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Abstract 

For years, high - strength low - alloyed (HSLA) steels have been state of the art when 

materials are needed that combine high strength and toughness. Thanks to a combination 

of thermomechanical controlled processing (TMCP) and the addition of microalloying 

elements, such as Ti, Nb and V, a fine - grained microstructure in the as - rolled condition 

is obtained, which positively influences these properties. Due to the usually low C content 

of less than 0.1 wt%, these steels also show excellent weldability. In terms of strength and 

hardenability, however, steels with a low carbon content often do not meet the desired 

requirements, which is why the trend is going towards higher C contents. 

For this reason, this doctoral thesis deals with the influence of microalloying elements 

and TMCP on the recrystallization behavior and microstructure development of HSLA 

steels with C contents above 0.2 wt%. Through a combination of deformation dilatometer 

experiments and high - resolution characterization methods, the influence of the 

microalloying elements, both in dissolved form and in the form of precipitates, was 

investigated. 

A new method was developed which has the potential to automatically determine the 

degree of recrystallization of microalloyed HSLA steels using light optical microscopy and 

analysis of grain elongation. 

The combined addition of Nb and Ti, as well as the role of various deformation parameters 

was investigated with regard to the recrystallization behavior and microstructure 

evolution. A right balance must be found when choosing the Ti content in Nb and Ti 

microalloyed steels to simultaneously obtain the positive effects of Ti against grain 

coarsening and the positive effects of Nb on the recrystallization behavior.  

Finally, new insights into the formation mechanism of dynamic strain - induced 

transformed ferrite could be found by atom probe tomography and electron backscatter 

diffraction. The results suggest that the formation is a displacive mechanism, although 

accompanied by the diffusion of C during the formation. 
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Kurzfassung 

Hochfeste niedriglegierte (HSLA) Stähle sind seit Jahren Stand der Technik, wenn hohe 

Festigkeiten und Zähigkeiten benötigt werden. Durch eine Kombination aus 

thermomechanischem (TM) Walzen und dem Zusatz von Mikrolegierungselementen, wie 

Ti, Nb und V, wird im gewalzten Zustand ein feinkörniges Gefüge erzielt, das beide 

Eigenschaften positiv beeinflusst. Aufgrund des meist niedrigen C - Gehalts von weniger 

als 0,1 m% weisen diese Stähle zudem eine hervorragende Schweißbarkeit auf. Bezüglich 

Festigkeit und Härtbarkeit erfüllen Stähle mit niedrigem C - Gehalt jedoch oft nicht die 

gewünschten Anforderungen, weshalb der Trend zu höheren Gehältern geht. 

Diese Doktorarbeit beschäftigt sich daher mit dem Einfluss von 

Mikrolegierungselementen und TM - Prozessen auf das Rekristallisationsverhalten und 

die Gefügeentwicklung von HSLA - Stählen mit C - Gehalten über 0,2 m%. Durch 

Experimente an einem Umformdilatometer und dem Einsatz von hochauflösenden 

Charakterisierungsmethoden wurde der Einfluss der Mikrolegierungselemente, sowohl 

in gelöster Form, als auch in Form von Ausscheidungen untersucht. 

Es wurde ein neues Verfahren entwickelt, das zukünftig das Potenzial hat, den 

Rekristallisationsgrad von mikrolegierten HSLA - Stählen mittels Lichtmikroskopie und 

Analyse der Kornstreckung automatisch zu bestimmen. 

Die kombinierte Zugabe von Nb und Ti, sowie die Rolle verschiedener Umformparameter, 

wurde im Hinblick auf das Rekristallisationsverhalten und die Gefügeentwicklung 

untersucht. Bei der Wahl des Ti - Gehalts in mit Nb und Ti mikrolegierten Stählen muss 

ein richtiges Gleichgewicht gefunden werden, um gleichzeitig die positive Wirkung von Ti 

gegen Kornvergröberung, sowie von Nb auf das Rekristallisationsverhalten zu erhalten. 

Durch Atomsondentomographie und Elektronenrückstreubeugung konnten neue 

Einblicke in den Bildungsmechanismus von dynamisch spannungsinduziert 

umgewandelten Ferrit gewonnen werden. Die Ergebnisse deuten darauf hin, dass die 

Bildung ein Umklappmechansimus ist, begleitet von C - Diffusion während der Bildung. 
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1 Motivation 

The permanent optimization of steels with the goal to increase strength and toughness, 

while at the same time to reduce production costs, poses a challenge task to researchers 

and steel manufacturers worldwide. In the past, a combination of microalloyed 

high - strength low - alloyed (HSLA) steels and thermomechanical controlled processing 

(TMCP) has proven itself to enable the production of steels with increased strength and 

excellent toughness at the same time [1]. The trick behind the aformentioned combination 

is a grain refinement in the as - rolled condition through TMCP which has a positive effect 

on both, the strength and toughness [2]. Furthermore, HSLA steels possess good 

weldability due to a low C content, which is usually below 0.1 wt% in such steels [3]. 

However, the development of quenched and tempered steels is moving towards higher C 

contents, since the desired strength and hardenability can hardly be achieved with such 

low C levels. The higher C levels, in turn, also have negative effects. As an example, next 

to the lower weldability, also poorer cold formability in the as - rolled condition can be 

mentioned. Therefore, in order to minimize the negative effects and to be able to deliver 

optimal product properties, research in the field of HSLA steels is going towards 

optimizing the combination of TMCP and the addition of microalloying elements (MAE) 

in steels with higher C levels. 

This thesis deals with the investigation of microalloyed HSLA steels with a C content of 

more than 0.2 wt%, used for rolling of high performance wire products. It aims to 

investigate the influence of microalloying concepts and forming parameters in order to 

optimize the strength, toughness and cold formability in the as - rolled condition of rolled 

wire products. Basically, this work can be separated into two parts. One of them deals 

with the optimization of the low - temperature toughness of wire products, which are, 

among other things, used for the production of hoist chains. The aim here is to use a 

combination of TMCP and the addition of MAE, such as Nb and Ti, to achieve a 

fine - grained microstructure in the as - rolled state. Subsequently this should lead to a 

fine martensitic microstructure after quenching and tempering, which therefore should 

have a positive effect on the low - temperature toughness. Based on two reference alloys 

(23MnNiCrMo5-2 and 23MnNiCrMo5-4), additionally microalloyed variants with varying 

contents of Ti and Nb were produced and examined. In order to investigate the influence 

of different forming parameters, such as the annealing - or deformation temperature 

(Tdef), on the recrystallization - and precipitation kinetics, deformation experiments were 

carried out using a deformation dilatometer. Furthermore, annealing experiments were 
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performed to investigate the influence of different contents of MAE on the grain growth 

behavior. 

The second part of this work deals with microalloyed steels used in the production of high 

performance wires, which are further used, among other things, for the production of 

screws. In order to reduce the production costs, the investigation aims to realize alloy 

concepts with a reduced proportion of expensive alloying elements, which, through a 

combination with optimized forming concepts, enable direct formability in the as-rolled 

state and still provide sufficiently high strength in the quenched and tempered condition. 

The influence of different deformation parameters on the development of the 

microstructure was examined by means of experiments carried out with a deformation 

dilatometer. 

Both research areas had in common that, in addition to the deformation dilatometer 

experiments, comprehensive high - resolution characterization methods, such as atom 

probe tomography (APT), scanning transmission electron microscopy (STEM) or 

transmission Kikuchi diffraction (TKD), were carried out to characterize the precipitates 

and their influence on the structure - property relationships of the examined steels. 

The main goal of this work was to gain knowledge with regard to the interaction of the 

MAE and TMCP parameters in order to optimize future industrial large - scale wire 

rolling processes.  
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2 Theoretical background 

This chapter aims to acquaint the reader with important concepts and terms that play an 

important role in this thesis. At the beginning TMCP is briefly discussed and then 

peculiarities of thermomechanically rolled wire products are pointed out in more detail. 

In another chapter, the concept of microalloyed HSLA steels is examined and the role of 

the individual MAE is described separately. Since terms such as recovery, 

recrystallization and the formation of strain - induced precipitates play an important role 

in TMCP, these points will also be explained. Finally, the current state of the art to the 

structure - property relationship of martensitic microstructures is reflected. 

2.1 Thermomechanical controlled rolling 

Until the beginning of the 1960s, the strength of normalized rolled steel products was 

controlled by the amount and spacing of pearlite lamellas, the grain size and the content 

of alloying elements responsible for solid solution strengthening, e.g. Mn and Si. The 

constant demand for lowering production costs, while at the same time increasing 

strength, toughness and weldability required a fundamental rethinking of the rolling 

processes and were the driving force behind the development of thermomechanical 

processed HSLA steels [2,4–6]. These steels are characterized by a low C content of 

usually less than 0.1 wt%. The loss of strength, resulting from the lower C levels, is not 

only compensated in these steels, but even improved by a combination of TMCP and the 

addition of MAE, such as Nb, Ti and V. The basic principle behind TMCP is depicted in 

Figure 2.1 and shows that prior to the rolling process, the billets are heated to annealing 

temperatures in the austenite regime. The annealing temperature is chosen in a way that 

the microalloying elements, which are responsible for the formation of 

deformation - induced precipitates, are in solution prior to the rolling process. In most 

cases this is dependent on the Nb and C concentration in such steels [7]. Furthermore, 

the high annealing temperatures also lead to an easier rolling process, due to the lower 

rolling forces required. 

To prevent excessive grain coarsening during annealing, Ti is alloyed to these steels, as 

this inhibits the grain growth through the formation of stable TiN precipitates [8]. At the 

beginning of the rolling process, TMCP does not differ from normalized rolling. However, 

there are differences in the selection of the finishing rolling temperature, which is lower 

for TMCP than for normalized rolling and lies below the non - recrystallization 

temperature (TNR) [2]. 
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Figure 2.1: Schematic drawing of the basic principle behind TMCP. Adapted from [2]. 

The TNR is the temperature, below which there is no complete static recrystallization 

between the rolling passes and its concept is described in Figure 2.2. Figure 2.2 a) shows 

the microstructural changes between the rolling passes for Tdef > TNR. A flattened 

“pancake” microstructure can be seen directly after the first rolling pass. However, 

complete recrystallization occurs between the two rolling passes. In Figure 2.2 b) 

Tdef < TNR and therefore no complete recrystallization takes place between the rolling 

passes. The so - called pancake structure therefore remains, which leads to an increasing 

number of nucleation sites for the following ferrite transformation, since ferrite nucleates 

mainly along prior austenite grain boundaries (PAGB), twin boundaries and dislocation 

bands inside the austenite grains. In combination with accelerated cooling after rolling, 

this leads to a fine grained microstructure which, depending on the cooling rate, can be 

ferritic - perlitic, ferritic - bainitic, or bainitic - martensitic. The concentration of the MAE 

and the selection of the forming parameters during TMCP have a strong influence on the 

precipitation kinetics and the recrystallization - and transformation behavior. 
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Figure 2.2: Schematic illustration of the concept of the TNR. a) Tdef > TNR  complete 

recrystallization between the rolling passes. b) Tdef < TNR  no complete recrystallization 

between the rolling passes. Image adapted from [2]. 

2.2 Rolling of wire products 

A typical production process for the manufacturing of wire rod is shown schematically in 

Figure 2.3. At the beginning of the process, the billets are typically heated to rolling start 

temperatures between 900 °C and 1200 °C in a walking - beam furnace. Immediately 

after the furnace, descaling is carried out on the billets to prevent scale from being 

introduced in the wire during rolling. At the beginning of the rolling process the 

rectangular shape of the billets is formed into a round shape. This reshaping happens 

primarily in the roughing mill and the intermediate mill which are labeled in Figure 2.3 

with number 3 and 4. The final rolling steps take place in the finishing blocks, which 

consist of a row of individual rolling stands. In the special case of thermomechanical 

rolling, additional loops in the arrangement of the rolling line ensure sufficient time for 

cooling of the wire to lower final deformation temperatures. After rolling, the wires are 

coiled into rings with a diameter of around 1 m by a loop laying head. In the final step, 

the coiled wires are cooled down on a cooling conveyor under controlled conditions. 
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Figure 2.3: Schematic illustration of a typical wire rod rolling mill. Image adapted from 

[9]. 

2.3 Concept of microalloyed HSLA steels 

Global steel production has been increasing for years, and reached a peak of 1.88 billion 

tons in 2020 [10], with microalloyed steels accounting for around 10 - 15 % in 2014 [5,11]. 

Microalloyed HSLA steels have a low C content of usually below 0.1 wt% and achieve the 

desired properties through a combination of TMCP and the addition of MAE, such as Nb, 

Ti and V [12]. These three MAE strongly influence the properties of the steels, both during 

rolling and afterwards, since these three MAE are responsible for the formation of the 

most relevant precipitates in HSLA steel, TiN, NbC and VC [13]. The equilibrium 

thermodynamics of the precipitates allow to describe the behavior of the precipitates 

during TMCP and their equilibrium solubility conditions can be expressed as: 

log10[𝑀][𝑋] = log10 𝐾𝑀𝑋
𝑝ℎ𝑎𝑠𝑒

= −
𝑄𝑝ℎ𝑎𝑠𝑒

𝑅𝑇
+ 𝐵 = −

𝐴

𝑇
+ 𝐵 

(1) 

where M and X describe the concentration of the MAE and the interstitial element (e.g. C 

or N), respectively. KMX
phase

 describes the phase - dependent (i.e. liquid, delta - ferrite, 

austenite and alpha - ferrite) equilibrium constant, Qphase the phase - dependent 

activation energy, R is the universal gas constant and A and B are constants. The latter 

two constants A and B were determined in different studies in the past and are listed in 

detail in various reviews for Ti - [8,14], Nb - [7,14] and V [14,15] precipitates. A summary 

of selected values is listed in Table 1. 
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Table 1: Selected thermodynamic parameters of various MAE precipitates. 

 A B Ref. 

log[Ti][N]liq. 17040 6.40 [16] 

log[Ti][N]liq. 12740 4.06 [17] 

log[Ti][N]γ 15020 3.82 [18] 

log[Nb][C]γ 7500 2.90 [19] 

log[Nb][C+12/14N]γ 6770 2.26 [18] 

log[V][N]γ 7700 2.86 [16] 

log[V][N]α 9700 3.90 [16] 

log[V][C]γ 9500 6.75 [14] 

log[V][C]α 7050 4.24 [20] 

 

By using the inhibitory effect of the precipitates against grain coarsening and 

recrystallization, it is possible with TMCP to obtain a fine - grained microstructure in the 

as - rolled condition. This in turn has a positive effect on both strength and toughness, 

since grain - refinement is the only mechanism without a negative effect on toughness 

when increasing strength. 

Already in the early 1950s, Hall [21] and Petch [22] were able to establish the famous 

Hall - Petch equation (equation 2),  which gives a relationship between the yield strength 

of a steel (σy) and its grain size (d). 

𝜎𝑦 =  𝜎0 +
𝑘𝑦

√𝑑
 

(2) 

In equation 2 both σ0 and ky are experimental constants depending on the material. 

The ductile - brittle transition temperature (DBTT) can be used to describe the toughness 

of steels. Gladman et al. [23] were able to relate the DBTT to the chemical composition, 

the pearlite fraction (fp), the concentration of interstitials (Ni) and the grain size of 

ferritic - pearlitic HSLA steels, which is described with equation 3.  

𝐷𝐵𝑇𝑇 =  −19.0 + 44 ∗ 𝑤𝑡%𝑆𝑖 +  700 ∗ √𝑤𝑡% 𝑁𝑖 + 2.2 𝑓𝑃 −
11.5

√𝑑
 

(3) 

For martensitic steels it was shown by Wang et al. [24] that a decreasing package grain 

size has a positive effect on the DBTT. The fracture stress (σf) can be related to the package 

grain size (dp) with equation 4. 

𝜎𝑓 = √
4𝐸𝛾𝑝

(1 − 𝜐2)𝑑𝑝
 

(4) 
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In equation 4 E describes the Young’s modulus, γp is the plastic deformation energy, υ is 

Poisson’s ratio and dp is the package size. All three before mentioned equations again 

underline the importance of a fine microstructure to positively influence both strength 

and toughness. 

Titanium 

In order to avoid excessive grain coarsening, care must already be taken during annealing 

prior to rolling. Therefore, Ti is ideally suited and alloyed as a MAE, since it forms 

thermally stable TiN precipitates [8]. Although their size is normally too large to influence 

recrystallization, they have the desired property of inhibiting grain growth during 

annealing or welding [25]. Zener [26] was one of the first to derive a relation between the 

size and distribution of precipitates and the grain size, which is described with the 

following equation: 

𝑅𝑐 =
4𝑟

3𝑓
 

(5) 

Here, Rc describes the critical grain radius from which grain growth is completely 

inhibited and r and f the particle size and volume fraction, respectively. The pinning of 

grain boundaries could be shown for particles with a size between 30 - 800 nm and a 

particle volume fraction of less than 0.01 [5]. 

Niobium 

As an alloying element, Nb plays the most important role in the recrystallization behavior 

of microalloyed steels during rolling. Nb strongly inhibits the recrystallization, both 

through the solute drag effect and the formation of strain - induced precipitates and leads 

therefore to an increasing TNR [2,7]. The solute drag effect refers to the increased 

occurrence of alloying elements, such as Nb, at grain boundaries and dislocations and this 

subsequently hinders their mobility [27,28]. A crucial variable regarding the solute drag 

effect is the difference between the atomic radius of the alloying element and Fe. For this 

reason, besides the MAE Nb and Ti, also other elements, such as Mo, Mn and P have a 

huge potential as solute drag elements [2,27]. Strain - induced NbC precipitates play a 

major role in inhibiting the recrystallization kinetics of microalloyed steels during 

deformation, which was investigated in several studies [29–34]. Deformation of the 

austenitic microstructure increases the number density of dislocations, deformation 

bands and subgrain structures, which serve as nucleation sites for precipitation and 

therefore leads to a higher number of strain - induced precipitates [31,35]. Although the 

recrystallization - inhibiting effect of both the solute drag effect and strain - induced 
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precipitates have been extensively studied in the past, there are still different opinions as 

to which of the two effects has a stronger influence. According to Speer et al. [36] and Cao 

et al. [37] the solute drag effects are relatively small compared to those of strain - induced 

Nb(C,N) precipitates, whereas other studies suggest the opposite [38]. From a more 

practical point of view, this question can be answered as follows: In order for 

strain - induced precipitates to form, they require a certain amount of induced 

deformation and time to nucleate and grow. The interpass time (i.e. the time between two 

rolling passes) differs for various rolling processes and is short in strip - or wire mills, and 

long in plate mills. This means that in processes with sufficient amount of deformation, 

strain rate and time, strain - induced precipitation effects become more and more 

dominant, whereas in other processes solute drag effects also play a major role in 

retarding recrystallization. Nevertheless, it must also be mentioned that the conditions 

in laboratory experiments (i.e. strain and strain rate) with regard to recrystallization 

behavior often differ significantly from the conditions in industrial rolling mills. However, 

since these parameters have a major impact on the formation of strain - induced 

precipitates [32], they play a bigger role in industrial large - scale processes with regard 

to recrystallization retarding effects than can be determined in laboratory tests. In 

addition to the here mentioned strain - induced precipitates in austenite, the selection of 

the right process parameters can also result in the formation of finest NbC precipitates in 

ferrite [35]. Due to their small size of around 1 - 5 nm [39] these precipitates also have the 

optimal size to contribute significantly to the strength of a material [40]. 

Vanadium 

Although the steels examined in this work were alloyed without vanadium, this important 

MAE should also be briefly discussed in this section. Of all the transition elements used 

as MAE in HSLA steels, V carbides and nitrides have the highest solubility in austenite 

[12,15,41]. For this reason, these precipitates only play a minor role with regard to 

recrystallization during rolling (although reported in [15,42,43]) or grain coarsening 

during annealing or welding. Nevertheless, these precipitates formed later during the 

rolling processes make a major contribution to increasing strength and decreasing ferrite 

grain size. According to Lui and Jonas [44], V precipitates are typical representatives of 

type III precipitates during TMCP. This refers to precipitates that form at the 

austenite/ferrite interface during the austenite to ferrite phase transformation or which 

are formed directly in ferrite after the transformation. For V both, interphase 

precipitation [45–47] and precipitation from supersaturated ferrite [47] have been 

observed in the past. Lagneborg et al. [47] reported that in microalloyed steels with an 
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increased N content, VN precipitation can occur already at temperatures around 800 °C 

in the austenitic phase field. This subsequently leads to grain refinement of the ferritic 

structure, since these precipitates serve as ferrite nucleation sites during the 

transformation. It could be shown, that there is both an increase of nucleation sites along 

prior PAGB and intragranular nucleation [48–50]. In addition to grain refinement, the 

mechanism of precipitation strengthening is responsible for the increase in strength [51], 

which Orowan [52] already described as early as 1948. Zajac et al. [53] were able to show 

that the size and quantity of the precipitates depends on the V content of the alloy and 

that the size of the precipitates decreases with increasing V content, while their number 

increases at the same time. Furthermore, with regard to the increase of strength, it could 

be shown that the yield stress increases by 5 MPa per 0.001 wt% N. 

Combined addition of MAE 

The sources cited in this thesis so far have mainly dealt with the effect of a single MAE 

on the properties of the alloys. However, it must be mentioned that the different MAE 

influence each other mutually. For example, Kejian et al. [54] and Charleux et al. [40] 

studied the precipitation behavior of Nb and Ti microalloyed HSLA steels and its effect 

on strength. Charleux et al. [40] investigated a HSLA steel containing 860 ppm Nb and 

470 ppm Ti and found very fine 1 nm small needlelike precipitates on dislocations in 

ferrite, which were held responsible for an increase in strength through precipitation 

hardening. Kejian et al. [54] found an opposite effect and observed reduced strength in an 

alloy concept with Ti (100 ppm and 220 ppm) and Nb (170 ppm) compared to one only 

containing Nb. The reason was that the addition of small amounts of Ti resulted in the 

formation of coarse (Ti,Nb) carbides. As a result, less Nb was present, increasing the 

strength through the formation of fine NbC precipitates. With regard for the 

recrystallization behavior, Hong et al. [55] observed a similar behavior. They did 

two - stage interrupted compression tests and saw that the size of NbC precipitates was 

smaller in a Nb and Ti alloyed steel compared to a steel only alloyed with Nb. They also 

observed a longer precipitation start time in the steel alloyed with Nb and Ti. The reason 

for this was that due to the formation of thermally stable (Ti,Nb)(C,N), less dissolved Nb 

was present in the matrix. Therefore, fewer strain - induced recrystallization - inhibiting 

NbC precipitates have formed. 

In summary, it can be said that although it is possible to describe and modify the 

properties based on the microstructure, each alloy concept, including the manufacturing 

route, must be considered individually in order to obtain optimal properties. 
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2.4 Recovery and recrystallization 

If metallic materials are deformed, the dislocation density (ρ) within the material 

increases. For example, ρ increases from 1010 m-2 to 1016 m-2 in a cold - worked metal 

[56,57], which leads to an increase in strength of the material [58]. At the same time, the 

system strives to reduce the thermodynamically unstable state, which can be achieved 

through recovery [56,59,60] and recrystallization [56,57,61]. 

In general, the activation energy of recovery is lower than that of recrystallization, which 

is why recovery processes take place already at lower temperatures compared to 

recrystallization processes. During recovery, on the one hand a redistribution and 

annihilation of point defects and dislocations takes place and on the other hand, there is 

a rearrangement of small - angle grain boundaries, the so - called polygonization [60]. 

Depending on whether the recovery takes place during or after deformation, it is referred 

to as dynamic (DRV) or static recovery (SRV). 

With regard to the mobility of dislocations, the stacking fault energy (SFE) is an 

important variable. The SFE determines the distance between partial dislocations and 

therefore influences their mobility. Metals with a low SFE are characterized through a 

large separation between the partial dislocations and therefore the dislocation movement 

by gliding, climbing and cross - slipping is inhibited during plastic deformation. As a 

result, in metals with a low SFE, e.g. copper, silver, or austenitic stainless steels, recovery 

processes are inhibited and these metals tend to dynamically recrystallize faster [62,63]. 

The driving force behind recrystallization is the reduction in strain energy stored in the 

dislocations themselves [56]. The resulting reduction in free enthalpy (∆G) is described in 

equation 6, whereas G is the shear modulus, b is the burgers vector and ∆ρ is the 

difference in dislocation density. 

∆𝐺 ~ ∆𝜌𝐺𝑏2 (6) 

Depending on when recrystallization occurs during deformation processes, it can be 

divided into dynamic (DRX) [63], metadynamic (MDRX) (or post - dynamic PDRX) [64], or 

static recrystallization (SRX) [62]. DRX and SRX are understood to mean those 

recrystallization processes that take place at the same time during deformation or 

afterwards, respectively, with the MDRX representing a special form, since it begins 

during deformation but continues after deformation. 

In contrast to recovery, there is not just a rearrangement of small - angle grain boundaries 

(polygonization), but rather a direct formation of new grains and a globular 

microstructure with a low ρ through the formation of new high - angle grain boundaries. 
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In addition, recrystallization also needs a certain degree of critical deformation and a 

sufficiently high temperature, which for pure metals is around 0.4 x Tm (melting 

temperature [K]) [57]. The recrystallization kinetics can be described using the so - called 

JMAK equation (equation 7), which was developed by Johnson and Mehl [65], Avrami 

[66–68] and Kolmogorov [69]. 

𝑋(𝑡) = 1 − exp (−𝑘0𝑡𝑞) (7) 

Equation 7 describes the time - dependent course of the degree of recrystallized volume 

(X), where k0 is a constant and q is the Avrami kinetic exponent. An example is given in 

Figure 2.4, which shows the time - dependent simulated recrystallization progress of a 

plastically strained aluminum single crystal and the corresponding simulated 

microstructure [70]. Furthermore, the grain size plays an important role in the kinetics 

of recrystallization processes. Since recrystallization starts at nucleation sites, such as 

grain boundaries, fine - grained microstructures show faster recrystallization kinetics, as 

these microstructures show a larger total area of grain boundaries [71].  

 

Figure 2.4: Simulated kinetics and microstructure of recrystallization in a plastically 

strained aluminum single crystal. Printed with permission from [70]. 

A critical degree of deformation (εc,DRX) is required for DRX to take place during hot 

deformation (e.g. rolling). The reason for that is that during deformation, on the one hand 

there is a continuous generation of new dislocations, which leads to work hardening of the 

material. On the other hand, there is a competing mechanism, namely a softening due to 

the dislocation annihilation during DRV [72]. After a critical degree of deformation, the 

DRV is no longer rapid enough to annihilate the dislocations, which leads to an increase 

in dislocation density until a critical condition, at which the first recrystallization nuclei 

form. Experimentally, εc,DRX can be determined using the double - differentiation method 
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developed by Poliak et al. [73]. This method determines εc,DRX from flow curves of 

compressed samples and was further simplified by Najafizadeh et al. [74]. After 

determining εc,DRX, it is also possible to calculate the fraction of dynamically recrystallized 

volume (XDRX) generated during deformation using the following equation 

𝑋𝐷𝑅𝑋 = 1 − 𝑒𝑥𝑝 [−0.693 (
𝜀 − 𝜀𝑐,𝐷𝑅𝑋

𝜀𝑝
)

𝑚

] 
(8) 

where ε is the strain, εp is the peak strain of the flow curve and m is a material constant. 

DRX has been extensively studied in the past and a summary of this can be found in the 

review by Huang et al. [63]. A study by Ma et al. [75] shows how a combined addition of 

Nb and Ti affects the DRX of microalloyed steels. They examined different steels with a 

constant Nb concentration around 400 ppm and varying Ti contents between 0 and 

230 ppm. To combine the Nb and Ti content in their models they used an “effective Nb 

content” ([Nb]eff), which was calculated with the following equation: 

[𝑁𝑏]𝑒𝑓𝑓 = [𝑁𝑏] + 𝛽[𝑇𝑖] (9) 

where β is a multiplying factor and was chosen to be 0.33 in their study. It could be shown 

that with an increasing Ti content the activation energy for deformation increased, which 

led to an increased peak stress. According to the authors, a solute drag effect of the 

dissolved Ti and a precipitation pinning effect could be responsible for this. Furthermore, 

Ma et al. [75] could show that with an increasing Ti content the εc,DRX/εp ratio decreased 

and the DRX kinetics were retarded, resulting in a lower value of m in equation 8. 

Especially with regard to TMCP of HSLA steels, an understanding of static 

recrystallization processes is of utmost importance and the role of Nb [76–82], Ti 

[76,77,82,83] and V [76,79,82,84–86] were intensively studied by the group around 

Medina. As already mentioned in chapter 2.3, alloying these three MAE leads to delayed 

recrystallization kinetics and an increase of the TNR, caused by the solute drag effect and 

pinning through strain - induced precipitates. The influence of the MAE on the TNR is 

shown in Figure 2.5 [87] and can be described empirically using equation 10 developed by 

Boratto et al. [88]. 

𝑇𝑁𝑅 = 887 + 464𝐶 + [6445𝑁𝑏 − 664(𝑁𝑏)1 2⁄ ] + [732𝑉 − 230(𝑉)1 2⁄ ]

+ 890𝑇𝑖 + 363𝐴𝑙 − 357𝑆𝑖 

(10) 

Care must be taken when using this equation, as it is of empirical nature and neglects 

the preconditions of the steel prior to rolling. 
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Figure 2.5: Influence of Nb, Ti and V in solute solution on the TNR (0.07 wt% C, 1.4 wt% 

Mn and 0.25 wt% Si) [87]. 

Figure 2.6 shows a recrystallization diagram of a Nb alloyed HSLA steel (0.21 wt% C, 0.18 

wt% Si, 1.08 wt% Mn and 0.024 wt% Nb) after torsion experiments with varying 

deformation temperatures [79]. First of all, it shows that the higher the deformation 

temperature, the faster the recrystallization processes. This is due to the higher mobility 

of the dislocations at elevated temperatures. Furthermore, this example also clearly 

shows the formation of plateaus in the recrystallization curves at deformation 

temperatures below 1050 °C. These plateaus indicate that recrystallization has stopped 

at this point due to the formation of strain - induced precipitates. This in turn can be used 

to preserve the flattened pancake structure in TMCP and subsequently to provide a larger 

number of nucleation sites for ferrite transformation. 

As this example shows, it is not always easy to predict the exact processes inside the 

material, since the deformation parameters, but also recovery, recrystallization and 

precipitates mutually influence each other. This mutual interactions are illustrated 

schematically in Figure 2.7. 
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Figure 2.6: Recrystallization diagram of an HSLA steel (0.21 wt% C, 0.18 wt% Si, 1.08 wt% 

Mn and 0.024 wt% Nb) after varying deformation temperatures [79]. 

 

 

Figure 2.7: Schematic illustration of the mutual interactions between deformation, 

recovery, recrystallization and precipitation. Image adapted from [2]. 
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2.5 Structure - property relationship of martensite 

In ferrous alloys, such as steels, a quenching from the austenitic phase field leads to the 

formation of a martensitic microstructure. In the case of microalloyed HSLA steels the C 

content is usually below 0.25 wt% and while quenching from the austenitic phase these 

interstitial C atoms don’t have sufficient time to diffuse, resulting in a displacive flip 

mechanism from a face - centered cubic austenitic microstructure (γ) to a body - centered 

tetragonal martensitic microstructure (α′) [89]. In the case of α′ martensite, different 

morphologies (see Figure 2.8) can occur depending on the C content and the martensite 

start temperature (MS). 

 

Figure 2.8: Various types of 𝛼′martensite, depending on the C content and MS. Image 

reprinted with permission from [89,90]. 

Besides butterfly, lenticular and thin plate martensite, lath martensite is the most 

relevant in industrial steels, as it appears in most heat - treatable commercial steels. 

Therefore, its structural properties are described in more detail in this chapter. Morito et 

al. [91] used electron backscatter diffraction in a scanning electron microscope and 

Kikuchi diffraction patterns in a transmission electron microscope to investigate the 

microstructure of lath martensite for steels with various C contents between 0 to 0.6 wt%. 

Figure 2.9 displays a schematic summary of their results. 
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Figure 2.9: Schematic illustration of lath martensite in a steel with a C content of a) 

0 - 0.4 wt% and b) 0.4 - 0.6 wt%. Image reprinted with permission from [91].  

For steels with a C content between 0 to 0.4 wt% the prior austenite grain can be divided 

into packets which consist of parallel blocks, whereas each packet contains three blocks 

with different orientations. Furthermore, each block is divided into two sub - blocks each 

of which containing laths of a specific orientation. The laths are misoriented by a small 

angle around 10°. In high - carbon steels (0.4 - 0.6 wt% C) the prior austenite grain again 

is divided in packets. In this case, packets consist of fine blocks in the range of a few µm. 

A packet contains of six blocks and each block consists of laths with a specific orientation. 

Furthermore, it could be confirmed that there is a Kurdjumov-Sachs orientation 

relationship between the prior austenite grain and the martensite laths, whereas some 

laths seem to have a Nishiyama orientation relationship. 

Already in the early 1970s, Inoue et al. [92] and Matsuda et al. [93] could show that 

mechanical properties, such as strength and toughness, are strongly related to the packet 

and block size of a martenstic microstructure. 

Therefore, controlling the austenite grain size during rolling is of utmost importance for 

controlling the mechanical properties, as it could be shown by Furuhara et al. [94] and 

Wang et al. [24] that the packet and block size of a martensitic microstructure are directly 

related to the prior austenite grain size (see Figure 2.10). In contrast to the block and 
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packet size, there is hardly any correlation between the prior austenite grain size and the 

lath width, as reported by Morito et al. [95]. 

 

Figure 2.10: Relationship between the prior austenite grain size and the packet and block 

size [94]. 

Galindo-Nava et al. [96] investigated the relationship between the microstructure of 

martensitic microstructures and tempering conditions with its strength. They developed 

a model for determining the yield strength (σy) of martensitic microstructures, taking four 

strength - enhancing mechanism into account (1. solid solution strengthening, 2. grain 

boundary strengthening, 3. dislocation accumulation and 4. precipitation strengthening). 

Their model is described with the two following equations: 

𝜎𝑚𝑎𝑟𝑡 =
300

√𝑑𝑏𝑙𝑜𝑐𝑘

+ 0.75𝜇𝑏√𝜌 
(11) 

 

𝜎𝑦 = 𝜎0 + ∑(𝛽𝑖
2𝑥𝑖)1/2

𝑖

+ (𝜎𝑚𝑎𝑟𝑡
2 + 𝜎𝑝

2)1/2 (12) 

In equation 11 the effective martensite strength (σmart) sums up the grain boundary 

strengthening and the dislocation accumulation, whereas µ is the shear modulus, b the 

burgers vector, ρ the dislocation density and dblock the size of the martensite blocks. As 

equation 11 also shows, the martensite block size was used in the model of Galindo-Nava 

et al. [96] as decisive variable for the strength - increasing mechanism of grain boundary 

strengthening. This is based on previous research [97–99], which have shown that the 
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martensite block size is decisive for controlling the strength of martensitic 

microstructures and once again underlines the importance of grain refinement in 

martensite. In addition to the two strength mechanism already mentioned in equation 11, 

equation 12 also includes the proportions of solid solution strengthening and precipitation 

strengthening (σp). σ0 is the lattice friction stress, xi is the atom fraction of the 

substitutional element and βi is the strengthening constant of the element. 

With regard to toughness, Wang et al. [24] investigated the influence of different 

martensitic microstructures on the DBTT. They performed electron backscatter 

diffraction analysis along cleavage fracture surfaces and were able to show that 

martensite packets are extremely effective at deflecting cracks. This was shown by the 

fact that the cleavage facets were almost the same size as the martensite packets. 

Furthermore, they were able to show that the DBTT decreased with a decreasing packet 

size, which is shown in Figure 2.11. A similar result was obtained by Kaijalainen et al. 

[100], which were also able to show that the toughness improved with a decreasing prior 

austenite grain size and hence a finer martensitic microstructure. Through their 

investigations, they were also able to demonstrate the advantages of TMCP over 

conventional rolling routes. It was shown that a grain refinement of the austenite grain 

structure in a temperature regime in which recrystallization occurred also improved the 

toughness, but was less effective than a finishing rolling in the non - recrystallization 

temperature regime of TMCP. 

 

Figure 2.11: a) Impact energy dependent on the test temperature for specimens with various 

packet sizes. b) 50% FATT (fracture appearance transition temperature) as a function of 

the martensite packet size. Both images reprinted with permission from [24]. 

 

  



Experimental methods and challenges 

 

20 

 

3 Experimental methods and challenges 

3.1 Dilatometry 

Dilatometry is a method that allows the measurement of the temperature - dependent 

changes in length of a sample. This makes it possible to determine material parameters, 

such as the thermal expansion coefficient (equation 13), or phase transformations during 

heating or cooling [101]. 

𝛼 =
1

𝐿0

𝑑𝐿

𝑑𝑇
 

(13) 

Equation 13 gives the relationship between the thermal expansion coefficient α, the initial 

sample length L0 and the temperature - depentend change in length L. The experiment 

setup of conventional dilatometry is illustrated schematically in Figure 3.1. At the 

beginning of the experiment, the sample is clamped between two quartz push rods and 

connected to the control unit of a water-cooled induction coil via a thermocouple. In 

addition, before the start of the measurement, a vacuum is created in the sample chamber 

to prevent surface reactions during heating with the surrounding atmosphere. If the 

length of the sample changes as a result of heating, it is registered via a linear variable 

differential transformer (LVDT).  

 

Figure 3.1: Schematic illustration of an experiment setup of a dilatometer for measuring 

changes in length. 

A further development of dilatometry took place with the advent of 

tensile/compression/torsion deformation dilatometers. In addition of measuring the 

change of length, a deformation dilatometer offers also the possibility of introducing stress 

into the sample (an example of the experiment setup of a  deformation dilatometer in 

compression mode is shown schematically in Figure 3.2). This makes it possible to 
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generate flow curves during deformation and to derive mechanical properties of the 

investigated material. Modern tensile/compression deformation dilatometers can be used 

in a temperature range between 20 °C and 1700 °C. They provide a maximum heating 

and cooling rate of around 100 K/s and achieve a length and temperature resolution of 

50 nm and 0.05 °C, respectively. A commercially available deformation dilatometer from 

TA Instruments makes it possible to apply forces of up to 10 kN and enables deformation 

rates between 0.001 s-1 and 10 s-1 [102]. 

 

Figure 3.2: Schematic illustration of an experiment setup of a deformation dilatometer in 

compression mode. 

As already described in chapter 2, an understanding of recovery and recrystallization 

processes is important for choosing the right rolling parameters in industrial large - scale 

TMCP. Certain experiments on deformation dilatometers, such as stress relaxation tests 

[103,104] and double - hit deformation tests [103,105],  have prevailed in the past for 

investigating recrystallization kinetics in various materials. According to Vervynckt et al. 

[103], the latter are better suited to analyze the recrystallization behavior of microalloyed 

steels, as they are less sensitive to changes in the test setup compared to stress relaxation 

tests. Therefore, the recrystallization behavior of the steels examined in this thesis was 

also investigated using double - hit deformation tests, which is why this type of 

experiment is discussed in more detail in this section. 

The measuring principle behind double - hit deformation tests is that the degree of 

recrystallization is calculated indirectly by comparing two flow curves recorded one after 

the other. A schematic illustration of the time - temperature - deformation schedule is 

given in Figure 3.3. 
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Figure 3.3: Schematic illustration of the time - temperature - deformation schedule of a 

double - hit deformation experiment. 

At the beginning of the test the sample is heated with a certain heating rate (𝑇̇𝐻) to a 

desired annealing temperature (𝑇𝑎) where the temperature is kept constant for a certain 

time (𝑡𝑎). In the case of microalloyed steels, it is advisable to choose 𝑇𝑎 and 𝑡𝑎 in such a 

way that any microalloy precipitates dissolve during this annealing process in order to 

then be able to use the full potential of the strain - induced precipitates (for further 

information see chapter 2.3). After the annealing step the sample is cooled down with a 

certain cooling rate (𝑇̇𝐶) until it reaches the deformation temperature (𝑇𝑑𝑒𝑓). After a short 

holding time (𝑡ℎ𝑜𝑙𝑑), which has the purpose of ensuring that the sample is heated evenly, 

the sample is compressed for the first time with a previously defined strain (𝜑) and strain 

rate (𝜑̇). After the first compression the temperature is kept constant for a varying 

interpass time (𝑡𝑖𝑛𝑡𝑒𝑟) in order to be able to investigate the time - dependent 

recrystallization behavior. Finally, the second compression is carried out with the same 

compression parameters as the first compression and afterwards the sample is gas 

quenched as quickly as possible. 

In the past, four methods for determining the degree of recrystallization after double - hit 

deformation tests have emerged, namely the 0.2 % or 2 % offset method [103], the back 

extrapolation method [78,106,107], the 5 % true strain method [30,103] and the mean flow 

stress method [108,109]. A schematic overview of these four methods and how the 

fractional softening (FS) can be calculated is shown in Figure 3.4. Strictly speaking, the 

fractional softening does not provide a value that can be attributed to 100 % to 
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recrystallization, since recrystallization and recovery processes overlap during 

deformation. For this reason, researchers have compared the calculated fractional 

softening of all four methods with the actual degree of recrystallization of the analyzed 

materials. It turned out that the 2 % offset method and the 5 % true strain method provide 

the best solution for the determination of the degree of recrystallization for microalloyed 

steels, since these two methods limit the effect of recovery on the fractional softening 

[103,110,111]. 

For the above mentioned reason and the fact that the 5 % true strain method provides 

also a simple way of calculating the fractional softening, this method was used to 

determine the degree of recrystallization for the steels examined in this thesis. 
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Figure 3.4: Schematic illustration of the four most used methods for the calculation of the 

degree of fractional softening, respectively, degree of recrystallization. Adapted from 

[105,112]. 
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3.2 Atom probe tomography 

APT is an extremely powerful tool for high - resolution characterization and thanks to its 

almost atomic spatial resolution has become a central element in the field of modern 

material science over the years. The measurement principle is illustrated schematically 

in Figure 3.5 and is based on field evaporation of atoms from a sharp tip (radius around 

50 nm), which are accelerated as ions towards a detector by an applied electric field 

[113–115]. In order to even evaporate atoms from the APT tip it is necessary to apply a 

high electric field in the range of several GV/m between the tip and a local electrode.  

 

Figure 3.5: Schematic illustration of the measurement principle of an atom probe 

tomography measurement. Reprinted with permission from [113]. 

To understand why the tip needs to be this sharp for APT measurements, it is helpful to 

look at equation 14 for calculating the electric field (F) 

F =
V

kf ∗ R
 

(14) 

Where V is the electric voltage between the tip and the local electrode, kf is the so called 

field factor, which accounts for both the tip shape and its electrostatic environment and 

is around 2 - 10 [113] and R is the tip radius. Since the electric voltage that can be 

technically realized is limited in the kV range, it is therefore necessary to have the tip 

radius in the range of a few nm in order to achieve the desired electric field in the range 

of around 10 GV/m. During the measurement, the tip is in a high - vacuum chamber 

(chamber pressure is around 10-11 Torr) and is usually cooled to temperatures below 

100 K. The evaporation process itself takes place after applying a basic electric voltage 

and the additional application of an electric voltage pulse or laser pulse (which enables 
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the tomography of poorly conducting materials as well). The evaporated ions are 

accelerated to a cross delay line detector and the mass - to - charge ratio can then be 

determined via the time - of - flight. The mass - to - charge ratio of each ion is summarized 

in a mass spectrum and by correlating the mass - to - charge ratios with the natural 

abundances of the isotopes, the peaks in the mass spectrum can be assigned to certain ion 

types. Thanks to the additional information of the impact position and the time of the 

impact on the detector, a three - dimensional reconstruction of the tip can then be created 

on a computer [116]. 

In the recent past, APT has been used more and more to study the precipitation 

characteristics of microalloyed steels [117–122]. As an example Nöhrer et al. [117] 

investigated the influence of different deformation parameters in the austenite/ferrite two 

phase region on the precipitation characteristics of Nb(C,N) precipitates. In addition to 

the classic two - stage electropolishing method [113], there is also the option of an in situ 

site - specific APT tip preparation using a focused ion beam microscope [123]. With the 

latter method, Webel et al. [120] were able to specifically analyze the precipitation 

characteristics of (Nb,Ti)(C,N) precipitates after various TMCP stages. 

3.3 Transmission Kikuchi diffraction  

Although APT is an important tool for characterizing precipitates, this technology is 

limited in terms of the size of the examined precipitates, as well as in characterizing their 

crystallographic properties. Up to a size of 50 nm, it is easily possible to examine 

precipitates using APT. For larger precipitates, on the other hand, TKD offers an 

alternative for high-resolution characterization [124]. A schematic illustration of a TKD 

arrangement in a scanning electron microscope (SEM) is depicted in Figure 3.6. The basic 

principle of TKD is similar to electron backscatter diffraction (EBSD), as in both cases the 

sample is in a SEM and the characterization is carried out by analyzing Kikuchi 

diffraction patterns using an EBSD detector and a suitable software. The key difference 

between the two mentioned methods is that TKD requires an electron transparent 

sample, which is not tilted towards the detector but backtilted away from it [125]. Thanks 

to this measurement setup the diffraction pattern origins from the bottom surface of the 

sample and therefore a smaller diffraction source volume. This in turn leads to an 

improved spatial resolution of down to 2 nm [126].  
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Figure 3.6: Schematic illustration of a TKD arrangement in a SEM. Reprinted with 

permission from [127]. 

In order to prevent the diffraction signal from the precipitates from being lost by the more 

dominant diffraction signal from the surrounding steel matrix, the precipitates of the 

investigated steels in this thesis were extracted from the matrix using the carbon replica 

method. A detailed step - by - step instruction of the method can be found in [128,129]. 

The method can be briefly summarized using the schematic illustration of the method in 

Figure 3.7. In a first step the sample is mounted in an investment compound (in the 

present case a PolyFast investment compound was used). In the next step the sample is 

ground with SiC paper and polished with a 1 µm diamond suspension. After the surface 

is polished, the samples are etched with a suitable etching solution for the respective steel 

(in the present case a common 3% nital etchant was used). This process is necessary so 

that the precipitates protrude from the sample surface. After the etching the sample is 

coated with carbon using a conventional carbon sputter coater. According to Bhattacharya 

et al. [128] the ideal thickness is around 100 nm. The surface of the coated samples is then 

carved in a grid pattern (in the present case a grid size of 2 mm was chosen) using a razor 

blade. Another etching follows. To do this, the sample is placed in the etching solution, 

which leads to a detaching of the carbon layer after a certain amount of time. In the final 

step, the carbon films are collected using a common 3 mm metal grid for transmission 

electron microscopy (TEM) characterization and the carbon layer is cleaned properly with 

alcohol and distilled water. After drying, the sample is ready to be used for TKD 

characterization. 
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Figure 3.7: Schematic illustration of the extraction method in a) to d). a) The sample must 

be perfectly polished. b) After etching the precipitates protrude from the sample surface. c) 

The etched sample is coated with a 100 nm thin carbon layer. d) The carbon layer is 

detached from the sample containing the precipitates. e) A schematic illustration of the 

TKD arrangement in the SEM. Image reprinted with permission from [129]. 
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4 Relation of the current thesis to the state of the art 

The present work deals with the effects of various contents of MAE and TMCP parameters 

on the properties of microalloyed HSLA steels with C contents of more than 0.2 wt%. In 

the past, research in this field was mainly focused on microalloyed steels with lower C 

contents of usually below 0.1 wt%. A rising demand for increased strength and 

hardenability is pushing research in this field towards steels with higher C contents and 

aims to guarantee both high strength and toughness through a combination of TMCP and 

the addition of MAE. 

Since an understanding of the recrystallization and recovery processes during TMCP is of 

decisive importance, a methodology was developed which has the future potential to 

automatically determine the degree of recrystallization of microalloyed steels using light 

optical microscopy (LOM). Furthermore, test alloys with C contents above 0.2 wt% and 

different MAE contents were produced by vacuum induction melting. A major focus was 

placed on the role of Ti and Nb microalloyed HSLA steels. To investigate the effect of the 

MAE on the grain growth - and recrystallization properties, annealing - and double - hit 

deformation experiments were carried out and the results compared to conventionally 

available microalloy - free reference alloys. In combination with high - resolution 

characterization methods, such as APT, STEM, TKD and energy dispersive X - ray 

diffraction (EDX) the relevant MAE precipitates itself and their influence on the 

structure - property relationships were investigated. 

By choosing suitable TMCP parameters, it is possible to obtain a fine - grained ferritic 

microstructure in the as - rolled condition through the formation of dynamic 

strain - induced transformed (DSIT) ferrite. However, there is still a lack of knowledge 

regarding the exact mechanism of formation of DSIT ferrite. Therefore, part of this work 

aimed to investigate the microstructure, chemical composition, and crystallography of 

DSIT ferrite using APT, STEM, and EBSD to shed light on the formation mechanism of 

DSIT ferrite.  
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Kurzfassung

Ziel dieser Arbeit war es einerseits die Kornstre-
ckung von gestauchten Proben eines mikrole-
gierten hochfesten Stahls durch geeignete Para-
meter zu beschreiben und andererseits anhand 
der Kornstreckung den Rekristallisationsgrad 
der Proben zu ermitteln. Hierfür wurden mit Hilfe 
eines Umformdilatometers Einzelstauchversu-
che mit variierenden Versuchsparametern 
durchgeführt, um Proben mit unterschiedli-

Abstract

On the one hand, this work aims at describ-
ing the grain elongation of compressed 
samples of a microalloyed high-strength 
steel using appropriate parameters. On the 
other hand, the degree of recrystallization is 
to be determined based on the samples’ 
grain elongation. For this purpose, single-hit 
compression tests were performed with 
varying test parameter settings using a de-
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chen Rekristallisationsgraden zu erzeugen. 
Für die Beschreibung der Kornstreckung wur-
den drei Parameter gewählt, wobei sich zeigte, 
dass jener Parameter, der das Längen-zu-
Breiten-Verhältnis des Originalkorns be-
schreibt, die größte Sensitivität im Hinblick auf 
Veränderungen der Kornstreckung liefert. Für 
die Bestimmung des Rekristallisationsgrads 
wurde ein kritischer Grenzwert der Kornstre-
ckung ermittelt, unter welchem ein Korn als 
rekristallisiert angenommen wurde. Die Er-
gebnisse zeigen, dass die Wahl des richtigen 
Grenzwerts eine automatisierte lichtmikros-
kopische Bestimmung des Rekristallisations-
grads eines mikrolegierten hochfesten Stahls 
ermöglicht.

: statische Rekristallisation, 
HSLA Stahl, Einzelstauchversuche, metallo-
graphische Analyse ehemaliger Austenitkörner

1 Einleitung

Hochfeste niedriglegierte (HSLA, „engl.: high-
strength low-alloyed“) Stähle zählen zur Grup-
pe der mikrolegierten Stähle und erreichen 
durch eine Kombination von thermomechani-
schen Walzprozessen und der Zugabe von 
Mikrolegierungselementen, wie zum Beispiel 
Niob, Titan oder Vanadium, hervorragende 
Festigkeiten und Zähigkeiten bei ebenso guter 
Schweiß- und Verarbeitbarkeit [1]. Das Ziel der 
thermomechanischen Walzprozesse besteht 
darin, ein möglichst feinkörniges Gefüge nach 
dem Walzen zu erhalten, da dieses gleichzei-
tig sowohl die Festigkeit, als auch Zähigkeit 
positiv beeinflusst [2]. Durch die Zugabe von 
Niob steigt die Rekristallisationsstopptempe-
ratur (TNR, „engl.: non-recrystallization tempe-
rature“) an, die jene Temperatur ist, unter der 
es zu keiner vollständigen Rekristallisation des 
Gefüges zwischen den Walzschritten kommt 
[3]. Erklärt werden kann dies einerseits durch 
den „Solute-Drag“-Effekt [3, 4], als auch durch 
die Bildung dehnungsinduzierter NbC-Aus-
scheidungen [3, 5]. Beim thermomechani-
schen Walzen werden diese Effekte bewusst 

formation dilatometer to generate samples 
characterized by various degrees of recrys-
tallization. Three parameters were chosen to 
describe the grain elongation. It was found 
that the parameter defining the ratio length/
width of the original grain provides the high-
est sensitivity regarding changes in the grain 
elongation. Aiming at determining the de-
gree of recrystallization, a critical grain elon-
gation threshold value was determined 
below which it is assumed that a grain is 
recrystallized. The results show that choos-
ing the right threshold value allows an auto-
mated determination of the degree of recrys-
tallization of a microalloyed high-strength 
steel in the light microscope.

: Static recrystallization, HSLA 
steel, single-hit compression tests, metal-
lographic analysis of prior austenite grains

1 Introduction

High-strength low-alloyed (HSLA) steels be-
long to the group of microalloyed steels. 
Owing to a combination of thermomechan-
ical rolling processes and the addition of 
microalloying elements such as niobium, 
titanium or vanadium, they are character-
ized by excellent strength and toughness 
while also providing good weldability and 
processability [1]. Thermomechanical roll-
ing processes are to provide a possibly fine-
grained microstructure which has a positive 
impact on both strength and toughness [2]. 
When niobium is added, the non-recrystalli-
zation temperature (TNR), the temperature 
below which no complete recrystallization of 
the microstructure occurs between the roll-
ing steps, will rise [3]. This can be explained 
by the solute-drag effect [3, 4] as well as by 
the formation of strain-induced NbC precip-
itates [3, 5]. During thermomechanical roll-
ing, these effects are deliberately sought to 
obtain a non-recrystallized, flattened post 
finish rolling “pancake structure”. Owing to 
the great number of nucleation sites, subse-
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gewählt, um nach dem Endwalzen eine nicht 
rekristallisierte, flachgedrückte Gefügestruk-
tur („engl.: pancake structure“) zu erhalten. Bei 
der anschließenden Abkühlung resultiert dar-
aus, aufgrund der großen Anzahl an Keimstel-
len, ein feinkörniges Gefüge. Um die positive 
Wirkung von Niob beim thermomechanischen 
Walzen optimal nutzen zu können, muss be-
reits durch die Wahl der Ofentemperatur dar-
auf geachtet werden, das in der Legierung 
befindliche Niob in Lösung zu bringen. Übli-
cherweise wird daher im Bereich um 1200 °C 
geglüht, wodurch das Risiko von Kornvergrö-
berung erhöht wird. Aus diesem Grund kommt 
Titan als weiteres Legierungselement zum Ein-
satz. Dieses bildet einerseits thermisch stabile 
TiN-Ausscheidungen, welche das Korn-
wachstum bei erhöhten Temperaturen hem-
men. Andererseits hindert Titan aufgrund der 
hohen Affinität zu Stickstoff die Bildung von 
Nb(C,N), was das Auflösen von NbC-Aus-
scheidungen begünstigt [2, 6]. Die Kinetik der 
Mikrolegierungsausscheidungen als auch 
das Rekristallisationsverhalten sind stark ab-
hängig von der Wahl der Parameter während 
des Walzprozesses. Ebenfalls muss berück-
sichtigt werden, dass es zu einer Wechselwir-
kung der Mikrolegierungselemente selbst 
kommen kann, die für Niob und Titan bereits in 
Studien gezeigt wurde [7–10]. Für die Wahl der 
optimalen Walzparameter ist ein Verständnis 
der Wirkungsweise der Mikrolegierungsele-
mente auf die Ausscheidungskinetik und das 
Rekristallisationsverhalten daher essentiell.

In der Vergangenheit haben sich Doppel-
stauchversuche („engl.: double-hit deformati-
on tests“) bewährt, um den Einfluss von Tem-
peratur, Umformgrad und Umformrate auf die 
statische Rekristallisation sowie das Aus-
scheidungsverhalten mikrolegierter Stähle zu 
untersuchen [8, 11–15]. Bei diesen Versuchen 
handelt es sich um eine indirekte Methode zur 
Bestimmung der statischen Rekristallisation 
durch Analyse der Fließkurven zweier aufein-
anderfolgender Stauchungen. Ein Nachteil 
dieser Versuche ist jedoch einerseits die auf-
wendige Probenfertigung und andererseits, 

quent cooling induces a fine-grained micro-
structure. As early as when choosing the 
furnace temperature, attention must be paid 
to bring into solution the niobium present in 
the alloy to take full advantage of the posi-
tive effect of niobium during the thermome-
chanical rolling process. The material is 
therefore typically annealed in the range of 
about 1200 °C thus increasing the risk of 
grain coarsening. For this reason, titanium 
is used as an additional alloying element. 
On the one hand, it forms thermally stable 
TiN precipitates which, at elevated tempera-
tures, inhibit the grain growth. On the other 
hand, due to its high affinity for nitrogen, ti-
tanium inhibits the formation of Nb(C,N) 
which facilitates the dissolution of NbC pre-
cipitates [2, 6]. The kinetics of the microal-
loying precipitates as well as the recrystal-
lization behavior are highly dependent on 
the choice of parameters for the rolling pro-
cess. Another aspect to be taken into ac-
count is the fact that the microalloying ele-
ments may themselves interact. Studies 
already provide evidence for such interac-
tions of niobium and titanium [7–10]. It is 
therefore imperative to understand the ef-
fect of microalloying elements on the pre-
cipitation kinetics and the recrystallization 
behavior to choose the optimum rolling pa-
rameters.

In the past, double-hit compression tests 
have proven their worth in investigating the 
influence of the temperature, the degree of 
deformation, and the rate of deformation on 
the static recrystallization and the precipita-
tion behavior of microalloyed steels [8, 11–
15]. These tests represent an indirect meth-
od for the determination of the statistical 
recrystallization based on analyzing the flow 
curves of two consecutive compressions. 
However, these tests have the disadvantage 
of an elaborate sample preparation and the 
fact that the degree of recrystallization of 
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dass der Rekristallisationsgrad von gewalzten 
Produkten nicht direkt im walzharten Zustand 
ermittelt werden kann.

Als Alternative bieten sich daher weitere in-
direkte sowie direkte Methoden für die Be-
stimmung des Rekristallisationsgrads an, wie 
beispielsweise lichtmikroskopische (LIMI) 
metallographische Methoden [16–19], Mikro-
härtemessungen [20, 21] oder die Elektro-
nenrückstreubeugung („engl.: electron back-
scatter diffraction“) [20–22].

Ein Lichtmikroskop zählt zum Standardreper-
toire in der Metallographie, weswegen die Er-
mittlung des Rekristallisationsgrads durch 
lichtoptische Methoden die vergleichsweise 
einfachste und günstigste der oben genann-
ten Möglichkeiten bietet. Das Grundprinzip 
dieser Technik bei der Ermittlung des Rekris-
tallisationsgrads von Stählen besteht darin, 
das verformte austenitische Gefüge durch di-
rektes Abschrecken aus dem Austenitgebiet 
einzufrieren, wodurch es zur Ausbildung eines 
martensitischen Gefüges kommt. Durch die 
Wahl einer geeigneten, auf Pikrinsäure basie-
renden Ätzmethodik ist es anschließend 
möglich, die ehemaligen Austenitkorngrenzen 
(PAGB, „engl.: prior austenite grain boundar-
ies“) sichtbar zu machen [23, 24]. Mittels eines 
Linienschnittverfahrens wurde in vergange-
nen Arbeiten [17, 19] der Rekristallisations-
grad aus dem Verhältnis der Schnittpunkte der 
rekristallisierten Körner zur Gesamtzahl aller 
Schnittpunkte ermittelt. Ein Nachteil dieser 
Methodik besteht jedoch darin, dass für jedes 
einzelne Korn individuell bestimmt werden 
muss, ob dieses zu den rekristallisierten oder 
nicht rekristallisierten Körnern gezählt wird. 
Dies erschwert eine automatisierte Auswer-
tung des Rekristallisationsgrads.

In dieser Arbeit wurden mit einem Umformdi-
latometer Einzelstauchversuche an einem 
mikrolegierten HSLA-Stahl durchgeführt, mit 
dem Ziel, Proben mit unterschiedlichen Re-
kristallisationsgraden zu erzeugen. Das 
Hauptziel dieser Arbeit war es, eine Methodik 

rolled products cannot be directly deter-
mined in the as-rolled condition.

Therefore, other indirect and direct meth-
ods, such as metallographic methods using 
the light optical microscopy (LOM) [16–19], 
microhardness measurements [20, 21], or 
electron backscatter diffraction, provide an 
alternative for the determination of the de-
gree of recrystallization [20–22].

Light microscopes are part of the standard 
metallography equipment. Determining the 
degree of recrystallization using light-opti-
cal methods is thus the simplest and cheap-
est of the above mentioned possibilities. 
The basic principle of this technique used to 
determine the recrystallization degree of 
steels is to “freeze” the deformed austenitic 
microstructure by direct quenching from the 
austenite region which induces the forma-
tion of a martensitic microstructure. A suit-
able etching methodology using picric acid 
offers the possibility to reveal the prior aus-
tenite grain boundaries (PAGB) [23, 24]. In 
previous works, the degree of recrystalliza-
tion was determined from the ratio of the 
recrystallized grains’ intersections to the 
total number of all intersections using a line 
intercept method [17, 19]. However, one dis-
advantage of this method is the fact that one 
must decide for each and every single grain 
whether it is considered a recrystallized or a 
non-recrystallized grain which complicates 
an automated evaluation of the degree of 
recrystallization.

As part of this work, deformation dilatometer 
compression tests were performed on a mi-
croalloyed HSLA steel aiming at producing 
samples with different degrees of recrystal-
lization. Here, the main objective was to de-
velop a methodology to directly determine 
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zu entwickeln, um den Rekristallisationsgrad 
von gestauchten Proben direkt lichtmikros-
kopisch zu ermitteln. Hierfür wurde ein Grenz-
wert der Kornstreckung als Maß herangezo-
gen, um zu entscheiden, ob ein Korn als 
rekristallisiert oder nicht rekristallisiert ange-
nommen wird. Aus diesem Grund war es ein 
weiteres Ziel dieser Arbeit, die Kornstreckung 
über geeignete Parameter zu definieren und 
diese miteinander zu vergleichen. Der zeitab-
hängige Rekristallisationsgrad des in dieser 
Arbeit untersuchten Stahls wurde von den 
Autoren bereits vorab durch Doppelstauch-
versuche untersucht [8], weswegen die Er-
gebnisse der vorab publizierten Arbeit ver-
wendet werden konnten, um geeignete 
Parameter für die Ermittlung des Rekristallisa-
tionsgrads aus der Analyse der Kornstre-
ckung zu ermitteln.

2 Experimentelle Arbeit

Die chemische Zusammensetzung des unter-
suchten mikrolegierten Stahls befindet sich in 
Tabelle 1.

Um Proben mit unterschiedlichen Rekristallisa-
tionsgraden zu erzeugen wurden Einzelstauch-
versuche mit variierenden Versuchsparame-
tern durchgeführt. Die Einzelstauchversuche 
wurden mit einem Dilatometer DIL 805 A/D 
der Firma TA Instruments realisiert. Die Proben 
hatten einen Durchmesser von 5 mm und eine 
Länge von 10 mm und wurden durch zerspa-
nende Methoden aus dem gewalzten Aus-
gangsmaterial gefertigt. Um die Temperatur 
während des Versuchs zu steuern wurde ein 
Thermoelement Typ S an den Proben ange-
schweißt.

the degree of recrystallization of com-
pressed samples in the light microscope. 
For this purpose, a grain elongation thresh-
old value was used as a measure to decide 
whether a grain is considered as recrystal-
lized or non-recrystallized. Therefore, this 
work also aims at defining the grain elonga-
tion based on appropriate parameters and 
at comparing these parameters. The time-
dependent degree of recrystallization of the 
steel examined in this work was already sub-
ject of prior double-hit compression tests 
and investigations by the authors [8]. Thus, 
the results of the prior published work could 
be used to determine suitable parameters to 
determine the recrystallization degree from 
the analysis of the grain elongation.

2 Experimental Work

Table 1 outlines the chemical composition 
of the examined microalloyed steel.

Single-hit compression tests were per-
formed applying varying test parameters to 
produce samples with various degrees of 
recrystallization. The single-hit compres-
sion tests were carried out using a TA Instru-
ments dilatometer DIL 805 A/D. The sam-
ples had a diameter of 5 mm and a length of 
10 mm. They were manufactured by ma-
chining from rolled starting material. A 
type S thermocouple was welded to the 
samples to control the temperature during 
the test.

C Mn Ni Cr Mo Si Nb Ti Fe

m% 0.22 1.27 0.48 0.49 0.24 0.22 0.026 0.015 bal.
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Bild 1 zeigt schematisch den Temperatur-Zeit-
Umform-Verlauf der durchgeführten Einzel-
stauchversuche. Die Proben wurden in der 
ersten Versuchsreihe mit einer Heizrate von 
+10 °Cs-1 auf eine Glühtemperatur (Ta) von 
1100 °C aufgeheizt und nach einer Glühzeit (ta) 
von 300 s mit einer Abkühlrate von -10 °Cs-1 auf 
die Umformtemperatur (Tdef) von 850 °C abge-
kühlt. Nach einer Haltezeit von 30 s, welche 
einen gleichmäßigen Temperaturverlauf ent-
lang des Probenquerschnitts gewährleisten 
sollte, wurden die Proben mit einer Dehnrate 
( ·̄ ) von 10 s-1 bis zu einem Umformgrad (̄) 
von 0,2 gestaucht. Um den Einfluss der Zeit 
auf den Rekristallisationsfortschritt zu unter-
suchen wurde Tdef nach der Umformung für 
unterschiedliche Haltezeiten (tinter) zwischen 0 
und 2000 s gehalten. Abschließend wurden 
die Proben mit einer Abkühlrate von -100 °Cs-1

Figure 1 is a schematic illustration of the 
time-temperature-deformation schedule of 
the single-hit compression tests. In the first 
series of tests, the samples were heated to 
an annealing temperature (Ta) of 1100 °C at 
a heating rate of +10 °Cs-1. After an anneal-
ing time (ta) of 300 s, they were cooled down 
to the deformation temperature (Tdef) of 
850 °C at a cooling rate of -10 °Cs-1. After a 
holding time of 30 s, which was to ensure a 
uniform temperature profile along the sam-
ple cross section, the samples were com-
pressed up to a degree of deformation (̄) 
of 0.2 at a strain rate ( ·̄ ) of 10 s-1. After the 
deformation, different holding times (tinter) 
between 0 and 2000 s were applied for Tdef

to analyze the influence of time on the re-
crystallization progress. The samples were 
directly quenched from the austenite region 

Ta

; 

ta

; 

.

a

a -

-
.
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direkt aus dem Austenitgebiet abgeschreckt, 
wodurch sich ein martensitisches Gefüge aus-
bildete. Zusätzlich wurde zur ersten Versuchs-
reihe eine zweite Versuchsreihe mit einer Ta

von 1250 °C durchgeführt. Die restlichen Ver-
suchsparameter blieben in beiden Versuchs-
reihen gleich.

Um die Mikrostruktur der gestauchten und ab-
geschreckten Proben untersuchen zu können, 
wurden diese nach den Einzelstauchversu-
chen in Längsrichtung zerteilt. Die zerteilten 
Proben wurden mit einer Warmeinbettpresse 
eingebettet, mit SiC-Schleifpapier bis zu einer 
Körnung von 4000 geschliffen und anschlie-
ßend bis zu einer Körnung von 1 μm mit Dia-
mantsuspension poliert. Um die Struktur der 
PAGB innerhalb des martensitischen Gefüges 
sichtbar zu machen, wurden die polierten Pro-
ben mit dem Ätzmittel CRIDA QT plus der 
Firma CRIDA CHEMIE geätzt. Hierzu wurden 
die frisch polierten Proben gründlich mit Iso-
propanol gereinigt und bei Raumtemperatur 
für 15 Minuten in die Ätzlösung gelegt. Im Fall 
eines schwachen, beziehungsweise unzurei-
chenden Ätzangriffs, wurden die Proben mit 
Isopropanol gereinigt und circa eine Minute 
mit einer Diamantsuspension von 1 μm nach-
poliert. Nach einer erneuten Reinigung mit Iso-
propanol wurden die nachpolierten Proben für 
weitere 5-10 Minuten in die Ätzlösung ge-
taucht. Die Struktur der PAGB wurde mittels 
Lichtmikroskopie unter Verwendung eines 
ZEISS Axio Imager M1 Mikroskops sichtbar 
gemacht. Für die quantitative Auswertung der 
Kornstreckung wurden mindestens drei LIMI-
Aufnahmen an benachbarten Positionen der 
gestauchten Proben angefertigt, um eine statis-
tische Aussage über die ermittelten Werte der 
Kornstreckung zu erhalten (siehe Bild 2). Dabei 
wurde die Vergrößerung des Mikroskops so ge-
wählt, dass sich innerhalb der Aufnahme zwi-
schen 400 und 600 Körner befanden.

Die quantitative Auswertung der Kornstre-
ckung erfolgte mit der Bildanalysesoftware 
MIPAR 3.3.4. Diese Software ermöglicht einer-
seits eine automatisierte Erkennung der einzel-

at a cooling rate of -100 °Cs-1 resulting in a 
martensitic microstructure. In addition to the 
first series of tests, a second series was per-
formed at a Ta of 1250 °C. The remaining test 
parameters were kept the same in both se-
ries of tests.

After the single-hit compression tests, the 
samples were cut in longitudinal direction 
to examine the microstructure of the com-
pressed and quenched samples. The cut 
samples were mounted with the aid of a hot 
mounting press. They were ground up to a 
grit of 4000 using SiC grinding paper and 
subsequently polished up to a grit of 1 μm 
with diamond suspension. The polished 
samples were etched using the CRIDA 
CHEMIE etchant CRIDA QT plus to reveal 
the PAGB structure within the martensitic 
microstructure. For this purpose, the fresh-
ly polished samples were thoroughly 
cleaned using isopropanol and immersed 
in the etching solution for 15 minutes at 
room temperature. When the etching attack 
was weak or insufficient, the samples were 
cleaned using isopropanol and re-polished 
for a minute using a 1 μm diamond suspen-
sion. Subsequent to a second isopropanol 
cleaning process, the re-polished samples 
were immersed in the etching solution for 
another 5–10 minutes. The structure of the 
PAGB was made visible using a ZEISS light 
microscope Axio Imager M1. At least three 
LOM images were acquired of adjacent po-
sitions of the compressed samples for the 
quantitative evaluation of the grain elonga-
tion to obtain statistical information on the 
determined grain elongation values (see 
Figure 2). In this context, the magnification 
of the microscope was chosen such that 
the image contained between 400 and 
600 grains.

The quantitative evaluation of the grain elon-
gation was carried out using the image 
analysis software MIPAR 3.3.4. The soft-
ware not only allows an automated identifi-
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nen Körner und ermöglicht andererseits die 
Kornform durch unterschiedliche Parameter 
beschreiben zu können. In vorliegender Arbeit 
wurden für die quantitative Bestimmung der 
Kornstreckung drei unterschiedliche Parame-
ter herangezogen: das Y/X-Seitenverhältnis 
(ARY/X, „engl.: Y/X-aspect-ratio“), welches 
durch Formel 1 beschrieben wird; das a/b-Sei-
tenverhältnis (ARa/b, „engl.: a/b-aspect-ratio“), 
welches durch Formel 2 beschrieben wird und 
die Exzentrizität (E), welche durch Formel 3 
beschrieben wird.

ARY /X = Y
X

(1) 

ARa /b = a
b

(2)

E = a2 b 2

a
(3)

In Formel 1 beschreiben Y und X die maxima-
len Korndurchmesser in vertikaler sowie hori-
zontaler Bildrichtung des jeweiligen Korns. Für 
die Verwendung des ARY/X war es daher er-
forderlich, die LIMI-Aufnahme so auszurich-
ten, dass die Stauchebene der Proben im 
Längsschliff parallel zur vertikalen Bildachse 
war. Für die Bestimmung von ARa/b sowie von 
E wurde durch die Auswertesoftware eine El-
lipse in jedes Korn gefittet, wobei a die Länge 
der Hauptachse und b die Länge der Neben-
achse der gefitteten Ellipse beschreibt. Bild 3 
zeigt eine LIMI-Aufnahme eines geätzten 

cation of individual grains but also provides 
a description of the grains’ shape based on 
various parameters. Three different param-
eters were applied in the present work to 
quantitatively determine the grain elonga-
tion: the Y/X aspect ratio (ARY/X) described 
in formula 1, the a/b aspect ratio (ARa/b) de-
scribed in formula 2, and the eccentricity (E) 
described in formula 3.

ARY /X = Y
X

(1) 

ARa /b = a
b

(2)

E = a2 b 2

a
(3)

In formula 1, Y and X describe the maximum 
grain diameters in the vertical and horizontal 
image direction of the respective grain. In 
order for ARY/X to be used, the LOM image 
needs to be oriented in a way such that the 
samples’ compression plane in the longitu-
dinal section runs parallel to the vertical 
image axis. An ellipse was fitted into each 
grain using the evaluation software in order 
to determine ARa/b and E, where a describes 
the length of the major axis and b the length 
of the minor axis of the fitted ellipse. Figure 3 
shows a LOM image of an etched sample 
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Schliffs einer Probe nach einem Einzelstauch-
versuch nach einer Ta = 1250 °C und einer 
 tinter = 10 s, sowie schematisch die Beschrei-
bung der Kornform durch die Kornparameter 
Y, X, a und b.

Um die zeitabhängigen Verläufe der Kornstre-
ckung besser vergleichbar zu machen, wur-
den die Kurven normiert (siehe Formel 4).

eg .norm,i =
eg ,i
eg ,t 0

(4)

Formel 4 beschreibt die Ermittlung der normier-
ten Kornstreckung (eg.norm, „engl.: normalized 
grain elongation“), wobei eg,i die Kornstreckung 
nach einer tinter = i und eg,t0 die mittlere Kornstre-
ckung nach einer tinter = 0 s beschreibt (direktes 
Abschrecken nach der Stauchung).

In [8] wurde das Rekristallisationsverhalten 
indirekt über den Verlauf der Fließspannung 
von zwei aufeinanderfolgenden Stauchun-
gen ermittelt. Die Versuche in vorliegender 
Arbeit unterscheiden sich dahingehend le-
diglich darin, dass die Proben nach tinter direkt 
abgeschreckt wurden. Da der Rekristallisati-
onsgrad abhängig ist von tinter, hat sich un-
abhängig davon ob eine zweite Stauchung 
durchgeführt wurde, in beiden Fällen der glei-
che Rekristallisationsgrad eingestellt. Aus 
diesem Grund können die von den Autoren 
[8] indirekt ermittelten Rekristallisationswerte 

section subsequent to a single-hit compres-
sion test after a Ta of 1250 °C and a tinter of 
10 s as well as a schematic illustration of the 
grain shape using the grain parameters Y, X, 
a, and b.

The curves were normalized in order to improve 
the comparability of the time-dependent profile 
of the grain elongation (see formula 4).

eg .norm,i =
eg ,i
eg ,t 0

(4)

Formula 4 describes the determination of 
the normalized grain elongation (eg.norm), 
where eg,i is the grain elongation after 
tinter = i and eg,t0 is the mean grain elongation 
after a tinter of 0 s (direct quenching after 
compression).

In [8], the recrystallization behavior was in-
directly determined from the flow curve of 
two successive compressions. The tests in 
the present work differ only in that the sam-
ples were directly quenched after tinter. As 
the degree of recrystallization is a function 
of tinter, the same degree of recrystallization 
was obtained, regardless of whether a sec-
ond compression was carried out. There-
fore, the recrystallization values indirectly 
determined by the authors [8] can be used 
in this work to determine appropriate pa-

a

t

a

t
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herangezogen werden, um geeignete Para-
meter für die lichtmikroskopische Analyse 
des Rekristallisationsgrads in dieser Arbeit zu 
ermitteln.

Ähnlich wie von Chen et al. [20] für die Unter-
suchung einer Aluminium-Legierung be-
schrieben, wurde in dieser Arbeit ein Kriterium 
eingeführt, welches definiert, wann ein Korn 
als rekristallisiert angesehen wird. Als Kriteri-
um wurde für die drei Parameter der Kornstre-
ckung (ARY/X, ARa/b und E) ein kritischer Grenz-
wert (fcrit) definiert. Der Rekristallisationsgrad 
(Rxx) des Gefüges ergibt sich anschließend 
aus Formel 5:

Rxx =
ARxx
Atotal

(5)

Hierbei beschreibt ARxx die Gesamtfläche aller 
in der jeweiligen LIMI-Aufnahme rekristallisier-
ten Körner und Atotal die Gesamtfläche aller 
Körner, unabhängig ob rekristallisiert, oder 
nicht.

Ziel dieser Arbeit war es für ARY/X, ARa/b und 
E fcrit so zu wählen, dass zwischen den aus 
Formel 5 ermittelten Rekristallisationswerten 
und den vorab von den Autoren [8] ermittelten 
Werten eine möglichst geringe Differenz be-
steht. Hierfür wurde fcrit variiert und die Ergeb-
nisse gemeinsam mit den Ergebnissen der 
Doppelstauchversuche geplottet. Um die Ab-
weichung der Kurven der Rekristallisations-
werte der Doppelstauchversuche [8] und der 
Rekristallisationswerte der lichtmikroskopi-
schen Untersuchungen nach den Einzel-
stauchversuchen quantifizierbar zu machen, 
wurde der euklidische Abstand (dE) zwischen 
den Messwerten als Maß hierfür herangezo-
gen. Dies ist in Formel 6 beschrieben:

dE = Rxxi ,DH Rxxi ,SH( )2
i=1

n

(6)

Für die Bestimmung von dE zwischen den Er-
gebnissen der Doppelstauchversuche und 
der Einzelstauchversuche benötigt man dem-

rameters for the light microscope analysis 
of the degree of recrystallization.

Similar to what Chen et al. [20] described for 
the examination of an aluminum alloy, a cri-
terion was introduced in this work which 
defines when a grain is considered as re-
crystallized. A critical threshold value (fcrit) 
was defined as a criterion for the three pa-
rameters of the grain elongation (ARY/X, 
ARa/b, and E). The degree of recrystallization 
(Rxx) of the microstructure is subsequently 
obtained from formula 5:

Rxx =
ARxx
Atotal

(5)

Here, ARxx describes the total area of all recrys-
tallized grains in the respective LOM image, 
whereas Atotal is the total area of all grains, 
regardless of whether they are recrystallized 
or not.

The aim of the work was to choose fcrit for ARY/X, 
ARa/b, and E such that a difference between 
the recrystallization values determined from 
formula 5 and the values previously deter-
mined by the authors [8] is as small as possi-
ble. For this purpose, fcrit was varied and the 
results were plotted together with the results of 
the double-hit compression test. In order for 
the deviation of the curves showing the recrys-
tallization values of the double-hit compres-
sion tests [8] and the recrystallization values of 
the light microscope examinations after the 
single-hit compression tests to be quantified, 
the Euclidean distance (dE) between the 
measurement values was used. This process 
is described in formula 6:

dE = Rxxi ,DH Rxxi ,SH( )2
i=1

n

(6)

Thus, the degree of recrystallization after the 
double-hit compression tests at the time i 
(Rxxi,DH) and the mean value of the degree of 
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nach den Rekristallisationsgrad nach den 
Doppelstauchversuchen zum Zeitpunkt i 
(Rxxi,DH) sowie den Mittelwert des Rekristalli-
sationsgrads nach den Einzelstauchversu-
chen zum jeweils selben Zeitpunkt (Rxxi,SH). 
Generell gilt, dass der Verlauf der Kurven mit 
sinkendem dE ähnlicher wird.

3 Ergebnisse

3.1  Quantitative Bestimmung der  
Kornstreckung

Bild 4 zeigt den zeitlichen Verlauf der eg.norm

nach den Einzelstauchversuchen, jeweils be-
schrieben durch die drei Parameter ARY/X, 
ARa/b und E für unterschiedliche Ta. Bild 4a 
zeigt den Verlauf für eine Ta von 1100 °C, wobei 
eine zeitliche Abnahme der Kornstreckung für 
alle drei Parameter ersichtlich wird. Die stärks-
te Abnahme der eg.norm von 0,92 bei einer 
 tinter von 10 s auf 0,70 bei einer tinter von 2000 s 
ist für ARY/X zu beobachten, wohingegen die 
Kornstreckung für ARa/b lediglich von 0,95 auf 
0,80 und bei E von 0,97 auf 0,90 abnimmt. Der 
eg.norm-Verlauf des ARa/b und der E zeigt zwi-
schen einer tinter von 100 s bis 300 s ein Abfla-

recrystallization after the single-hit compres-
sion tests at the same instant (Rxxi,SH) is re-
quired in order to determine dE between the 
results of the double-hit compression tests 
and the single-hit compression tests. In gen-
eral, the progression of the curves becomes 
increasingly similar with decreasing dE.

3 Results

3.1  Quantitative determination of the 
grain elongation

Figure 4 shows the progression of the eg.norm

curve over time after the single-hit compres-
sion tests, described by the three parame-
ters ARY/X, ARa/b, and E for different Ta, re-
spectively. Figure 4a shows the value chart 
for a Ta of 1100 °C in which a temporal de-
crease of the grain elongation can be ob-
served for all three parameters. The highest 
decrease of eg.norm = 0.92 at a  tinter of 10 s to 
0.70 at a tinter of 2000 s can be observed for 
ARY/X, whereas the grain elongation for ARa/b

only decreases from 0.95 to 0.80 and from 
0.97 to 0.90 for E. For a tinter of between 100 s 
and 300 s, the eg.norm curves for ARa/b and E 

AR a

a
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chen. Bild 4b zeigt den zeitlichen Verlauf von 
eg.norm für eine Ta von 1250 °C. Hierbei zeigt sich 
für alle drei Parameter, dass bis zu einer tinter

von 100 s die eg.norm annähernd konstant bleibt 
und es anschließend zu einer Abnahme und 
der Ausbildung eines Plateaus zwischen tinter

von 100-400 s kommt. Wie bereits für eine Ta

von 1100 °C beschrieben, zeigt auch bei einer 
Ta von 1250 °C der zeitliche Verlauf von ARY/X

die größte Verringerung von eg.norm, was zur 
deutlichsten Ausprägung des Plateaus im Kur-
venverlauf führt.

3.2  Ermittlung des  
Rekristallisationsgrads

Bild 5 zeigt die anhand von Doppelstauchver-
suchen von den Autoren in [8] ermittelten zeit-
lichen Verläufe des Rekristallisationsgrads für 
unterschiedliche Glühtemperaturen (1100 °C 
und 1250 °C) sowie die aus Formel 5 ermittel-
ten Rekristallisationsgrade nach den Einzel-
stauchversuchen abhängig vom Kornstre-
ckungsparameter und fcrit. Bild 5a zeigt die aus 
ARY/X ermittelten Verläufe der Rekristallisation 
nach einer Ta von 1100 °C und einer Variation 
von fcrit zwischen 1,05 und 1,25. Für tinter > 300 s 
zeigt ein fcrit von 1,20 die größte Übereinstim-
mung zum Rekristallisationsverlauf nach den 
Doppelstauchversuchen. Für längere tinter gibt 
es eine bessere Übereinstimmung für 
fcrit = 1,15. Nach einer Ta von 1250 °C zeigt in 
Bild 5b jene Kurve von ARY/X und fcrit von 1,10 
bis zu einer tinter von 500 s die beste Überein-
stimmung zu den Werten der Doppelstauch-
versuche. Für tinter > 500 s zeigt sich eine bes-
sere Übereinstimmung bei einem fcrit von 1,15. 
Die Ergebnisse der Doppelstauchversuche 
zeigen nach einer Ta von 1250 °C die Bildung 

flatten. Figure 4b shows the progression of 
the eg.norm curve for Ta = 1250 °C over time. 
Here, eg.norm remains approximately con-
stant for all three parameters up to a tinter of 
100 s, while values subsequently decrease 
and a plateau is formed for a tinter of between 
100 and 400 s. As already outlined for a Ta

of 1100 °C, the ARY/X curve progression over 
time shows the largest decrease of eg.norm for 
a Ta of 1250 °C resulting in the most pro-
nounced plateau formation in the curves’ 
progression.

3.2  Determination of the degree of 
recrystallization

Figure 5 shows the profiles for the degree of 
recrystallization for different annealing tem-
peratures (1100 °C and 1250 °C) over time 
determined by the authors in [8] in double-
hit compression tests’ as well as the recrys-
tallization degree after the single-hit com-
pression tests determined from formula 5 as 
a function of the grain elongation parameter 
and fcrit. Figure 5a shows the curves for the 
recrystallization established from ARY/X after 
a Ta of 1100 °C and a variation of fcrit between 
1.05 and 1.25. For tinter < 300 s, a fcrit of 1.20 
corresponds most closely to the recrystalli-
zation curve after the double-hit compres-
sion tests. For longer tinter, a better agree-
ment is obtained for fcrit = 1.15. In Figure 5b, 
the curve for ARY/X and a fcrit of 1.10 shows the 
best agreement with the values of the dou-
ble-hit compression tests after a Ta of 
1250 °C up to a tinter of 500 s. For tinter > 500 s, 
a better agreement is obtained for a fcrit of 
1.15. After a Ta of 1250 °C, the double-hit 
compression tests result in the formation of 

a

a a

Ta a a a

a -

a a 

Ta a a a 
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eines Plateaus für tinter zwischen 100 s und 
500 s, was auf die Bildung dehnungsinduzier-
ter Nb(C,N) Ausscheidungen zurückzuführen 
war [8]. Unabhängig von fcrit zeigen alle Kurven 
in Bild 5b die Formation eines Plateaus an der-
selben Stelle. Um die Ähnlichkeit der Rekristal-
lisationsverläufe nach den Doppelstauchver-
suchen [8] und Einzelstauchversuchen, 
abhängig von fcrit, zu quantifizieren, wurde dE

als Maß herangezogen (siehe Formel 6). 
Bild 6a zeigt den Verlauf von dE, abhängig von 
Ta und fcrit, wobei ARY/X als Kornstreckungspa-
rameter herangezogen wurde. Nach einer Ta

von 1100 °C zeigt der Verlauf von dE ein Mini-
mum bei einem fcrit von 1,20, wobei eine Er-
höhung der Ta auf 1250 °C das Minimum auf 
fcrit = 1,10 senkt. 

a plateau for tinter between 100 s and 500 s. 
This could be attributed to the formation of 
strain-induced Nb(C,N) precipitates [8]. All 
curves in Figure 5b show the formation of a 
plateau at the same position, regardless of 
fcrit. dE was used as a measure to quantify the 
similarity of the recrystallization profiles as a 
function of fcrit after the double-hit compres-
sion tests [8] and single-hit compression 
tests (see formula 6). Figure 6a shows the 
progression of dE as a function of Ta and fcrit, 
where ARY/X was included as a grain elonga-
tion parameter. After a Ta of 1100 °C, the pro-
gression of dE shows a minimum at a fcrit of 
1.20, whereas a rise in Ta to 1250 °C leads to 
a further reduction of the minimum to 
fcrit = 1.10. 

E a. 
  

E   

a. 
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In Bild 5c sind die aus ARa/b ermittelten Verläu-
fe der Rekristallisation für eine Ta von 1100 °C 
abgebildet. Es zeigt sich, dass ein fcrit von 1,50 
die größte Übereinstimmung mit dem Rekris-
tallisationsverlauf der Doppelstauchversuche 
liefert, was ebenfalls durch ein Minimum von 
dE in Bild 6b bestätigt wird. Bild 5d zeigt die 
aus ARa/b ermittelten Verläufe für eine Ta von 
1250 °C. Bis auf eine tinter von 10 s und 100 s 
zeigt der Verlauf bei einem fcrit = 1,40 die beste 
Übereinstimmung mit dem Verlauf nach den 
Doppelstauchversuchen. Dies bestätigt auch 
der Verlauf von dE in Bild 6b durch das Auf-
treten eines Minimums bei besagtem fcrit.

Die zeitlichen Verläufe der Rekristallisation, in 
denen die Exzentrizität der gefitteten Ellipse 
als Kornstreckungsparameter herangezogen 
wurde, sind in Bild 5e (Ta = 1100 °C) und Bild 5f 
(Ta = 1250 °C) abgebildet. Bei einer Ta von 
1100 °C gibt es die beste Übereinstimmung für 
ein fcrit von 0,75, wobei es zwei Ausreißer bei einer 
tinter von 10 s und 2000 s gibt. Nach einer 
Ta = 1250 °C zeigt jene Kurve mit einem 
fcrit = 0,70 die beste Übereinstimmung mit zwei 
Ausreißern nach einer tinter von 10 s und 100 s 
(Hier liefert ein fcrit von 0,65 eine bessere Über-
einstimmung.). Die Minima in den dE-Verläufen in 
Bild 6c befinden sich bei einer Ta von 1100 °C bei 
einem fcrit von 0,75 und bei einer Ta von 1250 °C 
bei einem fcrit von 0,70. Die dE-Verläufe bestäti-
gen demnach die weiter oben beschriebene 
optische Begutachtung der Kurvenverläufe.

4 Diskussion

Das Hauptziel der vorliegenden Arbeit war es, 
den Rekristallisationsgrad eines mikrolegier-
ten Stahls durch eine lichtmikroskopische 
Analyse von gestauchten Proben zu ermitteln. 
Hierfür wurden Einzelstauchversuche mit 
einem Umformdilatometer durchgeführt, um 
gestauchte Proben mit unterschiedlichen Re-
kristallisationsgraden zu erzeugen.

In vergangenen Arbeiten, beispielsweise von 
Gomez et al. [17] und Fernandez et al. [19], 

Figure 5c shows the recrystallization pro-
files for a Ta of 1100 °C determined from 
ARa/b. It is found that a fcrit of 1.50 gives the 
best agreement with the recrystallization 
curve of the double-hit compression tests, 
this is further confirmed by a minimum of dE

in Figure 6b. Figure 5d shows the profiles 
for a Ta of 1250 °C determined from ARa/b. 
Except for a tinter of 10 s and 100 s, the profile 
for a fcrit = 1.40 gives the best agreement 
with the curve after the double-hit compres-
sion tests. This is also confirmed by the oc-
currence of a minimum at the aforemen-
tioned fcrit in the profile of dE in Figure 6b.

The recrystallization curves over time in 
which the eccentricity of the fitted ellipse 
was used as a grain elongation parameter 
are shown in Figure 5e (Ta = 1100 °C) and 
Figure 5f (Ta = 1250 °C). A Ta of 1100 °C 
gives the best agreement for a fcrit of 0.75, 
though there are two outliers at a tinter of 10 s 
and 2000 s. After a Ta = 1250 °C, the profile 
for a fcrit = 0.70 gives the best agreement, 
whereas two outliers occurred after a tinter of 
10 s and 100 s (here, a fcrit of 0.65 gives a 
better agreement). In Figure 6c the minima 
of the dE curves can be found at a fcrit of 0.75 
for a Ta of 1100 °C and at a fcrit of 0.70 for a Ta

of 1250 °C. The dE curves thus confirm the 
visual assessment of the profiles described 
above.

4 Discussion

The present work mainly aimed at determin-
ing the degree of recrystallization of a micro-
alloyed steel by analyzing compressed 
samples using a light microscope. For that, 
single-hit compression tests were carried 
out with the aid of a deformation dilatometer 
to produce compressed samples with dif-
ferent degrees of recrystallization.

In previous works, for example those by 
Gomez et al. [17] and Fernandez et al. [19], 
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wurde ein Linienschnittverfahren angewen-
det, um den Rekristallisationsgrad mikrole-
gierter Stähle zu untersuchen. Der Rekristalli-
sationsgrad errechnete sich in beiden Arbeiten 
aus dem Verhältnis der Linienschnittpunkte 
rekristallisierter Körner zur Anzahl der Schnitt-
punkte aller Körner. Jedoch wurde in beiden 
zitierten Arbeiten nicht näher erläutert, welche 
Körner als rekristallisiert angenommen wur-
den und welche nicht. Chen et al. [20] unter-
suchten das Rekristallisationsverhalten einer 
Aluminium-Legierung und wählten einen an-
deren Ansatz. In deren Arbeit diente ein will-
kürlich gewählter Grenzwert des ARY/X von 1,75 
als Kriterium, um zu entscheiden, ob es sich 
um ein rekristallisiertes oder nicht rekristalli-
siertes Korn handelte. Auch hier wurde nicht 
näher erläutert, weshalb gerade dieser Grenz-
wert für die Entscheidung herangezogen 
wurde. Der Rekristallisationsgrad errechnete 
sich anschließend aus dem Verhältnis der Flä-
che der rekristallisierten Körner zur Gesamt-
fläche aller Körner.

In der vorliegenden Arbeit wurde für die Be-
stimmung des Rekristallisationsgrads eines 
mikrolegierten Stahls ein ähnlicher Ansatz ge-
wählt. Im ersten Schritt wurden drei Parameter 
definiert, um die Kornstreckung zu beschrei-
ben, nämlich das ARY/X, das ARa/b und die E. 
Beim ARY/X handelt es sich um das Y/X-Seiten-
verhältnis des gestreckten Korns. Hierbei 
muss darauf geachtet werden, die LIMI-Auf-
nahme so auszurichten, dass die Stauchebe-
ne der Proben parallel zur Bildachse ist. Die 
Verwendung des ARY/X hat jedoch gegenüber 
dem ARa/b und der E den Vorteil, dass keine 
Ellipse virtuell in jedes Korn gefittet werden 
muss und somit die Kornform direkt eine Aus-
kunft über die Kornstreckung liefert.

Im nächsten Schritt wurden die zeitlichen Ver-
läufe der Kornstreckung normiert und die Er-
gebnisse geplottet (siehe Bild 4), um die Ver-
läufe untereinander zu vergleichen. Hier zeigt 
sich einerseits, dass alle Verläufe den selben 
Trend haben. Es zeigt sich aber auch anderer-
seits, dass sowohl nach einer Ta von 1100 °C, 

a line intercept method was used to analyze 
the degree of recrystallization of microal-
loyed steels. In both works, the degree of 
recrystallization was calculated from the 
ratio of line intersections of recrystallized 
grains to the number of intersections of all 
grains. However, both works do not provide 
any detailed information on which grains 
were considered recrystallized and which 
were not. Chen et al. [20] investigated the 
recrystallization behavior of an aluminum 
alloy. However, they chose another ap-
proach. In their work, they arbitrarily chose 
a threshold value of the ARY/X of 1.75 as a 
criterion to decide whether a grain was re-
crystallized or not. Again, the grounds for 
choosing this threshold value were not 
specified. The degree of recrystallization 
was subsequently calculated from the ratio 
of the surface area of recrystallized grains 
and the total surface area of all grains.

A similar approach was chosen in the pre-
sent work to determine the degree of recrys-
tallization of a microalloyed steel. Three pa-
rameters were defined in a first step to 
describe the grain elongation, namely ARY/X, 
ARa/b, and E, where ARY/X is the Y/X aspect-ratio 
of the elongated grain. In this context, it must 
be made sure that the LOM image is ori-
ented in such a way that the samples’ com-
pression plane runs parallel to the image 
axis. However, using ARY/X has the advan-
tage over using ARa/b and E in that the ellip-
ses do not have to be fitted into each and 
every grain. Thus, the grain shape directly 
provides information on the grain elongation.

In the next step, the profile of the grain elon-
gation over time was normalized and the 
results were plotted (see Figure 4) in order 
to compare the curves. The same tendency 
can be observed for all profiles. However, it 
can also be observed that the ARY/X curves 
show the largest temporal decrease after a 
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als auch nach einer Ta von 1250 °C die Verläu-
fe des ARY/X die größte zeitliche Abnahme auf-
weisen. Die Ergebnisse dieser Untersuchun-
gen legen daher nahe, dass das ARY/X die 
größte Sensitivität im Hinblick auf Veränderun-
gen der Kornstreckung liefert. Der zeitabhängi-
ge Rekristallisationsgrad des untersuchten 
Stahls wurde von den Autoren bereits vorab 
durch Doppelstauchversuche bestimmt und 
die Ergebnisse in [8] publiziert. Die Autoren 
konnten dort zeigen, dass es nach einer Ta von 
1250 °C sowie zwischen einer tinter von 100 s bis 
500 s zur Ausbildung eines Plateaus in den Re-
kristallisationskurven kam. Verantwortlich hier-
für war die Bildung dehnungsinduzierter 
Nb(C,N)-Ausscheidungen. Diesen Effekt konn-
ten auch andere Autoren bei der Untersuchung 
des Rekristallisationsverhaltens mikrolegierter 
Stähle beobachten [12–15]. Der eg.norm-Verlauf 
in Bild 4 b) zeigt die Ausbildung eines Plateaus 
an derselben Stelle, weswegen sich diese Me-
thodik ebenfalls eignet, um die Bildung deh-
nungsinduzierter Mikrolegierungsausschei-
dungen anzuzeigen.

Um von der Kornstreckung auf den Rekristal-
lisationsgrad schließen zu können, wurde ein 
Grenzwert der Kornstreckung (fcrit) als Kriteri-
um herangezogen, unter welchem ein Korn als 
rekristallisiert, beziehungsweise über wel-
chem ein Korn als nicht rekristallisiert gilt. 
Bild 5 zeigt die dadurch ermittelten Rekristalli-
sationsverläufe für die unterschiedlichen Korn-
streckungsparameter sowie die zwei variieren-
den Glühtemperaturen von 1100 °C und 
1250 °C. Neben den aus den Einzelstauchver-
suchen ermittelten Rekristallisationsverläufen 
sind ebenfalls die von den Autoren in [8] ver-
öffentlichten Verläufe der Doppelstauchversu-
che geplottet. Vergleicht man die Kurven nach 
einer Ta von 1100 °C mit jenen von 1250 °C zei-
gen die Verläufe nach einer höheren Glühtem-
peratur eine verlangsamte Rekristallisation. 
Dies liegt, wie bereits weiter oben beschrie-
ben, an der Formation dehnungsinduzierter 
Nb(C,N)-Ausscheidungen nach einer 
Ta = 1250 °C. Des Weiteren kommt es nach 
einer Erhöhung der Ta von 1100 °C auf 1250 °C 

Ta of 1100 °C and a Ta of 1250 °C. The results 
of these analyses thus suggest that the 
ARY/X provides the highest sensitivity with 
regard to changes in the grain elongation. 
The time-dependent degree of recrystalliza-
tion of the examined steels was already pre-
viously determined by the authors in dou-
ble-hit compression tests. The results were 
published in [8]. In that work, the authors 
could show that a plateau formed in the re-
crystallization curves after a Ta of 1250 °C 
and between a tinter of 100 s to 500 s. This 
can be attributed to the formation of strain-
induced Nb(C,N)-precipitates. Other au-
thors could also observe this effect in works 
investigating the recrystallization behavior 
of microalloyed steels [12–15]. The profile of 
eg.norm in Figure 4b shows the formation of a 
plateau at the same position. Hence, the 
presented methodology is also suitable to 
indicate the formation of strain-induced mi-
croalloying precipitates.

In order to extrapolate the degree of recrys-
tallization from the grain elongation, a grain 
elongation threshold value (fcrit) was taken 
as a criterion to define if a grain is consid-
ered as recrystallized or non-recrystallized. 
Figure 5 shows the determined recrystalli-
zation profiles for the different grain elonga-
tion parameters, as well as for the two vary-
ing annealing temperatures of 1100 °C and 
1250 °C. Not only the recrystallization curves 
determined from the single-hit compression 
tests were plotted but also those based on 
the double-hit compression tests published 
by the authors in [8]. In a comparison of the 
curves after a Ta of 1100 °C and those after 
a Ta of 1250 °C, those representing the val-
ues after a higher annealing temperature are 
characterized by a slower recrystallization. 
As has already been stated above, this can 
be attributed to the formation of strain-in-
duced Nb(C,N)-precipitates after a 
Ta = 1250 °C. In addition to that, an increase 
in the austenite grain size can be observed 
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während der Glühung zu einer Erhöhung der 
Austenitkorngröße, was in weiterer Folge auf 
Grund der geringeren Anzahl an Keimstellen 
ebenfalls einen rekristallisationsverzögernden 
Effekt verursacht.

Die Ähnlichkeit der Verläufe der Rekristallisa-
tionskurven der Einzelstauch- und Doppel-
stauchversuche wurde mit Hilfe dem dE quan-
tifiziert. Die in Bild 6 abgebildeten Verläufe des 
dE über dem fcrit bestätigen die optischen 
Übereinstimmungen der Kurven in Bild 5. Bei 
dem euklidischen Abstand handelt es sich um 
einen Einzelwert, welcher demnach keine Aus-
sage über das Auftreten von Ausreißern zwi-
schen den Kurvenverläufen liefert. Bei genau-
er Betrachtung der Kurvenverläufe zeigen sich 
jedoch teilweise punktuelle Abweichungen 
der Rekristallisationsgrade der Einzelstauch-
versuche und den Verläufen der Doppel-
stauchversuche. Dies zeigt sich für das ARa/b

nach einer Ta von 1100 °C (Bild 5c) in einer Ab-
nahme des Rekristallisationsgrads zwischen 
einer tinter von 1000 s und 2000 s. Nach einer Ta

von 1250 °C (Bild 5d) liefern die Rekristallisa-
tionsgrade der Einzelstauchversuche nach 
einer tinter von 10 s sowie 100 s höhere Werte 
als die Verläufe nach den Doppelstauchversu-
chen. Der gleiche Trend ist zu beobachten, 
wenn die Exzentrizität als Maß für die Korn-
streckung herangezogen wird, was sich in 
Bild 5e und Bild 5f zeigt. Die geringsten Ab-
weichungen zwischen den Verläufen der Ein-
zelstauch- und Doppelstauchversuche zeigen 
jene Kurven, in denen ARY/X als Kornstre-
ckungsparameter verwendet wurde, was in 
Bild 5a und Bild 5b ersichtlich wird. In Kombi-
nation mit der erhöhten Sensitivität, welches 
das ARY/X im Hinblick auf Veränderungen der 
Kornstreckung zeigt, zeigen die Ergebnisse 
dieser Arbeit, dass sich die Verwendung des 
ARY/X als Parameter der Kornstreckung am bes-
ten eignet um den Rekristallisationsgrad mikro-
legierter Stähle zu untersuchen. Bild 5a, Bild 5b 
und Bild 6 zeigen demnach, dass in den Ver-
läufen in denen ARY/X als Kornstreckungspara-
meter verwendet wurde, nach einer Ta von 
1100 °C ein fcrit = 1,20 und nach einer Ta von 

during annealing after the rise of Ta from 
1100 °C to 1250 °C, which has a decelerating 
effect on the recrystallization owing to the 
lower number of nucleation sites.

The similarity of the recrystallization curves 
of the single-hit and the double-hit com-
pression tests was quantified based on dE. 
The curves for dE plotted over fcrit shown in 
Figure 6 confirm the optically determined 
agreements of the profiles in Figure 5. The 
Euclidean distance is a single value. It thus 
does not allow any statement on the occur-
rence of curve outliers. Taking  a closer look 
at the curve profiles, some isolated devia-
tions of the degrees of recrystallization in the 
single-hit compression tests and the pro-
files of the double-hit compression tests can 
be observed. For ARa/b after a Ta of 1100 °C 
(Figure 5c), this is evidenced by a dropping 
degree of recrystallization between a tinter of 
1000 s and 2000 s. After a Ta of 1250 °C (Fig-
ure 5d), the degrees of recrystallization of 
the single-hit compression tests after a tinter

of 10 s and 100 s show higher values than 
the profiles after the double-hit compres-
sion tests. The same tendency can be ob-
served in Figure 5e and Figure 5f where the 
eccentricity is used as a measure for the 
grain elongation. The smallest deviations 
between the profiles of the single-hit and the 
double-hit compression tests can be ob-
served for the curves in which ARY/X is taken 
as a grain elongation parameter. See Fig-
ures 5a and 5b. The results of this work 
demonstrate that, owing also to its increased 
sensitivity regarding changes in the grain 
elongation, using ARY/X as a parameter for 
the grain elongation is best suited to analyze 
the degree of recrystallization of microal-
loyed steels. Figure 5a, Figure 5b, and Fig-
ure 6 thus show that a fcrit of 1.20 after a Ta of 
1100 °C and a fcrit of 1.10 after a Ta of 1250 °C 
provide the best results when ARY/X was 
used as a grain elongation parameter. In 
concrete terms, this means that grains 
whose ratio grain length to grain width fall 
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1250 °C ein fcrit = 1,10 die besten Resultate lie-
fert. Konkret bedeutet dies, dass in besagtem 
Fall Körner als rekristallisiert gelten, in denen 
das Kornlänge-zu-Kornbreite-Verhältnis unter 
1,10, beziehungsweise 1,20 liegt.

Bezüglich fcrit konnte in dieser Arbeit gezeigt wer-
den, dass dieser Wert abhängig ist vom Korn-
streckungsparameter sowie ebenfalls geringfü-
gig von den Umformparametern. Wird fcrit für 
einen Umformprozess jedoch einmal bestimmt, 
ermöglicht die hier gezeigte Methode eine auto-
matisierte lichtmikroskopische Analyse des Re-
kristallisationsgrads mikrolegierter Stähle.

5 Zusammenfassung

Diese Arbeit hatte das Ziel, den Rekristallisati-
onsgrad von gestauchten Proben eines mikro-
legierten HSLA-Stahls direkt lichtmikroskopisch 
zu ermitteln. Hierfür wurden mittels eines Um-
formdilatometers Einzelstauchversuche mit va-
riierenden Versuchsparametern durchgeführt, 
um Proben mit unterschiedlichem Rekristallisa-
tionsgrad zu erzeugen. Der zeitabhängige Re-
kristallisationsgrad des untersuchten Stahls 
wurde von den Autoren bereits vorab durch 
Doppelstauchversuche bestimmt [8]. Anhand 
dieser Ergebnisse war es möglich, die Auswer-
teparameter für die direkte lichtmikroskopische 
Analyse des Rekristallisationsgrads anzupas-
sen, um eine bestmögliche Übereinstimmung 
zwischen den Rekristallisationsverläufen der 
Einzelstauch- und Doppelstauchversuche zu 
erhalten. Ein kritischer Grenzwert der Kornstre-
ckung (fcrit) wurde als Maß herangezogen, um zu 
entscheiden, ob es sich bei den jeweiligen Kör-
nern um rekristallisierte oder nicht rekristallisier-
te Körner handelt. Um die Kornstreckung zu 
beschreiben wurden drei Parameter ausge-
wählt, nämlich das Y/X-Seitenverhältnis (ARY/X), 
das a/b-Seitenverhältnis (ARa/b) und die Exzen-
trizität (E). Die Ergebnisse der Arbeit lassen sich 
wie folgt zusammenfassen:

• Nach einer Glühtemperatur (Ta) von 1100 °C 
zeigen die Verläufe der normierten Korn-

below 1.10 or 1.20, respectively, are consid-
ered as recrystallized.

In this work, it could be shown that fcrit is a func-
tion of the grain elongation parameter and that 
it is also slightly dependent of the deformation 
parameters. However, once fcrit is determined 
for a deformation process, the method pre-
sented here allows an automated analysis of 
the degree of recrystallization in microalloyed 
steels using the light microscope.

5 Summary

This work aimed at directly determining the 
degree of recrystallization of compressed 
samples of a microalloyed HSLA steel in the 
light microscope. For this purpose, single-
hit compression tests were performed with 
varying test parameters using a deforma-
tion dilatometer to produce samples with 
various degrees of recrystallization. The 
time-dependent degree of recrystallization 
of the examined steels was already previ-
ously determined by the authors in double-
hit compression tests. Based on the respec-
tive results, the evaluation parameters for 
the direct light microscope analysis of the 
degree of recrystallization could be adjust-
ed in order to obtain the best possible 
agreement between the recrystallization 
curves of the single-hit and the double-hit 
compression tests. A critical grain elonga-
tion threshold value (fcrit) was taken as a 
measure to decide whether the respective 
grains were recrystallized or not. Three pa-
rameters were chosen to describe the grain 
elongation, namely the Y/X aspect-ratio 
(ARY/X), the a/b aspect-ratio (ARa/b), and the 
eccentricity (E). The results of this work can 
be summarized as follows:

• After an annealing temperature (Ta) of 
1100 °C, the curves for the normalized 
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streckung (eg.norm) für alle drei Kornstre-
ckungsparameter eine zeitliche Abnahme. 
Die stärkste Abnahme zeigt die Kurve des 
ARY/X, gefolgt vom ARa/b und der E. Nach 
einer Ta = 1250 °C zeigt der zeitliche Ver-
lauf der eg.norm für alle Kornstreckungspara-
meter bis zu einer Haltezeit (tinter) von 100 s 
einen konstanten Verlauf, wobei es im An-
schluss zur Ausbildung eines Plateaus zwi-
schen einer tinter von 100 s bis 400 s kommt. 
Der zeitliche Verlauf der ARY/X-Kurve zeigt 
auch bei dieser Glühtemperatur die stärks-
te zeitliche Abnahme von eg.norm sowie die 
deutlichste Ausprägung des Plateaus.

• Die vorab durchgeführten Doppelstauch-
versuche [8] zeigten, dass es nach einer 
Ta = 1250 °C und einer tinter von 100 s zur 
Bildung dehnungsinduzierter Nb(C,N)-
Ausscheidungen kam. Dies zeigte sich 
durch die Ausbildung eines Plateaus im Re-
kristallisationsdiagramm. Alle drei Korn-
streckungsparameter weisen für den Ver-
lauf der eg.norm denselben Trend nach einer 
Ta von 1250 °C und einer tinter von 100 s auf, 
weswegen sich der zeitliche Verlauf der 
eg.norm ebenfalls eignet, um den Beginn der 
Formation dehnungsinduzierter Ausschei-
dungen anzuzeigen. Am deutlichsten aus-
geprägt ist die Plateaubildung für das 
ARY/X, gefolgt von dem ARa/b und der E.

• Nach einer Ta von 1100 °C zeigen die Rekris-
tallisationsverläufe, in denen das ARY/X als 
Kornstreckungsparameter gewählt wurde, 
dass es bei einem fcrit von 1,20 bis zu einer 
tinter von 300 s die beste Übereinstimmung 
der Rekristallisationsverläufe zwischen den 
Doppelstauch- und den Einzelstauchversu-
chen gibt. Für tinter > 300 s zeigt ein fcrit von 
1,15 die beste Übereinstimmung. Die eukli-
dische Distanz (dE), welche als Maß heran-
gezogen wurde, um die Ähnlichkeit der Kur-
ven zu quantifizieren, zeigt bei einem fcrit von 
1,20 die größte Übereinstimmung der Re-
kristallisationsverläufe. Die aus den ARa/b

ermittelten Verläufe, sowie die dE, zeigen, 
dass bei einem fcrit = 1,50 die größte Ähn-
lichkeit für die Rekristallisationsverläufe be-
steht. Für die Verläufe der Rekristallisation, 

grain elongation (eg.norm) for all three grain 
elongation parameters are characterized 
by a temporal decrease. The most pro-
nounced decrease can be observed for 
the ARY/X curve, followed by ARa/b, and E. 
After a Ta = 1250 °C, the profile of eg.norm

over time shows a constant progression 
for all grain elongation parameters up to a 
holding time (tinter) of 100 s. A plateau is 
subsequently formed between a tinter of 
100 s to 400 s. For this annealing tempera-
ture, the profile of ARY/X over time also 
shows the strongest decrease of eg.norm as 
well as the most pronounced plateau.

• The double-hit compression tests previ-
ously performed [8] indicated that strain-
induced Nb(C,N) precipitates formed 
after a Ta = 1250 °C and a tinter of 100 s. 
This is evidenced by the formation of a 
plateau in the recrystallization diagram. 
With regard to the profile of eg.norm after a 
Ta of 1250 °C and a tinter of 100 s, all three 
grain elongation parameters are charac-
terized by the same trend. The profile of 
eg.norm over time is therefore also suited to 
show the beginning of the formation of 
strain-induced precipitates. The most 
pronounced plateau is formed for ARY/X, 
followed by ARa/b and E.

• After a Ta of 1100 °C, the recrystallization 
profiles for which ARY/X is chosen as a 
grain elongation parameter show that the 
best agreement of the recrystallization 
profiles between the double-hit and the 
single-hit compression tests is obtained 
for a fcrit of 1.20 up to a tinter of 300 s. For 
tinter > 300 s, a fcrit of 1.15 shows the best 
agreement. The Euclidean distance (dE), 
taken as a measure to quantify the simi-
larity of the curves, shows the best agree-
ment of the recrystallization profiles for a 
fcrit of 1.20. The curves determined from 
ARa/b as well as dE show that the greatest 
similarity for the recrystallization profiles 
is obtained for fcrit = 1.50 For the recrys-
tallization profiles in which E is used as a 
grain elongation parameter, the best 
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in denen E als Kornstreckungsparameter 
herangezogen wurde, zeigt sich die beste 
Übereinstimmung in den Kurvenverläufen 
nach einem fcrit = 0,75, wobei es zwei Aus-
reißer nach einer tinter von 10 s und 2000 s 
gibt. Auch der dE weist bei einem fcrit = 0,75 
ein Minimum auf, was die beste Überein-
stimmung der Kurven anzeigt.

• Nach einer Ta von 1250 °C zeigen die Rekris-
tallisationsverläufe, in denen das ARY/X als 
Kornstreckungsparameter gewählt wurde, 
dass es bei einem fcrit von 1,10 bis zu einer 
tinter von 500 s die beste Übereinstimmung 
der Rekristallisationsverläufe gibt. Für 
 tinter > 500 s zeigt ein fcrit von 1,15 die beste 
Übereinstimmung. dE zeigt bei einem fcrit von 
1,10 die größte Übereinstimmung der Re-
kristallisationsverläufe. Die dE sowie die aus 
dem ARa/b ermittelten Verläufe zeigen, dass 
es bis auf zwei Ausreißer nach einer tinter von 
10 s und 100 s, die beste Übereinstimmung 
der Rekristallisationsverläufe bei einem 
fcrit = 1,40 gibt. Für die Rekristallisationsver-
läufe, in denen E als Kornstreckungspara-
meter herangezogen wurde, zeigt sich die 
beste Übereinstimmung in den Kurvenver-
läufen nach einem fcrit = 0,70, wobei es zwei 
Ausreißer nach einer tinter von 10 s und 100 s 
gibt. Auch die dE weist bei einem fcrit = 0,70 
ein Minimum auf, was die beste Überein-
stimmung der Kurven anzeigt.

• Nach einer Ta = 1250 °C weisen die zeitli-
chen Rekristallisationsverläufe für alle drei 
Kornstreckungsparameter das Ausbilden 
eines Plateaus zwischen einer tinter von 100 
bis 400 s auf. Durch eine lichtmikroskopi-
sche Analyse der Kornstreckung ist es 
daher möglich, die rekristallisationshem-
menden Eigenschaften von dehnungsin-
duzierten Mikrolegierungsausscheidun-
gen zu zeigen.

• Die Verwendung des ARY/X als Kornstre-
ckungsparameter eignet sich am besten 
für die lichtmikroskopische Ermittlung des 
Rekristallisationsgrads. Einerseits muss 
keine Ellipse in jedes einzelne Korn gefittet 
werden, wodurch bereits die Kornform 
selbst eine Aussage über die Kornstre-

agreement is obtained after a fcrit = 0.75, 
though two outliers occur after a tinter of 
10 s and 2000 s. dE likewise has a mini-
mum at fcrit = 0.75, indicating the best 
curve agreement.

• After a Ta of 1250 °C, the recrystallization 
profiles for which ARY/X was taken as a 
grain elongation parameter show that the 
best agreement is obtained for a fcrit of 
1.10 up to a tinter of 500 s. A fcrit of 1.15 pro-
vides the best agreement for tinter > 500 s, 
whereas dE shows the best agreement of 
the recrystallization profiles for a fcrit of 
1.10. dE, as well as the profiles determined 
from the ARa/b, show that, apart from two 
outliers after a tinter of 10 s and 100 s, the 
best agreement of the recrystallization 
profiles is obtained for a fcrit = 1.40. For 
the recrystallization profiles in which E is 
used as a grain elongation parameter, 
the best curve agreement is obtained 
after a fcrit = 0.70, though two outliers 
occur after a tinter of 10 s and 100 s. dE also 
has a minimum for fcrit = 0.70, indicating 
the best agreement of the curves.

• After a Ta of 1250 °C, recrystallization pro-
files over time are characterized by the 
formation of a plateau for a tinter of be-
tween 100 s to 400 s for all three grain 
elongation parameters. Hence, a light 
microscope analysis of the grain elonga-
tion is suited for indicating the recrystal-
lization inhibiting properties of strain-in-
duced microalloying precipitates.

• Taking the ARY/X as a grain elongation pa-
rameter is best suited for the determina-
tion of the degree of recrystallization in 
the light microscope. No ellipse must be 
fitted into each and every grain so that the 
grain shape itself provides information on 
the grain elongation. Furthermore, the 
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ckung liefert. Andererseits weist das ARY/X

die größte Sensitivität im Hinblick auf Ver-
änderungen der Kornstreckung auf und 
liefert die geringste Zahl an Ausreißern in 
den Rekristallisationsverläufen.

• Die Ergebnisse dieser Arbeit zeigen, dass 
fcrit abhängig ist von den Umformparame-
tern und dem Kornstreckungsparameter. 
Wurde fcrit für einen Umformprozess jedoch 
einmal bestimmt, ermöglicht diese Metho-
dik eine automatisierte lichtmikroskopische 
Auswertung des Rekristallisationsgrads.
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Influence of Microalloying Elements and Deformation
Parameters on the Recrystallization and Precipitation
Behavior of Two Low-Alloyed Steels

Stefan Monschein,* Marlene Kapp, Dominik Zügner, Josef Fasching, Andreas Landefeld,
and Ronald Schnitzer

1. Introduction

Modern high-strength low-alloy (HSLA) steels have to fulfill a
combination of high strength and toughness. In general, these
properties are contrary, due to the fact that a high strength nor-
mally decreases the toughness of the material. Nevertheless, a
grain refinement increases both, the toughness and the strength
of steels. For HSLA steels, thermomechanical rolling is the

processing of choice to obtain a fine-
grained microstructure for industrially
relevant applications.[1,2] Adding microal-
loying elements like niobium, titanium,
or vanadium increases the temperature
nonrecrystallization (TNR), which is the
temperature below which no complete
static recrystallization between two rolling
passes takes place. Higher rolling temper-
atures allow lower rolling forces but have
the disadvantage of resulting in grain
growth. Titanium as a microalloying ele-
ment retards the grain coarsening because
it leads to the formation of TiN precipitates.
These TiN precipitates are stable at temper-
atures, where Nb is in solution and which
often is the starting temperature of the
rolling process.[3] The equilibrium temper-
ature for Nb(C,N) in austenite was esti-
mated by Irvine et al.[4,5] and is given in
Equation (1).

log
�
ðm%NbÞ

�
m%Cþ 12

14
m%N

��
¼ � 6770

T
þ 2.26 (1)

Nb delays the recrystallization of austenite in two ways. On the
one hand, by the solute-drag effect and on the other hand, by
precipitates. The solute-drag effect retards the recrystallization
when Nb is dissolved in the austenite but is less effective than
Nb-enriched precipitates, e.g., carbides, nitrides, and carbonitrides
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The alloy design of modern high-strength low-alloy (HSLA) steels aims for a well-
balanced combination of high toughness and strength. Using niobium and
titanium as microalloying elements together with thermomechanical processing
is a common way to obtain a fine-grained microstructure and therefore enhance
the strength and toughness of HSLA steels. Herein, a low-alloyed steel and a
microalloyed HSLA steel are investigated in the as-rolled condition and by double-
hit experiments using various deformation parameters. Atom probe tomography,
scanning transmission electron microscopy inside a scanning electron micro-
scope, transmission kikuchi diffraction, and energy-dispersive X-ray spectroscopy
are used to investigate the precipitates in the as-rolled condition and after
deformation. It is shown that Nb-enriched TiN precipitates with an average size
of around 15 nm are responsible for grain refinement in the as-rolled condition.
The annealing temperature prior to the rolling process is set below the solution
temperature of Nb(C,N). Enhancing the annealing temperature in the double-hit
deformation tests above the solution temperature of Nb(C,N) leads to the pre-
cipitation of fine NbC precipitates with a size of around 5 nm. These precipitates
are responsible for inhibited static recrystallization behavior.
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in austenite.[6] A recent study published by Webel et al.[7]

has shown that the amount of Nb dissolved in the matrix can
be correlated with the electrical resistance of a Nb and Ti micro-
alloyed steel. A further reason for the good recrystallization-
inhibiting properties of Nb is its high diffusivity compared with
other microalloying elements. For this reason, Nb interacts faster
with interstitials and dislocations, thereby promoting faster forma-
tion of precipitates.[8] Deformation in the austenite increases the
number density of precipitates due to the creation of nucleation
sites at dislocations.[5,9,10] Nb precipitation can also occur in the
ferrite, where their formation is even promoted because of a lower
solubility.[11] These fine particles also have the required size,
around 5 nm, for increasing the strength via precipitation
hardening.[5,10,12]

Hong et al.[13] have shown that adding Ti to a Nb-alloyed steel
delays the start time of strain-induced NbC precipitation, because
of a lower supersaturation of Nb in the austenite. This is because
Nb already forms stable primary (Ti,Nb) carbonitrides, which
remain during reheating, and therefore, Nb is less available in
the matrix. Hegetschweiler et al.[14] published similar results
and showed that precipitates in a Nb and Ti microalloyed steel
can be graded into two size-dependent groups. Precipitates with a
size below 49 nm mainly contain Nb, whereas precipitates with
a size above 49 nm were shown to be (Ti,Nb) carbonitrides.

In general, the kinetics of static recrystallization can be
described with an Avrami-type equation.[15]

X a ¼ 1� exp
�
�0.693

�
t
t0.5

�
n
�

(2)

where Xa is the recrystallized fraction depending on the time t,
n is a constant, and t0.5 is the time when half of the volume is
recrystallized and can be calculated by Equation (3).[15]

t0.5 ¼ Aεpε
: qDse

Q
RT (3)

ε is the strain, ε
:
is the strain rate, D is the grain size, Q the

activation energy, R¼ 8.314 J/(molK), and p, q, s, and A are
constants.

For the evaluation of the static recrystallization behavior,
double-hit experiment is a common investigation method.[1,16]

In the past, several studies have shown that strain-induced pre-
cipitations inhibit static recrystallization, which can be seen in a
deviation from Avrami-like behavior, i.e., the formation of a pla-
teau in a recrystallization curve.[17–20] An understanding of the
precipitation behavior of the microalloying elements is therefore
essential for controlling the thermomechanical rolling processes.

Nb and Ti microalloyed HSLA steels with C contents below
0.1 wt% have already been examined in detail in the past.[13,21,22]

However, the development toward lightweight construction
requires higher strength levels for quenched and tempered steels
not accessible with low-carbon levels. Thus, to enhance the steels’
strength but simultaneously utilize the beneficial thermo-
mechanical processing, the Ti�Nb microalloying concept was
transferred to higher C contents. As the amount of carbon sig-
nificantly impacts the precipitation kinetics, a thorough investi-
gation of the recrystallization behavior is necessary to derive
optimum annealing and deformation parameters for the desired
microstructure. In addition, a sound experimental investigation

is of utmost importance to reveal how the precipitates’ chemistry,
size, and crystallography control recrystallization and structural
fineness, which is the clue to design a high-strength and yet
tough structural steel.

The goal of this work was to determine the influence of Nb and
Ti on the recrystallization behavior of a low-alloyed steel with a C
content of 0.23 wt%. For this reason, a common low-alloyed steel
and a microalloyed HSLA steel were investigated in the as-rolled
condition and after deformation using a deformation dilatome-
ter. Special attention was paid to the influence of different pro-
cess parameters, such as the annealing temperature and the
finishing deformation temperature, on the static recrystallization
behavior. Therefore, double-hit experiments were conducted.

The precipitates in the as-rolled condition and after several
deformation steps were characterized via scanning transmission
electron microscopy inside a scanning electron microscope
(STEM-in-SEM), transmission kikuchi diffraction (TKD), energy-
dispersive X-ray spectroscopy (EDX), and atom probe tomogra-
phy (APT) to be able to draw conclusions about the correlation
of the nanostructure and the recrystallization behavior.

2. Experimental Section

2.1. Investigated Materials

Table 1 shows the chemical composition of the two investigated
steels. Steel 1 is a low-alloyed steel without microalloying ele-
ments, whereas steel 2 has a certain amount of Nb and Ti.

Both steels were annealed at a temperature of 1100 �C before
rolling and went through an identical rolling process with a fin-
ishing rolling temperature between 800 and 900 �C.

2.2. Double-Hit Experiments

Double-hit experiments were conducted with a dilatometer DIL
805 A/D from TA Instruments. A schematic drawing of the
applied time�temperature�deformation schedule is shown in
Figure 1. Silicon nitride tools were used for the uniaxial compres-
sion of the material, and the size of the sample was 5mm in
diameter and 10mm in length. The samples were fabricated
via milling and lathing. To control the temperature during the
processing, a type S thermocouple was spot welded onto the sur-
face of the sample. The annealing process for steel 1 consisted of
heating up to 1100 �C with a heating rate ofþ10 �C s�1 and hold-
ing for 5min, subsequently followed by cooling with a cooling
rate of �10 �C s�1 to the deformation temperature (Tdef ) of
850 or 900 �C, respectively. After 30 s, the first deformation
hit was conducted with a strain of 0.2 and a strain rate of
10 s�1. The interpass time (tinter) between the two hits varied

Table 1. Chemical composition of steel 1 and steel 2.

C Mn Ni Cr Mo Si Nb Ti Fe

Steel 1 [wt%] 0.23 1.25 0.48 0.48 0.23 0.21 0.00 0.00 bal.

Steel 1 [at%] 1.05 1.26 0.45 0.52 0.13 0.41 0.00 0.00 bal.

Steel 2 [wt%] 0.22 1.27 0.48 0.49 0.24 0.22 0.026 0.015 bal.

Steel 2 [at%] 1.00 1.28 0.45 0.52 0.14 0.44 0.016 0.018 bal.
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between 1 and 30 000 s. The deformation parameters for hit 2
were the same as for hit 1. After the second hit, the samples were
gas quenched immediately with a cooling rate of �100 �C s�1. In
addition to the aforementioned parameters, for steel 2, heating to
1250 �C followed by a deformation at 850 �C was conducted.
From the stress�strain curves obtained during deformation,
recrystallization, respectively, fractional softening, was evaluated
using the 5% true strain method.[21]

2.3. Microstructural Characterization

The microstructure in the as-rolled condition was examined with
light-optical microscopy. Therefore, the samples were ground with

SiC paper, polished with a 1 μm diamond suspension, and etched
with 3% nital etchant. Electron backscatter diffraction (EBSD),
STEM-in-SEM, EDX, and TKD were conducted with a FEI
Versa 3D Dual Beam device. The characterization of the grain size
in the as-rolled condition was done via EBSD using the software
package TSL OIM Analysis 8. The precipitates of steel 2 in the
as-rolled condition and after deformation were visualized via
STEM-in-SEM. The thin-foil transmission electron microscopy
specimens were prepared by polishing with SiC paper, subse-
quently followed by a thinning step in a double-jet electropolishing
device. The precipitates in steel 2 in the as-rolled condition were
extracted using a carbon replica method and chemically analyzed
via EDX and TKD.[23] For analyzing the precipitates after the defor-
mation process, APT was used. Small rods with a cross section of
0.3 μm� 0.3 μmwere cut out of the deformed dilatometer samples
and tips were prepared with a standard two-step electropolishing
method.[24] The APT measurements were carried out with a LEAP
3000X HR from Cameca in the laser mode with a pulse frequency
of 250 kHz, a base temperature of 40 K, and a laser energy of 60 pJ.
The data reconstruction was done with the software IVAS 3.6.14
from Cameca.

3. Results

3.1. Double-Hit Experiments

To investigate the static recrystallization behavior, double-hit
experiments were conducted. The results of these experiments
are shown in Figure 2. Figure 2a shows the results for steel 1.
The annealing temperature (Ta) in both experiments was
1100 �C and Tdef was in one case 850 �C and in the other case
900 �C. To plot the two curves, it was necessary to determine
the constants n and t0.5 from Equation (2). This was done by lin-
ear regression from the evaluated fractional softening values. For
steel 1, it can be seen that a Tdef of 850 �C shifts the curve and,
thus the recrystallization kinetics to longer times compared with
Tdef of 900 �C. This is in accordance with Equation (3). The same
behavior for a Ta of 1100 �C is shown for steel 2 in Figure 2b. For

Figure 1. Schematic illustration of the double-hit experiment. Step 1:
Heating to 1100 or 1250 �C with a heating rate of þ10 �C s�1 and holding
the temperature for 5 min. Step 2: Cooling to the deformation temperature
(Tdef ) of 850 �C or 900 �C with a cooling rate of�10 �C s�1. Step 3: Waiting
for 30 s. Step 4: Hit 1, strain¼ 0.2, strain rate¼ 10 s�1. Step 5: Interpass
time (tinter) between 1 and 30 000 s. Step 6: Hit 2, strain¼ 0.2, strain
rate¼ 10 s�1. Step 7: Gas quenching with a cooling rate of
�100 �C s�1 to room temperature.
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Figure 2. Fractional softening determined by double-hit experiments using the 5% true strain method for a) steel 1: Ta¼ 1100 �C and Tdef¼ 850 �C and
Ta¼ 1100 �C and Tdef¼ 900 �C and b) steel 2: Ta¼ 1100 �C and Tdef¼ 850 �C, Ta¼ 1100 �C and Tdef¼ 900 �C, and Ta¼ 1250 �C and Tdef¼ 850 �C.
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the two curves with a Ta of 1100 �C, the constants n and t0.5 were
also determined by linear regression. To investigate the influence
of dissolved Nb in steel 2, further measurements were carried out
with a Ta of 1250 �C. According to Equation (1), this temperature
is above the equilibrium solution temperature of Nb(C,N) and led
therefore to the complete dissolution of the precipitates after
5min of annealing. The Ta of 1250 �C followed by a Tdef of
850 �C results in a plateau in the recrystallization curve at a tinter
between 100 and 750 s. For this reason, it was not possible to use

Table 2. t0.5 values for steel 1 and steel 2 after different deformation
conditions.

Ta¼ 1100 �C and Tdef¼ 850 �C Ta¼ 1100 �C and Tdef¼ 900 �C

t0.5 [s] t0.5 [s]

Steel 1 325.5 22.1

Steel 2 839.4 124.5

Figure 3. Optical micrographs of the as-rolled condition for a) steel 1 and b) steel 2. The samples were etched with 3% nital etchant. Martensitic areas
parallel to the rolling direction are highlighted with arrows between a ferritic/bainitic matrix. The microstructure of steel 2 seems finer than for steel 1.
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Figure 4. a,c) IPF maps after an EBSD scan of steel 1 and steel 2 in the bainitic as-rolled condition perpendicular to the radial direction (rd). The rolling
direction (Rd) is in the plane of the images. b,d) Grain size distribution of the corresponding EBSD images of steel 1 and steel 2. The grain tolerance angle
was set at 5�.

www.advancedsciencenews.com
l

www.steel-research.de

steel research int. 2021, 2100065 2100065 (4 of 9) © 2021 The Authors. Steel Research International published by Wiley-VCH GmbH

60



the model from Equation (2), which is why the curve was drawn
manually. The t0.5 values for a Ta of 1100 �C are shown in Table 2,
which demonstrates that the recrystallization behavior of steel 2
is inhibited compared with steel 1.

3.2. Microstructure

The microstructure of steel 1 and steel 2 in the as-rolled condi-
tion is shown in Figure 3. The matrix consists of a ferritic/bai-
nitic microstructure, which has martensitic areas parallel to the
rolling direction. The microstructure for steel 2 seems finer in
the as-rolled condition compared with steel 1. To quantify this
behavior, EBSD measurements were carried out in the as-rolled
condition to evaluate the mean grain size. The results are shown
in Figure 4. Figure 4a,c shows the inverse pole figure (IPF) maps
of the EBSD measurements of the as-rolled condition of steel 1
and steel 2, respectively. The black lines indicate the high-angle

grain boundaries, whose misorientation is higher than 15�.
Figure 4b,d shows the corresponding grain size distribution
of the EBSD images for steel 1 and steel 2, respectively. The grain
tolerance angle, which was used to create the grain size distribu-
tion, was set to 5�. The medium grain size for steel 1 is around
15 μm, whereas the value for steel 2 is around 9 μm.

To conduct an in-depth characterization of the microstructure
in the as-rolled condition and reveal their influence on the recrys-
tallization behavior, high-resolution characterization methods
such as STEM-in-SEM, EDX, and TKD were used. Figure 5a,b
shows STEM-in-SEM-images of steel 2 in the as-rolled condition.
Figure 5a shows various ferrite grains with two carbide laths
marked with arrows. Figure 5b shows small rectangular precip-
itates with an average size of around 15 nm evenly distributed
within the grain.

To better understand the influence of Ta and tinter on the
precipitation behavior, STEM-in- SEM-analysis was conducted

Figure 5. STEM-in-SEM images of steel 2 in the as-rolled condition and on samples at various states along the recrystallization curves after the double-hit
experiments. a,b) As-rolled condition. c) Ta¼ 1100 �C, Tdef¼ 850 �C, and tinter¼ 300 s. d) Ta¼ 1250 �C, Tdef¼ 850 �C, and tinter¼ 10 s. e,f ) Ta¼ 1250 �C,
Tdef¼ 850 �C, and tinter¼ 300 s (higher magnification in (f )).
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on samples along certain points of the recrystallization curve, as
shown in Figure 2.

Figure 5c shows a STEM-in-SEM-image of a deformed and
quenched dilatometer sample after Ta¼ 1100 �C, Tdef¼ 850 �C,
and tinter¼ 300 s. As in the as-rolled condition, rectangular pre-
cipitates with an average size of around 15 nm are visible in
the ferrite. Figure 5d shows a STEM-in-SEM-image of a
deformed and quenched dilatometer sample after Ta¼ 1250 �C,
Tdef¼ 850 �C, and tinter¼ 10 s, prior to the plateau in
Figure 2b. The grain in Figure 5d consists of 100–300 nm large
carbide laths, a 50 nm large precipitate, and a few small precipi-
tates with a size of 5–10 nm along the dislocation lines.

Figure 5e,f shows STEM-in-SEM-images of a deformed and
quenched dilatometer sample after Ta¼ 1250 �C, Tdef¼ 850 �C,
and tinter¼ 300 s, which corresponds to the area in the plateau in
Figure 2b. Small precipitates with a size of around 5–10 nm close
to dislocation lines were found in a much higher number in
Figure 5e,f compared with a short tinter of 10 s in Figure 5d.

The STEM-in-SEM-images in Figure 5 show different precipi-
tation behaviors in the as-rolled condition and after deformations
conducted by double-hit experiments. For a further determina-
tion of the chemical composition of the precipitates, EDX and
TKD measurements on carbon replica foils were carried out.

Figure 6 shows STEM-in-SEM-images and corresponding
spectra of EDX measurements of the precipitates in the as-rolled

condition of steel 2, which were extracted using the carbon rep-
lica method. Figure 6a shows a particle with a size at around
20 nm (marked with a red circle). The associated EDX spectrum
in Figure 6b shows that Ti, C, N, and Al peaks were detected. The
Al peak appears dominant and stems from the aluminum sample
holder.

A bigger precipitate with a size of around 90 nm was
analyzed in Figure 6c and shows an additional Nb peak in the
corresponding EDX spectrum in Figure 6d. The Cu peaks in
Figure 6d stem from the grid on which the carbon replica foil
was placed.

The EDX measurements enabled a qualitative chemical anal-
ysis of the particles, thus allowing for fast screening, but are not
capable of revealing the crystallographic structure of the precip-
itates. Therefore, TKD measurements were carried out on the
carbon replica foils. Figure 7a shows a 20 nm small precipitate
and the associated Kikuchi pattern is shown in Figure 7b.
The colored lines in Figure 7c correspond to the best matching
solution according to the database of the software package
TEAM v. 4.3. The results were compared with a body-centered
cubic (bcc) NbC structure and a bcc ferrite structure and show
that the best match is obtained using a bcc TiN structure.

Using the carbon replica method allowed an analysis of the
cubic particles, which are larger than 10 nm, whereas the smaller
precipitates in steel 2 could not be characterized with these
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Figure 6. a) STEM-in-SEM image of a 20 nm rectangular precipitate in steel 2 in the as-rolled condition and b) the corresponding EDX spectra.
The Al peak stems from the sample holder. c) STEM-in-SEM image of a 90 nm rectangular precipitate in steel 2 in the as-rolled condition and
d) the corresponding EDX spectra. The Al and Cu peak stem from the sample holder and the sample grid, respectively.
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methods. For this reason, APT was used, as this method enables
the analysis of even the smallest precipitate, thanks to its almost
atomic resolution. To analyze the precipitates that are formed in
the plateau of the recrystallization curve, which is shown in
Figure 2b, APT measurements were carried out before the pla-
teau and in the area of the plateau.

Figure 8 shows 3D reconstructions of APT measurements on
samples after the double-hit deformation tests. Figure 8a shows a
measurement of steel 2 taken after Ta¼ 1250 �C, Tdef¼ 850 �C,
and tinter¼ 10 s and shows clustering (green circle) of C atoms,
whereas Nb is distributed evenly across the whole tip. The proxi-
grams in Figure 8b and Figure 8c also reveal that only a cluster-
ing of C atoms occurred, whereas the concentration of the other
alloying elements is evenly distributed. An APT measurement,
which reveals the small precipitates in steel 2 after Ta¼ 1250 �C,
Tdef¼ 850 �C, and tinter¼ 300 s, is shown in Figure 8d. The proxi-
grams in Figure 8e,f of the three precipitates reveal that the pre-
cipitates are carbides with around 40 at% Nb, 5�10 at% N, and
small amounts of Mo, Cr, and Ti.

4. Discussion

To determine the recrystallization and precipitation behavior of a
low-alloyed and a microalloyed HSLA steel, the steels were first

investigated in the as-rolled condition using high-resolution tech-
niques such as STEM-in-SEM, TKD, and EDX. Figure 3 and 4
show that the microstructure in the as-rolled condition is finer
for the microalloyed steel compared with steel 1. The annealing
temperature before rolling was set to 1100 �C and was below the
equilibrium solution temperature of Nb(C,N) according to
Equation (2). STEM-in-SEM-images of steel 2 in Figure 5a,b
and TKD measurements on carbon replica samples of steel 2
have shown that TiN particles with an average size of around
15 nm were present in the as-rolled condition. It seems that
these precipitates were responsible for the finer grain structure
of steel 2. These particles inhibited grain growth during the
annealing process, which led to the finer microstructure after
the rolling process. The EDX spectrum in Figure 6a shows that
the small rectangular particles mainly contain Ti and N,
whereas certain amounts of Nb are found in bigger particles
(Figure 6b). This is also in accordance with Hong et al.[13] and
Hegetschweiler et al.,[14] who have shown that Nb nucleates
on TiN precipitates in Nb�Ti microalloyed HSLA steels.

The recrystallization behavior was investigated using double-hit
experiments, whereby, both the annealing and the final deforma-
tion temperature were varied. The results were analyzed using the
5% true strain method. This evaluation method was chosen to
limit the effect of recovery on the fractional softening.[1] It has been
shown for both steels that a higher deformation temperature leads

Figure 7. a) A 20 nm small precipitate in the as-rolled condition of steel 2 extracted via carbon replica method. b) Kikuchi pattern after TKD with the best
matching solution according to the database in the software package TEAM v. 4.3 in c).
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to faster recrystallization, which is detrimental to realize a fine
prior austenite grain size and a tough final martensitic structure.
From Figure 2 and Table 2, it is shown that, under the same exper-
imental conditions (Ta¼ 1100 �C and Tdef¼ 850 and 900 �C), the
recrystallization of steel 2 is retarded compared with steel 1. This is
in contradiction to the finer microstructure prior deformation.[1]

In general, a finer austenitic grain structure leads to more poten-
tial nucleation sites for recrystallization, which is why the slower
recrystallization behavior for steel 2 can only be explained by the
addition of Ti and Nb. STEM-in-SEM-images (Figure 5c) did not
reveal the formation of fine NbC precipitates in steel 2 for an
annealing temperature of 1100 �C prior to the double compression
steps in the double deformation tests. Therefore, the retarded
recrystallization of steel 2 compared with steel 1 is most probably
due to the TiN precipitates in the matrix. Another explanation for
the slower recrystallization behavior is the solute-drag effect of dis-
solved Nb next to the grain boundaries. This effect should be
small, as the annealing temperature of 1100 �C is below the equi-
librium solution temperature of NbC. Therefore, only small
amounts of Nb should be present in the dissolved form in the
matrix after annealing.

When the annealing temperature was set to 1250 �C for steel 2,
the recrystallization behavior was retarded compared with
1100 �C, which is shown in Figure 2b. The additional formation
of a plateau indicates strain-induced precipitation. These precipi-
tates, in combination with a bigger austenite grain size due to the

higher annealing temperature, are responsible for the retarded
recrystallization behavior compared with an annealing tempera-
ture of 1100 �C. STEM-in-SEM-images in Figure 5d,e,f show fine
precipitates close to dislocation lines after the double-hit experi-
ments after annealing at 1250 �C. APT measurements of samples
at interpass times prior to the occurrence of the plateau in the
recrystallization diagram, an example of which is shown in
Figure 8a, revealed that no NbC was found in the APT tips.
The precipitates which are shown in Figure 5d for an interpass
time of 10 s are mainly clusters of carbon with no enrichment
of other alloying elements. To analyze the strain-induced precip-
itates in the area of the plateau, further APT measurements after
an interpass time of 300 s were carried out. The reconstruction of
one measurement is shown in Figure 8b and reveals that the par-
ticles are NbC precipitates with certain amounts of N, Ti, and Mo.
The results of this work coincide well with the results of other
research groups, which have described similar recrystallization
behavior for different HSLA steels in the past.[17,18,20]

Particularly, in this work, it was shown that the annealing
temperature before deformation is decisive for an increased
recrystallization-inhibiting effect of Nb- and Ti-alloyed HSLA
steels. Annealing temperatures below the equilibrium solution
temperature of Nb(C,N) do not ensure sufficient dissolution of
Nb and, thus prevent the formation of strain-induced precipitates
after deformation. When the annealing temperature is high
enough, a complete dissolution of Nb(C,N) during annealing takes
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Figure 8. Reconstruction of APT measurements of deformed dilatometer samples of steel 2 with Ta¼ 1250 �C and Tdef¼ 850 �C a) before the plateau at
tinter¼ 10 s and d) in the area of the plateau at tinter¼ 300 s. b,c,e,f ) The proxigrams show the chemical composition of C clusters (marked with green
circles) in the tips.
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place, which is necessary for the precipitation of strain-induced
particles. Given a C content of 0.25 wt%, at least an annealing tem-
perature of 1250 �C is required to derive the optimum fine-scaled
microstructure related to the Ti�Nb microalloying concept. With
respect to higher C contents, annealing at even higher tempera-
tures might be necessary to make use of the beneficial strain-
induced NbC. Thus, an optimized annealing temperature is indis-
pensable to improve toughness and strength by effective grain
refinement in the final quench and tempering treatment.

5. Conclusion

In this study, a low-alloyed steel and a microalloyed HSLA steel
were investigated in the as-rolled condition and with double-hit
experiments under various deformation parameters. The precipi-
tation behavior was analyzed using high-resolution characteriza-
tion methods. The results of this work allow to draw the
following conclusions. 1) In the as-rolled condition the micro-
alloyed steel had a finer microstructure compared with the alloy
without the addition of Nb and Ti, although the annealing temper-
ature prior to the rolling process was set below the equilibrium
solution temperature of Nb(C,N). STEM-in-SEM, TKD, and
EDXmeasurements have shown that TiN precipitates with an aver-
age size of around 15 nm were distributed evenly in the ferritic/
bainitic matrix. These precipitates inhibited the grain growth dur-
ing annealing prior to rolling and led to a finer microstructure.
2) The results of the double-hit experiments have shown that a
higher deformation temperature leads to faster recrystallization.
3) At an annealing temperature of 1100 �C, the recrystallization
behavior of themicroalloyed steel was retarded compared with steel
1. A combination of TiN precipitates and the solute-drag effect was
responsible for the retarded recrystallization. 4) The recrystalliza-
tion in steel 2 was retarded at an annealing temperature of
1250 �C compared with an annealing temperature of 1100 �C.
This was due to a bigger austenite grain size after the annealing
step and the formation of strain-induced NbC precipitates, which
were revealed by STEM-in-SEM and APT measurements. The pre-
cipitates are indicated via a plateau in the recrystallization curve
and occur at interpass times between 100 and 750 s. 5) It was
proofed that increasing the annealing temperatures close to the
equilibrium solution temperature of Nb(C,N) has a stronger impact
on the recrystallization behavior than mere reduction of the final
deformation temperature. Depending on the cooling parameters,
this leads to a finer bainitic or martensitic structure after deforma-
tion and subsequently improved toughness and strength.
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Influence of the Ti Content on the Grain Stability and the
Recrystallization Behavior of Nb-Alloyed High-Strength
Low-Alloyed Steels

Stefan Monschein,* Katharina S. Ragger, Dominik Zügner, Josef Fasching,
and Ronald Schnitzer

1. Introduction

The development of modern high-strength
low-alloy (HSLA) steels aims for high
strength and toughness through the addi-
tion of microalloying elements, such as
Nb, Ti, and V and thermomechanical con-
trolled processing (TMCP).[1] Nb and Ti are
among the two most important microalloy-
ing elements in HSLA steels, as both ele-
ments complement each other very
well.[2] On the one hand, the annealing
temperature (Ta) prior to the rolling process
must be high enough to bring Nb into solu-
tion, and on the other hand, high temper-
atures above 1100 �C can lead to abnormal
grain growth, which in turn would have a
negative effect on the mechanical proper-
ties of the rolled product.[3] Therefore, Ti
is added to the steel, which leads to the for-
mation of stable TiN precipitates.[4] These
precipitates are able to inhibit grain growth
at elevated temperatures, where Nb is in
solution and which often is the starting

temperature of the rolling process. Hence, higher rolling starting
temperatures can be chosen, which enable lower rolling forces.
Nb is mainly alloyed because of its excellent recrystallization-
inhibiting properties and its strengthening effect through
5–10 nm fine NbC particles.[5] Both dissolved Nb at austenite
grain boundaries and strain-induced NbC precipitates inhibit
the recrystallization of the microstructure through the solute
drag effect and a pinning effect, respectively. The formation
of strain-induced NbC precipitates is promoted by the presence
of deformation-induced dislocations in austenite, as these serve
as nucleation sites.[6] To be able to realize rolling processes on an
industrial scale under optimal rolling conditions, an understand-
ing of the precipitation behavior of the microalloying elements is
therefore of utmost importance, as these precipitates directly
affect the recrystallization behavior.

To investigate the static recrystallization behavior, the so-
called double-hit experiments are common methods.[2,7] These
experiments allow an indirect determination of the degree of
static recrystallization. Interactions between Nb and Ti with
regard to precipitation and recrystallization behavior must be
taken into account and were already investigated in the past
for HSLA steels with typical C levels below 0.1 wt%.[8,9] For

S. Monschein, R. Schnitzer
Department of Materials Science
Montanuniversität Leoben
Franz - Josef Straße 18, 8700 Leoben, Austria
E-mail: Stefan.monschein@unileoben.ac.at

K. S. Ragger
voestalpine Wire Rod Austria GmbH
Drahtstraße 1, 8792 St. Peter - Freienstein, Austria

D. Zügner
voestalpine Forschungsservicegesellschaft Donawitz GmbH
Kerpelystraße 199, 8700 Leoben, Austria

J. Fasching
voestalpine Stahl Donawitz GmbH
Kerpelystraße 199, 8700 Leoben, Austria

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/srin.202200094.

© 2022 The Authors. Steel Research International published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial-NoDerivs License, which
permits use and distribution in any medium, provided the original
work is properly cited, the use is non-commercial and no modifications
or adaptations are made.

DOI: 10.1002/srin.202200094

To achieve higher strength and good hardenability and at the same time use the
positive effects of thermomechanical controlled processing, the concept of Nb
and Ti microalloyed steels is increasingly used for high-strength low-alloy (HSLA)
steels with higher C contents. Herein, how the addition of Ti affects the grain
growth and static recrystallization behavior of a Nb microalloyed HSLA steel with
a C content of 0.23 wt% is investigated. For this reason, alloys with varying Ti and
constant Nb content are produced and investigated by means of annealing and
double-hit deformation experiments. Atom probe tomography measurements
reveal that the Nb concentration in the matrix decreases with increasing Ti
content. Therefore, the static recrystallization behavior is steadily inhibited with
decreasing Ti content, as more dissolved Nb is available for the formation of
strain-induced NbC precipitates. The annealing experiments show that the
combined addition of Ti and Nb is most effective against grain coarsening,
regardless of whether the Ti content is 90 or 180 ppm. To use the positive
properties of Ti against grain coarsening and Nb to inhibit recrystallization, a
middle content must be chosen when alloying Ti to HSLA steels with higher C
content.
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example, Hong et al.[8] could show that the NbC precipitation
start time was shifted toward longer times due to the addition
of Ti. A lower concentration of dissolved Nb in the matrix is
responsible for this behavior, as certain amounts of Nb have
already been bound to (Ti,Nb)(C,N) precipitates. Therefore, less
Nb was available for the formation of strain-induced NbC.
Similar results were shown by Hegetschweiler et al.,[10] which
could show that precipitates above a certain size were shown
to be (Ti,Nb) carbonitrides.

HSLA steels usually have a low C content of less than 0.1 wt%.
However, this limits their use for high-strength applications and
lowers their hardenability, as both properties strongly depend on
the C content of the steel.[11] To achieve higher strength and at
the same time use the positive effects of TMCP, the concept of
Nb and Ti microalloyed steels is increasingly used for steels with
higher C contents. The positive effects of these two elements on
the recrystallization behavior, as well as on the grain refinement
in a HSLA steel alloyed with 0.23 wt% C, could be shown in a
recently published work by the authors.[12] To further investigate
microalloyed HSLA steels with C contents above 0.2 wt%, the
aim of this work was to investigate how different Ti contents
affect the grain growth and recrystallization behavior of Nb
microalloyed HSLA steel.

For this reason, alloys with a constant Nb content of around
200 ppm, but a varying Ti content between 20 and 180 ppm were
produced. Both grain coarsening and recrystallization behavior
were investigated by means of annealing experiments and
double-hit deformation tests, respectively, and compared with
a microalloy-free steel. After the double-hit deformation
experiments, atom probe tomography (APT) was used to charac-
terize the precipitates and the chemical composition of the
deformed samples.

2. Experimental Section

2.1. Investigated Materials

The chemical composition of the investigated steels is displayed
in Table 1. The reference alloy (Ref ) did not contain any
microalloying elements, whereas the Ti content in MA1–MA3
varied with the Nb content remaining constant. As the chemical
composition of deformed samples was determined by APTmeas-
urements in this work, the chemical composition of the investi-
gated steels was given both in wt% and at%.

The alloys were prepared by vacuum induction melting to
ingots. After reannealing to 1150 �C the ingots were forged to
a diameter of 30mm.

2.2. Annealing Experiments

For the annealing experiments, 10mm-thick pieces were cut off
the forged specimens and were annealed at temperatures (Ta)
between 900 and 1300 �C for 30min (ta) in a Carbolite RHF
chamber furnace. After the annealing process, the specimens
were directly quenched into water. A schematic drawing of
the applied time–temperature schedule is shown in Figure 1.

The quenched specimens were ground with SiC paper and pol-
ished with a diamond suspension up to a grain size of 1 μm. To
visualize the prior austenite grain boundaries (PAGBs), a picric
acid- based etchant from CRIDA Chemie was used for etching.
The samples were etched for 10–15min and cleaned with water
and isopropanol. After that, the microstructure was examined
with light optical microscopy (LOM) with a ZEISS Axio Imager
M1 microscope. The size of the prior austenite grains (PAGs)
was determined using the DIN EN ISO 643 standard.

Table 1. Chemical composition of the investigated steels.

Fe C N Mn Si Cr Ni Al Mo Nb Ti

Ref wt% bal. 0.21 0.005 1.33 0.21 0.57 1.06 0.04 0.56 – –

Ref at% bal. 0.99 0.021 1.34 0.41 0.61 1.00 0.07 0.32 – –

MA1 wt% bal. 0.24 0.012 1.34 0.20 0.56 1.05 0.02 0.55 0.022 0.002

MA1 at% bal. 1.12 0.045 1.35 0.39 0.59 0.99 0.04 0.32 0.013 0.003

MA2 wt% bal. 0.24 0.012 1.32 0.20 0.55 1.04 0.02 0.54 0.020 0.009

MA2 at% bal. 1.09 0.048 1.33 0.39 0.59 0.98 0.04 0.31 0.012 0.010

MA3 wt% bal. 0.24 0.014 1.32 0.20 0.55 1.04 0.02 0.54 0.021 0.018

MA3 at% bal. 1.10 0.055 1.33 0.39 0.59 0.98 0.04 0.31 0.013 0.021

Figure 1. Schematic illustration of the annealing experiment. The samples
were heated to an annealing temperature (Ta) between 900 and 1300 �C
and the entire annealing process (ta) lasted 30min. After annealing, the
samples were directly quenched in water (Wq).
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2.3. Double-Hit Experiments

The static recrystallization behavior of the alloys was investigated
using double-hit experiments, which were carried out with a
deformation dilatometer DIL 805 A/D/T from TA instruments.
Silicon nitride tools were used for the uniaxial compression of
the material and the size of the sample was 5mm in diameter
and 10mm in length. To control the temperature during the
processing, a type S thermocouple was spot welded onto the
surface of the sample. A schematic drawing of the time–
temperature–deformation schedule is shown in Figure 2. The
samples were heated up to a Ta of 1200 �C with a heating rate
of þ10 �Cs�1 and held for 300 s. In the next step, the samples
were cooled down to the deformation temperature (Tdef ) of
850 �C with a cooling rate of �10 �Cs�1. After waiting for
30 s, the first deformation hit was carried out with a strain (φ)
of 0.2 and a strain rate (φ

:
) of 10 s�1. The interpass time (tinter)

between the first and the second hit was varied between 10
and 10 000 s followed by the second deformation hit, which
had the same deformation parameters as hit 1. Directly after
the second hit, the samples were gas quenched down to room
temperature with a cooling rate of �100 �C s�1. The degree of
static recrystallization, respectively, fractional softening, was
determined using the 5% true strain method on the recorded
stress–strain curves of the two deformation hits.[2]

2.4. Microstructural and Chemical Characterization

APT was used for analyzing the precipitates and the chemical
composition of the matrix after certain conditions after the
deformation process. Therefore, rods with a cross section of
0.3mm� 0.3 mmwere cut out of the deformed dilatometer sam-
ples and APT tips were prepared by a standard electropolishing
method.[13] The APT measurements were carried out with a

LEAP 3000X HR from Cameca in the laser mode with a pulse
frequency of 250 kHz, a base temperature of 40 K, and a laser
energy of 60 pJ. The data reconstruction was done with the soft-
ware IVAS 3.6.14 from Cameca. With APT, peak overlaps could
occur within the mass spectrum. In the present case, Nb had a
unique Nb2þ peak at 46.5 Da in the mass spectrum but a peak
overlap of Nb3þwith Ni2þ at 31 Da. The peak at 31 Da was labeled
as Ni due to the higher Ni content in all alloys. The software IVAS
3.6.14 offered the possibility of peak decomposition, which
means that the actual concentration of the alloying elements
was calculated if there was a peak overlap with two or more
elements.

3. Results

3.1. Annealing Experiments

The results of the determination of the mean PAG size (dmean)
depending on the annealing temperature are shown in Figure 3.
In the logarithmic scale, dmean of the reference alloy (Ref ) shows
a steady increase between 900 and 1300 �C. For MA1, MA2, and
MA3, the Ti content increases from 20 to 180 ppm and an
unsteady behavior for dmean can be observed between 1000
and 1100 �C.

To further investigate this unsteady behavior in more detail,
LOM images of the quenched samples were made. Figure 4
shows the LOM images of the polished and etched samples of
MA2 after annealing temperatures between 900 and 1100 �C.
For better visualization, the PAGBs were redrawn and the soft-
ware Adobe Fresco was used for this. Figure 4a depicts the PAGB
after a Ta of 900 �C and b) after a Ta of 1000 �C and both cases
show uniform grain growth of the PAGB. Abnormal grain
growth can be seen in Figure 4c after Ta of 1050 �C. After Ta
of 1100 �C, uniform grain growth of the PAGB can be observed
again in Figure 4d.

Figure 2. Schematic illustration of the double-hit experiment. Step 1:
Heating to 1200 �C with a heating rate of þ10 �C s�1 and holding for
300 s. Step 2: Cooling to deformation temperature (Tdef ) of 850 �C with
a cooling rate of�10 �C s�1. Step 3: Waiting for 30 s. Step 4: Hit 1, φ¼ 0.2
and φ

: ¼ 10 s�1. Step 5: Interpass time (tinter) between 10 and 10 000 s.
Step 6: Hit 2, φ¼ 0.2 and φ

: ¼ 10 s�1. Step 7: Gas quenching to room
temperature with a cooling rate of �100 �C s�1.
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Figure 3. Mean size of the PAG (dmean) after various Ta for the investigated
alloys. In the logarithmic scale, Ref shows a linear behavior, while
MA1–MA3 shows a jump in the grain size behavior between 1000 and
1100 �C.
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3.2. Double-Hit Experiments

The recrystallization curves determined by double-hit experi-
ments are presented in Figure 5. The Ta was 1200 �C and Tdef
was 850 �C for all experiments. The results for the reference alloy
(Ref ) show an Avrami-like behavior and no plateau is present in
the recrystallization curve. Adding Ti and Nb shifts all

recrystallization curves to longer times and leads to the formation
of a plateau in the recrystallization behaviors. The plateau is most
pronounced for MA1 and can be found between a tinter of 100 and
1000 s. For MA2 and MA3, the plateau is present between 100
and 300 s.

3.3. Microstructural Characterization

The results of the double-hit experiments suggest that the forma-
tion of strain-induced precipitates starts at a tinter of around 100 s,
as this is shown by the formation of plateaus in the recrystalliza-
tion curves for all three microalloyed steels. To characterize these
postulated precipitates, APT measurements were carried out on
deformed and quenched samples after a tinter of 300 s. Figure 6
shows 3D reconstructions of a representative APT measurements
of each of the three microalloyed steels after a tinter of 300 s. In the
reconstructions in Figure 6, Nb and C atoms are highlighted with
orange and purple dots, respectively. In each alloy, precipitates
were found with different sizes. Figure 6a,c shows clusters of
Nb atoms with a size around 5 to 10 nm, whereas Figure 6b shows
a Nb cluster with a size of around 40 nm. For better visualization
in Figure 6a,c, the Nb clusters are highlighted with isosurfaces
corresponding to Nb concentration of 1 at%.

For analyzing the chemical composition of the precipitates, a 1D
concentration profile was created by placing a virtual cylinder
through the precipitates in the 3D reconstructions. Figure 7a shows
a typical 1D concentration profile of a 5–10 nm small Nb(C,N) pre-
cipitate. Besides Nb, C, and N, the particle also contains small
amounts of Mo and Cr. The chemical composition of a precipitate
with a bigger size of around 40 nm, an example of which is

Figure 4. LOM images of the grain size evolution of MA2 after different Ta: a) 900 �C, b) 1000 �C, c) 1050 �C, and d) 1100 �C.
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Figure 5. Recrystallization degree, respectively, fractional softening, deter-
mined using double-hit experiments and using the 5% true strain method.
For all alloys, Ta was 1200 �C and Tdef was 850 �C.
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depicted in Figure 6b, is shown in Figure 7b. The particle mainly
consists of Nb, Ti, C, and N with small amounts of Cr and Ni.

As described earlier, Nb is often found in (Ti,Nb)(C,N) precip-
itates and is therefore less present in a dissolved state in the
matrix. To investigate the influence of the Ti content of the alloy
on the concentration of Nb in solute solution in the matrix, the
chemical compositions of the matrix in deformed samples were
determined after a tinter of 300 s. For this, only areas that did not
include precipitates were used for determination.

An overview of the results for Nb concentration in the matrix
is shown in Figure 8. It can be seen that the Nb concentration in
the matrix decreases with increasing Ti content in the alloys.
In MA1, the average Nb concentration in solute solution is about
0.0090 at%, whereas the value decreases for MA2 and MA3 to
0.0070 at% and 0.0050 at%, respectively.

4. Discussion

The aim of this work was to investigate the influence of different
Ti contents on the recrystallization and grain growth behavior

Figure 6. 3D reconstructions of representative APT measurements of compressed and quenched samples after a tinter of 300 s for a) MA1, b) MA2, and
c) MA3.

0 2 4 6 8 10 12 14
0

10

20

30

el
em

en
tc
on
ce
nt
ra
tio
n
[a
t%
]

distance [nm]

C
Mo
Cr
Nb
N

0 10 20 30 40 50
0

10

20

30

40
el
em

en
tc
on
ce
nt
ra
tio
n
[a
t%
]

distance [nm]

C
Ni
Cr
Nb
N
Ti

(a) (b)

Figure 7. 1D concentration profile of a a) 5–10 nm small Nb(C,N) precipitate and b) 40 nm small (Nb,Ti)(C,N) precipitate.
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Figure 8. Graphical visualization of the Nb concentration in solute solu-
tion in the matrix after the double-hit experiments after a tinter of 300 s for
all three microalloyed steels.
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of a HSLA steel microalloyed with Nb and a C content above
0.2 wt%. Therefore, alloys with a constant Nb content of around
200 ppm, but a varying Ti content between 20 and 180 ppm were
produced. To investigate the influence of both microalloying
elements, a microalloy-free reference alloy (Ref ) was produced
as well. For the determination of the grain growth behavior,
annealing experiments were carried out and their results are
depicted in Figure 3.

The absence of Nb and Ti in Ref explains the steady increase of
dmean over Ta in Figure 3. The microalloying elements would
result in a deviation of the linear grain growth behavior in the
logarithmic scale due to the solute drag effect and the pinning
effect through precipitates. On the one hand, in a precipitate-free
microalloyed steel, the solute drag effect would lead to a
sharp increase in grain growth once a critical temperature is
reached.[14] If, on the other hand, there are microalloyed precip-
itates in the matrix, there is a sudden increase in grain growth
accompanied with abnormal grain growth, when a certain critical
temperature is reached.[15] According to Moon et al.,[16] the grain
growth depends on a critical precipitate size (rcr) and tempera-
ture. rcr can be determined as follows.

rcr ¼
2γVm

RT
ln

Cm

C∞

� �� ��1
(1)

where γ is the interfacial energy between the particle and the
matrix, Vm is the molar volume of the precipitates, T is the tem-
perature, R is the universal gas constant, and Cm and C∞ are the
nominal concentration and the equilibrium concentration of
solute atoms in the matrix, respectively. At a given temperature,
particles with a size r> rcr become coarser, whereas particles
with a size r< rcr dissolve. As a result, the precipitates that inhibit
grain coarsening dissolve in the matrix and abnormal grain
growth occurs in these areas. Such a behavior is visible for
MA2 in Figure 4c where large grains grow locally within the
microstructure at Ta of 1050 �C. Abnormal grain growth can also
be observed for MA1 and MA3 in this temperature range. This
can also be seen in the sudden increase of dmean for MA1, MA2
and MA3 in Figure 3. Both MA2 and MA3 are alloyed with Nb
and Ti, whereas MA1 is only alloyed additionally with Nb. As all
three microalloyed steels show abnormal grain growth in the
same temperature range, it is attributed to the dissolution of
Nb(C,N) precipitates. Abnormal grain growth was found in
the same temperature range in a steel alloyed with Ti and Nb
by Karmakar et al.[17] and was also ascribed to the dissolution
of Nb(C,N).

Figure 3 also reveals that there are hardly any differences in
grain growth betweenMA2 andMA3 over the entire temperature
range. Even at high Ta of 1300 �C, the difference in dmean is small
compared with MA1. The dmean for MA1 at this temperature is
278.7 μm and for MA2 and MA3 43.1 μm and 36.7 μm, respec-
tively. The smaller increase in dmean over Ta for MA2 and MA3
compared with MA1 is due to the addition of Ti. The equilibrium
solubility temperature of TiN is around 1400 �C in most
Ti-alloyed HSLA steels and is therefore added to HSLA steels
to inhibit grain growth at a high Ta. In the present study, with
regard to inhibiting grain coarsening, it makes only little differ-
ence in dmean whether 90 ppm Ti, as in MA2, or 180 ppm Ti, as in
MA3, are added. To be able to explain in detail why this is the

case, further investigations would be necessary. Most likely it is
due to a similar number of precipitates, which have the required
size for pinning the grain boundaries.

For a precipitation-free C–Mn steel, the static recrystallization
behavior can be described with an Avrami-type equation.[18]

X a ¼ 1� exp �0.693
t
t0.5

� �
n

� �
(2)

where Xa is the recrystallized fraction depending on the time t, n
is a constant, and t0.5 is the time, when half of the volume is
recrystallized. The static recrystallization behavior of Ref is
depicted in Figure 5 and can be described with Equation (2),
as in this steel no precipitates are formed during the double-
hit deformation experiment. Due to the addition of Nb in
MA1 and Nb and Ti in MA2 and MA3, the recrystallization
behavior of these microalloyed steels shows the formation of a
plateau in Figure 5. In the past, it could be shown that the
formation of these plateaus is caused by the formation of
strain-induced Nb(C,N) precipitates.[12,19] In the present study,
such 5–10 nm small precipitates were found in the 3D recon-
structions of APT measurements in Figure 6a,c of deformed
samples after a tinter of 300 s. The analysis of the chemical com-
position (Figure 7a) revealed that the precipitates mainly consist
of Nb and C, with small additions of Cr, Mo, and N. A bigger
precipitate with a size of around 40 nm was found in the 3D
reconstruction in Figure 6b. The chemical analysis of this
precipitate revealed that in this case it is a (Nb,Ti)(C,N) particle
with small amounts of Cr and Ni. The authors[12] could show in a
previous work that the small Nb(C,N) precipitates are formed
strain-induced after deformation, which they were able to show
in a similar steel under similar experiment conditions. In
contrast, bigger (Nb,Ti)(C,N) precipitates, an example of which
is seen in Figure 6b, can already be found in the as-rolled condi-
tion, which was also shown in the aforementioned study.[12]

As mentioned earlier, the results of the annealing experiments
showed that there is only little difference in dmean whether
90 ppm Ti, as in MA2, or 180 ppm Ti, as in MA3, are added
to the steel. However, a different trend was observed for the static
recrystallization behavior in Figure 5. In the present case, the
recrystallization was inhibited with a decreasing amount of Ti
in the alloy. This means that the degree of fractional softening
decreased with a decreasing Ti content in the steel, especially at
higher tinter> 1000 s. Upon all microalloying elements, Nb has
the strongest recrystallization-inhibiting properties.[2] The results
of this work suggest that with an increasing Ti content, less Nb is
in solute solution in the matrix and therefore not available for
the formation of strain-induced Nb(C,N) precipitates. To prove
this assumption, the chemical composition of the matrix of
deformed samples after a tinter of 300 s was analyzed using
APT. The results of the measurements are illustrated in
Figure 8 and confirm the assumption that with an increasing
Ti content in the steel, the Nb concentration in the matrix
decreases. As a consequence, the recrystallization inhibiting
effects of Nb(C,N) are mostly pronounced in MA1, as there is
almost no Ti alloyed to the steel. For the same reason, the plateau
is also most pronounced between a tinter of 100 and 1000 s
for MA1, whereas the plateau is only present between a tinter
of 100 and 300 s for MA2 and MA3.
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On the one hand, the addition of Ti in HSLA steels microal-
loyed with Nb is important to minimize the grain coarsening at
elevated temperatures, whereby the annealing experiments
revealed that in the present case it made no difference whether
the Ti content was 90 or 180 ppm. On the other hand, less Nb is
available for the formation of strain-induced Nb(C,N) precipitates
with an increasing Ti content in the steel due to the formation
of (Ti,Nb)(C,N) precipitates. Therefore, with regard to the Ti
content, neither too low nor too high a concentration should
be chosen. This enables certain stability against grain coarsening
at elevated temperatures and at the same time allows the positive
effects of TMCP to be used in HSLA steels with C contents
above 0.2 wt%.

5. Conclusion

In this study three microalloyed steels (MA1, MA2, and MA3)
and one microalloy-free reference steel (Ref ) were investigated.
The three microalloyed steels have a C content of 0.23 wt%, a Nb
content of around 200 ppm, and varying Ti contents between 20
and 180 ppm. The aim of this work was to investigate the influ-
ence of the Ti content in steels microalloyed with Nb on grain
growth and recrystallization behavior and to compare it with a
microalloy-free reference steel. Annealing experiments with
various annealing temperatures were carried out to analyze
the grain growth behavior of the alloys. The static recrystalliza-
tion behavior was analyzed using double-hit deformation
experiments. The results of this work allow to draw the following
conclusions: 1) The grain growth behavior of Ref does not show
an unsteady behavior due to the absence of a dissolution of
precipitates; 2) The grain growth at elevated temperatures was
inhibited in all microalloyed steels compared with Ref and shows
a sudden increase at a temperature around 1050 �C, which is
attributed to abnormal grain growth resulting from the dissolu-
tion of Nb(C,N) precipitates; 3) The grain growth behavior of
MA2 and MA3 was inhibited compared with MA1 due to higher
amounts of Ti. TiN and (Nb,Ti)(C,N) precipitates were respon-
sible for the pinning of the grains at elevated temperatures. The
results of the present work show that there is only little differ-
ence in the grain growth behavior, whether the Ti content is 90
or 180 ppm; 4) The static recrystallization behavior of Ref was
investigated using double-hit deformation experiments and
shows an Avrami-like curve, which is attributed to the absence
of strain-induced carbide formation; 5) The static recrystalliza-
tion behavior for MA1, MA2, and MA3 is inhibited compared
with Ref. The recrystallization curves of all microalloyed steels
show the formation of a plateau starting at a tinter of 100 s,
whereas MA1 shows the most pronounced plateau up to
1000 s. The occurrence of the plateau is attributed to the forma-
tion of strain-induced Nb(C,N) particles with a size of around
5–10 nm which also contains small amounts of Mo and Cr;
6) The degree of fractional softening above a tinter of 1000 s
increased with increasing Ti content of the steel. Due to the
higher Ti content, less Nb was available for the formation of
strain-induced Nb(C,N) precipitates due to the presence of
(Ti,Nb)(C,N) precipitates. These fine Nb(C,N) precipitates are
responsible for inhibiting recrystallization, which is why the

degree of recrystallization (fractional softening) is higher in
alloys with more Ti; and 7) On the one hand, Ti is needed
to prevent grain coarsening at elevated temperatures, but on
the other hand, with increasing Ti content, less Nb is available
in the matrix for the formation of strain-induced Nb(C,N) pre-
cipitates. As a consequence, a right balance must be found
when choosing the Ti content in Nb and Ti microalloyed
HSLA steels to simultaneously obtain the positive effects of
Ti against grain coarsening and the positive effects of Nb on
the static recrystallization behavior in HSLA steels with a C
content of 0.23 wt%.
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Abstract: Dynamic strain-induced transformation (DSIT) enables the formation of fine-grained
ferritic microstructures, which are well suited for cold forming processes in the as-rolled condition.
In this work, the formation mechanism, chemical composition, and crystallographic orientation
of DSIT ferrite were investigated in a micro-alloyed steel and compared to pre-eutectoid ferrite.
High-resolution techniques, such as scanning transmission electron microscopy and atom probe
tomography (APT), were used for the investigations. To generate DSIT ferrite and pre-eutectoid ferrite,
different experimental routes were applied using a compression deformation dilatometer. The results
show a large number of NbC precipitates within DSIT ferrite, and show that the formation of DSIT
ferrite is accompanied with C diffusion and the formation of retained austenite. APT measurements
revealed that the C- and Mn concentration in DSIT ferrite is higher compared to pre-eutectoid
ferrite. The crystallographic orientation of DSIT ferrite was examined using electron backscatter
diffraction. The crystallographic orientation of DSIT ferrite after the deformation route revealed that
the <111> plane normals are parallel to the compression direction with the <110> directions pointing
towards the radial direction of the compressed sample. The results suggest that the formation of
DSIT ferrite is a displacive mechanism, accompanied by C diffusion.

Keywords: dynamic strain-induced ferrite; thermomechanical processing; micro-alloyed steel; atom
probe tomography; electron backscatter diffraction

1. Introduction

Quenched and tempered (QT) steels are characterized by a good toughness with a
high hardness and strength. The final properties are achieved after quenching from the
austenitic phase field and a subsequent tempering process. In order to ensure good cold
formability, the microstructure of the semi-finished parts must meet certain properties
before quenching and tempering. In most cases, the optimal cold forming properties of
semi-finished QT steels are achieved after a soft annealing process prior to the forming
process. In order to avoid this cost-intensive annealing step, micro-alloyed and thermo-
mechanical controlled (TMC) processed QT steels have emerged as an alternative. The
underlying idea is based on the good formability of fine ferritic microstructures, which
can be adjusted using TMC processes and the addition of microalloying elements such as
Nb and Ti [1]. A specific form of TMC processing is the formation of ferrite by dynamic
strain-induced transformation (DSIT) [2–4]. This ferrite formation takes place dynamically
during the deformation between Ae3 (equilibrium temperature of the austenite to ferrite
transformation) and Ar3 (transformation temperature from austenite to ferrite, depending
on the cooling rate) and differs from the dynamic transformation (DT) above Ae3 that
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Priestner et al. [5] observed already in the early 1980s. Yada et al. [6] were among the first to
provide direct evidence of the dynamic formation of ferrite from an austenitic microstruc-
ture using in-situ X-ray diffraction. For the onset of the DSIT ferrite formation, a critical
strain (εC,DSIT) is required, which can be determined either by metallographic methods after
quenching the deformed microstructure or indirectly by using the double-differentiation
method developed by Poliak and Jonas [7,8]. The latter method was originally developed
to determine the critical strain for the onset of dynamic recrystallization (DRX). However, it
has shown that the underlying principle is the same for DRX and DSIT, as in both cases the
softening affects the work hardening behavior of the deformed materials [9,10]. Thanks to
the formation process of DSIT ferrite, it is possible to produce fine equiaxed ferrite grains
with a grain size in the range of a few μm. Beladi et al. [11] have shown that the formation
of DSIT ferrite initially occurs along the prior austenite grain boundaries (PAGB), followed
by intragranular nucleation. It has also been reported that the presence of deformation
bands [12] and fine NbC precipitates [13] enhances the amount of DSIT ferrite. During
the formation process of DSIT ferrite, dynamic recrystallization and thus further grain
refinement takes place. A misorientation of the low-angle grain boundaries that leads to a
gradual transformation to high-angle grain boundaries is responsible for this, and therefore
to a decreasing ferrite grain size [4,14,15].

Although the formation of DSIT ferrite has been well studied in the past, there are still
open points regarding its mechanism of formation. Studies suggest that the formation of DSIT
ferrite is more of a diffusional transformation process than a displacive mechanism [2,11].
Previous simulations by Zheng et al. [16] and experimental results by Hao et al. [17]
show that the formation of DSIT ferrite is accompanied by C diffusion. As reported by
Hao et al. [17], dislocations and deformation bands can serve as rapid diffusion channels.
Nevertheless, C can only insufficiently diffuse due to the short time, which can lead to
C supersaturated ferrite, or the formation of ultrafine cementite particles within ferrite.
Hurley et al. [18] were able to show a Kurdjumov–Sachs orientation between the prior
austenite grain and DSIT ferrite. This, in turn, would indicate a displacive mechanism.

In this study, the formation mechanism, chemical composition, and crystallographic
orientation of DSIT ferrite were investigated and compared to pre-eutectoid formed ferrite
in a QT steel. Therefore, various compression tests were performed with a deformation
dilatometer in order to produce DSIT ferrite on the one hand and pre-eutectoid ferrite on
the other. High resolution techniques, such as scanning transmission electron microscopy
(STEM) in a scanning electron microscope (SEM), atom probe tomography (APT), and
electron backscatter diffraction (EBSD) are used to provide insight into the microstructure,
the chemical composition, and the crystallographic orientation of the ferritic areas.

2. Materials and Methods

2.1. Investigated Material

The chemical composition of the investigated steel is given in Table 1.

Table 1. Chemical composition of the investigated steel.

Fe C N Mn Si Cr B Nb Ti

wt.% bal. 0.32 0.004 0.98 0.10 0.43 0.0020 0.0110 0.0220

at.% bal. 1.45 0.016 0.98 0.19 0.46 0.0100 0.0060 0.0250

The C content was selected in such a way that a sufficiently high strength for the
finished components can be guaranteed after quenching and tempering. Ti was added
to inhibit the grain growth during annealing. On the one hand, Nb was added to inhibit
recrystallization through the formation of strain-induced NbC precipitates during TMC
processing and, on the other hand, to support the formation of DSIT ferrite through NbC
precipitates. The addition of small amounts of B improves the hardenability of the steel.
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The steel was produced by vacuum induction melting. After reheating to 1100 ◦C, the ingot
was rolled to a sheet thickness of 15 mm with a finish rolling temperature of 900 ◦C.

2.2. Dilatometric Experiments

The size of the dilatometer samples was 5 mm in diameter and 10 mm in length, with
the longitudinal direction of the dilatometer sample oriented in the rolling direction of the
sheet. To control the temperature during the processing a type S thermocouple was spot
welded onto the surface of the sample.

2.2.1. Determination of Ae1, Ae3, and Ar3

The measurements of the transformation temperatures Ae1, Ae3, and Ar3 were done
by using a quenching dilatometer (DIL 805, TA Instruments, Hüllhorst, Germany). To
determine Ae1 and Ae3, measurements according to the ASTM A 1033-04 standard were
carried out. To measure Ar3, the samples were heated to an annealing temperature (Ta)
50 ◦C above Ae3 with a heating rate of 10 ◦Cs−1. After a holding step (ta) of 300 s the
samples were cooled down to room temperature with cooling rates (λ) of −0.1, −0.3, −1.0,
and −3.0 ◦Cs−1.

2.2.2. Compression Experiments

In order to create DSIT ferrite and pre-eutectoid ferrite, three different compression
routes were carried out with a deformation dilatometer (DIL 805 A/D/T, TA Instruments,
Hüllhorst, Germany). A schematic drawing of the time−temperature−deformation sched-
ule is shown in Figure 1.

Figure 1. Schematic drawing of the time-temperature-deformation schedule. To investigate the
dynamic strain-induced transformation (DSIT) and pre-eutectoid ferrite, three different deformation
routes were carried out.

In all routes, the samples were initially heated with a heating rate of 10 ◦Cs−1 to a Ta
of 1200 ◦C and were held for 300 s. An equilibrium solubility temperature of 1165 ◦C was
calculated for Nb(C,N) using the equation from Irivine at al. [19]. Therefore, the Ta was
chosen in a way that Nb precipitates inside the matrix dissolved within the 300 s annealing
time. After that, two compression steps were carried out with ϕ = 0.1 and a strain rate of
10 s−1 at deformation temperatures (Tdef) of 1050 ◦C and 950 ◦C, respectively. The samples
were cooled to Tdef with a cooling rate of −10 ◦Cs−1 and held at a constant temperature for
30 s before compression. In route I, the sample was cooled to Tdef = 750 ◦C with a cooling
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rate of −10 ◦Cs−1 and held for 30 s. To clarify whether the ferrite formation was due to
DSIT or whether the formation was pre-eutectoid, the sample was directly gas quenched.
In route II, after the holding time of 30 s the sample was compressed with ϕ = 0.4 at a
strain rate of 10 s−1. The sample was then also gas quenched to room temperature with a
cooling rate of −100 ◦Cs−1. In order to investigate the properties of pre-eutectoid ferrite in
the equilibrium state, route III was chosen. After the final compression step in route III,
the sample was cooled to Thold = 730 ◦C with a cooling rate of −10 ◦Cs−1 and was held
constant for thold = 300 s. Thold was chosen in a way that the temperature was still in the
austenite/ferrite two-phase region. This sample was then also directly gas quenched to
room temperature with a cooling rate of −100 ◦Cs−1. Silicon nitride tools were used for the
uniaxial compression of the material.

2.3. Microstructural and Crystallographic Characterization

The microstructure in the deformed and quenched condition was examined with
light optical microscopy (LOM) (Axio Imager M1m, Zeiss, Oberkochen, Germany) and
SEM. Therefore, the samples were ground with SiC paper, polished with a 1 μm diamond
suspension, and etched with a 3% nital etchant. In addition, high resolution images of DSIT
ferrite were made using STEM. The thin-foil STEM specimens were prepared by polishing
with SiC paper, subsequently followed by a thinning step in a double-jet electropolishing
device (Tenupol 5, Struers, Willich, Germany).

The crystallographic orientation of DSIT ferrite after route II was determined using
EBSD. Therefore, the polished samples were only lightly etched with a 3% nital etchant
and then polished for about 1 min using an OP-U suspension. The data evaluation was
carried out with the OIM Analysis 8 software from EDAX.

In order to investigate the chemical composition of ferrite, atom probe tomography
(APT) measurements were performed. For this reason, APT tips were site-specific pro-
duced from the ferritic areas with a focused ion beam (FIB) microscope [20,21]. The APT
measurements were carried out with a LEAP 3000X HR (Cameca, Gennevilliers Cedex,
France) in the laser mode, with a pulse frequency of 250 kHz, a base temperature of 40 K,
and a laser energy of 60 pJ. The data reconstruction was done with IVAS 3.6.14 software
from Cameca. The SEM, STEM, EBSD, and FIB methods were performed using a Versa 3D
Dual Beam device (FEI, Hillsboro, OR, USA).

3. Results

3.1. Determination of Ae1, Ae3 and Ar3

For Ae1 and Ae3, temperatures of 722 ◦C and 809 ◦C were determined, respectively.
The results of the measurements for Ar3 are shown in Table 2. With an increasing λ from
−0.1 ◦Cs−1 to −3.0 ◦Cs−1, the Ar3 decreased from 751 ◦C to 690 ◦C.

Table 2. Ar3 temperature depending on the cooling rate (λ).

λ [◦Cs−1] Ar3 [◦C]

0.1 751

0.3 728

1.0 717

3.0 690

3.2. Microstructural and Chemical Characterization after the Deformation Experiments

Figure 2 shows LOM and SEM images of the quenched samples after the dilatometer
routes I–III in the longitudinal section. Figure 2a,b depicts the microstructure after route
I and shows a purely martensitic microstructure. The microstructure after route II is
presented in Figure 2c,d. A martensitic matrix and approximately 5 μm small and uniform
ferrite grains can be seen in both images. As a purely martensitic microstructure was
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observed after route I, this was used as indirect evidence that ferrite formed during the
final deformation step of route II, and therefore is DSIT ferrite. A detailed LOM image
after route II is presented in Figure 3. Triple points are highlighted with arrows to show
the formation of DSIT ferrite along PAGB. In route III, the sample was annealed at a Thold
of 730 ◦C for 300 s. This temperature was just above Ae1. Therefore, it can be said that
the ferrite shown in Figure 2e,f is pre-eutectoid ferrite, which formed primarily along
the PAGB. Furthermore, a comparison of Figure 2c,e shows that the ferrite content in the
microstructure has increased between route II and route III.

 

Figure 2. (a,b) Light optical microscopy (LOM) and scanning electron microscopy (SEM) image after
route I. (c,d) LOM and SEM image after route II. (e,f) LOM and SEM image after route III.

Figure 4a,b shows STEM images with different magnifications of DSIT ferrite after
route II. Both images show few dislocations within the ferrite, but a large amount of small
precipitates. For further characterization of the precipitates and the chemical composition
of DSIT ferrite after route II, APT measurements were carried out.

Figure 5 shows 3D reconstructions of an APT measurement after route II. The APT tips
were produced by a site-specific tip preparation of the DSIT ferrite along the PAGB. In the
upper part of the tip in Figure 5a, DSIT ferrite can be seen through the low C concentration,
whereas in the lower half, a region with a higher C concentration was measured. Figure 5a,b
shows the clustering of Nb and C both in DSIT ferrite and at the interface with the region
with the higher C concentration. Figure 5b shows the distribution of B atoms and shows
that B segregates in particular at the interface between the two regions.

To investigate the chemical composition of DSIT ferrite and its neighboring area, a
chemical depth profile was created along the arrow in the blue cylinder in Figure 6a. The
results are shown in Figure 6b, and show that there is an increase of the C content from
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0.1 at% inside the DSIT ferrite up to 3.5 at% outside of it. The high C concentration of
3.5 at% compared to the nominal concentration of 1.45 at% indicates that the phase in the
lower region of the tip is retained austenite [22].

 

Figure 3. LOM image after route II. Triple points are highlighted with arrows to show the DSIT ferrite
along prior austenite grain boundaries (PAGB).

 

Figure 4. (a,b) Scanning transmission electron microscopy (STEM) images with different magnifica-
tions of DSIT ferrite after route II.
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Figure 5. 3D reconstructions of an atom probe tomography (APT) measurement after route II. (a) C
atoms are visualized by brown dots. The upper part with the lower number of C atoms represents
DSIT ferrite and the lower retained austenite (b) B atoms are visualized by blue dots. The orange Nb
isosurface represents the Nb clusters in the DSIT ferrite region and at the interface.

The Cr and Mn concentrations remain constant across the interface around 0.5 at%
and 1.0 at%, respectively. Figure 6c shows the chemical depth profile of the red cylinder in
Figure 6a. This indicates that this cluster mainly consists next to C and Fe of around 10 at%
Nb and 5 at% Cr and Ti.

In order to investigate how the chemical composition of pre-eutectoid ferrite in the
equilibrium state differs from the initial composition immediately after the formation of
DSIT ferrite, further APT measurements were carried out after route III. Therefore, after
route II as well as after route III, three APT tips including DSIT ferrite and pre-eutectoid
ferrite, separately, were prepared by using a site-specific FIB-based preparation method.
The results of the chemical composition of ferrite after route II and route III are depicted
in Figure 7. Figure 7a,b shows that both the C and Mn concentration in ferrite are lower
after route III than after route II. For route II, the mean C and Mn concentration is 0.068 at%
and 0.980 at%, respectively, whereas the mean C and Mn concentration after route III is
decreased to 0.028 at% and 0.864 at%, respectively. No significant differences could be
measured for the Cr concentration in the ferrite between route II and route III. In this case,
the large scatter of the measured values has to be taken into account.

3.3. Crystallographic Characterization

An EBSD measurement was performed to determine the crystallographic orientation
of DSIT ferrite after route II. Therefore, the longitudinal section of a compressed sample
after route II was examined. Figure 8a shows the image quality (IQ) map after the EBSD
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measurement and the associated inverse pole figure (IPF) map in Figure 8b. From Figure 8a,
it can be seen that DSIT ferrite can be distinguished from the martensitic matrix by a lower
IQ. This is due to the different etching attacks of the phases during sample preparation.
In order to separate the data corresponding to DSIT ferrite from the martensitic matrix,
all data points above an IQ threshold were filtered out. The result can be seen for the IQ
map in Figure 8c. In order to investigate the crystallographic orientation of DSIT ferrite
after route II in the direction of the compression, the data were rotated in the direction
of the compression force. The results are shown in Figure 9 and show that a (111)[-110]
and (111)[1-10] texture are present. This means that most of the <111> plane normals are
parallel to the compression direction, with the <110> directions pointing towards the radial
direction of the compressed sample.

Figure 6. (a) 3D reconstruction of an APT measurement after route II. C atoms are visualized by
brown dots. (b) The chemical depth profile across the interface along the arrow in the blue cylinder
in (a). (c) The chemical depth profile of a carbide along the red cylinder in (a).
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Figure 7. Chemical composition of DSIT ferrite after route II and pre-eutectoid ferrite after route III.
(a) C content, (b) Mn content, and (c) Cr content.

 

Figure 8. (a) Image quality (IQ) map after an electron backscatter diffraction (EBSD) measurement of
a sample after route II in the longitudinal direction. (b) Inverse pole figure (IPF) map after an EBSD
measurement of a sample after route II in the longitudinal direction. (c) Reduced IQ map of (a).
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Figure 9. Texture plot of DSIT ferrite in compression direction after route II.

4. Discussion

The aim of this study was to investigate the formation mechanism, the chemical
composition, and the crystallographic orientation of DSIT ferrite and to compare it with
the properties of pre-eutectoid ferrite. For this reason, compression tests were performed
with a deformation dilatometer to produce DSIT ferrite on the one hand, and pre-eutectoid
ferrite on the other. Three different compression routes were chosen for this (Figure 1). All
three routes had in common that the Ta and the first two compression steps at temperatures
of 1050 ◦C and 950 ◦C were identical. The aim of the first two compression steps was to
introduce deformation into the sample to promote the precipitation of NbC precipitates. In
order to create the basic requirement for the formation of DSIT ferrite, the final experiment
temperature was chosen in a way that it was between Ae3 (809 ◦C) and Ar3 (690 ◦C for
λ = −3.0 ◦Cs−1). Therefore, both in route I and route II the samples were cooled to a final
temperature of 750 ◦C, with the difference being that in route I the sample was quenched to
room temperature immediately after keeping the temperature constant for 30 s. The LOM
and SEM images in Figure 2a,b show that no ferrite formed after route I and that the matrix
consists exclusively of martensite. Figure 2c,d shows ferritic areas inside a martensitic
matrix after route II. In the present work, this serves as indirect evidence that DSIT ferrite
has formed during the last compression step of route II. Sun et al. [23] followed a similar
approach when they were able to preserve DSIT ferrite by quenching it directly after the
final deformation step. From Figures 3 and 8a,c, it can be seen in more detail that DSIT
ferrite, which formed during the last compression step of route II, has grown along PAGB.
Similar results were reported in the past by Beladi et al. [11] and Bae et al. [12]. To further
characterize pre-eutectoid ferrite, route III was performed. For this reason, the temperature
was cooled down to Thold = 730 ◦C and was kept constant for 300 s directly after the last
compression. Thold was chosen in a way that it was in the austenite/ferrite two phase
region between Ae1 and Ae3. In Figure 2e, pre-eutectoid ferrite is depicted along the PAGB.
Therefore, our results indicate that DSIT ferrite, shown in Figure 2c,d and Figure 3, served
as a nucleation site for the further formation of pre-eutectoid ferrite, shown in Figure 2e,f.

The STEM images in Figure 4 reveal that DSIT ferrite after route II has a large number of
fine precipitates around 5 nm. However, the results of this work do not allow any statement
to be made regarding whether the precipitates were already present in the steel before the
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formation of DSIT ferrite, or whether they were precipitated during the formation of DSIT
ferrite. Further investigations would have to be carried out in this regard. According to
Hong et al. [13], NbC could act as a DSIT ferrite nucleation site. The APT measurements in
this study also indicate this mechanism, as fine NbC precipitates (around 5 nm) were often
detected in the area of the retained austenite/DSIT ferrite interface and DSIT ferrite itself,
which can be seen in Figure 5b. A detailed analysis of the NbC precipitates revealed that
they also contain small amounts of Ti and Cr. Figure 5b shows B segregation at the interface
between DSIT ferrite and retained austenite in the 3D reconstruction. As B is known
to segregate at PAGB, therefore delaying the austenite to ferrite phase transformation
during cooling [24], our results suggest that the interface between DSIT ferrite and retained
austenite in Figure 5b is a PAGB.

Previous research from Zheng et al. [16] and Hao et al. [17] indicated that the formation
of DSIT ferrite is associated with C diffusion, whereas due to the short diffusion time, a
ferrite oversaturated with C can remain. Our results confirm this, as the C concentration in
DSIT ferrite after route II was on average 0.068 at% and decreased to 0.028 at% after route
III. The further decrease in the C concentration between route II and route III indicates
that the C diffusion during the formation of DSIT ferrite was insufficient. As a result, this
led to the formation of DSIT ferrite oversaturated with C. The Mn concentration in the
ferritic areas also decreased after route III (0.864 at%) compared to route II (0.980 at%).
Both C and Mn are known to stabilize austenite, which is why it was assumed that they
diffused into the neighboring retained austenite areas. In order to verify this, further APT
measurements of retained austenite after route III would have to be carried out to determine
the chemical composition in the equilibrium state. No decrease could be observed for the
Cr concentration in ferrite between route II and route III. The scatter of the measured values
does not allow for drawing any conclusions in this case.

The presence of retained austenite right next to DSIT ferrite suggests that C diffuses
into the neighboring areas during the formation of DSIT ferrite, and leads to an enrich-
ment with C. As a result, retained austenite was stabilized down to room temperature.
According to Ghosh et al. [4], the fact that only C diffuses into neighboring areas during the
formation of DSIT ferrite but not heavier elements, such as Mn, Si, or Cr, indicates that the
formation is a displacive mechanism, although accompanied by C diffusion. The present
APT investigations of DSIT ferrite (Figure 6) and its neighboring areas show that during
the formation, there was only a diffusion of C and no other elements into the neighboring
areas. This, in turn, supports the before mentioned assumption of a displacive mechanism.
Furthermore, it is supported by the results of the EBSD measurement (Figures 8 and 9).
The texture analysis of DSIT ferrite has shown that the <111> plane normals are parallel to
the compression direction with the <110> directions pointing towards the radial direction
of the compressed sample. The fact that there is a certain orientation relationship between
the prior austenite grain and DSIT ferrite is, according to Ghosh et al. [4], also an indication
for a displacive mechanism, as polygonal ferrite usually does not have any particular
orientation relation with respect to its parent austenite grain. Although in the present
case further experiments and EBSD measurements would be required to confirm and
describe the displacive mechanism in more detail, our results indicate that the formation of
DSIT ferrite is a displacive mechanism accompanied by C diffusion and the formation of
retained austenite.

5. Conclusions

In this work, the microstructural, chemical, and crystallographic properties of DSIT
ferrite were examined and compared with pre-eutectoid ferrite. In order to obtain the
desired ferrite structure, various compression experiments were performed with a defor-
mation dilatometer. Route I was chosen to check whether ferrite had already formed before
the final deformation step of route II. Route II was chosen to produce DSIT ferrite through
a final deformation step at a temperature of 750 ◦C and a strain of 0.4. The final experiment
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temperature of route III (730 ◦C) was chosen in a way that pre-eutectoid ferrite formed
during a final holding time of 300 s.

The results can be summarized as follows:

• The LOM and SEM analysis of the quenched dilatometer samples did show that DSIT
ferrite formed predominantly along the PAGB during the final compression step of
route II. Investigations of the quenched dilatometer samples after route III indicate
that DSIT ferrite serves as a nucleation site for the formation of pre-eutectoid ferrite.

• APT measurements showed that the formation of DSIT ferrite was accompanied by
the formation of retained austenite. This could be explained by the fact that C diffuses
into neighboring areas during the formation of DSIT ferrite and stabilizes the austenite
down to room temperature.

• STEM and APT measurements revealed the presence of fine NbC precipitates (around
5–10 nm) within DSIT ferrite, as well as at the interface between DSIT ferrite and
retained austenite.

• During the formation of DSIT ferrite, only a diffusion of C into neighboring areas was
observed. Both the Mn and Cr concentration were equal within DSIT ferrite and the
neighboring retained austenite right after the formation of DSIT ferrite. The reason
for this is assumed to be that the heavier elements, such as Mn and Cr, did not have
enough time to diffuse during the formation of DSIT ferrite.

• The C and Mn concentrations within DSIT ferrite after route II were higher than the
concentrations in the pre-eutectoid ferrite after route III. This leads to the assumption
that C and Mn did not have enough time to diffuse during the formation of DSIT
ferrite and that DSIT ferrite is therefore oversaturated with C and Mn right after
the formation. To verify this, further APT measurements of retained austenite after
route III would have to be carried out to determine the chemical composition in the
equilibrium state.

• An EBSD measurement of the crystallographic orientation of DSIT ferrite after route II
showed that the <111> plane normals were parallel to the compression direction, with
the <110> directions pointing towards the radial direction of the compressed sample.

• It was found that during the formation of DSIT ferrite, only diffusion from C into
neighboring areas occurred. At the same time a preferred orientation of DSIT ferrite in
relation to the compression direction exists. This suggests that the formation of DSIT
ferrite is a displacive mechanism, accompanied with C diffusion and the formation of
retained austenite.
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6 Summary and discussion of the published content 

6.1 Aim and scope of the investigations 

Although HSLA steel concepts containing MAE, such as Nb and Ti, have already emerged 

in the 1960s, they were mainly limited to steels with C contents below 0.1 wt%. Due to 

increased requirements in terms of strength and toughness, the development of high 

performance wire products is also moving towards a combination of microalloyed HSLA 

steels with higher C contents and TMCP. Thus, there is still great research potential, 

especially with regard to the interaction of the MAE and deformation parameters of the 

TMCP on the product properties during and after deformation. 

For this reason, seven HSLA steels with different contents of MAE were examined in this 

thesis. The chemical composition of the steels and a list of the peer - reviewed publications 

(chapter 5.1) in which they were examined is given in Table 2. 

Table 2: Chemical composition of the investigated steels. 

 C Mn Ni Cr Mo Si N Nb Ti B  

 wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% Paper 

steel A 0.23 1.25 0.48 0.48 0.23 0.21 0.006 - - - II 

steel B 0.22 1.27 0.48 0.49 0.24 0.22 0.012 0.026 0.015 - I + II 

steel C 0.21 1.33 1.06 0.57 0.56 0.21 0.005 - - - III 

steel D 0.24 1.34 1.05 0.56 0.55 0.39 0.012 0.022 0.002 - III 

steel E 0.24 1.32 1.04 0.55 0.54 0.20 0.012 0.020 0.009 - III 

steel F 0.24 1.32 1.04 0.55 0.54 0.20 0.014 0.021 0.018 - III 

steel G 0.32 0.98 - 0.43 - 0.10 0.004 0.011 0.022 0.002 IV 

 

Both steel A and steel B were manufactured and rolled on an industrial scale and 

delivered as wires in the as - rolled condition. For both steels, the annealing temperature 

prior to the rolling process was 1100 °C, with a finishing rolling temperature between 

800 °C and 900 °C. Steel C, D, E, F and G were produced on a small scale facility by 

vacuum induction melting to ingots. After solidifying, steel C, D, E and F were reannealed 

to a temperature of 1150 °C and forged to a diameter of 30 mm. Steel G was reheated to 

a temperature of 1100 °C and rolled to a sheet thickness of 15 mm with a finishing rolling 

temperature of 900 °C. By using a combination of dilatometer experiments and standard - 

to high - resolution characterization methods, the following questions were intended to be 

answered: 

 Which methods are suitable for determining the degree of recrystallization and are 

there alternatives to prevent costly dilatometer experiments? 
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 How do different contents of Nb and Ti influence the recrystallization - and grain 

growth behavior? 

 What influence do the precipitates possess and how can they be characterized by 

modern high - resolution methods? 

 How do different TMCP parameters, such as annealing temperature, deformation 

temperature and different deformation rates influence recrystallization, the 

precipitation behavior and the microstructure? 

Numerous investigations were carried out on the steels listed in Table 2 in order to be 

able to answer the above questions. For better visualization Figure 6.1 illustrates a 

workflow diagram showing the connection between the questions, the examined steels, 

the used methods and peer - reviewed publications. 

 

Figure 6.1: Workflow diagram showing the connection between the questions, the examined 

steels, the used methods and peer - reviewed publications (deformation dilatometer (DDIL), 

light optical microscopy (LOM), atom probe tomography (APT), scanning transmission 

electron microscopy (STEM), transmission Kikuchi diffraction (TKD), scanning electron 

microscopy (SEM), annealing experiments (AE)) 
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6.2 Development of a method for determining the degree of 

recrystallization 

In the past, numerous direct and indirect methods were used to determine the degree of 

recrystallization of a microstructure. Metallographic methods [130], micro hardness 

measurements [131] or measurements using EBSD [131,132] can be mentioned here as 

an example. What these methods have in common, however, is that they are either 

difficult to automate or require complex sample preparation. Therefore, Paper I dealt 

with the question of developing an alternative method having the future potential to 

determine the degree of recrystallization of microalloyed steels directly, easily and 

cost - effectively using a combination of light optical microscopy and advanced software 

solutions. For this reason, samples of steel B were deformed using single - hit compression 

tests on a deformation dilatometer in order to produce defined degrees of recrystallization. 

To be able to generate a specific degree of recrystallization using single - hit compression 

tests, the recrystallization kinetics had to be determined in advance using double - hit 

compression tests (the experimental procedure of double - hit experiments is described in 

detail in chapter 3.1). The results of the determination of the recrystallization kinetics via 

double - hit deformation tests are published in Paper II, with Figure 6.2 showing an 

example of the degree of recrystallization over time after a Ta of 1250 °C and a Tdef of 

850 °C. 

 

Figure 6.2: Course of the degree of recrystallization over time determined using double - hit 

deformation experiments on steel B after a Ta of 1250 °C and a Tdef of 850 °C. Image 

adapted and reprinted with permission from Paper II. 

The LOM determination of the degree of recrystallization from Paper I can be 

summarized using Figure 6.3. 
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Figure 6.3: a) Schematic illustration of the time - temperature - deformation schedule of 

the single - hit deformation experiment. b) LOM image of a deformed sample after the 

single - hit compression test. The red and blue grains are used for better visualization of 

the parameters used to determine the grain elongation. c) Course of the three grain 

elongation parameters over time after the single - hit deformation experiments. d) Course 

of the degree of recrystallization over time determined using double - hit deformation tests 

and single - hit deformation tests. All images adapted and reprinted with permission from 

Paper I. 

Figure 6.3 a) shows a schematic illustration of the time - temperature - deformation 

schedule of the single - hit compression experiments, which were used in order to produce 

samples with a specific degree of recrystallization. Comparing the 

time - temperature - deformation schedule of the single - hit deformation experiment with 

that of the double - hit deformation experiment, it is noticeable that they only differ from 

each other in the absence of the second deformation step. Therefore, the recrystallization 

kinetics determined in Paper II could be used for the experiments in Paper I. 

Furthermore, the grain elongation of the deformed samples was used to determine the 

degree of recrystallization. For this reason, three parameters were defined with which the 

grain elongation can be described and compared with each other. On the one hand, the 

grain elongation was determined via the length - to - width ratio of the stretched grains 
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(Y/X - aspect - ratio (ARY/X)), but also determined by two other parameters (the 

a/b - aspect - ratio (ARa/b) and the eccentricity (E)) that require an ellipse to be fitted into 

the respective grains (for better visualization see Figure 6.3 b)). By comparing the three 

parameters, it was shown that the ARY/X is best suited to describe grain elongation, since 

this parameter provides the highest sensitivity with regard to changes in grain 

elongation. This can be shown by comparing Figure 6.2 and Figure 6.3 c), since both, the 

course of the degree of recrystallization over time and the course of grain elongation over 

time show the formation of a plateau after the same tinter (the formation of strain - induced 

precipitates in both cases is responsible for the formation of the plateau). In order to be 

able to quantify the degree of recrystallization based on grain elongation, a critical value 

of grain elongation (fcrit) was defined, below which a grain can be assumed to be 

recrystallized. This allows to calculate the degree of recrystallization from the ratio of the 

recrystallized grains of a LOM image and the total number of all grains in the image. The 

curves in Figure 6.3 d) show that with the optimal choice of fcrit, the recrystallization 

determined by single - hit deformation tests matches well with the recrystallization 

kinetics determined in Paper II. 

Since modern software solutions in combination with suitable etching methods make it 

possible to identify individual grains in a microstructure and calculate their grain 

elongation, the method described in Paper I offers a simple and automatable way of 

determining the degree of recrystallization of microalloyed steels using light microscopy 

in combination with image processing. 

6.3 Characterization of microalloy precipitates 

As already explained in detail in chapter 2.3, MAE influence both the behavior during 

deformation (e.g. recrystallization and recovery) and the mechanical properties in the 

final condition. Responsible for this are on the one hand fine precipitates, as well as small 

contents dissolved in the matrix. In order to be able to examine such fine precipitates and 

to gain knowledge about their influence on the properties of the steel, it is necessary to 

use high - resolution characterization methods. For this reason, the alloys from Table 2 

were examined using APT, STEM, TKD and EDX and the findings about the precipitates 

of the steels alloyed with Nb and Ti is summarized here. 

The largest precipitates found with the four before mentioned high - resolution 

characterization methods ranged in a size around 50 to 100 nm. Figure 6.4 a) depicts a 

STEM image of a 90 nm small rectangular precipitate, which was extracted from steel B 

in the as - rolled condition using the carbon replica method (more information in 



Summary and discussion of the published content 

 

95 

 

chapter 3.3). Using EDX (Figure 6.4 b)) it could be shown that the precipitate in Figure 

6.4 a) is a carbonitride containing Ti and Nb. A slightly smaller precipitate with a size 

around 40 nm is shown in Figure 6.4 c) and was found by using APT on a deformed sample 

of steel E after a double - hit deformation test. The chemical composition of this 

precipitate is shown in Figure 6.4 d) and also shows that this precipitate is a carbonitride 

containing mainly Ti and Nb, but also small amounts of Cr and Ni. 

 

Figure 6.4: a) STEM image of a 90 nm rectangular precipitate which was extracted from 

steel B in the as - rolled condition using the carbon replica method. b) corresponding EDX 

spectra of the precipitate in a). c) 3D reconstruction of a 40 nm small precipitate found in 

steel E after a double - hit deformation test. d) corresponding chemical profile of the 

precipitate in c). Image a) and b) adapted and reprinted with permission from Paper II. 

Image c) and d) adapted and reprinted with permission from Paper III. 

In the as - rolled condition of steel B, precipitates with a size around 20 nm were found, 

which can be seen in Figure 6.5 a) and Figure 6.5 c). By using EDX Figure 6.5 b)) and 

TKD (Figure 6.5 d)) it could be shown that these are TiN precipitates. 
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Figure 6.5: a) and c) STEM images of 20 nm rectangular precipitates which were extracted 

from steel B in the as - rolled condition using the carbon replica method. b) corresponding 

EDX spectra of the precipitate in a). d) corresponding Kikuchi pattern after TKD on the 

precipitate in c) with the best matching solution according to the analysis software TEAM 

v.4.3. All images adapted and reprinted with permission from Paper II. 

The smallest precipitates found with the high - resolution characterization methods were 

about 5 nm small NbC - and Nb(C,N) precipitates. In Paper II and Paper III these were 

strain - induced precipitates found along dislocations in specimens after double - hit 

deformation tests, whereas in Paper IV these fine precipitates were found in large 

number inside DSIT ferrite and at the grain boundary between DSIT ferrite and retained 

austenite. Figure 6.6 a) shows a STEM image of strain - induced Nb(C,N) precipitates in 

steel B along dislocations after a double - hit deformation test. Strain - induced 

precipitates were also found in steel D, steel E and steel F after such tests, with Figure 

6.6 b) showing the chemical profile of such a precipitate in steel D, analyzed using APT. 

Besides Nb, C and N also small amounts of Mo and Cr were found inside the precipitates. 

Figure 6.6 c) depicts a STEM image of NbC precipitates inside DSIT ferrite in steel G, 

with the corresponding chemical profile of one precipitate in Figure 6.6 d), analyzed using 

APT. In addition to the main elements Nb and C, also small amounts of Cr and Ti were 

found inside the precipitates. 
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Figure 6.6: a) STEM image of strain - induced Nb(C,N) precipitates in steel B along 

dislocations after a double - hit deformation test. b) Chemical profile of a strain - induced 

Nb(C,N) precipitate in steel D, analyzed using APT. c) STEM image of NbC precipitates 

inside DSIT ferrite in steel G. d) Corresponding chemical profile of a NbC precipitate in c), 

analyzed using APT. Image a) adapted and reprinted with permission from Paper II. 

Image b) adapted and reprinted with permission from Paper III. Image c) and d) adapted 

and reprinted with permission from Paper IV. 

6.4 Influence of deformation parameters on recrystallization 

and microstructure 

One question from Paper II dealt with the influence of different annealing - and 

deformation temperatures on the recrystallization behavior. For this reason, on samples 

of steel A and steel B double - hit deformation experiments with different Ta and Tdef were 

carried out. The knowledge gained from these experiments can be explained using the 

curves in Figure 6.7. Figure 6.7 a) shows the results of the tests on samples of steel B, 

which were deformed at the same Tdef, but had a different Ta. It can be seen that the 

recrystallization kinetic slows down with an increasing Ta. Two reasons can explain this 

phenomenon: 

1) It is well known that the austenite grain size during annealing depends on the 

annealing time, but to a much greater extend on the temperature [133,134]. An increase 
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in Ta therefore leads to a larger grain size and thus to a reduction in the total area of grain 

boundaries. Since these serve as nucleation sites during recrystallization, this leads to 

slower recrystallization kinetics [2,61]. 

2) Since steel B is a microalloyed steel, an increase in Ta leads to a larger proportion of 

dissolved Nb in the matrix. On the one hand, this delays recrystallization due to the solute 

drag effect [27,28], but also due to the formation of strain - induced precipitates. The latter 

point is shown by the formation of a plateau in the recrystallization curve and in the past 

was reported over a wide range of microalloyed steels [30,76,78]. It can also be observed 

in Figure 6.7 a) at a tinter between 100 and 500 s. More details on these strain - induced 

precipitates can be found in Figure 6.6 a) and b). 

From Figure 6.7 b) it can be seen that the recrystallization of steel A occurs faster with 

an increasing Tdef. Since steel A is not a microalloyed steel, this recrystallization behavior 

was to be expected and can also be described by fitting the JMAK equation (equation 7 in 

chapter 2.4) to the data points. 

 

Figure 6.7: Fractional softening determined by using double - hit deformation experiments 

on samples of steel A and B with varying parameters. a) Ta and b) Tdef. Both images 

adapted and reprinted with permission from Paper II. 

A reduction of Tdef not only reduces the recrystallization kinetics, but makes it also 

possible to dynamically form strain - induced transformed (DSIT) ferrite when the 

temperature falls below a critical value, even in the austenite regime. In order for this to 

take place, Tdef must be somewhere between Ae3 (equilibrium temperature of the austenite 

to ferrite transformation) and Ar3 (transformation temperature from austenite to ferrite, 

depending on the cooling rate) and a critical degree of deformation must be introduced. 

Although the formation of DSIT ferrite has been thoroughly investigated in the past 

[135–139], there are still open questions regarding the exact mechanism of formation. 

Studies by Zheng et al. [138] and Hao et al. [137] rather suggest that the formation of 
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DSIT ferrite is more of a diffusional transformation process since it is accompanied by the 

diffusion of C, whereas results of Hurley et al. [140] indicate a displacive mechanism. 

For this reason, steel G was deformed using a deformation dilatometer in such a way that 

on the one hand DSIT ferrite has formed and on the other hand could be compared with 

pre - eutectoid ferrite under equilibrium conditions. APT was used to investigate the 

diffusional behavior of the alloy elements during the formation of DSIT ferrite and to 

analyze the chemical composition of DSIT ferrite and pre - eutectoid ferrite. By using 

EBSD the crystallographic orientation of DSIT ferrite was investigated. The results are 

published in Paper IV and are briefly summarized in this section. 

Figure 6.8 a) depicts a 3D reconstruction of an APT measurement of steel G, showing 

DSIT ferrite (upper part) and retained austenite (lower part). The chemical profile was 

created along the blue cylinder in the reconstruction and the results are placed right next 

to it. The chemical depth profile shows that a diffusion of C into the neighboring areas 

takes place during the formation of DSIT ferrite. However, no diffusion of the heavier 

elements Cr and Mn could be observed. This indicates that the formation of DSIT ferrite 

is only accompanied by the diffusion of C. The chemical composition of DSIT ferrite and 

pre - eutectoid ferrite were measured using APT and the results are depicted in Figure 

6.8 b) - Figure 6.8 d). The results show that although the formation of DSIT ferrite is 

accompanied by the diffusion of C, the concentration in pre - eutectoid ferrite is even 

lower. This indicates that DSIT ferrite is oversaturated with C, since there is apparently 

not enough time for all C atoms to diffuse during the formation of DSIT ferrite. A similar 

trend can be observed for Mn. Although there is no diffusion of Mn during the formation 

of DSIT ferrite, the concentration in pre - eutectoid ferrite decreases. This means that 

DSIT ferrite is not just oversaturated with C but also Mn. No clear trend could be observed 

with regard to the Cr content, as there was a large scatter of the measured values. By 

using EBSD the crystallographic orientation of DSIT ferrite was analyzed and the 

corresponding texture plot is given in Figure 6.9. The results show that the <111> plane 

normals of DSIT ferrite are oriented parallel to the deformation direction with the <110> 

directions of DSIT ferrite pointing towards the radial direction of the compressed samples. 

The fact that there is a preferred orientation of DSIT ferrite in relation to the direction of 

deformation suggests that the formation is a displacive mechanism, although 

accompanied by the diffusion of C.  
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Figure 6.8: a) 3D reconstruction of an APT measurement of DSIT ferrite and the 

corresponding chemical depth profile along the blue cylinder. b) C concentration in DSIT 

ferrite and pre - eutectoid ferrite. c) Mn concentration in DSIT ferrite and pre - eutectoid 

ferrite. d) Cr concentration in DSIT ferrite and pre - eutectoid ferrite. All images adapted 

and reprinted with permission from Paper IV. 

 

Figure 6.9: Texture plot of DSIT ferrite in  compression direction. Image reprinted with 

permission from Paper IV. 
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6.5 Influence of the microalloying elements on 

recrystallization, grain growth and microstructure 

In Paper II, a microalloy - free steel (steel A) and a microalloyed steel (steel B) were 

analyzed and compared with each other in the as - rolled condition and after several 

double - hit deformation experiments. In the as - rolled condition both steels were 

delivered as wire rod and went through an identical rolling process. Steel B had a finer 

microstructure in the as - rolled condition compared with steel A. High - resolution 

characterization methods such as STEM combined with EDX and TKD revealed that TiN 

precipitates with a size around 15 nm (Figure 6.5) and (Nb,Ti)(C,N) precipitates with a 

size around 40 - 100 nm (Figure 6.4) were responsible for this, due to a pinning effect of 

the grain boundaries during the annealing process prior to rolling. The results of this 

study coincide well with studies by George et al. [141] and Cuddy et al. [142], who were 

able to show that TiN precipitates of the same order of size were responsible for inhibiting 

grain coarsening, due to a pinning of the grain boundaries. 

In both Paper II and Paper III, the recrystallization behavior of microalloyed steels was 

investigated by means of double - hit deformation tests and compared to microalloy - free 

steels. When comparing the microalloyed with the microalloy - free steels, in both cases a 

same trend was observed with regard to the recrystallization behavior. All microalloyed 

steels recrystallized more slowly than their microalloy - free reference alloys. Responsible 

for this were on the one hand the solute drag effect [27,28], as well as the microalloy 

precipitates present in the steel [2,76,78]. Figure 6.10 illustrates the course of 

recrystallization over time of the microalloyed steels B, D, E and F after the double - hit 

deformation tests. Comparing the four curves indicates that steel B shows the slowest 

recrystallization behavior. Steel B and steel F are similar in terms of the content of MAE, 

with the difference that the Ni content in steel B is 0.48 wt% and in steel F 1.04 wt%. In 

this case, the slower recrystallization of steel B can therefore be attributed to the higher 

Ta of 1250 °C, which apparently led to a higher proportion of dissolved MAE and therefore 

slowed down recrystallization due to the solute drag effect. Steel D, E and F only differ in 

different Ti contents, with the Ti content in steel D being 20 ppm, in steel E 90 ppm and 

in steel F 180 ppm. Comparing only the curves of these three steels. It can be seen that 

recrystallization slows down as the Ti content decreases. After determining the content of 

dissolved Nb in the matrix of quenched samples after double - hit deformation test after 

a tinter of 300 s, it can be shown in Figure 6.11 that the content of dissolved Nb in the 

matrix decreases continuously from steel D to steel F. Therefore, it is assumed that the 
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delayed recrystallization of steel D is due to more Nb being available to form 

strain - induced NbC precipitates, which inhibit recrystallization. This is due to the fact 

that with increasing Ti content, certain amounts of Nb are already bound in (Nb,Ti)(C,N) 

precipitates, which were detected by STEM, EDX and APT (Figure 6.4). Furthermore, this 

theory is also supported by the fact that all 4 curves show a plateau beginning at a tinter of 

100 s, which indicates the formation of strain - induced NbC precipitates (for further 

information see Figure 6.6 a) and b)) and that this plateau is most pronounced in the curve 

of steel D. In addition to the recrystallization - retarding effect caused by these fine NbC 

precipitates, they apparently also serve as nucleation sites for the formation of DSIT 

ferrite. Figure 6.6 c) and d) show that large amounts of these precipitates were found 

within DSIT ferrite, suggesting these precipitates serve as nucleation sites, which is also 

consistent with results from Hong et al. [143]. 

 

Figure 6.10: Fractional softening determined by using double - hit deformation 

experiments on samples of steel B, D, E and F. Image adapted and reprinted with 

permission from Paper II and Paper III. 
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Figure 6.11: Nb concentration in solute solution in the matrix after double - hit 

deformation tests and a tinter of 300 s. Concentration determined with APT. Image adapted 

and reprinted with permission from Paper III. 

The effect of different levels of Nb and Ti on grain coarsening behavior was also examined 

in Paper III by annealing treatments followed by metallographic analysis and the results 

are depicted in Figure 6.12. The course of the mean grain size of the prior austenite grains 

(dmean) over Ta shows that all microalloyed steels (steel D, E and F) show less grain 

coarsening compared to the microalloy - free reference alloy steel C. The TiN (Figure 6.5), 

(Ti,Nb)(C,N) (Figure 6.4) and NbC precipitates described in chapter 6.3 are responsible 

for this effect, due to a pinning of the grain boundaries during annealing. It is noticeable 

that the addition of Ti in steels E and F provides a clear advantage over steel D, but there 

is hardly any difference whether the Ti content is 90 ppm or 180 ppm. This in turn is in 

contradiction to the results from Figure 6.10, which did show that a lower content of Ti 

has a positive effect on recrystallization retardation. In summary, for microalloyed steels 

with a C content around 0.2 wt% it can be said that a right balance must be found when 

choosing the Ti content in Nb and Ti microalloyed steels to simultaneously obtain the 

positive effects of Ti against grain coarsening and the positive effects of Nb on retarding 

the static recrystallization behavior. 
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Figure 6.12: Mean size of the prior austenite grains (dmean) after various Ta. Image adapted 

and reprinted with permission from Paper III. 
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7 Novel features 

The following points summarize the novel findings of the investigations published in the 

appended publications: 

 A new method was developed which has the future potential to determine the 

degree of recrystallization of microalloyed steels. By choosing a picric acid based 

etchant, grain elongation of prior austenite grain boundaries can be visualized. By 

choosing a critical value of grain elongation (fcrit) suitable for a certain deformation 

process, the proportion of recrystallized grains can be determined using 

light - optical microscopy. 

 The influence of different levels of microalloying elements and deformation 

parameters on recrystallization and microstructure was investigated for 

microalloyed HSLA steels with a C content over 0.2 wt%. A sufficiently high 

annealing temperature prior deformation is important in order to use the full 

potential of the microalloying elements in the subsequent deformation process. 

Furthermore, a right balance must be found when choosing the Ti content in Nb 

and Ti microalloyed steels to simultaneously obtain the positive effects of Ti 

against grain coarsening and the positive effects of Nb on retarding the 

recrystallization behavior. 

 By using scanning transmission electron microscopy, atom probe tomography and 

electron backscatter diffraction, new insights into the mechanism of formation of 

dynamic strain - induced transformed ferrite could be obtained. The results 

suggest that the formation is a displacive mechanism due to a certain orientation 

relationship between dynamic strain - induced transformed ferrite and the 

direction of deformation, although accompanied by the diffusion of C during the 

formation. 
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