steel,
while largest grains were observed in Nb steel. Nevertheless, the difference between all
microalloying for average grain size is rather small in the final heat-treated condition.
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However, based on the pre-conditioned hot deformation and thermal treatment, these
results indicate that Ti has an important role in restricting PAG growth by pinning austenite
grain boundaries already in the upper austenite region with the finest maximum achieved
grain size. The effect of V is also observed by comparing Nb and V–Nb steel, however,
it restricts grain growth to a lesser degree than Ti with constant Nb addition. V effects
austenite grain growth by solute drag effect as also by grain and subgrain boundary
pinning at lower temperatures. Overall grain refinement was achieved from hot-forged to
hot-rolled and subsequent QT conditions for all three samples, indicating the importance of
used forging and rolling parameters as a pre-condition for re-austenitization and quenching
of S1100QL.

Table 2. Average (davg) and maximum (dmax) grain size, standard deviation (St. dev.) and distribution
factor (G) for hot-forged, hot-rolled and QT condition for steel Nb, V–Nb and Ti–Nb.

Steel Condition davg (µm) dmax (µm) St. dev. G

Nb Hot-forged 88.3 585.9 62 0.15
Nb Hot-rolled 71.1 212.7 31.4 0.33
Nb QT 18.8 51.1 7.6 0.37

V–Nb Hot-forged 71 181.5 32.6 0.39
V–Nb Hot-rolled 58 164.9 29.2 0.35
V–Nb QT 17.8 48.4 7.3 0.37
Ti–Nb Hot-forged 58.9 147.2 23.8 0.40
Ti–Nb Hot-rolled 46.3 150.1 26.9 0.31
Ti–Nb QT 17.1 42.4 6.1 0.40

Figure 6 shows PAG size distribution for all three steels in hot-forged, hot-rolled, and
QT conditions. A total of 500 grains for each condition were measured to obtain statistical
distribution. PAG size distribution is significantly narrower in QT condition compared to
hot-forged or hot-rolled conditions for all three steels, indicating also the importance of the
off-line heat treatment for improving grain size and distribution G and most important the
isotropy by forming equiaxed grain structure from the orientated one. However, it needs
to be noted that PAG size was calculated as Feret’s diameter, which yields somewhat high
values for elongated grains in the case of the rolled condition. Some authors [17] represent
effective grain size in the hot-rolled state as the thickness of the austenite “pancakes”.
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Figure 6. PAG size distribution for Nb, V–Nb, and Ti–Nb steel in hot-forged, hot-rolled, and QT conditions. (a) Nb steel;
(b) V–Nb steel; (c) Ti–Nb steel; (d) hot-forged condition; (e) hot-rolled condition; (f) QT condition.

Steel Ti–Nb shows the highest number-percentage of the PAG size in hot-forged,
hot-rolled, and QT state, as well as the lowest values of standard deviation (Table 2). Steel
Nb on the other side has the largest values of standard deviation, especially in a hot-forged
state where extremely large PAG, up to 585 µm, were detected. Differences are less pro-
nounced in the hot-rolled state, however, Nb steel still possesses the widest distribution
and peaks at the largest grain size. By careful analysis, no pronounced bimodal distribution
was observed and is taken to be mostly unimodal, meaning that in QT condition arith-
metical numerical average could be used for trend observation. This is important as we
know that in HSLA steels varying degrees of bimodality and their grain size distribution
following rolling as also the re-heat condition can exist and have a significant impact on
the toughness [46].

3.7. Mechanical Properties

Table 3 and Figure 7 show yield strength (Rp0.2), tensile strength (Rm), elongation
(A5), and impact toughness at −40 ◦C (KV2) for Nb, V–Nb, and Ti–Nb steel in Q and QT
condition. The highest Rp0.2 and Rm in QT condition for steel Nb can be contributed to the
highest value of carbon equivalent between the three samples. Rp0.2 for all three samples
is increased by low-temperature tempering (200 ◦C for 1 h) with a minor decrease in Rm,
which is in agreement with other authors [47,48]. The Rp0.2 increase could be related to the
first stage of tempering by precipitation of the fine transition carbides and/or relaxation
of internal stresses [29,47,48]. The Rp0.2 increment for Nb, Ti–Nb, and V–Nb steel is 52, 67,
and 112 MPa, respectively, showing that V–Nb steel has the highest potential in terms of
tensile properties, also related to the lowest Rm decline after tempering. Obtained results
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highlight the importance of low-temperature tempering for tensile properties of S1100QL
steel, because all three samples reached the prescribed 1100 MPa Rp0.2 in QT state, while
only Nb steel had more than 1100 MPa Rp0.2 in the quenched state. The percentage of
elongation (A5) is above the minimum elongation of 10% and does not show any trend
when comparing Q and QT conditions.

Table 3. Yield strength (Rp0.2), tensile strength (Rm), impact toughness at −40 ◦C (KV2) and elongation (A5) for steel Nb,
V–Nb, and Ti–Nb in Q and QT condition.

Steel Rp0.2 (MPa) Rm (MPa) KV2 (J) A5 (%)

Q QT Q QT Q QT Q QT

Nb 1144 ± 25 1196 ± 26 1474 ± 30 1395 ± 29 40 ± 0.7 38 ± 0.7 13.0 ± 0.4 11.0 ± 0.3
V–Nb 1074 ± 23 1186 ± 26 1400 ± 29 1384 ± 29 39 ± 1.0 40 ± 0.6 13.0 ± 0.4 12.0 ± 0.4
Ti–Nb 1093 ± 24 1160 ± 25 1426 ± 30 1377 ± 29 43 ± 1.4 45 ± 1.2 12.5 ± 0.4 13.5 ± 0.4
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Figure 7. Yield strength (Rp0.2), tensile strength (Rm), and impact toughness at −40 ◦C (KV2) for steel
Nb, V–Nb, and Ti–Nb in quenched and tempered condition.

Impact toughness exceeds prescribed minimal value of 27 J in Q and in QT condition.
Steel Ti–Nb has the highest impact toughness in both Q and in QT condition, which can
be correlated to the smallest PAG size and narrowest distribution [34,49] and achieved
cleanliness with a low density of coarse-type non-metallic inclusions. Small and homo-
geneous PAG size in Ti–Nb steel is the consequence of austenite grain growth control by
TiN pinning effect during reheating before hot forging and hot rolling, as well as during
hot deformation itself. The toughness overall was not improved after low tempering tem-
perature. This could be partly related to high Ms with 395 ◦C and modest quenching rate
with effective self-tempering during the quenching process. Also, limited presence of hard
and brittle as-quench martensite to be additionally tempered to increase the toughness
in combination with Rp0.2 increase with an increased fraction of precipitates as a part of
the first stage of tempering of transition carbides [48,50]. The increase of toughness is
expected by increasing the tempering temperature; however, it will also result in lower
tensile strength levels suitable for S960QL not S1100QL.
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4. Conclusions

Microstructure and mechanical properties of Nb, V–Nb, and Ti–Nb boron type
S1100QL steels were investigated. Based on the results, the following conclusions can
be drawn:

• Microstructures in the hot-forged, hot-rolled, and QT conditions are similar, regardless
of the microalloying system used. The microstructures were mostly bainitic after hot
forging and hot rolling, followed by air cooling. Fine lath martensite formed after
water-quenching.

• Due to microalloying, low-density coarse primary Nb(C,N) and (Ti,Nb)(C,N) non-
metallic inclusions formed, however, no V-rich inclusions were observed. No harmful
clusters of non-metallic inclusions were detected which resulted in optimal toughness
and tensile properties.

• The selection of a microalloying system played a major role in PAG size and distri-
bution. When only Nb was micro-alloyed the resulting PAG size was coarsest, and
the widest grain size distribution was obtained. The combination of V–Nb resulted
in finer grains and a narrower grain size distribution. However, the combination of
Ti–Nb had the smallest PAG size and the narrowest grain size distribution, which is
attributed to the pinning effect of TiN.

• Results show that the combination of microalloying elements provides the most
favorable mechanical characteristics and grain size distribution compared to the
addition of sole microalloying elements, Nb in this paper.

• All three microalloying systems can provide the necessary mechanical properties using
appropriate rolling schedules with final reductions done under the Tnr resulting in an
elongated austenite structure with an increased dislocation density for the nucleation
of finely dispersed pinning particles of Nb, V, and Ti, that inhibited the austenite
grain growth.

• The V and Nb micro-alloyed steel showed the best response in terms of Rp0.2 increment
at low-temperature tempering at 200 ◦C, while the Ti–Nb steel achieved the best impact
toughness, which correlates well to PAG size and distribution results.
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