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ABSTRACT 

 

A study was performed on the effect of heating rate on transformations during intercritical annealing of 

cold-rolled low-carbon sheet steels. Two sets of experiments were developed: 1) a series of alloys (1020, 

1019M, 15B25) with two different cold reductions (nominally 40 and 60 pct) were heated at different 

rates and transformation temperatures were determined using analysis of dilatometry and metallography 

of intercritically annealed samples, allowing the study of the impact of composition and cold work on 

transformation behavior with different heating rates. 2) A cold-rolled C-Mn-Nb steel was tested with 

different heating rates selected for different degrees of recrystallization during austenite formation to test 

the impact of ferrite recrystallization on austenite formation. Heat treated samples were analyzed with 

SEM, EBSD, dilatometry, and microhardness to study the changes in transformation behavior. The results 

of this study were extended by adding step heating tests, heat treatments with an intercritical hold, and 

secondary ion mass spectrometry (SIMS) measurements of Mn distribution. Austenite transformation 

temperatures increased logarithmically with heating rate. Greater degrees of cold work led to reduced 

transformation temperatures across all heating rates because the energy of cold work increased the driving 

force for austenite formation. The relative effects of alloying additions on transformation temperatures 

remained with increasing heating rate. Rapid heating minimized ferrite recrystallization and pearlite 

spheroidization. Austenite formation occurred preferentially in recovered ferrite regions as opposed to 

recrystallized ferrite boundaries. Martensite was evenly distributed in slowly heated steels because 

austenite formed on recrystallized, equiaxed, ferrite boundaries. With rapid heating, austenite formed in 

directionally-oriented recovered ferrite which increased the degree of banding. The greatest degree of 

banding was found with intermediate heating rates leading to partial recrystallization, because austenite 

formed preferentially in the remaining recovered ferrite which was located in bands along the rolling 

direction. Holding at the intercritical annealing temperature led to somewhat reduced martensite banding 

vs directly quenched specimens due to austenite growth along recrystallized ferrite boundaries. Ferrite-

spheroidized carbide microstructures had somewhat reduced martensite banding when compared with 

ferrite-pearlite steel because austenite nucleation was not restricted to former pearlite colonies elongated 

in the rolling direction.  
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CHAPTER 1 

INTRODUCTION 

 

Advanced High Strength Steels (AHSS) offer a combination of high strength and formability for 

a variety of applications, particularly the automotive industry [1.1]. The increasing requirements for 

passenger safety and fuel economy in the automotive industry have led to the need for new steels with 

higher strengths and improved formability. As a result, developments of significant new steels have 

evolved. Competition from low density metals in the automotive industry has further accelerated 

development of AHSS [1.2].  

Many types of AHSS are reliant on intercritical annealing to develop microstructures with a 

combination of ferrite and other phases including martensite, bainite, retained austenite, and carbides 

[1.3]. These steels include Dual-Phase (DP), TRansformation Induced Plasticity (TRIP), Quenched and 

Partitioned (Q&P), and Medium-Manganese (Medium-Mn) steels. Because of these different 

intercritically annealed AHSS, an understanding of the transformation behavior during intercritical 

annealing is important to alloy and heat treatment design.  

High heating rates are becoming more common because they can reduce the cost of annealing 

advanced high strength steels (AHSS) by reducing heat treating time. Heating rates in excess of 1000 °C/s 

can be achieved through a variety of methods such as induction, direct resistance, or high intensity flame 

heating [1.4]. Furthermore, there is potential for improved mechanical properties from rapid heating 

because of a reduction in grain size.  

While the effect of heating rate has been studied previously, research on austenite transformation 

kinetics with multiple alloys, each with different degrees of cold-work has not been performed to compare 

the change in austenite transformation temperatures with heating rate. Also, questions remain about the 

changes in austenite transformation behavior in rapidly heated, intercritically annealed cold rolled steels. 

Banded martensite in the quenched steel has been observed in rapidly heated intercritically annealed cold-

rolled steels, and is the result of the formation of austenite bands during annealing [1.5]. The resulting 

martensite bands can negatively affect formability. The development of distinct austenite bands occurs 

from differences in the microstructure prior to austenite formation, such as the degree of recrystallization, 

with different heating rates. In previously reported research [1.5], heating rates were selected first and 

recrystallization kinetics were measured afterward, making a comparison between different degrees of 

recrystallization difficult. Because the microstructure prior to austenite transformation was different 

between studies, conclusions were often different, or even contradictory. Thus, the focus of this two-part 

thesis is to systematically evaluate the effects of chemical composition, prior microstructure, and degree 
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of cold work on austenite transformation in a series of low carbon steels of interest for processing DP 

steels.  

The first part of this thesis evaluates austenite transformation temperatures with different heating 

rates, steel composition, and degree of cold reduction. Results of these tests are presented in Chapter 4. 

Low carbon steels 1020, 1019M, and 15B25 with nominal cold reductions of 40 and 60 pct were analyzed 

with dilatometry and metallography to measure the change in austenite transformation kinetics with 

heating rate. Heating rates of 1, 10, 100, and 1000 °C/s were utilized to study a range of heating 

parameters. Dilatometry was performed by heating with each rate to well above the final transformation 

temperature, and Ac1 and Ac3 transformation temperatures were determined through analysis of the 

resulting dilatometry data. Heat treatments were performed on each condition by heating with each rate to 

just above Ac1 or just below Ac3 and direct quenching. The resulting samples were analyzed with 

metallography to compare microstructures at the point of transformation.  

The second part of this thesis was to analyze the martensite distribution in intercritically annealed 

cold-rolled steels after heating with different rates. The research presented in this thesis sought to use a 

systematic selection of heating rates based on the degree of ferrite recrystallization prior to the onset of 

austenite formation so that the effect of ferrite recrystallization on banded martensite could be tested. 

A low-carbon ferrite-pearlite steel with a Nb addition, designated C-Mn-Nb, was heat treated to 

two different conditions prior to cold-rolling: ferrite-pearlite and ferrite-spheroidized carbide.  In the 

ferrite-pearlite condition, ferrite recrystallization kinetics were measured, and heating rates were selected 

to achieve different degrees of recrystallization at the onset of austenite formation: 0.99, 0.85, 0.66, 0.33, 

0.12, and 0. Metallographic analysis was then performed on samples which were continuously heated and 

directly quenched from a range of  intercritical temperatures to study the continuous heating 

transformation behavior. The results of this research are found in Chapter 5. 

A series of tests were designed for the C-Mn-Nb steel to measure the effect of different 

microstructure and heat treatment variables on the final martensite distribution. The results of these tests 

are found in Chapter 6. First, secondary ion mass spectrometry (SIMS) analysis was used to test if an 

inhomogeneous Mn distribution contributed to the formation of martensite banding. Second, step heating 

tests were completed so that the effect of heating rate could be isolated from the effects of prior 

microstructure. A slow initial heating rate allowed recrystallization of ferrite and spheroidization of 

pearlite to occur prior to austenite transformation. A fast initial heating rate was also used to minimize the 

changes in microstructure prior to austenite transformation. A change to the final heating rate was made 

prior to Ac1 so that differences in martensite distribution could be compared between samples quenched 

from the intercritical temperature. Therefore, the microstructure prior to austenite transformation was 

constant but the heating rate was different for each sample. Third, heat treatments were performed with a 
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hold at the intercritical annealing temperature to determine if the degree of martensite banding could be 

reduced through an extended hold during austenite formation. Fourth, the effects of carbon distribution 

were studied by using the ferrite-spheroidized carbide condition so that pearlite spheroidization did not 

affect the austenite transformation behavior. The final heat treated microstructures were then compared to 

the ferrite-pearlite condition to observe the differences between a ferrite-pearlite starting microstructure 

and a ferrite-spheroidized carbide starting microstructure.  

A summary is included which seeks to collate the results and discussion included in Chapters 4, 

5, and 6. Trends and general observations of different behaviors were systematized and described, 

including: the effects of heating rate, cold work, and composition on austenite transformation kinetics; 

changes in austenite nucleation and growth behavior with different heating rates; the impact of ferrite 

recrystallization and pearlite spheroidization on austenite formation; and the mechanisms leading to a 

banded martensite microstructure in rapidly heated, intercritically annealed cold-rolled steels.  
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CHAPTER 2 

LITERATURE REVIEW 

 

 This chapter discusses the driving force for, and mechanisms of, austenite formation [2.1], 

pearlite spheroidization, ferrite recrystallization, and their interactions. Literature results on the effect of 

heating rate on these transformations, particularly austenite formation, are related. The changes in 

mechanical properties with rapidly heated steels are described. Finally, the interpretation of dilatometric 

curves upon heating of ferrite-pearlite steels is shown, along with research on the impact of heating rate 

on transformation temperatures measured with dilatometry.  

2.1 Austenite Formation in Ferrite-Pearlite and Ferrite-Spheroidized Carbide Microstructures 

In ferrite-spheroidized carbide steels, austenite nucleates at ferrite-ferrite grain boundaries, grain 

boundary edges [2.2], triple points [2.3], and carbides located on the boundaries. The austenite envelopes 

the carbides and grain boundaries and grows into the surrounding ferrite by carbon diffusion through the 

austenite. Nucleation at carbides along boundaries was found to occur 3-8 times more frequently than 

nucleation at carbides away from boundaries [2.3]. 

In ferrite-pearlite steels, austenite nucleates preferentially at ferrite-pearlite boundaries rather than 

at the interface between ferrite and cementite within pearlite because of the greater free energy reduction 

provided by nucleation at ferrite-pearlite interfaces [2.4]. Austenite rapidly consumes pearlite, and then 

grows into the surrounding ferrite by diffusion of carbon through austenite.  

2.1.1 Heterogeneous Nucleation 

The areas of preferential austenite nucleation can be explained through nucleation theory.  

Nucleation occurs preferentially at heterogeneous sites because the interfacial energy of nuclei is lower 

than for homogeneous nucleation. The activation energy for nucleation is reduced by the shape factor, 

S(θ), as shown in Eq. β.1.  

                      (2.1) 

where  is the interfacial free energy, Gv is the free energy per unit volume, and S(θ) is the shape factor as 

shown in Eq. 2.2. 

                          
(2.2) 

θ is the contact angle between the nucleus and the nucleation site as shown in Figure 2.1, where a nucleus 

on a grain boundary is shown in Fig. 2.1a and a nucleus on a grain boundary triple point is shown in 

Fig. 2.1b. 
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                                                         (a)                                                             (b) 

Figure 2.1 Schematic representations of a nucleus formed on a grain boundary (a) or on a grain 
boundary triple point (b) [2.1]. 
 

Heterogeneous sites include, in order of decreasing ΔG*, vacancies, dislocations, stacking faults, 

grain boundaries and interphase boundaries, and free surfaces [2.1]. Therefore, grain boundaries or 

ferrite-pearlite interfaces decrease the activation energy of the transformation and are preferential 

nucleation sites for austenite.  

Austenite nucleates preferentially on boundaries with carbides or on ferrite-pearlite interfaces 

[2.2-2.4]. Austenite nucleation occurs preferentially near carbon sources such as carbides or pearlite 

because the equilibrium carbon concentration of austenite is much higher than ferrite [2.1]. In a ferrite-

cementite microstructure, austenite nucleates at and consumes cementite so that carbon is available for the 

transformation [2.2-2.3]. 

Austenite formation occurs in low-carbon steels when the temperature reaches the ferrite-

austenite intercritical region (above A1). Once the austenite region is reached, the difference in free 

energy between ferrite and austenite increases with temperature. Also, the atomic mobility increases with 

temperature. Therefore, the rate of nucleation and growth of austenite increases with temperature [2.1].  

2.1.2 Intercritical Annealing of Ferrite-Pearlite Steels 

During intercritical annealing of dual-phase C-Mn steels, austenite formation occurs through 

three stages [2.4], as summarized in Fig. 2.2: The first step is growth of austenite into pearlite, the rate of 

which is controlled primarily by carbon diffusion, with the diffusion path along the pearlite-austenite 

interface. The second step is austenite growth into ferrite to achieve the equilibrium volume fraction of 

austenite, controlled by carbon diffusion through austenite. At low intercritical temperatures or longer 

annealing times, austenite growth is controlled by manganese diffusion in ferrite, which occurs much 

more slowly than carbon diffusion through austenite. The third step is final equilibration of manganese in 

austenite and ferrite, which is controlled by manganese diffusion in austenite, which is much slower than 

manganese diffusion in ferrite.  
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Figure 2.2 Schematic representation of the process of intercritical annealing of low-carbon steel. 
Adapted from [2.4]. 
 

2.1.3 Intercritically Annealed Advanced High Strength Steels 

There are a variety of low-carbon sheet steels which are intercritically annealed to form 

multiphase microstructures for superior combinations of strength and ductility. Therefore, transformations 

in the intercritical region can affect the final microstructure of any of these sheet steels. Figure 2.3 shows 

schematic representations of the heat treatments performed on three different AHSS. Dual-Phase steels 

(Fig. 2.3a), are annealed and directly quenched from the intercritical region to, ideally, form a 

microstructure of ferrite and martensite [2.5]. Transformation induced plasticity (TRIP) [2.5] steels are 

cooled to above the Ms temperature and held isothermally and air cooled to form a microstructure of 

ferrite, bainite, and retained austenite (Fig. 2.3b). Quenched and partitioned (Q&P) [2.6] steels can either 

be intercritically annealed or austenitized, but in either case the steel is quenched to below the Ms 

temperature, but above the Mf temperature, and held at the quench temperature or reheated to a slightly 

higher temperature and held to allow carbon to partition from the martensite to the austenite, stabilizing 

the austenite, followed by air cooling to room temperature (Fig. 2.3c). The resulting microstructure 

consists of martensite, bainite, and austenite, or martensite, ferrite, bainite, and austenite as in the case of 

intercritically annealed Q&P steels.  

2.2 Ferrite Recovery and Recrystallization 

Cold working [2.7] imparts energy into the steel which is stored as defects such as dislocations 

and vacancies. Energy is released through the annihilation of these defects. The processes of energy 

reduction are recovery and recrystallization [2.7], which occur through the movement of atoms or 

vacancies so both processes are temperature dependent. Recovery occurs through the annihilation of 

dislocations by the coming together of opposite sign dislocations, or through the process of 
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polygonization. Polygonization is the process by which dislocations realign to form low-angle 

boundaries. The low-angle boundary grains are called subgrains. Recovery continues through the 

coalescence of subgrain boundaries which reduces the strain energy. The rate of recovery begins rapidly 

and slows as more energy is released.  

 

 
                         (a)                                          (b)                                                       (c) 
Figure 2.3 Schematic representations of heat treatments performed to develop dual-phase 
microstructures (a) [2.5], TRIP steel (b) [2.5], and Q&P (c) [2.6].  
 

Recrystallization is similar to a nucleation and growth process, both in terms of behavior and 

kinetics [β.7]. The transformation can be modelled using a classic “s-shape” curve.  Recrystallization 

typically occurs following recovery though the two processes often overlap. The recrystallization rate 

increases with an increase in initial cold work and with temperature. Recrystallization occurs through the 

formation of a new set of grains of the same phase [2.7]. New crystals form at points of high strain 

energy, and then grow and consume the surrounding deformed matrix [2.7]. Preferential regions for 

recrystallized nuclei to form include grain boundaries and triple points [2.7].  

There are many theories which describe potential mechanisms for recrystallized nuclei formation. 

One mechanism is subgrain coalescence to the point that a sufficiently large strain free region is formed 

that it can grow and consume surrounding dislocations [2.8]. Another theory is the bulge mechanism 

[2.9], where two neighboring grains have different levels of strain, and the more perfect grain grows into 

the less perfect grain and the grain boundary consumes dislocations. If the growing bulge reaches a 

critical size then a nuclei is formed.  

2.3 Pearlite Spheroidization 

In pearlitic steels, spheroidization can occur which affects austenite formation because carbon is 

necessary for austenite formation. Pearlite spheroidizes to reduce interfacial energy at sufficiently high 

temperatures. In hot-rolled or normalized pearlitic steels, complete spheroidization of pearlite is slow, on 

the order of hundreds of hours at 700 °C in a 0.74C steel [2.10]. However, in cold-rolled steels, 

spheroidization of pearlite is much more rapid, with complete spheroidization after 20 minutes at 700 °C 

and “significant” spheroidization at only γ0 seconds in a 50 pct cold-rolled 0.08C-1.45Mn-0.21Si steel 

[2.11]. It is thought that the much more rapid spheroidization in cold-rolled steels occurs from 
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fragmentation of the cementite with enhanced diffusion from the high dislocation density generated 

during cold reduction [2.11]. A bright field TEM image of interactions between ferrite recrystallization 

and pearlite spheroidization is shown in Fig. 2.4 for an 80 pct CR 0.17C-0.74Mn steel heated to 730 °C at 

1 °C/s and quenched [2.12]. The arrows point to a recrystallization front which was travelling into a 

pearlite colony and leaving behind spheroidized carbides, which demonstrates that recrystallization leads 

to rapid spheroidization of pearlite in cold-rolled steels.  

 

Figure 2.4 Bright field TEM image showing the interaction between ferrite recrystallization and 
pearlite spheroidization in an 80 pct CR 0.17C-0.74Mn steel. Arrows point to the recrystallization front 
which was travelling into the pearlite, leaving behind spheroidized carbides [2.12].  
 

2.3.1 Austenite Formation in Spheroidized Pearlite Microstructures 

 The process of austenite formation at low intercritical temperatures in the presence of 

spheroidized pearlite is shown schematically in Fig. 2.5 [2.13]. Before heating, the microstructure starts 

as pearlite with alternating ferrite and cementite (Fig. 2.5a). With heating cementite spheroidizes and 

carbides along ferrite boundaries coarsen (Fig. 2.5b). Following spheroidization, austenite forms first near 

carbides on ferrite boundaries and consumes them (Fig. 2.5c). Later austenite forms on carbides within 

the former pearlite colony (Fig. 2.5d).  

2.4 Effect of Heating Rate on Austenite Formation 

 The transformations described above were analyzed with relatively low heating rates. However, 

in recent years studies have been conducted with different heating rates to study how the transformations 

differ with heating rate. A variety of papers have been published on the effect of heating rate on austenite 

formation in low-carbon sheet steels. The following sections describe differences in austenite nucleation 

density (Section 2.4.1), austenite nucleation sites (Section 2.4.2-2.4.3), austenite formation kinetics 

(Section 2.4.4), and the formation of martensite bands (Section 2.4.5). 
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Figure 2.5 A schematic representation of the process of pearlite spheroidization and austenite formation 
in the presence of spheroidized pearlite. Starting microstructure is shown in (a), on heating the pearlite 
spheroidized and carbides on grain boundaries coarsened (b), followed by austenite formation at grain 
boundaries next to carbides (c), and austenite formation on carbides within the grain (d) [2.13]. 
 

2.4.1 Effect of Heating Rate on Austenite Nucleation Density 

In cold-rolled low carbon steels, austenite nucleation density has been observed to increase with 

an increase in heating rate [2.12, 2.14-2.17]. Reasons for an increase in nucleation density have been 

attributed to an increased driving force due to superheat [2.12], lower activation energy from cold 

deformation [2.14], and/or higher density of potential nucleation sites [2.14-2.16]. A combination of 

increased austenite nucleation density and less time for ferrite recrystallization and growth can lead to 

grain refinement with high heating rates. In contrast, a decrease in nucleation with rapid heating has also 

been reported. Mohanty et al. [2.17] reported a lower density of austenite nuclei with an increase in 

heating rate from 10 to 50 °C/s in a cold-rolled 0.08C-1.9Mn-0.01Nb steel. They attributed the reduction 

in austenite nuclei density to austenite growth dominating at higher heating rates, while nucleation 

dominated at lower heating rates [2.17]. Li et al. [2.15] reported a decrease in austenite nuclei with an 

increase in heating rate from 5 to 50 °C/s but an increase in nuclei with an increase in heating rate from 

50 °C/s to 500 °C/s. With a heating rate of 5 °C/s, ferrite recrystallization was almost complete before 

austenite formation. However, after heating at 500 °C/s, ferrite recrystallization had not yet started when 

austenite formation began, and after heating at 50 °C/s, ferrite recrystallization was concurrent with 

austenite formation. The change in nucleation density was interpreted to occur because of changes in 

potential nucleation sites. After heating at 5 °C/s, austenite could nucleate at both pearlite and 

recrystallized ferrite boundaries. At 50 °C/s, the moving ferrite recrystallization boundaries were not 
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available for nucleation. At 500 °C/s, austenite could nucleate at pearlite and at unrecrystallized ferrite 

boundaries.  

Table 2.1 summarizes the differences observed in nucleation density of austenite with heating 

rate, to show both differences in behavior (increase or decrease) and differences in mechanistic 

explanations for an increase or decrease in nucleation density. An arrow up indicates the research group 

found an increase in nucleation density, and an arrow down indicates a decrease. Li et al. [2.15] are listed 

twice because an increase or a decrease was found depending on the heating rate. An “X” indicates the 

explanation given for the observed behavior. In summary, there may be some heating rates where 

austenite nuclei density is decreased, but in general it appears that the density of nuclei increases with 

increased heating rate. In the future more research could be conducted to study this variation in density. If 

the research of Li et al. [2.15] is correct, then the characterization of recrystallization along with austenite 

formation is important. In this thesis, experiments were performed with heating rates to achieve different 

degrees of recrystallization to study the effect of the degree of recrystallization on nucleation density.  

  

Table 2.1 – Summary of Explanations for Differences in Nucleation Density with Heating Rate. 
The arrows indicate whether nucleation density was observed to increase or decrease.  

Researcher, et al. Superheat Less 
Spheroidization 

CR Energy/Dislocations 

Azizi-Alizamini [2.12] X X X 
Kulakov [2.14] X  X 
Andrade-Carozzo [2.16]   X 
 Moving 

Boundaries 
Growth 

Dominates 
Carbides Along Deformed Boundaries 

Li [2.15]   X 
Li [2.15] X   
Mohanty [2.17]  X  
 

2.4.2 Effect of Heating Rate on Austenite Nucleation Sites 

Different austenite nucleation sites with increasing heating rate have been reported [2.11-2.12, 

2.14-2.24]. In ferrite-pearlite steels, austenite typically nucleates at pearlite-ferrite boundaries, consumes 

pearlite, and then grows to replace ferrite [2.4].  

Nucleation at ferrite-ferrite boundaries has also been reported in ferrite-pearlite steels [2.22-2.24]. 

There are two periods at which austenite can nucleate at ferrite boundaries: during the pearlite dissolution 

period, and following complete pearlite dissolution. San Martin et al. [2.22] and Savran et al. [2.23] 

reported austenite nucleation at ferrite-ferrite boundaries simultaneously with nucleation in pearlite at 

relatively low temperatures in hot-rolled ferrite-pearlite steels. In both studies, austenite was observed to 

nucleate on ferrite-ferrite boundaries when using very low heating rates, 0.5 °C/s or less, though their 
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explanations for this behavior differed. Savran et al. stated that no carbides were found along the ferrite 

boundaries in the as-hot rolled condition, and explained that the source of carbon was the decreasing 

equilibrium carbon content of the ferrite with increasing temperature above A1 [2.23]. San Martin et al. 

did find carbides at ferrite boundaries and attributed the nucleation at ferrite-ferrite boundaries to these 

carbon sources [2.22].  

Several researchers report that austenite formation occurs at ferrite-ferrite boundaries at low 

heating rates [2.15, 2.17-2.18, 2.20], but is essentially absent at high heating rate in cold-rolled steels 

[2.12, 2.15, 2.17-2.19]. Some researchers stated that they only observed austenite to nucleate at ferrite 

boundaries after pearlite dissolution even with low heating rates [2.14-2.15, 2.20]. All reported that 

austenite forms at pearlite colonies regardless of heating rate.  

With steels containing retained austenite [2.25], observed increases in austenite content on 

heating occur through growth of existing austenite rather than by nucleation of new austenite, avoiding 

the nucleation barrier and incubation period. With the case of growth from retained austenite, heating 

must be rapid enough so that decomposition of retained austenite to ferrite and carbides does not occur 

prior to reaching A1. 

2.4.3 Nucleation of Austenite within Unrecrystallized Ferrite 

 Several researchers have attributed the increased formation of austenite at higher heating rates to 

nucleation within unrecrystallized ferrite grains [2.11-2.12, 2.14, 2.16, 2.21, 2.26-2.27], and this 

nucleation hinders ferrite recrystallization. Some reported that austenite nucleation occurs preferentially 

in deformed ferrite [2.14, 2.16, 2.21, 2.26-2.27], while others reported a low density of isolated nuclei, 

with the majority of austenite nucleating at other sites such as ferrite-pearlite boundaries [2.11-2.12]. 

Petrov et al. [2.27] reported that with a heating rate of 3000 °C/s, austenite nucleated on subgrain 

boundaries of recovered ferrite near pearlite colonies, the carbon source provided by diffusion through 

subgrain cells.  

Andrade-Carozzo and Jaques [2.16] found that ferrite recrystallization is hindered by austenite 

formation, which nucleates more extensively in a recovered ferrite matrix. They postulated that 

deformation defects became potent sites for austenite nucleation at the expense of ferrite recrystallization. 

Fine austenite precipitates then stabilized the deformation structure and hindered ferrite recrystallization.  

Chbihi et al. [2.26] found austenite transformation to occur primarily within deformed ferrite 

grains. With energy-dispersive x-ray spectroscopy (EDS) analysis, it was found that the deformed ferrite 

grains were Mn-rich, indicating that solute drag of Mn suppressed recrystallization in those grains. They 

attributed preferential austenite formation within deformed ferrite to several factors. First, defects within 

deformed ferrite stimulated cementite spheroidization leading to more austenite nucleation sites. Second, 

highly deformed grains provided areas for growth. And third, austenite formation occurred preferentially 
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in areas of higher Mn concentration, which was in the deformed ferrite grains. They also found that 

recrystallization was hindered by austenite formation and that the increase in volume fraction of 

recrystallized ferrite occurred primarily through growth rather than by nucleation, which means austenite 

formation lowered the driving force for recrystallization nucleation. They attributed a reduction in the 

driving force for recrystallization to two explanations. First, the austenite transformation relaxes the 

elastic energy stored in deformed ferrite. Second, growth of austenite occurs through carbon 

redistribution, and carbon diffusion along defects stabilizes them.  

Kulakov et al. [2.14] found austenite nucleation to occur preferentially in unrecrystallized 

regions, and they explained this behavior through nucleation theory: the activation barrier for nucleation, 

ΔG* (Section β.1.1), is lowered because of the stored energy from cold work, P, and the shape factor, 

S(θ), of the heterogeneous nucleation sites provided by the defects generated through cold work, as seen 

in Eq. 2.3: 

                   
(2.3) 

 However, it has also been reported that ferrite recrystallization can hinder austenite formation 

[2.15, 2.18-2.19, 2.20, 2.28]. This was first observed by Haung et al. [2.18], stating that pearlite-nucleated 

austenite grew without significant competition from grain boundary-nucleated austenite because the 

moving ferrite grain boundaries did not provide suitable nucleation sites. A cellular automaton modelling 

study by Zheng and Raabe [2.20] and a phase-field modelling study by Zhu et al. [2.28] were performed 

to compare austenite formation between slowly and rapidly heated cold-rolled steels using the assumption 

that moving, recrystallizing ferrite boundaries were not suitable for austenite formation. They found 

agreement between experimentally developed microstructures and the models if moving ferrite 

boundaries were unavailable as austenite nucleation sites, leaving only pearlite available for austenite 

nucleation.  

Reduced austenite nucleation at ferrite-ferrite boundaries was also observed by Mohanty et al. 

[2.17] and Azizi Alizamini et al. [2.12], but the reduction was attributed to diffusion differences. Mohanty 

et al. stated that with a high heating rate there is less time available for carbon diffusion and a reduced 

number of recrystallized ferrite grains, so austenite nucleation takes place primarily in carbon-rich areas. 

Then the shorter time available for diffusion limits austenite growth to short distances, mostly between 

blocks of pearlite. Aziz-Alizamini et al. proposed a similar theory, stating that growth of austenite grains 

nucleated at ferrite grain boundaries is hampered from limited carbon supply because of the nucleation at 

interfaces of pearlite colonies. The austenite then grows along the rolling direction into unrecrystallized 

ferrite regions.  
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Li et al. [2.15] found that austenite nucleation within unrecrystallized ferrite depended on heating 

rate: at medium heating rates recrystallizing ferrite boundaries reduced nucleation within ferrite, and at 

high heating rates austenite nucleated within recovered ferrite, indicating that the differences in ferrite 

recrystallization-austenite formation interactions were from different degrees of recrystallization. If ferrite 

was partially recrystallized during austenite formation, then recrystallization and austenite formation 

occurred simultaneously and moving ferrite boundaries were unavailable for austenite nucleation. With 

rapid heating, ferrite recrystallization had only partially completed, or had not yet started, leaving the 

subgrain boundaries within recovered ferrite as nucleation sites for austenite.  

2.4.4 Effect of Heating Rate on Austenite Formation Kinetics 

Growth rate of austenite is faster with higher heating rates. Figure 2.6 shows austenite growth at 

750 °C after heating at rates of 1 and 100 °C/s for a Fe-C-Mn-Mo steel in both the hot rolled and cold 

rolled conditions [2.18]. The rate of austenite growth increased for both conditions, but the increase in 

growth rate was greater for the cold-rolled condition. The increase in austenite growth rate was speculated 

to be from a variety of factors, most of which were related to diffusion differences [2.12, 2.14, 2.16-2.19, 

2.26, 2.29-2.30]. The greater superheat of rapidly heated steel means austenite transformation occurs at 

higher temperatures where diffusion is faster [2.12]. In rapidly heated steel, the mean distance between 

cementite is smaller from the lack of spheroidization and ripening of cementite leading to a shorter 

diffusion distance, and the greater surface area of cementite within pearlite leads to more nucleation sites, 

both of which can accelerate austenite formation [2.19]. Higher heating rates result in lower amounts of 

ferrite-nucleated austenite which grows more slowly than pearlite-nucleated austenite because of greater 

carbon concentration [2.18]. In rapidly heated cold-rolled steels, dislocations and subgrain boundaries of 

recovered ferrite provide many diffusion paths [2.14, 2.19, 2.26]. Solutes exert less pressures on 

boundaries moving rapidly, so the rapid growth from diffusion through subgrain boundaries would also 

mean less effect from solute drag [2.14].  

Mohanty et al., [2.17] who found lower nuclei density with increased heating rate, stated that 

austenite growth increased because nucleation dominated at lower heating rates but growth dominated at 

higher heating rates.  

Rapid austenite growth after rapid heating has also been proposed to be from a shift from 

austenite formation under local equilibrium to paraequilibrium conditions. Andrade-Carozzo and Jacques 

[2.16] observed rapid austenite formation when a cold-rolled 0.16C-1.4Mn steel was rapidly heated to 

800 °C, subsequently, at a constant 800 °C, they observed a slow decline in austenite fraction. They 

postulated that rapid austenite formation occurred under paraequilibrium conditions, but that with time 

manganese and silicon segregated progressively at the interface so that local equilibrium became 

predominant, thus decreasing the austenite content. With slow heating, however, local equilibrium 



14 
 

conditions prevailed from the beginning.  Chbihi et al. [2.26] performed austenite growth rate studies 

with heating rates of 1 and 100 °C/s with 75 pct CR Fe-C-Mn and Fe-C steels. With the Fe-C-Mn steel, 

austenite growth was much faster with the high heating rate, but austenite growth was not changed by 

heating rate with the Fe-C steel. The researchers wrote that with the Fe-C-Mn steel there was insufficient 

time for Mn redistribution to obtain local equilibrium. The growth rate was much faster under 

paraequilibrium than local equilibrium. With the Fe-C steel there was sufficient time for local equilibrium 

because carbon diffuses much more quickly. A comparison between measured austenite growth and 

calculated paraequilibrium and local equilibrium is in Fig. 2.7. However, subsequently [2.29], the 

researchers found austenitization kinetics which were too rapid for even paraequilibrium conditions, and 

attributed the rapid austenite formation to a partitionless transformation.  

 

Figure 2.6 Austenite volume fraction vs holding time for hot and cold-rolled Fe-C-Mn-Mo steel at 
heating  rates of 1 and 100 ºC/s held at 750 ºC. The rate of austenite growth was greater with the higher 
heating rate. The cold-rolled steel has a greater volume fraction of austentite at both heating rates 
[2.16]. 
 

A transition from diffusional to partitionless transformation to austenite with heating rate has also 

been observed in hot-rolled steel. Schmidt et al. [2.30], in observations of a 4118 ferrite-pearlite steel with 

in-situ laser confocal imaging, determined that there is a shift from diffusion-controlled to interface-

controlled massive austenite formation at temperatures above T0, the temperature at which ferrite and 

austenite have the same free energy. The massive transformation occurred much more rapidly than the 

diffusion-controlled transformation. The transition to a massive transformation was confirmed by several 

experiments. First, comparisons with massive transformations in pure iron yielded similar behavior. 

Second, the calculated distance for possible diffusion of carbon was 5 µm for the short time at 

temperature, while the growth distance of the migrating fronts was 25-40 µm. And third, the massively 

transformed austenite transformed to ferrite upon cooling, indicating minimal carbon within the massively 

transformed austenite.  
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A summary of the different proposed mechanisms for rapid austenite growth after rapid heating is 

shown in Table 2.2. The majority of the proposed mechanisms are explanations for more rapid diffusion 

[2.12, 2.14, 2.17-2.19]. Alternative explanations include paraequilibrium growth [2.16, 2.26], or a shift 

from a diffusional transformation to a diffusionless transformation [2.29-2.30].  

 

Figure 2.7 Comparison between measured austenite interface velocity after rapid heating (100 °C/s) of 
Fe-C-Mn steel vs calculated paraequilibrium and local equilibrium conditions during intercritically 
annealing. Measured values coincide with paraequilibrium until approximately 10 s [2.26]. 
 
2.4.5 Effect of Heating Rate on Martensite Banding  

Rapidly heated cold-rolled steels are reported to exhibit martensite banding, while rapidly heated 

hot-rolled steels were not [2.18]. Figure 2.8 shows micrographs of a F-C-Mn-Mo steel, in both hot-rolled 

and cold-rolled conditions, heated at 1 or 100 °C/s to 750 °C and held for 10 min before quenching [2.18]. 

All four microstructures contain martensite (dark grey) and recrystallized ferrite (light grey). The 

martensite was relatively evenly distributed in the hot-rolled condition when either slowly heated (Fig. 

2.8a) or rapidly heated (Fig. 2.8c). The slowly heated cold-rolled steel exhibited an even distribution of 

martensite (Fig. 2.8b), but has distinct martensite bands when rapidly heated (Fig. 2.8d). The reasons for 

martensite banding in rapidly heated cold-rolled dual-phase steels is the primary question being pursued 

in this thesis.  

The appearance of extensive banding after intercritical annealing in cold-rolled steels is generally 

attributed to lack of nucleation and growth at ferrite-ferrite boundaries [2.12, 2.15, 2.17-2.20, 2.26, 2.29]. 

Figure 2.9 shows a schematic representation of the differences in austenite formation when recrystallized 

ferrite boundaries are unavailable for austenite nucleation. The initial cold rolled microstructure is 

composed of deformed ferrite and elongated pearlite (Fig. 2.9a). With slow heating to the intercritical 
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region (Fig. 2.9b), austenite nucleation occurs both in pearlite and on ferrite-ferrite boundaries, leading to 

a relatively equiaxed martensite. With rapid heating (Fig. 2.9c), however, austenite nucleates only within 

elongated pearlite and then grows along the rolling direction leading to bands of martensite. 

 
Table 2.2 – Summary of Explanations for More Rapid Austenite Growth with More Rapid Heating. 

Researchers, et. al. Less Nucleation Diffusion paths 
in recovered 

ferrite 

Solute 
pressure 

More carbon – 
less 

spheroidization 

More 
carbon 

in 
pearlite 

than 
ferrite 

Mohanty [2.17]  X     
Kulakov [2.14]   X X   
Mumford [2.19]  X  X  
Huang [2.18]     X 
 Paraequilibrium Massive 

Transformation 
   

Andrade-Carozzo [2.16] X     
Chbihi [2.26] X     
Barbier [2.29]  X    
Schmidt [2.30]  X    

 

Figure 2.8 Hot-rolled (a, c) and cold-rolled (b, d) Fe-C-Mn-Mo steel intercritically annealed at 750 °C for 
10 min after heating at 1 °C/s (a, b) or 100 °C/s (c, d). The rapidly heated hot-rolled steel exhibits no 
martensite banding while the rapidly heated cold-rolled steel does. Neither slowly heated steel exhibited 
significant martensite banding [2.18]. 
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                  (a)                                    (b)                                    (c) 
Figure 2.9 Schematic representation of austenite formation in cold-rolled steels, where the prior 
microstructure is shown in (a), the slowly heated condition is shown in (b), and the rapidly heated 
condtion is shown in (c). Adapted from [2.18].  
 

The proposed causes for the suppression of austenite nucleation on recrystallized ferrite 

boundaries are in two primary areas: diffusion and recrystallization. The explanations of diffusion 

differences are varied [2.12, 2.17, 2.19-2.20]. Mohanty et al. stated that because of shorter time available 

for diffusion, the diffusion distance was limited to the shortest distance possible, which was between 

blocks of pearlite-nucleated austenite [2.17]. Zheng and Raabe stated that ferrite-nucleated austenite must 

grow by carbon diffusion from carbon-rich areas, which results in a greater distance than simply growing 

from pearlite-nucleated austenite [2.20]. Azizi-Alizamini et al. proposed that because only isolated 

austenite grains form on ferrite boundaries, austenite growth occurred by short-range diffusion, and that 

because pearlite-nucleated austenite grains grew into unrecrystallized ferrite grains, carbon supply to 

ferrite boundaries was limited [2.12]. Mumford et al. stated that there is less carbon in solution in ferrite 

with high heating rates resulting in nucleation at pearlite [2.19].  

One proposed mechanism for the suppression of austenite formation on recrystallized ferrite 

boundaries is that with concurrent austenite formation and ferrite recrystallization, moving recrystallizing 

ferrite boundaries are unsuitable for austenite nucleation [2.15, 2.18, 2.20, 2.28], as discussed in Sections 

2.4.2-2.4.3. Another proposed mechanism for the suppression of austenite formation on recrystallized 

ferrite boundaries is the preferential formation of austenite within deformed or recovered ferrite, as 

discussed in Section 2.4.3. Chbihi et al. [2.26] observed that austenite grew preferentially within bands of 

recovered ferrite which coincided with Mn-rich bands detected with EDS. The Mn concentration in these 

bands both slowed ferrite recrystallization as well as created areas of preferential austenite formation. The 

austenite then pinned ferrite, slowing recrystallization and maintaining the banded microstructure. 

However with slow heating, the deformed ferrite regions were not present, leaving austenite to nucleate 

and grow along equiaxed ferrite boundaries, limiting the influence of Mn-rich bands. The growth of 

austenite in recovered ferrite bands led to martensite bands in the final microstructure of rapidly heated 

steel.  

Some researchers have observed martensite banding regardless of heating rate [2.14, 2.31]. 

Kulakov et al. [2.14] studied steels with ferrite-pearlite, ferrite-pearlite-bainite, and martensitic starting 



18 
 

microstructures. The as-hot rolled condition had a ferrite-pearlite-bainite microstructure. The other two 

conditions were created by reaustenitizing at  900 °C for 1800 seconds followed by water quenching 

(martensitic), or furnace cooled (ferrite-pearlite). All three conditions were cold-rolled prior to analysis. 

The researchers found martensite banding with the ferrite-pearlite starting microstructures regardless of 

heating rate, but not with ferrite-pearlite-bainite or martensitic starting microstructures, even with high 

heating rates. Therefore, prior microstructure affected banding independent of heating rate.   

 

Table 2.3 – Summary of Explanations for Martensite Banding Formation in Rapidly Heated Cold-Rolled 
Steel. 

Researchers, et al. 

Lack of ferrite-
boundary 
nucleated 
austenite - 
diffusion 

Lack of ferrite-
boundary 
nucleated 
austenite - 
recrystallization 

Prior 
Microstructure 

Preferential 
austenite growth 
within Mn-rich 
deformed ferrite 

Mohanty [2.17] X 
   Azizi-Alizamini 

[2.12] X 
   Mumford [2.19] X X 

  Zheng, Raabe [2.20] X X 
  Li [2.15] 

 
X 

  Zhu, Militzer [2.28] 
 

X 
  Huang [2.18] 

 
X 

  Kulakov [2.14] 
  

X 
 Bos [2.31] 

  
X 

 Chbihi [2.26] 
   

X 
Barbier [2.29] 

   
X 

 
2.4.6 Summary of Austenite Formation Observations 

There are many differences in findings and explanations of mechanistic changes in austenite 

formation with rapid heating, as summarized in Sections 2.4.1-2.4.4. These differences can be explained 

in the following ways. First, different steel compositions were used which have a strong effect on 

diffusion and recrystallization driving forces. Second, different degrees of cold-reduction were used, 

leading to changes in recrystallization behavior. Third, there were differences in morphology and 

fractions of pearlite, bainite, and martensite prior to heat treatment. Fourth, each group evaluated different 

heating rate ranges, leading to comparisons with different degrees of recrystallization at the start of 

austenite formation. Fifth, use of in-situ dilatometry and SEM imaging after cooling from intercritical 

temperatures, the most common testing methods, do not give complete information on recrystallization. 

Therefore, even when similar behaviors were observed, explanations speculated on recrystallization 

differences which were not measured. Selecting heating rates based on recrystallization kinetics, and the 
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use of EBSD to study both recrystallization and austenite formation, should answer more questions about 

heating rate effects on microstructural evolution in dual-phase steel.  

2.5 Mechanical Properties of Rapidly Annealed Steels 

Rapid annealing of AHSS has been utilized to improve mechanical properties, either by reduction 

in grain size or by modifying the proportion of different phases, such as retained austenite. Improvement 

of mechanical properties with rapid heating is described in Section 2.5.1. However, a potential side effect 

of rapid heating of cold-rolled AHSS is the formation of banded microstructures (Section 2.4.5). The 

effect of banded microstructures on mechanical properties and formability is described in Section 2.5.2.  

2.5.1 Improvement of Mechanical Properties with Rapid Annealing 

Rapid annealing of DP steels has been found to affect the microstructure and the resulting 

mechanical properties. Azizi-Alizamini et al. [2.32] reported that 300 °C/s heat treatments of an 80 pct 

CR 0.17C-0.74Mn steel could be utilized to achieve ultra-fine grain (UFG) DP microstructures. 

Figure 2.10 shows mechanical properties of slowly heated (triangles) and rapidly heated (circles) DP 

steels. The solid line indicates the upper limit of conventional DP steels, and the dotted line indicates the 

upper limit of UFG DP steels. They found that by utilizing rapid heating an increase in tensile strength of 

150 MPa could be achieved with ductility similar to coarse grain DP steels. The best properties were 

achieved by holding for 10-30 s at 750 °C. Meng and Zheng [2.33] compared a commercially-produced 

70 pct CR 0.07C-1.7Mn-0.43Si DP steel with the same steel heated at 500 °C/s, held for 2 s at 860 °C, 

and quenched. The UTS increased from 625 to 666 MPa, and the total elongation increased from 23.3 to 

26.6 pct by using rapid heating. The improved properties were interpreted to be from the decreased grain 

size of the rapidly heated steel. Li et al. [2.15] reported that using heating rates of 50 or 500 °C/s with a 

70 pct CR 0.1C-1.6Mn-0.4Si steel and an immediate quench from the intercritical temperature would 

increase the overall strength because of the higher strength ferrite from reduced recrystallization and 

growth. No elongation values were reported.  

Some studies did not find an improvement in mechanical properties of DP steels with rapid 

heating. Mohanty et al. [2.17] found that increasing the heating rate from 10 to 50 °C/s resulted in steels 

with reduced strength because of the reduced hardenability from inhomogeneous carbon distribution. 

Rapid annealing has also been performed on other AHSS like TRIP and Q&P steels. In a 70 pct 

CR 0.2C-1.8Mn-1.5Si TRIP steel [2.34], heat treatments were performed with heating rates of up to 

500 °C/s. Figure 2.11 shows the effect of heating rate on tensile strength and total elongation (Fig. 2.11a) 

and on retained austenite and the carbon concentration of retained austenite (Fig. 2.11b). Tensile strength 

and retained austenite increased with heating rate, while total elongation decreased. In an 80 pct CR 

0.25C-1.5Si-3Mn Q&P steel [2.35], heat treatments were compared using heating rates of 10, 500, and 

1000 °C/s up to 850 °C followed by a quench and partitioning treatment. Because of the increase in 
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transformation temperatures with heating rate, the 1000 °C/s condition was intercritically annealed with a 

ferrite fraction of 0.25. With a heating rate of 10 °C/s, the researchers achieved a UTS of 1050 MPa and 

total elongation of 6.1 pct. With a heating rate of 1000 °C/s, the mechanical properties were improved 

with a UTS of 1318 MPa and a total elongation of 14.3 pct. The improved properties were attributed to a 

smaller grain size, and the replacement of fresh martensite with ferrite. A greater ferrite fraction enhanced 

ductility, while smaller grains led to higher strength. 

 

Figure 2.10 Comparisons of UTS and Uniform Elongation with conventional coarse grained Dual-
Phase steels and rapidly heated UFG grain Dual-Phase steels. An 80 pct CR 0.17C-0.74Mn steel was 
studied. Solid line is the upper limit of properties of conventional DP steels and the dotted line is the 
upper limit of properties of UFG DP steels. Conventional DP steels (triangles) and UFG DP steels 
(squares) were obtained from literature, while circles were results obtained in the study. An increase in 
UTS of 150 MPa with similar ductility to coarse grained materials can be obtained [2.32]. 
 

2.5.2 Formability of Banded Microstructures 

Rapid annealing of cold-rolled AHSS can result in a banded microstructure (see Section 2.4.5), 

and banded microstructures in multiphase steels can deleteriously affect formability. Mazinani et al. 

[2.36] compared tensile properties of equiaxed and banded martensite microstructures, produced by 

heating at 1 and 100 °C/s with a hold time of 60 s at different intercritical temperatures to obtain the 

different microstructures in a 55 pct CR 0.06C-2Mn DP steel. They found that yield and tensile strength 

were essentially unchanged, whether in the rolling direction or transverse to the rolling direction. A 

comparison of uniform and total elongation between slowly and rapidly heated steels is shown in 

Fig. 2.12. They found that uniform elongation was lower for banded microstructures for martensite 

fractions up to 0.5. Figure 2.13 shows an SEM image of a deformed sample produced with the 100 °C/s 

heating rate, showing that voids formed through the fracture of martensite bands along the rolling 

direction [2.36]. 
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Figure 2.11 Mechanical properties of a TRIP steel heated at different rates to annealing temperatures of 
1073K and 1133K. Tensile strength and total elongation are shown in (a), and retained austenite and 
carbon concentration of retained austenite are shown in (b) [2.34].  

  

 

Figure 2.12 Comparison of uniform elongation (a) and total elongation (b) between slowly and rapidly 
heated steel. Both total and uniform elongation were lower for rapidly heated steel because of the 
banded microstructure [2.36].  

  

 

 
Figure 2.13 SEM image of a deformed sample of 55 pct CR 0.06C-2Mn DP steel heat treated with 
rapid heating (100 °C/s). Voids formed through fracture of martensite bands along the rolling 
direction [2.36]. 
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Martensite bands negatively affect local formability by acting as sites of crack initiation in 

forming operations which occur parallel to the bands [2.36-2.40]. Deep drawing tests were performed on 

a 0.1C-1.9Mn-0.25Si DP steel which were produced from two different casts [2.37]. The first casting 

resulted in an equiaxed microstructure but the second casting resulted in banded microstructures in the DP 

microstructure. Reduced deep drawability was found in the banded microstructures. Void formation of the 

banded microstructures was investigated and cracks were found to have formed along bands of 

martensite, as shown in Fig. 2.14. 

 

 
Figure 2.14 SEM SEI micrograph of a crack along a martensite band in a hot-rolled dual-phase steel, 
which formed during deep drawing [2.37]. 

 

Hole expansion tests were performed on a single hot-rolled steel (0.1C-1.4Mn-0.1Si), and 

unknown variations in the processing resulted in widely different hole expansion values [2.38]. It was 

discovered that the lowest hole expansion values resulted from a microstructure of banded martensite, a 

medium level hole expansion value was found in a banded microstructure of ferrite and pearlite, and the 

highest hole expansion value was found for a microstructure of uniformly distributed ferrite and pearlite.   

Formability tests were performed with three different DP steels, designated DP780A, DP780B, 

and DP780C [2.39]. DP780A had a banded martensite-ferrite microstructure, the DP780B had a uniform 

distribution of martensite and ferrite, and the DP780C steel had a fine grain size with a uniform 

distribution of martensite and ferrite. The martensite bands in the DP780A steel resulted in lower hole 

expansion with 13 pct, while DP780B had 28 pct and DP780C had 33 pct. In V-bend tests (for 

bendability measurements), the DP780A again had the worst value with a 2.0 mm radius before cracking, 

while DP780B reached 1.0 mm and DP780C reached 0.5 mm. In stamping tests with the DP780A steel 

edge cracking was found which was consistent with the poor local formability exhibited in hole expansion 

and bending tests.  
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2.6 Dilatometry Measurements of Austenite Formation 

Dilatometry can be used for in-situ measurement of austenite formation on heating [2.12, 2.22, 

2.41-2.42]. Dilatometry measurements have been performed with a variety of prior microstructures, 

compositions, and heating rates. The analysis of dilatometry to determine austenite formation kinetics 

with different heating rates is summarized below.  

San Martin et al. [2.22] studied the correlation between changes in dilation curves with different 

stages of austenite transformation for heating rates of 0.05, 0.5, 5, and 10 ºC/s in a hot-rolled 0.11C-

1.5Mn-0.3Si steel. A transition was found in the dilation curves between the pearlite-to-austenite and 

ferrite-to-austenite transformation, which was defined as Acθ temperature by the investigators, though is 

also referred to as Ac1f, Tc, Ac1e, Af, AcΘ, or Apf [2.41]. A representative transition, Acθ, is shown in 

Fig. 2.15, which shows a dilatometric curve for the steel with a heating rate of 0.05 ºC/s. Ac1, Acθ, and 

Ac3 were found to increase with heating rate. Table 2.3 summarizes the Ac1, Acθ, and Ac3 temperatures 

for heating rates of 0.05, 0.5, 5, and 10 ºC/s. Ac1 and Acθ increased by 20 ºC between the lowest and 

highest studied heating rates, and Ac3 increased to a lesser extent (about 12ºC).  

Aziz-Alizamini et al. [2.12] studied the effect of heating rate on a hot-rolled and 80 pct cold-

rolled steel of composition 0.17 C and 0.74 Mn wt pct using dilatometry. Figure 2.16 shows dilatometry 

curves for heating rates of 1 ºC/s. In Region 1, a linear expansion is seen in both the hot-rolled and cold-

rolled steels, with strain in the top plot and the first derivative presented below. In Region 2 the linear 

expansion continued in the hot-rolled sample but a change in slope is seen in the cold-rolled sample. This 

change was attributed to recrystallization of ferrite by the investigators, though other factors, including 

annihilation of dislocations, were considered. Region 3 is the pearlite-to-austenite transformation while 

Region 4 is the ferrite-to-austenite transformation. Finally, Region 5 is linear austenite thermal expansion.  

 

Figure 2.15 Dilatometric curve for a heating rate of 0.05ºC/s in a 0.11 C, 1.5 Mn, 0.3 Si wt. pct. steel. 
The transition from pearlite-to-austenite to ferrite-to-austenite (Acθ) is clearly shown [2.22]. 
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Table 2.3 - Experimental Austenite Start (Ac1) and Finish (Ac3), and Pearlite Dissolution Finish 
Temperature (Acθ) in a Hot-Rolled 0.11C-1.5Mn-0.3Si wt pct Steel [2.22]. 

Heating Rate (°C/s) Ac1 (°C) Acθ (°C) Ac3 (°C) 

0.05 732 756 893 
0.5 736 756 889 

5 742 763 897 
10 752 776 905 

 
Figure 2.17 shows the effect of increasing heating rate on the dilatometry curves for the hot-rolled 

(Fig. 2.17a) and cold-rolled (Fig. 2.17b) samples [2.12]. For the hot-rolled material, the Ac1, Ac3, and Acθ 

are all raised with increasing heating rate; however, the shape of the curves and their derivatives remain 

similar. The cold-rolled steel, however, changed in several significant ways. A change in slope during 

Region 2 was observed in the cold-rolled condition because of recrystallization of ferrite. A sharp drop is 

seen at Ac1 in the derivative curves for both conditions which are all at the same slope, nearly on the same 

line. For Acθ, at least with the slope, both conditions exhibited similar behavior, but Acθ was essentially 

constant with heating rate for the cold-rolled condition but increased for the hot-rolled condition. Ac3 

increased with heating rate for both the cold-rolled and hot-rolled conditions.  

In a 0.11C-0.5Mn ferrite-pearlite steel measured with heating rates from 0.05 to 100 °C/s [2.42], 

a simple linear fit was found to represent the increase in transformation temperatures with heating rate, as 

shown in Fig. 2.18. The line indicates a linear fit with heating rate (note the log scale). The steel was 

tested in four conditions which are designated MIXT1-MIXT4. MIXT1 was as-hot rolled, MIXT2-4 were 

reheated to 1000 °C, held for 60 s and cooled at 0.5 °C/s (MIXT2), 0.1 °C/s (MIXT3), or 0.05 °C/s 

(MIXT4). Figure 2.19 shows the resulting distributions of ferrite and pearlite for MIXT1 (a), MIXT2 (b), 

MIXT3 (c), and MIXT4 (d). As shown in the micrographs, the mean free distance between pearlite 

colonies was different for each condition, with 36 µm for MIXT1, 43 µm for MIXT2, 47 µm for MIXT3, 

and 49 µm for MIXT4. Regardless of the prior processing, there was a linear increase in Ac1 and Ac3 with 

heating rate.   

To test whether the linear increase with heating rate fits all data sets, data from the study by 

Azizi-Alizamini et al. [2.12] were analyzed. The change in the Ac1, Ac3, and Acθ temperatures with 

heating rate are included in Table 2.4 [2.12]. The increase in transformation temperatures with heating 

rate was less with the cold-rolled steel. Figure 2.20 is a graphical representation of the transformation 

temperatures given in Table 2.4 with heating rate for the hot-rolled condition (Fig. 2.20a-2.20b) and the 

cold-rolled condition (Fig. 2.20c-2.20d). The investigators did not attempt a simple fit to the increase in 

critical temperatures with heating rate, so linear and log fits are shown for each dataset along with the 

maximum R2 value for each fit. The maximum R2 value for the log fit is 0.94 for the hot-rolled Ac1, 0.97 

for Ac3, 0.85 for the cold-rolled Ac1, and 0.91 for Ac3.  The maximum R2 values for a linear fit, however, 
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are lower with the exception of the cold-rolled Ac1, with 0.85 for hot-rolled Ac1, 0.74 for Ac3, 0.95 for 

cold-rolled Ac1, and 0.76 for Ac3. Therefore, the increase in transformation temperatures with heating rate 

may be better described by a logarithmic fit than a linear fit.  

 

Figure 2.16 Steel of composition 0.17 C and 0.74 Mn wt. pct., hot-rolled and cold-rolled, heated at 
1 ºC/s. The dilatometric curve is above and the first derivative is below [2.12]. 

 

2.7 Summary 

 A short review was given of austenite formation, ferrite recrystallization, and pearlite 

spheroidization in slowly heated steels in Sections 2.1-2.3. Section 2.4 presented a review of 

differences in transformation behavior with rapid heating, including changes in austenite nucleation 

density (Section 2.4.1), austenite nucleation sites (Section 2.4.2-2.4.3), austenite formation kinetics 

(Section 2.4.4), and the formation of martensite bands (Section 2.4.5). Differences in mechanistic 

explanations of heating rate effects were described. Mechanical properties of rapidly heated steels 

were explored in Section 2.5. Section 2.6 reviewed dilatometry measurements of austenite 

formation, as well as attempts to model the changes in transformation temperatures with heating 

rate.  
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Figure 2.17 Dilatometry curves for 0.17 C and 0.74 Mn wt. pct. steel HR (a) and CR (b) for 
different heating rates. The top is strain and the lower curve represents the first derivative [2.12]. 
 

 

Figure 2.18 Linear increase in transformation temperatures with heating rate of a ferrite-pearlite 
steel heat treated to different distributions of pearlite [2.41]. 
 

 
Table 2.4 - Critical Transformation Temperatures with Different Heating Rates for a 0.17 C and 

0.74 Mn wt pct steel in the Hot- and Cold-Rolled Condition [2.12]. 

 

Heating Rate 
(°C/s) 1 10 100 900 

HR sample Ac1 (°C) 730 739 760 790 

 
Acθ (°C) 763 778 792 812 

 
Ac3 (°C) 854 870 915 950 

CR sample Ac1 (°C) 719 720 724 734 

 
Acθ (°C) 771 777 760 770 

 
Ac3 (°C) 852 854 887 910 
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Figure 2.19 Light Optical micrographs of a 0.11C-0.5Mn steel to show the different distributions 
of ferrite-pearlite resulting from different processing histories, as-hot rolled  MIXT1 (a), reheated 
to 1000 °C and cooled at 0.5 °C/s MIXT2 (b), 0.1 °C/s MIXT3 (c), or 0.05 °C/s MIXT4 (d) 
[2.41]. 
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                                       (a)                                                                                 (b) 

 
                                        (c)                                                                                   (d) 
Figure 2.20 Increase in transformation temperatures with heating rate for a 0.17C-0.74Mn steel in the hot-
rolled and 80 pct CR conditions. A log fit to the increase is also displayed. Ac1 temperatures are shown in 
(a, c) and Ac3 temperatures are shown in (b, d). The hot-rolled condition is shown in (a, b) and the cold-
rolled condition is shown in (c, d). Adapted from [2.12]. 
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CHAPTER 3 

EXPERIMENTAL METHODS 

 

 This chapter describes the materials studied and experimental procedures used in this research. 

Two different groups of materials were used for two different research goals: 1) assessment of austenite 

formation kinetics with different heating rates for steels with different degrees of cold reduction and alloy 

additions; and 2) evaluation of the effects of prior microstructure and heating rate on austenite nucleation 

and growth in relation to cementite morphology and distribution, recovered ferrite, and recrystallized 

ferrite boundaries. The Gleeble® 3500 heat treatment setup is described. The procedure for modelling 

ferrite recrystallization and austenite formation measurements using dilatometry is detailed. Sample 

preparation and equipment parameters are described for metallography, Electron Backscatter Diffraction 

(EBSD), and Secondary Ion Mass Spectrometry (SIMS). 

3.1. Materials  

A series of cold-rolled (CR) low carbon steels was chosen for analysis for intercritical annealing 

experimentation. The compositions of these alloys are shown in Table 3.1, and the cold reductions are 

shown in Table 3.2. The first group of steels included 1020, 1019M, and 15B25 steels and were evaluated 

for the austenite formation kinetics study, which measured the change in austenite transformation 

temperatures with heating rate. Initially in the hot-rolled condition all three steels had ferrite-pearlite 

microstructures, and each was given two different cold reductions. As outlined in Section 3.1.1 below, 

this group of three steels was used to determine the effect of heating rate, different degrees of cold 

reduction, and alloying additions on transformation temperatures.  

The second study utilized one alloy, designated C-Mn-Nb, with two different microstructures 

prior to cold-rolling: ferrite-pearlite and ferrite-spheroidized carbide. This steel was chosen because its 

composition is characteristic of Dual-Phase steels. It was anticipated that the Nb addition would retard 

ferrite recrystallization kinetics and thus enable accurate measurement of recrystallization kinetics. This 

alloy is described in Section 3.1.2.  

3.1.1 Materials for Austenite Formation Kinetics Study 

Three nominal 0.2 wt pct carbon (C) steels: 1020, 1019M, and 15B25, were tested for the study 

of the effects of cold work and heating rate on austenite transformation kinetics and the results are 

summarized in Chapter 4. All steels were provided by Tube Investments of India. The compositions of 

1019M, 1020, and the 15B25 were measured using Optical Emission Spectroscopy (OES) by AK Steel 

Dearborn. The 1020 steel was a plain C-manganese (Mn) steel, the 1019M was a higher Mn (1.0 wt. pct.) 

steel micro-alloyed with niobium (Nb), and 15B25 steel included higher Mn and Nb contents, 1.2 and 
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0.027 wt pct respectively, and 0.0011 wt. pct. boron. Each steel was cold rolled, nominally 40 pct and 60 

pct reduction in thickness by Tube Investments of India. The actual cold reductions for these steels were 

39 and 59 pct for the 1020 steel, 41 and 53 pct for the 1019M steel, and 33 and 58 pct for the 15B25 steel. 

The final sheet thicknesses after cold rolling are summarized in Table 3.2 along with material 

designations. In this thesis each steel condition is referred to by cold reduction and alloy designation, e.g. 

39 pct CR 1020 is SAE 1020 with 39 pct cold reduction.  

 

Table 3.1 – Nominal Composition Summary of Experimental Steel (wt pct). 

Steel C Mn Si Ni Cr Mo Ti 

1020 0.199 0.5 0.006 0.004 0.013 0.001 0.001 

1019M 0.167 1 0.012 0.008 0.02 0.001 0.001 

15B25 0.251 1.2 0.227 0.021 0.529 0.002 0.036 

C-Mn-Nb 0.12 1.4 0.01 N/R 0.21 0.20 N/R 

Steel Nb V Al  N S P B 

1020 0 0.001 0.031 0.0016 0.007 0.017 0.0001 

1019M 0.008 0.001 0.044 0.0025 0.01 0.016 0.0001 

15B25 0.027 0.004 0.034 0.005 0.002 0.021 0.0011 

C-Mn-Nb 0.020 N/R 0.042 0.0074 N/R 0.002 N/R 

 

Table 3.2 – Summary of Cold Reductions. 

Steel 
Designation 

Initial sheet thickness, 
mm 

Final  sheet thickness, 
mm 

Cold Reduction, 
Pct 

True Strain 

39 pct CR 1020 2.6 1.6 39 0.49 

59 pct CR 1020 3.9 1.6 59 0.89 

41 pct CR 1019M 3.4 2 41 0.53 

59 pct CR 1019M 3.4 1.4 59 0.89 

33 pct CR 15B25 2.4 1.6 33 0.41 

58 pct CR 15B25 2.4 1 58 0.88 

C-Mn-Nb 3.2 1.2 63 0.98 
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3.1.2 Materials for Austenite Formation Behavior Study 

The experimental steel designated C-Mn-Nb was selected to provide the basis for the second 

focus area of this research, i.e. austenite transformation behavior and the development of martensite 

banding. The composition is shown in Table 3.1. The steel has 0.12 wt pct carbon, 1.4 wt pct Mn, and 

additions of Cr, Mo, and Nb.  These alloy additions were expected to retard ferrite recrystallization 

kinetics, and thus allow the use of slower heating rates for better control over the degree of 

recrystallization during heat treatment.  

The steel was received as 127 x 381 x 19 mm laboratory cast hot rolled plates. These plates were 

sectioned into 76 x 127 mm coupons for hot rolling transverse to the original rolling direction, as shown 

in Figure 3.1. The coupons were heated in air at 1150 °C for up to 30 min prior to hot rolling to 3.2 mm. 

The 3.2 mm hot rolled strips were pickled at Advanced Surface Technologies in Arvada, Colorado. The 

pickling procedure included alkaline cleaning at 82 °C for 15 min, electrolytic cleaning at 60 °C for 

10 min, and final cleaning in 50 pct hydrochloric acid at room temperature for approximately 120 min. 

After drying the alkaline chemical cleaner was reapplied to prevent rusting.  

Prior to cold rolling the steel was processed to reach two different conditions: ferrite-pearlite and 

ferrite-spheroidized carbide. The ferrite-pearlite condition was achieved by air cooling after hot rolling. 

The ferrite-spheroidized carbide steel was achieved by performing a spheroidizing treatment after hot 

rolling. Table 3.3 summarizes the processing histories for the two different conditions of the C-Mn-Nb 

steel. The ferrite-spheroidized carbide condition was heat treated prior to cold-rolling to achieve overaged 

Nb precipitates and spheroidized cementite. Overaging consisted of heating to 700 °C and holding for 1 h. 

Overaging parameters were obtained from data developed in a previous research program [3.1]. 

Spheroidizing was completed by first heating to 755 °C for 15 minutes and then quenching by clamping 

between two 25 mm thick aluminum plates, initially at room temperature, to form a dual-phase 

microstructure. The steel was then heated to 700 °C for 30 minutes so that carbides were precipitated and 

ripened to form a ferrite-spheroidized carbide microstructure. All coupons were cold-rolled to 1.2 mm (60 

pct cold reduction). 

 

Table 3.3 – Processing of C-Mn-Nb Steel to Achieve Cold-Rolled Ferrite-Pearlite and 
Ferrite-Spheroidized Carbide Microstructures. 

Condition 
Hot 
Rolling Cooling Overaging Anneal Quench Spheroidization 

Cold 
roll 

Ferrite-
pearlite 1150°C Air  - - - - 60 pct 
Ferrite-
carbide 1150°C Air  700 °C 1 hr 

755 °C 
10 min Plate 700 °C 30 min 60 pct 
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Figure 3.1 Sectioning and rolling procedure of hot-rolled plate. 
 

3.2 Sample Geometry 

Two sample geometries were utilized for analysis, one for dilatometry and one for heat 

treatments. Both sample geometries were cut 75 mm in length along the final rolling direction, but used 

two different sample widths. For intercritical heat treatments, the width was 12 mm, while dilatometer 

samples were 6 mm wide. The wider heat treatment samples allowed the specimen to be cut in multiple 

pieces for several different methods of analysis. The narrower specimens used in dilatometry helped 

minimize temperature deviations across the sample width, because the measured control temperature was 

found to be constant within ± 3 mm of the thermocouple along the sample width [3.3]. Samples for 

dilatometry analysis were machined as shown in Figure 3.2. Blanks were first sheared to 75 mm and 

7 mm and then milled or ground to 6 mm width within 0.1 mm. Specimen thickness is shown in Table 

3.2.  

 
Figure 3.2 Schematic representation of samples used for both laser and contact dilatometry in the 
Gleeble® 3500. Adapated from [3.2]. 

 

3.3 Gleeble® 3500 Experimental Setup 

Specimens were clamped in smooth conductive copper grips in the Gleeble® 3500 and the 

portion of the strip inserted into the grips differed, depending on test: 30 mm for dilatometry and 25 mm 

for samples heat treated to produce controlled microstructures. Use of two different grip insertions 

resulted in two different free spans between grips: 15 mm for dilatometry samples and 25 mm for heat 

treated samples. The 25 mm free span for the heat treated samples was required to accommodate the 

width of the quench apparatus. A thermocouple was welded at the center point between the two grips. 

This center point was also the point of maximum temperature during heating. The Gleeble® 3500 
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adjusted heating and cooling parameters to match the user-controlled program using the temperature 

readings given by the thermocouple.  

Resistance heating utilized by the Gleeble® 3500 led to a temperature gradient along the free 

span between the water cooled grips. Therefore all dilatometry, microscopy, and microhardness 

measurements were obtained from the sample centerline where the thermocouple was located.  

Deviation from programmed temperature during continuous heating is shown in Figure 3.3. 

Heating parameters were adjusted to achieve the closest possible fit to the program while avoiding rapid 

oscillations in temperature or unacceptable lag in matching the programmed temperature. With low 

heating rates, such as 13.1 °C/s in Fig. 3.3a, the temperatures measured by the thermocouple were within 

0.1 °C/s of the programmed temperature. With higher heating rates, such as 140 °C/s in Fig. 3.3b, 

optimized program settings resulted in an approximately 1 °C lag between measured and programmed 

temperature. However, as shown in Fig. 3.2b, the resulting actual heating rate corresponded to the 

programmed rate. When intercritically annealing after heating at rapid rates, overshoot or undershoot 

(depending on heating parameters) is common at the maximum temperature prior to quenching. To 

mitigate differences between set and actual temperature histories, heating parameters were determined 

using a sacrificial sample to determine an appropriate programmed temperature to reach within 5 °C of 

the intercritical temperature. The desired intercritical temperature was confirmed using the thermocouple 

data.  

 
(a)        (b) 

Figure 3.3 Comparison between programmed temperature and thermocouple-measured temperature 
during continuous heating in the Gleeble® 3500. Heating parameters are adjusted to match the program 
closely without rapid oscillations or unacceptable lag. With a low heating rate (a), the difference 
between programmed and measured temperature is very small. With a rapid heating rate (b), 
parameters were adjusted to match the program with a small lag, approximately 1 °C, from the 
program. The heating rate is still similar, however.  
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3.3.1 Intercritical Heat Treatment Setup 

For intercritical heat treatments, a quench apparatus was utilized consisting of two prongs 

positioned above and below the sample to spray the center of the sample with pressurized nitrogen or 

helium gas. The gas flow rate was controlled by a quench box set to 80 psi (0.55 MPa). The cooling rate 

was 200 °C/s with a nitrogen quench for heat treatments of 1020, 1019M, and 15B25, and the cooling rate 

was 500 °C/s with a helium quench for heat treatments with the C-Mn-Nb steel. This cooling rate was 

maintained for approximately the first 250 °C of cooling for both helium and nitrogen quenches.  

After processing, three samples, positioned as shown in Fig. 3.4, were removed from the sample 

center for subsequent analysis. It was found that the measured control temperature was constant within 

± 3 mm along the sample width [3.3], so each specimen was observed on a plane within 3 mm of the 

thermocouple. 

 

 

Figure 3.4 Schematic representation of sample geometry used with the Gleeble® 3500. The samples 
were eventually cut into three specimens for analysis after heat treatment.  

 

3.3.2 Dilatometry 

Dilatometry measurements were performed with the Gleeble® 3500 where width changes were 

measured transverse to the final rolling direction with either a non-contact laser dilatometer or a contact 

dilatometer.  For both systems, measurements were obtained across the width which corresponded to the 

position of the control thermocouple. Heating was continuous and linear from room temperature to 

1100 °C with heating rates between 0.3 and 1000 °C/s. The cooling rate was not controlled as no analysis 

was performed during cooling or on the final microstructure after dilatometry measurements. A limited 

set of dilatometry measurements were repeated with an MMC dilatometer at Los Alamos National 

Laboratory. The MMC dilatometer measured a 3 x 10 mm x sheet thickness specimen in the rolling 

direction and heated with induction, so it served as a good comparison with the Gleeble® 3500. For both 

the Gleeble® 3500 and MMC dilatometer, heating rates of 1, 10, and 100 °C/s were tested with 1020, 
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1091M, and 15B25 with both cold reductions. One test/condition was performed with the MMC 

dilatometer to compare how the two different methods measured dilation.  

The Gleeble® 3500 contact dilatometer setup is shown in Figure 3.5. The quartz contact rods 

were placed at the site of the thermocouple (Fig. 3.5a) so that the dilation could be compared with 

measured temperature. As shown in Fig. 3.5b the contact dilatometer consists of one fixed end and one 

moveable rod connected to a linear variable differential transformer (LVDT) that measures dilation. The 

rod connected to the LVDT was ground to a point to minimize surface area contact with the sample so 

that the dilation measurements were unaffected by thermal gradients along the samples.  

A schematic representation of the laser dilatometer setup is shown in Figure 3.6. The laser 

dilatometer used a detector to measure the shadow from the steel sample and measured the change in size. 

The laser measured the sample width at the point of the thermocouple.  

 
Figure 3.5 Schematic representation of contact dilatometer for the Gleeble® 3500. Top view of sample (a) and side 
view of sample (b). Adapted from [3.2]. 

 

Critical transformation temperatures, Ac1 and Ac3, were determined from analysis of the 

continuous heating dilation curves. Figure 3.7 shows the analysis of dilation curves as measured on the 

Gleeble 3500 with the laser dilatometer on samples heated at 1 (Fig. 3.7a) and 1000 °C/s (Fig. 3.7b) for a 

59 pct CR 1020 sample. Ac1 was determined as the point where the ferrite dilation line deviated from 

linearity. Ac3 is then determined when the new linearity (austenite) was reached. Ac1f, the pearlite-to-

austenite finish temperatures, were only visible with low heating rates and thus were not measured in this 

study. 
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Figure 3.6 Schematic representation of laser dilatometry in the Gleeble® 3500. Adapted from [3.2]. 
 

Sample dilation data were also analyzed to determine austenite formation kinetics. The lever rule 

was used to obtain the austenite fraction at each temperature [3.4]. This lever rule analysis was used for 

either continuous heating, as shown in Fig. 3.8a for the ferrite-pearlite C-Mn-Nb steel heated at 13.1 °C/s, 

or an isothermal hold at intercritcal temperature as shown in Fig. 3.8b for the ferrite-pearlite C-Mn-Nb 

steel heated at 13.1 °C/s and held at 760 °C for 1000 s. With an isothermal hold measurement (Fig. 3.8b), 

austenite was only partially transformed at the end of a specified hold time. Thus, to obtain the required 

austenite value for use in the lever rule, after the specified hold, the temperature was increased to achieve 

full austenite (at the same prior heating rate) before cooling so that all values were available for the lever 

rule calculation. 

3.4 Experimental Matrix 

For the first research goal, measurement of austenite transformation kinetics, dilatometry was 

performed at different heating rates, and the measured transformation temperatures were used to select 

intercritical annealing temperatures to compare metallography with measured kinetics. For the second 

research goal, evaluation of modifications to austenite formation behavior with heating rate, ferrite 

recrystallization and austenite transformation temperatures were measured using dilatometry and 

microhardness data. Heating rates were then selected to perform intercritical annealing comparisons at 

different degrees of ferrite recrystallization at the start of austenite formation.  
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                                       (a)                                                                           (b) 
Figure 3.7 Laser dilation curves (strain vs temperature) for 59 pct CR 1020 at heating rates of 1 °C/s (a) 
and 1000 °C/s (b). Ac1f  (the pearlite-to-austenite finish temperature) is visible at low heating rates but not 
discernible at high heating rates. Ac1 is the point where the line deviates from linearity, and Ac3 is the 
point at which the curve returns to linearity. 

 

 
                                     (a)                                                                    (b) 
Figure 3.8 Use of the lever rule with the ferrite-pearlite C-Mn-Nb steel heated at 13.1 °C/s to measure 
austenite fraction at temperature with continuous heating (a) or isothermal hold at 760 °C (b). Position 
a is the value of 100 pct ferrite, position b is 100 pct austenite, and position c is the measured value. 
With isothermal hold, the position of c can be moved to different times to determine the austenite 
fraction at that time.   
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3.4.1 Research Goal One: Austenite Transformation Kinetics 

The results of research goal one are presented in Chapter 4. For the 1020, 1019M, and 15B25 

steels, selected heating rates were 1, 10, 100, and 1000 °C/s. Laser dilatometry was performed with 

continuous heating from room temperature to 1100 °C with each heating rate. The resulting dilatometry 

curves were analyzed to determine the austenite transformation temperatures, as described in Section 

3.3.2. Three tests were performed for each condition and heating rate except for tests at 1000 °C/s where 

seven tests were performed. Tests were also performed at 1, 10, and 100 °C/s using an MMC dilatometer 

with one test for each condition. The comparison between Gleeble® 3500 and MMC dilatometry is in 

Appendix A.  

Intercritical heat treatments with heating rates of 1, 10, 100, and 1000 °C/s were performed to 

compare metallography with transformation temperature data. Therefore, intercritical temperatures of 

Ac1 + 20°C and Ac3 – 20°C were selected. The samples were held for 0 s and directly cooled using 

nitrogen quenching. These samples were used for SEM observations.  

3.4.2 Research Goal Two: Evaluation of Modifications to Austenite Formation Behavior  

The results of research goal two are in Chapters 5 and 6. Chapter 5 contains the results of 

experiments with the ferrite-pearlite C-Mn-Nb steel. Ferrite recrystallization and austenite transformation 

kinetics were measured and modeled to select heating rates to reach different degrees of recrystallization 

at the start of austenite formation (Ac1). The steel was then heat treated with continuous heating to 

different intercritical annealing temperatures to compare the formation of austenite with different heating 

rates. Chapter 6 contains tests using different heating parameters and microstructures to observe how 

these different conditions affect the change in austenite formation behavior. These include: 1) step heating 

experiments to isolate the effect of heating rate from prior microstructure, 2) isothermal hold at 

intercritical temperatures to study if austenite growth along newly recrystallized ferrite boundaries during 

a hold at temperature reduces martensite banding, 3) SIMS and EDS analysis of Mn distribution to 

measure if Mn-banding could contribute to martensite banding, and 4) the use of a ferrite-spheroidized 

carbide microstructure to separate the effects of pearlite spheroidization and NbC distribution from ferrite 

recrystallization, because in the ferrite-pearlite C-Mn-Nb steel, pearlite spheroidization and ferrite 

recrystallization occurred simultaneously.  

For the C-Mn-Nb ferrite-pearlite and ferrite-spheroidized carbide steels, ferrite recrystallization 

heat treatments were performed at isothermal hold temperatures of 650 °C and 700 °C after heating at 

50 °C/s. Hold times of 1, 3, 10, 30, 100, 300, and 1000 s were used. These samples were then quenched 

using helium. The degree of recrystallization was determined using microhardness data as described in 

Section 3.7.  
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For the ferrite-pearlite condition, recrystallization start (TStart) and austenite transformation start 

(Ac1) temperatures were determined using analysis of dilation data with continuous heating rates of 1, 10, 

100, and 1000 °C/s, with three tests per heating rate. Austenite transformation temperatures were 

determined using the analysis method described in Section 3.3.2. Recrystallization start temperatures 

were determined using the analysis method described in Appendix B: contact dilatometry can be used to 

measure recrystallization because of transformation-induced plasticity.  

Using the measured austenite transformation and ferrite recrystallization kinetics of the ferrite-

pearlite condition, heating rates were selected to achieve different degrees of ferrite recrystallization at the 

start of austenite formation. The degrees of ferrite recrystallization chosen were 1, 0.85, 0.66, 0.33, 0.12, 

and 0.01. The heating rates calculated to achieve degrees of ferrite recrystallization at the start of austenite 

transformation were 0.3, 1, 2.4, 13.1, 140, and 693 °C/s, respectively. The process of modelling the 

kinetics to determine these heating rates is discussed in Section 3.5. These heating rates were selected 

based on the ferrite-pearlite steel, and heating rates of 0.3, 2.4, 13.1, and 140 °C/s were selected for the 

ferrite-spheroidized carbide steel for direct comparisons between the two conditions.  

Dilatometry was repeated for both the ferrite-pearlite and ferrite-spheroidized carbide conditions 

for the selected heating rates of 0.3, 1, 2.4, 13.1, 140, and 693 °C/s. The measured transformation 

temperatures were then compared to those predicted. Three tests for each condition and heating rate were 

performed for analysis. 

Continuous heating treatments were performed to different peak temperatures for both the ferrite-

pearlite and ferrite-spheroidized carbide condition. Temperatures of Ac1 – 10 °C, Ac1 + 10°C, 

Ac1 + 30 °C, Ac1 + 50 °C, and Ac1 + 70 °C were utilized for the ferrite-pearlite steel. For the ferrite-

spheroidized carbide steel, temperatures of Ac1 – 10 °C, Ac1 + 10 °C, and Ac1 + 50 °C were selected for 

comparison with the ferrite-pearlite condition. Predicted Ac1 values were used to determine intercritical 

temperatures (see Section 3.5 below), though actual values were later determined through dilatometry. 

Intercritical temperatures were chosen based on Ac1 to compensate for the change in kinetics with heating 

rate. Samples were held for 0 s and directly cooled from the annealing temperature. EBSD analysis was 

performed on the Ac1 + 10°C and Ac1 + 50°C heat treated ferrite-carbide and ferrite-pearlite steels to 

study the distribution of martensite and unrecrystallized ferrite, and the processes of recovery and 

recrystallization. SEM and microhardness analyses were performed on all heat treatments described 

above.  

For step heat treatments performed with the ferrite-pearlite condition, both slow-fast and fast-

slow step heat treatments were performed. These tests allowed the isolation of heating rate effects from 

prior microstructure effects. Slow heating led to a fully recrystallized and spheroidized microstructure 

prior to rapid heating, and initial rapid heating led to a microstructure of recovered ferrite and elongated 
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pearlite (remaining from the cold-rolled microstructure) prior to slow heating. Slow-fast used an initial 

heating rate of 0.3 °C/s to 715 °C followed by heating at rates of 2.4, 13.1, 140, or 693 °C/s to 

temperatures of 776 °C, 780 °C, 794 °C, and 809 °C, respectively, for metallography analysis, or to 

1100 °C for dilatometry measurements. One test per heating rate was performed for dilatometry. Fast-

slow heating used an initial heating rate of 140 °C/s to 734 °C followed by 0.3 °C/s to 775 °C or 1 °C/s to 

776 °C. The intercritically annealed steels were held for 0 s and directly quenched with helium. Sample 

microstructures produced by all of these heat treatments were analyzed using SEM.  

For isothermal hold heat treatments performed with the ferrite-pearlite condition, dilatometry and 

annealing heat treatments were completed to study whether martensite banding could be reduced through 

the use of a hold at an intercritical annealing temperature from the growth of austenite along newly 

recrystallized ferrite boundaries. Dilatometry was measured for 0.3 °C/s at 735 and 755 °C, 2.4 °C/s to 

736 and 756 °C, 13.1 °C/s to 740 and 760 °C, 140 °C/s to 734 and 754 °C, and 693 °C/s to 734 °C, with 

one test per condition. Each sample was held for 1000 s, and the fraction of austenite was calculated using 

the method described in Section 3.3.2. Intercritical annealing was performed to achieve 30 pct austenite 

prior to quenching. These heat treatments were 2.4 °C/s to 756 °C for 1000 s, 13.1 °C/s to 740 °C for 

768 s, 140 °C/s to 734 °C for 399 s, and 140 °C/s to 754 °C for 86 s. Sample microstructures produced by 

all of these heat treatments were analyzed using SEM.  

SIMS (Section 3.10) analysis was performed to measure the effect of Mn distribution on the 

formation of martensite bands. Because Mn localization can lead to areas of preferential austenite 

formation, and Mn solute drag can lead to areas of preferential ferrite recrystallization, the distribution of 

Mn is important. Mn distribution measurements were performed on the ferrite-pearlite C-Mn-Nb steel 

with the 2.4 °C/s to 736 °C and 13.1 °C/s to 780 °C continuous heating treatments because the 

microstructure of these conditions contained bands of martensite and unrecrystallized ferrite, which were 

expected to have a higher concentration of Mn.  

3.5 JMAK Modeling of Ferrite Recrystallization 

The use of microhardness and dilatometry to model ferrite recrystallization is described below. 

These kinetics were then combined with measured austenite transformation temperatures to select heating 

rates to achieve a chosen degree of ferrite recrystallization at the start of austenite formation.  

The recrystallized volume fractions of Gleeble®-processed samples were calculated using 

microhardness data with Eq. 3.1: 

                 (3.1) 



44 
 

H0 is the initial microhardness in the as cold-rolled steel, Ht is the microhardness after holding at 

temperature for a specified time, and HRex is the fully recrystallized hardness. Recrystallization kinetics 

were modeled using the JMAK equation: 

                (3.2) 

 

X is the recrystallized volume fraction of ferrite as a function of annealing time t, n is a constant, and b is 

temperature dependent as shown in Eq. 3.3: 

                  (3.3) 

where b0 is a constant, Q is the activation energy, R is the gas constant, and T is temperature.  

The procedure to calculate n in Eq. 3.2 is shown in Fig. 3.9a and Fig. 3.9b for samples 

isothermally transformed at 600 and 700 °C, respectively. Eq. 3.2 is graphed linearly by rearranging and 

taking the ln of both sides twice. In Eq. 3.2 n was assumed to be temperature independent and thus the 

parameter, n, was found to be 0.75 by averaging the two calculated values.  

 

 
Figure 3.9 Calculation of n in Eq. 3.2 from recrystallization data for (a) 650 °C and (b) 700 °C. 

 

The activation energy, Q, was found to be 315 kJ/mol by using Eq. 3.3. This is higher than the 

251 kJ/mol for self-diffusion in bcc-iron [3.5]. The higher activation energy is interpreted to reflect the 

effect of solute drag and precipitation pinning of ferrite grain boundaries in the selected alloy. Using these 

parameters, the JMAK fits to measured values of isothermal annealing are shown in Fig. 3.10. There are 

some deviations between the model and experimentally measured values. At 650 °C, the model fits 



45 
 

measured values at short and long times with under-prediction between approximately 10 and 1000 s. At 

700 °C, the model fits the measured values at holding times from 1-30 s, and over-predicts the degree of 

recrystallization between 30-1000 s.  

Continuous heating ferrite recrystallization kinetics were calculated from isothermal kinetics 

using the additivity principle [3.6]. Soaking time was related to the heating rate according to Eq. 3.4: 

              (3.4) 

where T is the heating temperature, TStart is the start temperature of recrystallization, and  is heating rate. 

By differentiating Eq. 3.2 with time, the following equation is obtained: 

                  (3.5) 

 

Figure 3.10 JMAK curves fitted using calculations with experimental data at (a) 650 °C and (b) 
700 °C. 
 

Eq. 3.5 was then numerically integrated to calculate the volume fraction of recrystallized ferrite: 

                            
  (3.6) 

By combining Eqs. 3.6 and 3.4, an equation for volume fraction of ferrite recrystallized during 

continuous heating was obtained: 

                                       
       (3.7) 
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Transformation start temperatures for recrystallization and austenite formation (Ac1) were used in 

Eq. 3.7 to find the degree of ferrite recrystallization at the start of austenite formation. Therefore the 

recrystallization start temperature was used for the TStart variable and Ac1 was used for T.  

The evolution of Ac1 with heating rate was estimated using a polynomial fit to experimental 

values, Eq. 3.8, between 1 and 100 °C/s, and logarithmic extrapolations for heating rates above and below 

this range. The experimental values and fit to values are shown in Fig. 3.11.  

                               (3.8) 

Recrystallization start temperature (TStart) was estimated using a logarithmic fit to experimental 

values (Eq. 3.9) between 1 and 1000 °C/s and below 1 °C/s TStart was assumed to be constant. The fit and 

experimental values are shown in Figure 3.12.  

Using these modelled TStart and Ac1 temperatures combined with Eq. 3.7, heating rates were 

selected to achieve recrystallized ferrite fractions of 1, 12, 33, 66, 85, and 99 pct at Ac1, selected to 

observe a range of recrystallized ferrite fractions. These selected heating rates are shown in Table 3.4. 

 

Figure 3.11 Experimentally measured Ac1 with different heating rates (squares), and predicted Ac1 for 
chosen heating rates (circles).   

 

3.6 Sample preparation for Microstructure Analysis 

For microhardness, microscopy, SIMS, and EBSD, each sample was sectioned in the longitudinal 

cross section to view the normal direction-rolling direction plane (see Fig. 3.4), mounted in bakelite, and 

mechanically polished to 1 µm for microhardness. Samples were further polished to 0.05 µm and etched 

in 2 pct nital for 15 s for microscopy. Samples were polished in a Buehler Vibromet with 0.05 µm silica 

for 4 hours for EBSD analysis.  

                         (3.9) 
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3.7 Microhardness 

Vickers microhardness data were used to calculate the degree of recrystallization and to compare 

the hardness values for different heat treated samples. Vickers microhardness was performed in the 

normal direction-rolling direction plane with a 500 g load for 10 s. At least seven tests were performed in 

each condition. Indentation measurements were made for both the length and width of the indent and 

averaged. Hardness test locations were positioned within 1 mm of the thermocouple and grouped in a 

4 x 2 (y * z) array, spaced three indents apart.  

 

Table 3.4 – Calculated Heating Rates and Transformation Temperatures for the Ferrite-Pearlite 
C-Mn-Nb Steel. 

Heating Rate 0.3 °C/s 1 2.4 °C/s 13.1 °C/s 140 °C/s 693 °C/s 

X (predicted) 0.99 0.85 0.66 0.33 0.12 0 

Tstart (predicted) 566 566 590 640 710 758 

Ac1 (predicted) 725 726 726 730 744 759 

Ac1 (measured) 731 ± 4 
729 
± 2 732 ± 2 731 ± 2 743 ± 2 758 3 

 

3.8 Microscopy 

Scanning Electron Microscopy (SEM) with secondary electron imaging (SEI) was used to 

observe the microstructure of the heat treated samples. Micrographs were obtained with a JEOL JSM-

 

Figure 3.12 Experimentally measured TStart with different heating rates (squares), and predicted TStart for 
chosen heating rates (circles).   
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7000F-FESEM microscope using an accelerating voltage of 5 kV and a working distance of 15 mm. All 

images were taken at 1/4-1/3 sheet thickness, to avoid surface and centerline effects on the 

microstructure. 

3.8.1 Quantitative Metallography 

The Anisotropy Index (AI) of the martensite was measured as defined in ASTM E1268-01 [3.7], 

using SEM SEI micrographs and EBSD IQ maps with a magnification of 2000X. For conditions analyzed 

with both SEM and EBSD, the calculated AI value was an average between one AI measurement with 

each method. For conditions analyzed only with SEM, the AI value was determined from one SEM 

micrograph. The AI is determined using the following equation: 

            (6.1) 

where NL⊥ is the mean number of intercepts with test lines perpendicular to the rolling direction, and NL|| 

is the mean number of intercepts with test lines parallel to the rolling direction. A microstructure that does 

not exhibit banding has an AI of 1.0, and AI increases with banding. To determine the standard deviation 

of AI measurements, five measurements, three from SEM SEI micrographs and two from EBSD IQ maps, 

were taken of the ferrite-pearlite C-Mn-Nb steel heated at 13.1 °C/s to 780 °C and directly cooled. The AI 

was determined to be 3.50 ± 0.09. The lowest value was 3.38 and the highest was 3.62. Therefore, AI 

measurements are represented with two significant digits (i.e. 3.5) and the standard deviation is 

approximately 0.1. 

The volume fraction of phases was determined with the manual point count method defined in 

ASTM E562-11, using 2000x SEM SEI micrographs with 180 points counted [3.8]. For carbide size, 30 

carbides were measured from 5000x SEM SEI micrographs, and the average and standard deviation were 

calculated.  

3.9 Electron Backscattered Diffraction Collection and Cleanup 

EBSD was used to study the process of recrystallization and austenite formation, as well as the 

distribution of recrystallized ferrite, unrecrystallized ferrite, and martensite in heat treated samples. EBSD 

was performed using an FEI Focused Ion Beam (FIB) microscope with an accelerating voltage of 20 kV 

and a working distance of 12 mm with the sample at 70° to the beam. EBSD scans were performed on a 

50 x 50 µm area with a step size of 100 nm. Phases assessed were ferrite and austenite. Martensite was 

present in the microstructure but EBSD was not able to distinguish between ferrite and martensite [3.9]. 

Ferrite and martensite were distinguished using image quality with scans that were evaluated using 

EDAX TSL Data Analysis software. Data were analyzed and cleaned using grain dilation, which removes 

small features falsely identified as grains, and phase cleanup, which removes small areas of phase 

misidentification due to poor confidence index. The software-specific parameters for grain dilation were 
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grain tolerance angle of 2, minimum grain size of 10, and the parameters “must contain multiple rows” 

and “single iteration” were selected.  Phase cleanup was completed with a confidence index of 0.1. 

3.9.1 Electron Backscattered Diffraction Quantitative Analysis 

EBSD data were analyzed to calculate values for quantitative phase fractions, grain sizes, and 

grain boundary misorientations. The method for calculating this information is given below. 

Recrystallized ferrite fractions were determined using image quality data. The recrystallized ferrite grains 

have much higher image quality than martensite and recovered ferrite or deformed ferrite. An example of 

the image quality distribution of a partially recrystallized steel is shown in Figure 3.13. The peak on the 

right is representative of the high image quality produced by recrystallized ferrite grains, and the peak on 

the left is produced by recovered ferrite, deformed ferrite, and martensite. As defined by Wilson and 

Spanos [3.9], thresholding can be used to calculate the fraction of recrystallized ferrite. The threshold was 

determined by finding the local minimum between peaks for each distribution to separate the different 

microstructural features, which is done by taking the area under the curve above or below the threshold. 

Therefore, the threshold value was different for each condition because the local minimum changed for 

different degrees of recrystallization. Martensite and recovered ferrite are not easily separated using 

image quality [3.10]. The poorest image quality features are martensite, but there is overlap between poor 

image quality recovered ferrite and high image quality martensite. When the microstructure is made up 

solely of martensite and recrystallized ferrite the same thresholding method can be used to determine the 

ferrite and martensite fraction.  

Retained austenite contents were calculated using the phase information from the EBSD scans. 

Retained austenite was below 2 pct in all conditions so further analysis was not performed. Boundary 

maps were created using red for boundaries between 2 and 5 degrees, green for 5-15 degrees, and blue for 

high angle boundaries greater than 15 degrees. Grain size diamteter was determined for fully 

recrystallized samples with less than β pct martensite. Grains smaller than 1 μm were ignored in the 

analysis to avoid features that were misidentified as grains.  

3.10 SIMS 

SIMS measurements were performed to study the distribution of Mn within the microstructure. 

SIMS was performed with an IONTOF TOF.SIMS5 on samples prepared for EBSD by Pacific Northwest 

National Laboratory using scan areas of 200 x 200 µm and 50 x 50 µm. A 25 keV Bi+ 200 nm beam was 

used for SIMS scans of Mn and Fe. SIMS works by sputtering the surface with an ion beam and 

analyzing the ejected ions. A scan of the Fe+ ions was performed because the ion yield changed with 

different crystal orientation. The Mn+ scans were then normalized to Fe+ to compensate for the change in 

detector counts in different crystals [3.11].  
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Figure 3.13 Example image quality distribution from an EBSD scan. The peak on the right comes from the high 
image quality recrystallized ferrite, and the left peak is from low image quality features, so thresholding can be 
used to separate them.  
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CHAPTER 4 

EFFECT OF COLD WORK AND HEATING RATE ON AUSTENITE FORMATION KINETICS 

 
High heating rates are of interest for annealing dual-phase (DP) steels in some applications. As 

rapid annealing lines become more common, effects of heating rate on microstructural development in DP 

steels are more important. Reports of testing at heating rates above 100 °C/s in DP steels are still 

relatively recent. Comparisons between steels with different alloy contents and processed with different 

heating rates are also rare for this class of steel [4.1]. While microstructural comparisons between hot-

rolled (HR) and cold-rolled (CR) steels heat treated with different heating rates have been performed [4.1, 

4.2], complete comparisons as a function of extent of cold reduction have not previously been reported.  

4.1 Prior Microstructure 

 Three nominal 0.2 wt pct (C) steels, 1020, 1019M, and 15B25, were tested. The steel 

compositions are summarized in Table 3.1. Table 3.2 summarizes the cold reductions (CR) performed on 

each of the steels, which included a low cold reduction of nominally 40 pct and a high cold reduction of 

nominally 60 pct in thickness by rolling. The actual cold reductions for these steels were 39 and 59 pct for 

the 1020 steel, 41 and 53 pct for the 1019M steel, and 33 and 58 pct for the 15B25 steel.  

 Figure 4.1 shows SEM SEI micrographs of the as-cold-rolled microstructure of the three alloys 

each processed with two cold reductions. In these images deformed ferrite is grey and cementite is white. 

Cementite is found primarily within pearlite colonies, and these colonies are more elongated with greater 

cold reduction. No evidence of voids or internal cracking was observed in any of the micrographs. In the 

15B25 steel, Figs. 4.1e and 4.1f, carbides located between pearlite colonies are also evident.  

Figure 4.2 shows higher magnifications of each of the images in Fig. 4.1, selected to reveal 

details of the carbides and other transformation products and structures present in each steel. In each of 

these images relatively large carbides are identified by arrows, which are identified by their non-etching 

nature and were confirmed to be carbides through EBSD.  

4.2 Change in Transformation Temperatures with Heating Rate 

Analysis of continuous heating dilatometry data was performed to measure the change in 

transformation temperatures (Ac1 and Ac3) with heating rate. Table 4.1 summarizes experimentally 

measured Ac1 and Ac3 temperatures for each steel at heating rates of 1, 10, 100, 1000 °C/s. Also included 

are standard deviation values. Figures 4.3-4.4 plot the critical temperatures from Table 4.1 versus heating 

rate as well as linear (Fig. 4.3) and logarithmic (Fig. 4.4) fits to the increase in transformation 

temperatures. In general, transformation temperatures increased with heating rate, though Ac3 increased 

more than Ac1. The nominally 40 pct CR conditions had a greater increase in transformation temperatures 

than the 60 pct CR condition.  
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(a)                                                                             (b) 

 
                                (c)                                                                              (d) 

 
                               (e)                                                                                (f) 
Figure 4.1 SEM SEI micrographs of the initial cold-rolled microstructures of 1020 (a-b), 1019M (c-d), 
and 15B25 (e-f) The nominally 40 pct CR condition is on the left, and the nominally 60 pct CR 
condition is on the right. More cold reduction led to more elongated pearlite. Etched in 2 pct Nital.  
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(a)                                                                        (b) 

 
(c)                                                                         (d) 

 
(e)                                                                          (f) 

Figure 4.2 High magnification SEM SEI micrographs of the same alloys and conditions shown in 
Figure 4.1. 1020 is shown in (a-b), 1019M is shown in (c-d), and 15B25 (e-f). The nominally 40 pct CR 
condition is on the left and the nominally 60 pct CR condition is on the right. Relatively large carbides 
are indicated by arrows. 
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Table 4.1 – Transformation Temperatures for Each Steel and Cold Reduction. 

Steel Transformation 1 °C/s 10 °C/s 100 °C/s 1000 °C/s 

39 pct CR 1020 Ac1 732 ± 4 733 ± 3 739 ± 5 747 ± 6 

 

Ac3 853 ± 4 861 ± 5 878 ± 5 882 ± 2 

59 pct CR 1020 Ac1 730 ± 1 730 ± 2 741 ± 4 741 ± 3 

 

Ac3 856 ± 2 866 ± 4 880 ± 5 883 ± 4 

41 pct CR 1019M Ac1 730 ± 4 735 ± 3 737 ± 3 740 ± 5 

 

Ac3 860 ± 4 860 ± 1 873 ± 4 881 ± 8 

53 pct CR 1019M Ac1 728 ± 2 729 ± 4 737 ± 3 740 ± 3 

 

Ac3 859 ± 4 860 ± 1 872 ± 4 875 ± 9 

33 pct CR 15B25 Ac1 742 ± 3 754 ± 4 771 ± 3 768 ± 3 

 

Ac3 836 ± 2 857 ± 5 872 ± 5 860 ± 4 

58 pct CR 15B25 Ac1 743 ± 4 751 ± 4 754 ± 4 752 ± 3 

 
Ac3 839 ± 4 851 ± 5 857 ± 4 855 ± 6 

 

Ac1 and Ac3 both had a greater increase with heating rate for the lesser cold worked samples. Ac1 

increased between 1 and 1000 °C/s by an average of 17 °C for the nominally 40 pct CR samples and 

11 °C for the nominally 60 pct CR samples. The greatest increase in Ac1 was with the 33 pct CR 15B25 

condition which increased by 26 °C, which is also the condition with the least cold work, while the 58 pct 

CR 15B25 had the smallest increase in Ac1 with heating rate of any condition, indicating that the greatest 

contributing factor was the degree of cold work.  

Both Ac1 and Ac3 increased with increasing heating rate, though Ac3 has a greater increase. Ac1 

increased an average of 14 °C for all tested conditions between 1 and 1000 °C/s while Ac3 increased an 

average of 22 °C. As with Ac1, the increase in Ac3 with heating rate was greater for the nominally 40 pct 

CR samples, 25 °C, while there was a 20 °C increase for the nominally 60 pct CR samples. For the alloys 

tested, the average increase for Ac1 was 5 °C between 1 and 10 °C/s, 8 °C between 10 and 100 °C/s, and 

1.5 °C between 100 and 1000 °C/s. The average increase for Ac3 was 9 °C between 1 and 10 °C/s, 13 °C 

between 10 and 100 °C/s, and 1 °C between 100 and 1000 °C/s. 

 4.2.1 Modelling of Increase in Transformation Temperatures with a Linear or Logarithmic Fit 

In previous research [4.3], linear increases in transformation temperatures were found with 

increasing heating rate in a 0.11C-0.5Mn ferrite-pearlite steel measured with heating rates from 0.05 to 

100 °C/s (see Section 2.6). As such the smallest increase in transformation temperature would be between 

1 and 10 °C/s and the greatest increase between 100 and 1000 °C/s. However, through analysis of the data 

published by Azizi-Alizamini et al. [4.2] with a 0.17C-0.74Mn steel tested with heating rates from 1 to  
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(a)                                                                   (b) 

 
                                         (c)                                                                   (d) 

 
                                         (e)                                                                    (f) 
Figure 4.3 Change in austenite transformation temperatures with heating rate for 1020 (a-b), 
1019M (c-d), and 15B25 (e-f). A linear fit to the increase is also shown. The nominally 40 pct CR data 
are on the left and the nominally 60 pct CR data are on the right. Transformation temperatures 
generally increase with heating rate, i.e. lower transformation time.  
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(a)                                                                   (b) 

 
                                         (c)                                                                   (d) 

 
                                         (e)                                                                    (f) 
Figure 4.4 Change in austenite transformation temperatures with heating rate for 1020 (a-b), 
1019M (c-d), and 15B25 (e-f). A log fit to the increase is also shown. The nominally 40 pct CR data 
are on the left and the nominally 60 pct CR data are on the right. Transformation temperatures 
generally increase with heating rate, i.e. lower transformation time. 
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900 °C/s in either the hot-rolled or 80 pct CR conditions (see Section 2.6), the increase in transformation 

temperatures was not linear. Indeed, in the tests performed by Aziz-Alizamini et al., the increase was 

better modelled by a logarithmic fit. Therefore, the research in this thesis was completed to compare 

different alloys with two different degrees of cold work, and to determine if the increase could be fitted 

with a simple model. 

Table 4.2 shows the maximum R2 values for both linear and logarithm fits of the increase in 

transformation temperatures with heating rate for all three alloys with both cold reductions. The log fits 

have a higher R2 value for every condition for both Ac1 and Ac3, with an average R2 of 0.84 ± 0.13, while 

the average R2 for linear fit was 0.45 ± 0.25. Therefore a log fit was found to more accurately represent 

the increase in transformation temperature with heating rate than a linear fit. Because the research cited 

[4.3] which found a linear fit to increasing transformation temperatures utilized heating rates up to  

100 °C/s, both linear and log fits were also calculated for the heating rates of 1, 10, and 100 °C/s. Table 

4.3 shows R2 values for each fit between 1 and 100 °C/s. R2 for the log fit was found to be 0.90 ± 0.09 

and R2 for the linear fit was 0.86 ± 0.17. So while the log fit was still slightly better, the linear fit was a 

much better approximation without the highest heating rate. The better approximation of the linear fit is 

due in part to there only being three points to fit, but could also indicate that a linear fit is applicable at 

lower heating rates, but not with more rapid heating. 

The increase in transformation temperatures was greatest between 10 and 100 °C/s, and the 

smallest between 100 and 1000 °C/s, indicating that these steels did not exhibit a linear increase in 

transformation temperatures with heating rate. In fact, both 15B25 conditions exhibited an apparent 

decrease in transformation temperatures between 100 and 1000 °C/s. However, the decrease in 

transformation temperatures was 3 °C or less, which is within standard deviation for the experimental 

measurements, which may indicate that the transformation temperatures were very similar with heating 

rates of 100 and 1000 °C/s, rather than there being a decrease between the two heating rates.  

The increase in Ac1 between 1 and 10 °C/s was very small as would be predicted by a linear increase with 

the 39 and 59 pct CR 1020 and 53 pct CR 1019M conditions, with either no increase or a 1 °C increase. 

However, the 41 pct CR 1019M exhibited a 5 °C increase and both 15B25 conditions exhibited an 

increase in Ac1 between 1 and 10 °C/s; 12 °C for the 33 pct CR condition, and 8 °C for the 58 pct CR 

condition. Because the 15B25 conditions exhibited somewhat different behavior than the 1019M and 

1020 steels with increasing heating rate, the differences may be attributable to alloying additions. 

For a logarithmic, rather than linear, increase in transformation temperatures with heating rate, 

austenite transformation kinetics must increase with heating rate. Mechanistic explanations for an 

increase in transformation kinetics with heating rate were summarized in Section 2.4.4. Observed 

differences in microstructural evolution with heating rate are discussed below.  
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Table 4.2 – Maximum R2 Values for Linear and Log Fits to Increase in Transformation 
Temperature Between 1 and 1000 °C/s. 

Steel Transformation R2 log R2 linear 

39 pct CR 1020 Ac1 0.91 0.87 

 
Ac3 0.95 0.52 

59 pct CR 1020 Ac1 0.80 0.42 

 
Ac3 0.95 0.47 

41 pct CR 1019M Ac1 0.97 0.58 

 
Ac3 0.90 0.73 

53 pct CR 1019M Ac1 0.92 0.63 

 
Ac3 0.90 0.57 

33 pct CR 15B25 Ac1 0.84 0.29 

 
Ac3 0.56 0.06 

58 pct CR 15B25 Ac1 0.64 0.12 

 
Ac3 0.75 0.19 

 
Table 4.3 – Maximum R2 Values for Linear and Log Fits to Increase in Transformation 

Temperatures Between 1 and 100 °C/s.  

Steel Transformation R2 log R2 lin 

39 pct CR 1020 Ac1 0.85 1.00 

 
Ac3 0.96 0.95 

59 pct CR 1020 Ac1 0.75 0.99 

 
Ac3 0.99 0.89 

41 pct CR 1019M Ac1 0.94 0.60 

 
Ac3 0.75 0.99 

53 pct CR 1019M Ac1 0.83 1.00 

 
Ac3 0.81 1.00 

33 pct CR 15B25 Ac1 0.99 0.89 

 
Ac3 0.99 0.74 

58 pct CR 15B25 Ac1 0.94 0.59 

  Ac3 0.96 0.65 

 

4.2.2 Mechanisms for Changes in Transformation Temperatures with Heating Rate 

The observed higher sensitivity of Ac3 to heating rate than exhibited for Ac1 is explained by two 

primary possibilities. First, the start of austenite nucleation is controlled by short-range diffusion [4.4], 
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which is largely independent of heating rate. Second, at high heating rates there is less spheroidization 

prior to austenite nucleation and therefore potentially more sites for austenite nucleation are available 

because of the greater surface area of cementite [4.5], mitigating the increase in the Ac1 temperature.  

The observed decreased sensitivity to heating rate with an increase in degree of cold work is 

because of two primary possibilities. First, there was more stored energy to reduce the energy required for 

austenite formation. With higher heating rates more of this stored energy is retained to contribute to 

austenite formation (Section 2.4.3). Second, more cold work led to an increased dislocation density for 

subgrain boundary formation, and subgrain boundaries potentially act as nucleation sites.  

Metallurgical explanations can be proposed for why Ac3 would increase very little between 

heating rates of 100 and 1000 °C/s. The small increase in Ac3 may be related to recrystallization; at higher 

heating rates recrystallization is completed at higher temperatures during continuous heating, so the stored 

energy in the unrecrystallized ferrite is available to help drive austenite formation, recovered subgrain 

boundaries are available for diffusion, and the recrystallized ferrite grains are smaller with higher heating 

rates because the grains have had little time for growth. Therefore, there is a greater driving force for 

austenite growth, and the greater grain boundary area (due to smaller grain size) provides preferential 

sites for austenite formation in the final period of austenitization, leading to rapid austenite formation. 

With rapid austenite formation, austenite transformation completes at similar temperatures even with high 

heating rates. To assess these possible interpretations, metallographic analysis of the microstructure prior 

to Ac3 is presented in Section 4.3.2.  

4.3 Metallography Comparisons with Kinetics Measurements 

 SEM SEI micrographs of each steel and cold work condition after heating to Ac1 + 20 °C and 

immediately cooling are shown in Figures 4.5-4.10. 39 pct CR 1020 is shown in Fig. 4.5, 59 pct CR 1020 

in Fig. 4.6, 41 pct CR 1019M in Fig. 4.7, 53 pct CR 1019M in Fig. 4.8, 33 pct CR 15B25 in Fig. 4.9, and 

58 pct CR 15B25 in Fig. 4.10. In each figure, micrographs for 1 °C/s are shown in (a), 10 °C/s in (b), 

100 °C/s in (c), and 1000 °C/s in (d). Also, higher magnification micrographs are shown for 1 °C/s in (e) 

and 1000 °C/s in (f). In each micrograph, the location of austenite prior to quenching correlated to the 

location of martensite and austenite decomposition products, which are white in the microstructure. 

Ferrite is grey, and recovered ferrite is grey with visible substructure within the grains. Carbides are 

small, round, white particles. Some micrographs have black spots at interfaces, such as around carbides or 

at ferrite-martensite interfaces, which are stains from etching, but the stains do not obscure the 

microstructure. Selected microstructural features are highlighted with arrows as discussed below. The 

degree of recrystallization is also described below which was determined through quantitative 

metallography (see Section 3.8.1).  
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 Figure 4.5 shows micrographs of the 39 pct CR 1020. The austenite nucleation density increased 

with increasing heating rate, as can be seen by the shift from large martensite constituents in the 1 °C/s 

condition (Figs. 4.5a, 4.5e), to a higher density of small and dispersed martensite constituents in the 

1000 °C/s sample (Figs. 4.5d, 4.5f). The ferrite is completely recrystallized in the 1 and 10 °C/s heating 

rates (Figs. 4.5a-4.5b) as can be seen by the lack of substructure in the ferrite, and partially recrystallized 

in the 100 and 1000 °C/s heating rates (Figs. 4.5c-4.5d), with 33 pct recrystallized in the 100 °C/s 

condition and 22 pct recrystallized in the 1000 °C/s condition. Carbides were observed within the 

recrystallized ferrite grains at heating rates of 1 °C/s (Fig. 4.5a) and 10 °C/s (Fig. 4.5b), but were not 

found at higher heating rates. The presence of the carbides suggests that significant spheroidization of 

pearlite occurred at slower heating rates, and that insufficient time for spheroidization was available at the 

higher rates. Martensite was present along grain boundaries in the slowly heated sample (see Figs. 4.5a, 

4.5e), indicating that austenite nucleated and grew along grain boundaries. However, after high heating 

rates (Figs. 4.5b, 4.5f), martensite was observed along subgrain boundaries within recovered ferrite, 

indicating that austenite nucleated and grew along these subgrain boundaries. Austenite nucleation 

density was greatest with high heating rates likely because of the recovered ferrite, indicating that the 

subgrain boundaries provided many potent nucleation sites. 

Figure 4.6 shows SEM SEI micrographs for the 59 pct CR 1020 condition. At heating rates of 

1 °C/s (Fig. 4.6a) and 10 °C/s (Fig. 4.6b) the microstructure is fully recrystallized. With a heating rate of 

100 °C/s (Fig. 4.6c) there is a small fraction of recovered ferrite (86 pct recrystallized), and with a heating 

rate of 1000 °C/s (Fig. 4.6d) there is a mixture of recrystallized and recovered ferrite grains (64 pct 

recrystallized). For sample heated at 100 and 1000 °C/s, in comparison with the microstructure shown in 

Fig. 4.5c and Fig. 4.5d for the 39 pct CR 1020 steel, Fig. 4.6 shows that for the higher degree of cold 

work in the 59 pct CR 1020 steel, the fraction of recovered grains is less at equivalent heating rate, e.g.  

33 pct at 100 °C/s and 22 pct at 1000 °C/s. The decrease in fraction of recovered ferrite grains indicates 

that there was a greater driving force for recrystallization with more cold work leading to more 

recrystallized ferrite grains free of substructure. Carbides formed within the recrystallized ferrite grains at 

heating rates of 1 °C/s (Fig. 4.6a) and 10 °C/s (Fig. 4.6b), but not at higher heating rates, similar to the 39 

pct CR condition. Similar to the observations for the 39 pct CR 1020 steel, the size of martensite 

constituents decreased with an increase in heating rate, indicating that austenite nucleation density 

increased with heating rate. This increase in austenite nucleation density is interpreted to be from an 

increased number of heterogeneous nucleation sites. With a heating rate of 100 °C/s (Fig. 4.6c), the ferrite 

grain size is smaller than for the 1 °C/s heating rate (Fig. 4.6a), resulting in more heterogeneous 

nucleation sites and therefore an increase in austenite nucleation density. In the 1000 °C/s heating rate  
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(a)                                                                     (b) 

 
                             (c)                                                                        (d) 

 
                             (e)                                                                        (f) 
Figure 4.5 SEM micrographs of 39 pct CR 1020 steel heated at 1 °C/s (a, e), 10 °C/s (b), 100 °C/s (c), 
and 1000 °C/s (d, f) to Ac1 + 20 °C and directly quenched. Austenite nucleation density increased with 
heating rate. Recovered ferrite is present in the 100 and 1000 °C/s conditions. Etched in 2 pct Nital.  
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(a)                                                                     (b) 

 
                               (c)                                                                        (d) 

 
                                (e)                                                                        (f) 
Figure 4.6 SEM SEI micrographs of 59 pct CR 1020 steel heated at 1 °C/s (a, e), 10 °C/s (b), 100 °C/s 
(c), and 1000 °C/s (d, f) to Ac1 + 20 °C and directly quenched. Austenite nucleation density increased 
with heating rate. Recovered ferrite is present in the 100 and 1000 °C/s conditions. Etched in 2 pct 
Nital. 
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(a)                                                                       (b) 

 
                                (c)                                                                       (d) 

 
                                (e)                                                                        (f) 
Figure 4.7 SEM SEI micrographs of 41 pct CR 1019M steel heated at 1 °C/s (a, e), 10 °C/s (b), 
100 °C/s (c), and 1000 °C/s (d, f) to Ac1 + 20 °C and directly quenched. Austenite nucleation density 
increased with heating rate. Recovered ferrite is present in the 10, 100, and 1000 °C/s conditions. 
Etched in 2 pct Nital. 
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(a)                                                                       (b) 

 
                                (c)                                                                       (d) 

 
                                 (e)                                                                       (f) 
Figure 4.8 SEM SEI micrographs of 53 pct CR 1019M steel heated at 1 °C/s (a, e), 10 °C/s (b), 
100 °C/s (c), and 1000 °C/s (d, f) to Ac1 + 20 °C and directly quenched. Austenite nucleation density 
increased with heating rate. Recovered ferrite is present in the 10, 100, and 1000 °C/s conditions. 
Etched in 2 pct Nital. 
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(a)                                                                       (b) 

 
                                (c)                                                                       (d) 

                  
                                (e)                                                                       (f) 
Figure 4.9 SEM SEI micrographs of 33 pct CR 15B25 steel heated at 1 °C/s (a, e), 10 °C/s (b), 
100 °C/s (c), and 1000 °C/s (d, f) to Ac1 + 20 °C and directly quenched. Austenite nucleation locations 
are indicated by arrows, and occurred in spheroidized pearlite at low heating rates and in pearlite 
lamellae and recovered ferrite at high heating rates. Etched in 2 pct Nital. 
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(a)                                                                       (b) 

 
                                (c)                                                                       (d) 

 
                                (e)                                                                         (f) 
Figure 4.10 SEM SEI micrographs of 58 pct CR 15B25 steel heated at 1 °C/s (a, e), 10 °C/s (b), 
100 °C/s (c), and 1000 °C/s (d, f) to Ac1 + 20 °C and directly quenched. Austenite nucleation density 
increased with heating rate. Austenite nucleation occurred at spheroidized carbides and grain 
boundaries at low heating rates and in partially spheroidized pearlite and recovered ferrite at high 
heating rates. Etched in 2 pct Nital. 
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samples (Figs. 4.6d, 4.6f), austenite nucleated within the recovered ferrite on subgrain boundaries 

resulting in a further increase in austenite nucleation density. 

Figure 4.7 shows SEM micrographs of the 41 pct CR 1019M condition. The 1 °C/s heating rate 

condition (Fig. 4.7a) is fully recrystallized, while there are only a few recrystallized ferrite grains visible 

in the 10 °C/s condition (Fig. 4.7b), which was 17 pct recrystallized. The high heating rate conditions 

(Figs. 4.7c-4.7d) have no visible recrystallized ferrite grains. The 41 pct CR 1019M condition has much 

less recrystallization than the 39 pct CR 1020 condition for heating rates of 10, 100, and 1000 °C/s, as 

evident by comparing Figs. 4.6b-4.6c with Figs. 4.7b-4.7c, where more recrystallized ferrite is found in 

Figs. 4.6b-4.6c. Both the 41 pct CR 1019M and 39 pct CR 1020 steel are fully recrystallized with a 

heating rate of 1 °C/s, while the 1020 is fully recrystallized at 10 °C/s but the 1019M is only 17 pct 

recrystallized. For heating rates of 100 and 1000 °C/s, the 41 pct CR 1019M steel has no visible 

recrystallized ferrite, where the 39 pct CR 1020 condition is 33 pct recrystallized with a heating rate of 

100 °C/s and 22 pct recrystallized with a heating rate of 1000 °C/s. The slower recrystallization kinetics 

in the 41 pct CR 1019M is interpreted to be due to the Nb addition and 1.0 wt pct Mn whereas 1020 had 

no microalloying additions and 0.5 wt pct Mn. There are carbides visible within the recrystallized ferrite 

after heating with a rate of 1 °C/s (Fig. 4.7a), but carbides are not visible with any of the higher heating 

rates (Figs. 4.7b-4.7d). In contrast, the Nb-free 39 pct CR 1020 steel had visible carbides and was fully 

recrystallized at 10 °C/s (Fig. 4.5b), indicating that ferrite recrystallization and pearlite spheroidization 

occurred simultaneously, or that increased cold work increased the kinetics of spheroidization. The 

average martensite constituent size decreased with heating rate from 1 °C/s (Fig. 4.7a) to 100 °C/s 

(Fig. 4.7c), indicating that up to 100 °C/s the number of austenite nucleation sites increased with heating 

rate. However, the austenite nucleation density remained constant between 100 °C/s (Fig. 4.7c) and 

1000 °C/s (Fig. 4.7d), where both microstructures contain no recrystallized ferrite. The data in Figs. 4.7a-

4.7d suggest that for conditions where samples are partially recrystallized, the degree of recrystallization 

controls the rate of austenite nucleation which increases with a decrease in volume fraction of 

recrystallized grains, i.e. an increase in volume fraction of recovered grains. The difference between 

austenite nucleation behavior with low and high heating rates is more clearly seen in the high 

magnification comparison between 1 °C/s (Fig. 4.7e) and 1000 °C/s (4.7f). At the low heating rate, 

martensite constituents are large and located along grain boundaries. At the high heating rate, martensite 

constituents are small and dispersed, and are found along subgrain boundaries within the recovered 

ferrite, as well as at grain boundaries.  

Figure 4.8 shows SEM micrographs of the 53 pct CR 1019M condition. At the lowest heating rate 

of 1 °C/s (Fig. 4.8a) the ferrite is fully recrystallized, with a heating rate of 10 °C/s (Fig. 4.8b) there is a 

mixture of recrystallized and recovered ferrite grains (41 pct recrystallized), with a heating rate of 
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100 °C/s (Fig. 4.8c) there are a few isolated recrystallized ferrite grains (4 pct recrystallized), and with a 

heating rate of 1000 °C/s (Fig. 4.8d) there are no visible recrystallized ferrite grains at low magnification. 

There are more recrystallized ferrite grains at 10 °C/s with the 53 pct CR 1019M condition (Fig. 4.8b) 

than the 41 pct CR condition (Fig. 4.7b), which is interpreted to be from the increased driving force for 

recrystallization from the greater amount of cold deformation in the 53 pct CR condition prior to heating. 

The degree of recrystallization is similar between the 41 and 53 pct CR for heating rates of 1, 100, and 

1000 °C/s, however. More recrystallization was found in the lower Mn, Nb-free 59 pct CR 1020 than the 

53 pct CR 1019M, due to the suppression of recrystallization by Nb and Mn. At the lowest heating rate, 

1 °C/s (Fig. 4.8a), carbides were present within recrystallized grains, indicating that significant 

spheroidization occurred. A few carbides are visible within the recrystallized ferrite at 10 °C/s (Fig. 4.8b). 

In the 41 pct CR 1019M condition, there are more carbides visible at a heating rate of 10 °C/s (Fig. 4.7b) 

than in the 53 pct CR condition (Fig. 4.8b), showing either that recrystallization and spheroidization 

occurred simultaneously, or that increased cold work increased the kinetics of spheroidization. The 

martensite constituents are smaller with higher heating rates, showing that austenite nucleation density 

increased with heating rate. The size and distribution of martensite constituents in the 53 pct CR 1019M  

condition are similar to the 41 pct CR 1019M condition across all heating rates (compare Figs. 4.7a-d and 

4.8a-d). 

Figure 4.9 shows SEM micrographs of the 33 pct CR 15B25 condition for the four heating rates. 

Ferrite is fully recrystallized for heating rates of 1 °C/s (Fig. 4.9a) and 10 °C/s (Fig. 4.9b), there is a 

mixture of recovered ferrite and recrystallized (28 pct) ferrite with a heating rate of 100 °C/s (Fig. 4.9c), 

and there are no visible recrystallized ferrite grains with a heating rate of 1000 °C/s (Fig. 4.9d). Compared 

to the 39 pct CR 1020 and 41 pct CR 1019M, the recovered ferrite of the 33 pct CR 15B25 has a lower 

density of subgrain boundaries, interpreted to reflect the effects of the lower cold work (33 pct) of the 

15B25. With low heating rates of 1 °C/s (Fig. 4.9a) or 10 °C/s (Fig. 4.9b) both pearlite and spheroidized 

carbides were observed, while with heating rates of 100 °C/s (Fig. 4.9c) or 1000 °C/s (Fig. 4.9d) primarily 

pearlite was observed. Pearlite colonies are visible at all heating rates in the 33 pct CR 15B25 steel while 

pearlite colonies were not visible at any heating rates for the 1019M and 1020 steels, which may be 

because of the higher carbon in the 15B25 which meant it had a higher initial fraction of pearlite, so if a 

similar fraction of austenite formed there would be more remaining pearlite with 15B25.  

Figure 4.9e shows a high magnification micrograph of the 1 °C/s sample and Fig. 4.9f shows the 

1000 °C/s sample of the 33 pct CR 15B25 condition. With the low heating rate, austenite formed within 

the spheroidized pearlite and grew into the surrounding ferrite. With the high heating rate, austenite 

nucleated and consumed the pearlite lamellae. Somewhat surprisingly, however, is that austenite also 

nucleated and grew within recovered ferrite during the beginning of austenite formation at high heating 
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rates (Fig. 4.9f) despite all of the remaining pearlite which is conventionally thought of as the preferential 

location of austenite formation due to the available carbon. Austenite nucleation at subgrain boundaries 

may indicate that a significant amount of carbon diffused along these subgrain boundaries to provide 

carbon for austenite formation.    

Figure 4.10 shows SEM SEI micrographs for the 58 pct CR 15B25 condition. The pearlite is 

significantly more elongated after cold rolling than the 33 pct CR 15B25 as seen in Fig. 4.1e-4.1f. In the 

1 °C/s heating rate condition (Fig. 4.10a), the pearlite is significantly spheroidized but is mostly located in 

bands along the rolling direction. The degree of spheroidization decreases with increasing heating rate. At 

heating rates of 1 °C/s (Fig. 4.10a) and 10 °C/s (Fig. 4.10b), all ferrite grains appear to be recrystallized, 

at a heating rate of 100 °C/s (Fig. 4.10c) there are a few recrystallized ferrite grains (7 pct recrystallized), 

and at a heating rate of 1000 °C/s (Fig. 4.10d) there are no visible recrystallized ferrite grains. At all 

heating rates, austenite nucleation and growth occurred primarily in the carbon-rich areas, so the 

elongated pearlite significantly affected the distribution of the martensite in comparison to the 33 pct CR 

15B25.  At high heating rates (100 and 1000 °C/s), isolated martensite constituents were observed within 

the recovered ferrite (Figs. 4.7c-4.7d), which may have nucleated near carbides. A higher magnification 

comparison of heating rates of 1 °C/s and 1000 °C/s can be seen in Figs. 4.10e and 4.10f, respectively. At 

1 °C/s, austenite nucleation and growth occurred around spheroidized carbides. With a heating rate of 

1000 °C/s, austenite nucleated primarily within the partially spheroidized pearlite, where cementite 

lamellae and small spheroidized carbides acted as the primary sites of austenite formation, while some 

austenite nucleated within the recovered ferrite.    

4.3.1 Summary of Transformation Behavior at the Start of Austenite Formation 

In general the observed microstructures are consistent with the proposed mechanisms for kinetics 

differences with different heating rates (see Section 4.2.2). More ferrite recrystallization occurred with 

slower heating, leading to fewer subgrain boundaries which act as austenite nucleation sites. The 

nucleation density of austenite increased with faster heating, because there were more nucleation sites 

available, and because energy from cold work drove the transformation. Nucleation sites shifted from 

carbides or grain boundaries at low heating rates to subgrain boundaries of recovered ferrite and pearlite 

at high heating rates. This shift in nucleation behavior and nucleation density between low and high 

heating rates may indicate why a non-linear increase in Ac1 was found with increasing heating rate; when 

a heating rate is used where limited ferrite recrystallization occurs, nucleation can occur rapidly within 

recovered ferrite, and increasing the heating rate further has little impact on austenite nucleation, leading 

to a smaller increase in Ac1 than Ac3. 
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4.3.2 Microstructure at the End of Austenite Formation 

All alloys and cold work conditions exhibited a smaller increase in transformation temperatures 

between 100 °C/s and 1000 °C/s than would be predicted by a linear increase in transformation 

temperature with heating rate. With 15B25 a small decrease was found in transformation temperatures 

between 100 °C/s and 1000 °C/s for both conditions (33 and 58 pct CR), though this was within one 

standard deviation, so heat treatments were also performed near Ac3 in the 15B25 steels to observe any 

differences between transformation behaviors at the end of austenite formation. This comparison was 

performed on the 58 pct CR 15B25 condition because it had sufficient hardenability to transform 

austenite to martensite upon quenching, but is applicable to any condition where different heating rates 

led to different degrees of recrystallization.  

Figure 4.11 compares SEM micrographs of the 58 pct CR 15B25 steel after heating to Ac3 - 20°C 

at rates of 1 and 1000 °C/s. With a heating rate of 1 °C/s (Fig. 4.11a), there is a mixture of martensite, 

undissolved cementite, and recrystallized ferrite. With a heating rate of 1000 °C/s (Fig. 4.11b), there is a 

mixture of martensite, undissolved cementite, and recovered ferrite, as indicated by the subgrain 

boundaries within the ferrite, with martensite also located along subgrain boundaries in the recovered 

ferrite. In both cases, prior to quenching, austenite grew into the remaining ferrite, and austenite 

transformed to martensite upon quenching. Therefore, with a low heating rate the austenite grew into 

recrystallized ferrite and with a high heating rate the austenite grew into recovered ferrite along subgrain 

boundaries within the recovered ferrite. The subgrain boundaries within the recovered ferrite provided 

carbon diffusion paths for more rapid growth at the end of austenite formation, decreasing the average 

distance between austenite growth fronts, increasing the effective austenite growth rate. 

4.4 Calculation of Transformation Temperatures 

Alloying effects on Ac1 and Ac3 have been studied [4.7-4.8], so comparisons were made between 

experimental values of transformation temperatures determined using dilatometry and predicted 

transformation temperatures from empirical models based on alloying additions. Comparisons between 

experimentally measured values with empirical models allows a determination of the accuracy of the 

experimentally measured values. Based on these comparisons, a determination can then be made of the 

impact of alloying elements on transformation temperatures with increasing heating rate.    

Predictions of transformation temperatures based on compositions are complex, and many 

different models are available. The simplest method for modelling alloying effects on transformation 

temperatures is a linear regression in transformation temperature with each composition change from pure 

iron. The classic example of a linear regression is the Andrews equation, shown in Eqs. 4.1-4.2 [4.7], 

where the wt. pct. of each element is used. Linear models assume that changes in transformation 

temperatures are additive, and do not account for interactions between elements or prior-microstructure 
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effects. Furthermore, the Andrews equation is limited to a small number of elements; boron, for example, 

is not included. 

 
(a)                                                                       (b) 

Figure 4.11 SEM SEI micrographs of 58 pct CR 15B25 steel heated at 1 °C/s (a) and 1000 °C/s (b) to 
Ac3 - 20 °C and directly quenched. At the low heating rate austenite grew into recrystallized ferrite. At 
the high heating rate the austenite grew into recovered ferrite where there are diffusion paths provided 
by the subgrain boundaries. Etched in 2 pct Nital. 
 

 Ac1 = 723 °C -10.7Mn - 16.9Ni + 29.1Si + 16.9Cr + 290As + 6.38W (4.1) 

 

 Ac3 = 910 °C -β0γ √C - 15.2Ni + 44.7Si + 104V + 31.5Mo + 13.1W (4.2) 

 

In general, Mn lowers Ac1, C lowers the Ac3 temperature, Si increases Ac3 and Ac1, and Ni 

increases Ac1 and decreases Ac3. See Table 3.1 for complete composition of alloys. The 1020 steel 

studied has 0.5 wt pct Mn, 1019M 1 wt pct Mn, and 15B25 1.2 wt pct Mn. 15B25 has the most C and Mn. 

1019M has more Mn and less C than 1020. 15B25 also has additions of Si, B, Cr, and Ni.  

An example of a more complex model is due to Kasatkin and Vinokur shown in Eqs. 4.3-4.4 

[4.8], where the wt. pct. of each element is used. This model takes into account nonlinearity, interaction 

of elements, and nonadditive character of elements.   

  

 Ac1 = 723 °C - 7.8Mn + 37.7Si + 18.1Cr + 44.2Mo + 8.95Ni + 50.1V + 21.7Al + 3.18W + 

297S - 830N - 11.5CSi -14MnSi - 3.1SiCr – 57.9CMo - 15.5MnMo - 5.28CNi - 27.4CV + 

30.8MoV - 0.84Cr2 - 3.46Mo2 - 0.46Ni2 - 28V2 

(4.3) 
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 Ac3 = 912 °C - 370C - 27.4Mn + 27.3Si - 6.35Cr - 32.7Ni + 95.2V + 190Ti + 72Al + 

64.5Nb + 5.57W + 332S + 276P + 485N - 900B + 16.2CMn + 32.3CSi + 15.4CCr + 48CNi 

+ 4.32SiCr - 7.3SiMo + 18.6SiNi + 4.8MnNi + 40.5MoV + 174C2 + 2.46Mn2 - 6.86Si2 + 

0.322Cr2 + 9.9Mo2 + 1.24Ni2 - 60.2V2   

(4.4) 

 

A summary of values calculated using both the Andrews and Kasatkin-Vinokur models is 

provided in Table 4.3. Neither of these models includes prior microstructure, cold work, or heating rate. 

The Andrews equation was determined using a heating rate of 0.125 °C/min. Kasatkin and Vinokur did 

not state what heating rate was used. Measured values from the nominally 40 pct CR conditions of each 

alloy are compared to the calculations. The lowest heating rate, 1 °C/s, was used because it is closest to 

equilibrium. Predictions based on the more complex model from Kasatkin and Vinokur are closer to 

measured values. On average the Andrews model predicts values that are 16 degrees lower for Ac1 and 26 

degrees lower for Ac3 than for the experimental measurements. The Kasatkin and Vinokur model 

predictions are, on average, 14 degrees lower for Ac1 and 8 degrees lower for Ac3. If the models 

incorporated heating rate, or if even lower heating rates were tested for the experimental dilatometry for 

this thesis, the measured values would likely be closer to the models. The 1019M and 1020 steels have 

similar Ac3 transformation temperatures to each other at 1 °C/s. The 15B25 steel has the lowest Ac3 

temperature and the highest Ac1, which was also predicted by the models.  

 

Table 4.3 – Summary of Measured and Calculated Transformation Temperatures. 

Test/Calculation Ac1 (°C) Ac3 (°C) 

39 pct CR 1020 1 °C/s 732 853 

1020 Andrews 718 820 

1020 Kasatkin and Vinokur 721 844 

41 pct CR 1019M 1 °C/s 730 856 

1019M Andrews 713 827 

1019M Kasatkin and Vinokur 717 845 

33 pct CR 15B25 1 °C/s 742 836 

15B25 Andrews 725 819 

15B25 Kasatkin and Vinokur 724 831 

 

At low heating rates, the models predicted similar Ac1 and Ac3 temperatures for 1020 and 1019M, 

and higher Ac1 and lower Ac3 for 15B25, which were all confirmed through experimental measurements. 

The primary alloying addition affecting Ac1 for 1020 and 1019M was Mn, with 0.5 wt. pct. for 1020 and 

1.0 wt. pct. for 1019M which means the model predicted lower Ac1 for 1019M, though Ac1 for both were 



74 
 

similar in experimental measurements. For Ac3 of 1019M and 1020, the Andrews equation predicted a 

7 °C higher Ac3 for 1019M because of its lower carbon content, but the Kasatkin and Vinokur model 

included the impact of Mn, which predicted a 1 °C difference between Ac3 temperatures. With 

experimentally measured values, Ac3 was 3 °C higher for the 1019M steel vs the 1020 steel. Both models 

predicted higher Ac1 for 15B25 than the 1020 and 1019M steels, because of its higher Mn, Ni, and Si 

content. Experimentally measured values confirmed the higher Ac1 for 15B25. Both models predicted 

lower Ac3 for 15B25 than the 1020 and 1019M steels, because of its higher C, Ni, and Mn. The higher Si 

content of the 15B25 raises Ac3 but this was offset by the C, Ni, and Mn. Experimentally measured values 

confirmed that Ac3 is lower for 15B25 than 1020 and 1019M.  

As shown in Table 4.1 and Figs. 4.3-4.4, the alloy effects on transformation temperatures 

generally remained with higher heating rates, with a few exceptions. Ac1 and Ac3 of 1019M and 1020 

were similar for both cold worked conditions at 1 °C/s and 1000 °C/s experiments despite all increasing 

with heating rate. The 39 pct CR 1020 had a somewhat higher Ac1 at 1000 °C/s than the 41 pct CR 

1019M, but the Ac1 of the 39 pct CR 1020 also had a larger standard deviation. When comparing 1019M 

and 1020 at a heating rate of 100 °C/s, the Ac3 is somewhat higher for the 39 and 59 pct CR 1020 (2-

4 °C), which may be because the 1019M had more recovered ferrite for more rapid austenite growth. At a 

heating rate of 1000 °C/s the Ac3 temperatures were within 1 °C for 59 pct CR 1020 and 41 and 53 pct 

CR 1019M because the heating rate was sufficiently rapid for a recovered ferrite microstructure leading to 

rapid austenite growth. The 39 pct CR 1020 condition, however, was 6 °C higher than the other 1020 and 

1019M conditions when heated at 1000 °C/s. Figure 4.12 shows the change in transformation 

temperatures with heating rate for 59 pct CR 1020 and 58 pct CR 15B25. Both the 33 pct CR and 58 pct 

CR 15B25 had higher Ac1 and lower Ac3 than the 1020 and 1019M steels across all heating rates, as 

predicted by the empirical equations at low heating rates.  

4.5 Summary 

● Transformation temperatures increased as heating rate increased. The increase was 

smaller between 100 and 1000 °C/s than would be predicted by a linear increase. A log 

increase better fit the measured data.  

● The Ac1 increase was much less than Ac3 with increasing heating rate, because Ac1 is 

controlled by austenite nucleation which occurs through largely time-independent short-

range carbon diffusion, while Ac3 is controlled by long-range diffusion. 

● Cold work minimized the increase in Ac1 and Ac3 across all heating rates measured, likely 

because energy from cold work was retained to promote austenite formation at subgrain 

boundaries within recovered ferrite. 



75 
 

● Basic alloying effects (such as C, Mn, Si) on Ac1 and Ac3 were found to affect the relative 

transformation temperatures between alloys with changing heating rate, though 

deviations occurred due to the degree of cold work and the amount of recrystallization-

retarding alloying additions, which do not affect Ac1 at low heating rates.  

 

 
                                       (a)                                                                     (b) 
Figure 4.12 Increase in Ac1 (a) and Ac3 (b) for 58 pct CR 15B25 and 59 pct CR 1020, along with a 
logarithmic fit. The 58 pct CR 15B25 had higher Ac1 and lower Ac3 at all heating rates.  
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CHAPTER 5 

EFFECT OF FERRITE RECRYSTALLIZATION AND HEATING RATE ON AUSTENITE 

FORMATION BEHAVIOR 

 

 This chapter explores the change in martensite distribution with rapidly heated cold-rolled 

intercritically annealed ferrite-pearlite steels. Prior research has proposed several different mechanisms 

for the increase in martensite banding with higher heating rates (Section 2.4.5). This thesis explores 

interactions between austenite formation and ferrite recrystallization by selecting heating rates for specific 

degrees of recrystallization at the start of austenite formation. In addition, the degree of pearlite 

spheroidization prior to austenite formation depends on heating rate. These differences are explored to 

explain the increase in martensite banding at high heating rates. Extent of recrystallization was inferred 

from microhardness measurements after isothermal holding at different times. The additivity principle 

was used to model continuous heating kinetics, and predictions based on the model were combined with 

austenite transformation dilatometry data to identify specific heating rates for different degrees of 

recrystallization. The steel was heated to intercritical temperatures and immediately quenched (i.e. a 0 s 

hold time) to study the continuous heating recrystallization and austenite formation at temperatures 

selected relative to Ac1. Specific intercritical temperatures were referenced to Ac1 as Ac1 increased with 

heating rate. Ferrite recrystallization and austenite formation were evaluated using EBSD and SEM 

analysis. Microhardness data were also compared to assess strength differences between the different heat 

treatments. 

5.1 Prior Microstructure 

 The research described in this chapter was completed with the ferrite-pearlite C-Mn-Nb steel 

specified in Section 3.1.2. Figure 5.1 shows SEM micrographs of the 60 pct cold-rolled microstructure. 

Figure 5.1a is a relatively low magnification image where the shape and size of the pearlite colonies are 

visible. Figure 5.1b is a high magnification image, with a closeup view of deformed ferrite and pearlite.  

5.2 Ferrite Recrystallization 

Ferrite recrystallization kinetics were experimentally measured and modelled for continuous 

heating using the additivity principle as described in Section 3.5. Based on the extent of recrystallization 

measurements, heating rates were selected to achieve different degrees of recrystallization at the start of 

austenite formation (Ac1) which in turn facilitated a study of the impact of ferrite recrystallization on 

austenite formation. The selected heating rates were 0.3, 1, 2.4, 13.1, 140, and 693 °C/s to achieve 

degrees of recrystallization of 1, 0.85, 0.66, 0.33, 0.12, and 0, respectively. The selection of these heating 

rates is described in Section 3.5. Figure 5.2 shows a schematic representation of the heat treatments 
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performed. Table 5.1 shows peak temperatures for each heating rate, which were selected relative to Ac1 

from Ac1 – 10 °C and in 20 °C increments up to Ac1 + 70 °C. Because of the difficulty in achieving a 

specific peak temperature with rapid heating, both programmed and measured temperatures are listed for 

the 693 °C/s heating condition. The Ac1 temperatures utilized were based on the values calculated in 

Section 3.5, though the actual Ac1 temperatures were later experimentally determined with dilatometry. 

Each sample was immediately quenched after reaching the peak temperature, with no hold. 

 
(a)                                                                          (b) 

Figure 5.1 SEM micrographs at low (a) and high (b) magnification showing the cold-rolled 
microstructure of the ferrite-pearlite C-Mn-Nb steel. The microstructure contains deformed ferrite and 
pearlite. 2 pct Nital etch.  

  

 
                                     (a)                                                                       (b) 
Figure 5.2 Schematic representations of heat treatments performed. The arrows represent a quench 
from temperature. Low heating rates are shown in (a) and high heating rates are shown in (b).  

 

 

Pearlite 

Ferrite 
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Table 5.1 – Summary of Selected Peak Temperatures for Heat Treatments. 

 
Heating Rate (°C/s)  

Temperature 0.3 1 2.4 13.1 140 693 693 (measured) 

Ac1 - 10 °C 715 716 716 720 734 749 747 

Ac1   725 726 726 730 744 759  

Ac1 + 10 °C 735 736 736 740 754 769 769 

Ac1 + 30 °C 755 756 756 760 774 789 796 

Ac1 + 50 °C 775 776 776 780 794 809 807 

Ac1 + 70 °C 795 796 796 800 814 829 836 

The progress of recrystallization can be observed using EBSD IQ maps. The recrystallized ferrite 

appears with good image quality as “clean” white or light grey grains. The deformed and recovered ferrite 

appears as grey. Martensite is dark grey or black. When boundary maps were added on top of EBSD IQ 

maps, boundary misorientation angles are represented as follows: red is 2-5°, green is 5-15°, and blue is 

greater than 15°. 

Figure 5.3 shows EBSD images of fine features of recovery and recrystallization from the ferrite-

pearlite C-Mn-Nb steel heated at 140 °C/s to 754 °C and directly quenched. Different degrees of recovery 

and recrystallization are present at different points within the microstructure, and the observed 

microstructures are consistent with proposed mechanisms for the process of recrystallization 

(Section 2.2). Deformed ferrite has poor image quality and scattered low-angle grain boundaries, as 

shown in the ferrite grain in the center of Fig. 5.3a. During recovery, dislocations coalesced and formed 

subgrains, as shown in Fig. 5.3b. These subgrain boundaries start as low-angle (red and green) boundaries 

and with time during annealing become increasingly misoriented as subgrain growth evolves. These 

increasingly misoriented subgrains are seen as high-angle blue boundaries that still have poor image 

quality (grey) ferrite.  The increase in misorientation increases the mobility of the boundaries until a new 

strain-free grain is formed, as shown in Fig. 5.3c.  

   

 
(a)                                                      (b)                              (c)  

Figure 5.3 The process of recovery and recrystallization in a steel heated at 140 °C/s to 754 °C and 
directly quenched. EBSD image quality map with overlaid boundaries. Red boundaries are 2-5°, green 
are 5-15°, and blue are greater than 15°. Micrograph (a) shows a deformed grain prior to recovery, (b) 
shows a recovered ferrite grain with low angle subgrain boundaries, and (c) shows a newly 
recrystallized grain.  

Deformed ferrite 

Subgrain boundaries 

Recrystallized 

ferrite 
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The process for determining the degree of recrystallization from microhardness is described in 

Section 3.5 and from EBSD IQ maps is described in Section 3.9.1. EBSD image quality maps with 

different degrees of recrystallization at Ac1 + 10 °C are shown in Figure 5.4. Figure 5.4a is for a sample 

heated to 0.3 °C/s to 735 °C and directly quenched, Fig. 5.4b is 2.4 °C/s to 736 °C, Fig. 5.3c is 13.1 °C/s 

to 740 °C, and Fig. 5.4d is 140 °C/s to 754 °C. Recrystallized ferrite is seen as high image quality “clean” 

white or light grey grains. The degree of recrystallization was determined by calculating the area fraction 

of the high image quality recrystallized ferrite, through the thresholding method described in Section 

3.9.1. The sample heated at 0.3 °C/s (Fig. 5.4a) was 100 pct recrystallized, the sample heated at 2.4 °C/s 

(Fig. 5.4b) was 61 pct recrystallized, the sample heated at 13.1 °C/s (Fig. 5.4c) was 27 pct recrystallized, 

and the sample heated at 140 °C/s (Fig. 5.4d) was 8 pct recrystallized.  

 

 
(a)                                                                                     (b) 

 
                                              (c)                                                                                     (d) 
Figure 5.4 Representative EBSD IQ maps for samples with different degrees of recrystallization, 
achieved by heating at different rates and directly quenching from the intercritical temperature. 
Recrystallized ferrite is visible as high image quality white or light grey grains. A sample heated at 
0.3 °C/s to 735 °C (a) was 100 pct recrystallized, 2.4 °C/s to 736 °C (b) was 61 pct recrystallized, 
13.1 °C/s to 740 °C (b) was 27 pct recrystallized, and 140 °C/s to 794 °C (d) was 7 pct recrystallized.  
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A comparison between modelled ferrite recrystallization kinetics and experimentally measured 

recrystallization is shown in Fig. 5.5, and a summary of the recrystallization values is in Table 5.2. Values 

below Ac1 are from microhardness and values above Ac1 are from EBSD measurements. It can be seen 

from measurements taken with a heating rate of 0.3 °C/s that most recrystallization occurred above 

678 °C. The recrystallization measurements are generally close to the predicted model near the Ac1 

temperature. For heating rates of 0.3, 1, and 2.4 °C/s, the measured ferrite recrystallization kinetics 

followed the modelled recrystallization (lines) even in the intercritical region. At higher heating rates, 

recrystallization was suppressed during austenite formation. This is interpreted to be because of 

competition between austenite nucleation and ferrite recrystallization. Both austenite and recrystallized 

ferrite nucleated within the recovered ferrite, so the number of potential nucleation sites for recrystallized 

ferrite was reduced during austenite nucleation. Furthermore, austenite growth occurred within the 

recovered ferrite, consuming potential nucleation sites for recrystallized ferrite. With sufficiently slow 

austenite formation (low heating rates), ferrite recrystallization was allowed to occur. With more rapid 

austenite formation (high heating rates), ferrite recrystallization was suppressed. Microstructural analysis 

of the suppression of ferrite recrystallization is discussed in Sections 5.5 and 5.6. 

 

 
Figure 5.5 Modelled continuous heating ferrite recrystallization (lines) compared with experimentally 
measured values (shapes). Values below Ac1 came from microhardness and values above Ac1 came 
from EBSD measurements. Circles represent measurements from 0.3 °C/s, X’s for 1 °C/s, squares for 
2.4 °C/s, diamonds for 13.1 °C/s, triangles for 140 °C/s, and  crosses for 693 °C/s. 
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Table 5.2 –Recrystallization Volume Fractions (Rx) for Peak Temperatures of Ac1 – 10 °C, 
Ac1 + 10 °C, and Ac1 + 50 °C for Each Heating Rate. Three Extra Temperatures Were Measured for the 

Lowest Heating Rate. 

0.3°C/s Rx 1°C/s Rx 2.4°C/s Rx 

603°C 0.14 
    640°C 0.19 
    678°C 0.23 
    715°C 0.97 716°C 0.84 716°C 0.26 

735°C 1 736°C 0.88 736°C 0.61 

775°C 1 776°C 1 776°C 1 
 

13.1°C/s Rx 140°C/s Rx  693°C/s Rx 

720°C 0.22 734°C 0.06 747°C 0 

740°C 0.27 754°C 0.08 769°C 0.06 

780°C 0.48 794°C 0.13 806°C 0.16 
 

5.3 Pearlite Spheroidization 

On heating, pearlite spheroidization occurs simultaneously with ferrite recrystallization in cold-

rolled dual-phase steels [5.1]. Spheroidization of pearlite is important to the study of austenite formation 

because austenite forms in carbon-rich areas, and the majority of carbon is found in pearlite and carbides 

[5.2]. Large spheroidal carbides can lead to slower austenite formation kinetics because of the greater 

distance required for carbon diffusion.   

Figure 5.6 shows SEM micrographs of samples heated at rates of 0.3 (Fig. 5.6a), 1 (Fig. 5.6b), 

13.1 (Fig. 5.6c), and 140 °C/s (Fig. 5.6d) to Ac1 – 10 °C and directly cooled. The 13.1 °C/s and 140 °C/s 

conditions are also shown at higher magnification in Figs. 5.6e and 5.5f, respectively. The 0.3 °C/s 

condition appears to be fully spheroidized. With an increase in heating rate the degree of spheroidization 

decreases. At 1 °C/s (Fig. 5.6b), the cementite is largely spheroidized but the carbides exist in bands in 

the rolling direction, whereas in the 0.3 °C/s condition the carbides are relatively evenly distributed. The 

13.1°C/s and 140 °C/s conditions have partially spheroidized pearlite in the location of the original 

pearlite colonies. Therefore, the higher heating rates generally have more concentrated carbon-rich areas 

related to the original pearlite, while slow heating rates led to more dispersed and spheroidized carbides.  

5.4 Austenite Formation Kinetics 

Ac1 temperatures were determined through analysis of dilatometry with the selected heating rates 

and the measured Ac1 temperatures were compared with those predicted and used for peak temperature 

selection. Table 5.3 compares measured Ac1 temperatures with predicted Ac1 temperatures. The 

predictions were based on a mathematical fit to the change in Ac1 temperature with heating rate  
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(a)               (b) 

 
(c)                                                                                             (d) 

 
(e)              (f) 

Figure 5.6 SEM SEI micrographs of the steel heated to Ac1 – 10 °C at heating rates of 0.3 °C/s (a), 
1 °C/s (b), 13.1 °C/s (c and e) and 140 °C/s (d and f) and directly cooled. The 13.1 °C/s and 140 °C/s 
conditions are also shown at higher magnification (e and f). The degree of spheroidization was greater 
with lower heating rates. Etched in 2 pct Nital. 
 

 

Carbides 

Carbide bands 

Partially spheroidized 

pearlite 
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determined with dilatometry with heating rates of 1, 10, 100, and 1000 °C/s, see Section 3.5. The 

measured temperatures are very similar to the predicted values except experimentally measured Ac1 was 

unchanged from 0.3 to 13.1 °C/s. Heat treatments were performed relative to the original calculated Ac1.  

Ac3 temperatures were also determined from analysis of dilatometry data, and the temperatures 

were compared for different heating rates. Table 5.4 shows Ac3 temperatures for each heating rate. While 

Ac1 increased with increasing heating rate (Table 5.3), Ac3 was essentially unchanged with increasing 

heating rate, indicating that the nucleation and growth rate of austenite was greater with rapid heating, as 

discussed in Sections 5.5 and 5.6.   

Estimated martensite fractions from lever rule analysis of dilatometry data are shown in 

Table 5.5. All austenite was assumed to have transformed to martensite. Table 5.6 shows comparisons 

with martensite fractions determined with quantitative metallography for heating rates of 0.3 and 

140 °C/s. The lever rule underpredicted the martensite fraction for both heating rates. The values were 

closest at the highest predicted austenite fractions, indicating the lever rule is least useful in the early 

period of austenite formation. Previous research [5.3] proposed that dilatometry underprediction is due to 

non-isotropic volume change or redistribution of carbon during transformation. At low peak temperatures, 

the carbon did not have time to redistribute, but at higher peak temperatures the carbon was well 

distributed, leading to better prediction of the final martensite fraction by the lever rule from dilatometry.  

5.5 Interaction between Austenite Nucleation and Ferrite Recrystallization 

At temperatures above Ac1, austenite nucleation occurs. With low heating rates, austenite 

nucleation occurs in a microstructure of recrystallized ferrite. With rapid heating, austenite nucleation 

occurs in a microstructure of deformed or recovered ferrite. With intermediate heating rates, there is a 

combination of recrystallized and recovered or deformed ferrite. Therefore, heat treatments were 

performed 10 °C above Ac1 to analyze the interactions between ferrite recrystallization and austenite 

nucleation by utilizing different heating rates. 

 

Table 5.3 – Comparisons of Eq. 3.8 and Measured Ac1 Transformation Temperatures as a 
Function of Heating Rate.  

Heating Rate 0.3 °C/s 1 2.4 °C/s 13.1 °C/s 140 °C/s 693 °C/s 

Ac1 (measured) 731 ± 4 729 ± 2 732 ± 2 731 ± 2 743 ± 2 758 ± 3 

Ac1 (predicted) 725 726 726 730 744 759 
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Table 5.4 – Ac3 Temperature for Different Heating Rates Determined from Dilatometry Analysis. 

Heating Rate Ac3 

0.3°C/s 893 ± 2 
1°C/s 898 ± 1 

2.4°C/s 896 ± 4 
13.1°C/s 896 ± 2 
140°C/s 902 ± 4 
693°C/s 894 ± 2 

 
Table 5.5 – Austenite Fraction Before Quenching Estimated from Lever Rule Analysis of 

Dilatometric Data. Values for the 693 °C/s Heating Rate Are Listed Separately Because of the Different 
Measured Peak Temperatures.  

Heating rate Ac1 + 10°C Ac1 + 30°C Ac1 + 50°C Ac1 + 70°C 

0.3°C/s 0.01 0.06 0.16 0.27 
1°C/s 0.01 0.07 0.16 0.28 

2.4°C/s 0.01 0.1 0.2 0.32 
13.1°C/s 0.02 0.12 0.25 0.43 
140°C/s 0.03 0.15 0.33 0.54 

 
Ac1 + 10°C Ac1 + 37°C Ac1 + 48°C Ac1 + 77°C 

693°C/s 0.11 0.4 0.52 0.8 
 

Table 5.6 – Comparison Between Martensite Fraction Estimated from Lever Rule Analysis of 
Dilatometric Data with Martensite Fraction Determined with Quantitative Metallography. 

Heating Rate Ac1 + 10°C Ac1 + 30°C Ac1 + 50°C Ac1 + 70°C 

0.3 °C/s lever 0.01 0.06 0.16 0.27 
0.3 °C/s count 0.01 0.15 0.23 0.39 

140 °C/s lever 0.03 0.15 0.33 0.54 
140 °C/s count 0.12 0.22 0.38 0.55 

 

Figures 5.7-5.9 show SEM micrographs and EBSD grain boundary scans of the ferrite-pearlite C-

Mn-Nb steel heated to Ac1 + 10 °C, which from 0.3 °C/s was 735°C (Fig. 5.7), 1 °C/s was 736 °C 

(Fig. 5.8), and for 2.4 °C/s was 736 °C (Fig. 5.9). For higher heating rates, only SEM micrographs are 

shown because it is difficult to distinguish small martensite constituents within the microstructure of 

primarily recovered ferrite. Figure 5.10 shows SEM micrographs of samples heated at 13.1 °C/s to 740 °C 

(Ac1 + 10 °C), Fig. 5.11a, and 760 °C (Ac1 + 30 °C), Fig. 5.10b. Figure 5.11 shows SEM micrographs of 

samples heated at 140 °C/s to 754 °C (Ac1 + 10 °C), Fig. 5.11a, and 693 °C/s to 769 °C (Ac1 + 10 °C), 

Fig. 5.11b. In each micrograph the martensite locations are assumed to identify the austenite locations 

prior to transformation.  



86 
 

 
(a)          (b) 

Figure 5.7 SEM SEI micrograph (a) and EBSD grain boundary scan (b) for the ferrite-pearlite C-Mn-
Nb steel heated at 0.3 °C/s to 735 °C. Martensite is indicated by arrows. Austenite nucleated at grain 
boundaries and triple points. SEM sample etched in 2 pct Nital. 

 

 
(a)          (b) 

Figure 5.8 SEM micrograph (a) and EBSD grain boundary scan (b) for the ferrite-pearlite C-Mn-Nb 
steel heated at 1 °C/s to 736 °C. Martensite is indicated by arrows. Austenite nucleated at grain 
boundaries and recovered ferrite. SEM sample etched in 2 pct Nital. 
 

For the 0.3 °C/s heating rate (Fig. 5.7b), the microstructure is equivalent to the Ac1 – 10 °C heat 

treatment (Fig. 5.6a) except for the presence of martensite from austenite nucleation; ferrite is fully 

recrystallized (Fig. 5.3) and pearlite is spheroidized (Fig. 5.6a). Figure 5.7 shows that austenite nucleated 

at grain boundaries and triple points near carbides. 

The 1 °C/s heating rate was chosen to achieve 85 pct recrystallization at Ac1, and a sample heated 

at 1 °C/s to 736 °C (Fig. 5.8) was found to be 88 pct recrystallized through EBSD IQ analysis. Prior to 

Ac1 the pearlite was spheroidized but the carbides remained in bands (Fig. 5.6b). Figure 5.8 shows an 

SEM micrograph (Fig. 5.8a) and an EBSD IQ map with overlaid boundaries (Fig. 5.8b) for a sample 
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heated at 1 °C/s to 736 °C. Martensite is found in two locations: along grain boundaries and within 

recovered ferrite.  

 

 
(a)          (b) 

Figure 5.9 SEM micrograph (a) and EBSD grain boundary scan (b) for the ferrite-pearlite C-Mn-Nb 
steel heated at 2.4 °C/s to 736 °C. Martensite is indicated by arrows. Austenite nucleated within 
recovered ferrite. SEM sample etched in 2 pct Nital. 
 

 
(a)          (b) 

Figure 5.10 SEM SEI micrographs for the ferrite-pearlite C-Mn-Nb steel heated at 13.1 °C/s to 740 °C 
(a) and 760 °C (b). Martensite is indicated by arrows. At 740 °C, austenite nucleated along boundaries 
within recovered ferrite, but by 760 °C austenite nucleated within former pearlite and most of the 
carbides have been consumed by austenite. Etched in 2 pct Nital. 
 

Micrographs for the 2.4 °C/s heating rate to 736 °C are shown in Figure 5.9. This heating rate was 

chosen to achieve 66 pct recrystallization at Ac1. The actual recrystallized volume fraction, based on 

EBSD IQ map analysis, was 61 pct. After quenching, the SEM micrograph (Fig. 5.9a) shows martensite 

which developed from austenite within recovered ferrite. Based on a comparison of micrographs, the 

number of discrete austenite grains was greater for the 2.4 °C/s heated sample in comparison to the 
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structure developed after heating at 0.3 and 1 °C/s heating rates (Fig. 5.7-5.8). The larger number of 

austenite grains indicate that the austenite nucleation rate was higher for the sample heated at 2.4 °C/s. 

The EBSD grain boundary map (Fig. 5.9b) shows martensite along subgrain boundaries within the 

recovered ferrite, indicating that austenite nucleated at these boundaries. Martensite is visible by the 

clusters of high angle boundaries in the EBSD map. The majority of martensite is within the recovered 

ferrite rather than along recrystallized ferrite boundaries.  

 

 
(a)          (b) 

Figure 5.11 SEM SEI micrographs for the ferrite-pearlite C-Mn-Nb steel heated at 140 °C/s to 754 °C 
(a) and 693 °C/s to 769 °C (b). Martensite is indicated by arrows. For both of these rapid heating rates, 
austenite nucleated both within recovered ferrite and within pearlite. Etched in 2 pct Nital. 
 

SEM SEI micrographs for the 13.1 °C/s heating rate are shown for intercritical annealing 

temperatures of 740 °C (Fig. 5.10a) and 760 °C (5.10b). Both intercritical temperatures are shown for this 

heating rate because limited nucleation that had occurred at 740 °C, and the process of continued 

nucleation and growth can be inferred through observations of the 760 °C condition. The ferrite was 

determined to be 27 pct recrystallized at 740 °C through analysis of EBSD IQ data. With an intercritical 

annealing temperature of 740 °C, austenite nucleated at subgrain boundaries, or boundaries between 

recovered ferrite grains, away from the former pearlite, which was partially spheroidized. Austenite 

nucleation along boundaries was somewhat unexpected at this annealing temperature because pearlite and 

carbides are typically thought of as preferential austenite nucleation sites because carbon is required for 

austenite nucleation. When heat treated with an intercritical temperature of 760 °C, however, it appears 

that austenite nucleated within former pearlite and most of the carbides have been consumed leading to 

bands of austenite along the rolling direction because of the elongated shape of the former pearlite.   

Figure 5.11 shows SEM micrographs selected to illustrate locations where austenite nucleated 

during rapid heating, where Fig. 5.11a was a sample heated at 140 °C/s to 754 °C and Fig. 5.11b shows a 

Martensite 
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sample heated at 693 °C/s to 769 °C. The degree of recrystallization was determined through EBSD IQ 

data analysis as 8 pct recrystallized for the 140 °C/s heating rate (Fig. 5.11a) and 6 pct recrystallized for 

the 693 °C/s heating rate (Fig. 5.11b). For the 140 °C/s heating rate (Fig. 5.11a), martensite is visible 

within former pearlite and also at boundaries within recovered ferrite, indicating that the austenite 

nucleated at those two locations. Carbides are located around the martensite, whether the austenite 

nucleated at the former pearlite or within the recovered ferrite. For the 693 °C/s heating rate (Fig. 5.11b), 

no pearlite or carbides are visible despite only being 10 °C above Ac1. This shows that austenite nucleated 

very rapidly with a heating rate of 693 °C/s.  

5.5.1 Location of Recrystallized and Recovered Ferrite 

Figure 5.12 shows EBSD IQ maps selected to show the locations of recrystallized and recovered 

ferrite within the microstructure. Heating rates of 0.3 °C/s (Fig. 5.12a), 1 °C/s (Fig. 5.12b), 2.4 °C/s 

(Fig. 5.12c), 13.1 °C/s (Fig. 5.12d), 140 °C/s (Fig. 5.12e), and 693 °C/s (Fig. 5.12f) are shown. All 

samples were heated to Ac1 + 10 °C, which is 735 °C for 0.3 °C/s, 736 °C for 1 and 2.4 °C/s, 740 °C for 

13.1 °C/s, 754 °C for 140 °C/s, and 769 °C for 693 °C/s. Recrystallized ferrite appears as white or light 

grey grains, recovered ferrite is dark grey, and martensite is black. Because austenite was found to 

nucleate preferentially within the recovered ferrite regions, the locations of the recovered ferrite can affect 

the distribution of austenite nuclei. Ferrite was fully recrystallized with the 0.3 °C/s heating rate 

(Fig. 5.12a). With the intermediate heating rates of 1, 2.4 and 13.1 °C/s, 88, 61, and 27 pct recrystallized 

respectively, the remaining recovered ferrite is present in bands along the rolling direction (Figs. 5.12b-

5.12d). With rapid heating rates of 140 °C/s (Fig. 5.12e) and 693 °C/s (Fig. 5.12f), there are small 

recrystallized ferrite grains dispersed within the microstructure.  

5.5.2 Summary and Discussion of Austenite Nucleation and Ferrite Recrystallization 

For a microstructure consisting of carbides and recrystallized ferrite, as produced by heating at 

0.3 °C/s to Ac1 + 10 °C (Fig. 5.7), austenite nucleated along recrystallized ferrite grain boundaries. 

Recrystallized ferrite boundaries were relatively equiaxed, and the spheroidized carbides were well 

distributed, which led to an even distribution of austenite nuclei. For a microstructure consisting of 

carbides and a small fraction of recovered ferrite (1 °C/s), austenite nucleated within recovered ferrite and 

along recrystallized ferrite boundaries. The spheroidized carbides in the 1 °C/s condition were retained in 

thin bands, which led to increased nucleation of austenite along the rolling direction rather than evenly 

distributed throughout the microstructure. The remaining recovered ferrite was present in bands in the 

microstructure, which also promoted austenite nucleation within localized regions within the 

microstructure.  

For a microstructure consisting of carbides and approximately 30 pct recovered ferrite (2.4 °C/s), 

austenite nucleation occurred primarily around carbides within recovered ferrite, even though there were 
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many recrystallized ferrite boundaries available, indicating that austenite nucleated preferentially within 

recovered ferrite. The preferential nucleation of austenite within recovered ferrite is interpreted to be due 

to the energy of cold work driving the transformation, as well as the many subgrain boundaries acting as 

heterogeneous nucleation sites. Because recovered ferrite was retained in bands, austenite nucleation 

occurred preferentially within bands along the rolling direction.  

With a microstructure of partially spheroidized pearlite and a small amount of recrystallized 

ferrite (13.1, 140, and 693 °C/s), austenite nucleated within former pearlite and along boundaries between 

recovered ferrite or subgrain boundaries within the recovered ferrite. Because partially spheroidized 

pearlite was retained in bands along the rolling direction, austenite nucleation occurred preferentially in 

bands that coincided with the shape of the former pearlite colonies.  

5.6 Interaction between Austenite Formation and Ferrite Recrystallization 

The progress of recrystallization and austenite formation can be observed using EBSD IQ maps 

and SEM micrographs which are shown in Figs. 5.13 (0.3 °C/s), 5.14 (1 °C/s), 5.15 (2.4 °C/s), 5.16 

(13.1 °C/s), and 5.17 (140  and 693 °C/s). For the indicated heating rate in each Figure, part a shows a 

high magnification SEM SEI image of a sample heated to Ac1 + 30 °C and part b shows a lower 

magnification EBSD IQ map for a sample heated to Ac1 + 50 °C. All samples were immediately cooled 

after reaching the peak temperatures. Table 5.1 summarizes the specific peak temperatures used for each 

condition. Peak temperatures were selected in 20 °C increments to observe the effect of peak temperature 

on austenite nucleation and growth. High magnification SEM micrographs are used for the Ac1 + 30 °C 

intercritical temperature because fine carbides were present at this temperature which are not easily 

observed in EBSD IQ maps and because the boundaries between recovered ferrite and martensite are 

more clearly visible. Low magnification EBSD IQ maps are shown for the Ac1 + 50 °C intercritical 

temperature because of the good contrast between ferrite and martensite to clearly show the distribution 

of martensite in the heat treated microstructure. Samples were directly cooled after reaching the peak 

temperature. The recrystallized ferrite appears with good image quality as “clean” white or light grey 

grains. The deformed and recovered ferrite appears as dark grey and martensite is black. The anisotropy 

index (AI) of the martensite within the microstructure was determined for the Ac1 + 50 °C conditions to 

determine the degree of banding of the martensite (see Section 3.8.1).  

Figure 5.13 shows an SEM SEI micrograph of a sample heated at 0.3 °C/s to755 °C (Fig. 5.13a) 

and an EBSD IQ map for a sample heated to 775 °C (Fig. 5.13b). At 755 °C, martensite is present along 

grain boundaries, and carbides are present within the recrystallized ferrite. At 775 °C, the carbides are 

absent, and there is a greater fraction of martensite. The distribution of martensite is relatively equiaxed; 

with an AI of 1.5. These images suggest that the carbides dissolved between 755 and 775 °C to feed 

carbon to austenite which formed by growing along equiaxed, recrystallized ferrite boundaries. 
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                                              (a)                                                                                     (b) 

                   
                                              (c)                                                                                     (d) 

                   
                                               (e)                                                                                     (f) 
Figure 5.12 EBSD IQ maps after heating at rates of 0.3 °C/s (a), 1 °C/s (b), 2.4 °C/s (c), 13.1 °C/s (d), 
140 °C/s (e), and 693 °C/s (f). All were heated to Ac1 + 10 °C and directly cooled. White, “clean” 
grains are recrystallized ferrite, grey features are recovered ferrite, and black are martensite. 
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(a)                                                              (b) 

Figure 5.13 SEM micrograph (etched in 2 pct Nital) for the 0.3 °C/s heated to 755 °C (a), and EBSD 
IQ map for 0.3 °C/s heated to 775 °C (b). The austenite grew along equiaxed grain boundaries leading 
to an even distribution of martensite.  
 

An SEM SEI micrograph (756 °C) and EBSD IQ map (776 °C) for samples heated at 1 °C/s are 

shown in Fig. 5.14. At the 756 °C peak temperature (Fig. 5.14a), martensite is present along recrystallized 

ferrite boundaries, and carbides remained within the recrystallized ferrite grains. At 776 °C (Fig. 5.14b) 

thin martensite bands were well-developed along ferrite boundaries, and carbides were absent, indicating 

that heating to 776 °C resulted in complete carbide dissolution. The anisotropy index was found to be 2.0. 

These thin bands of martensite are interpreted to be the result of austenite that grew along grain 

boundaries with the thin carbide bands seen in Fig. 5.6b and Fig. 5.14a.  

An SEM SEI micrograph (756 °C) and EBSD IQ map (776 °C) for samples heated at 2.4 °C/s are 

shown in Fig. 5.15. At 756 °C, martensite is present within the recovered ferrite regions with much 

smaller martensite constituents at recrystallized ferrite grain boundaries. Carbides are present within the 

recrystallized ferrite. At 776 °C (Fig. 5.15b), recovered ferrite is absent and there are bands of martensite 

along the rolling direction; with an AI of 3.1 for the martensite. Austenite grew preferentially within the 

bands of recovered ferrite which were elongated in the rolling direction. This led to thick martensite 

bands in the final ferrite-martensite microstructure.  

An SEM SEI micrograph (760 °C) and EBSD IQ map (780 °C) for samples heated at 13.1 °C/s 

are shown in Fig. 5.16. At the annealing temperature of 760 °C (Fig. 5.16a), martensite is present in bands 

along the rolling direction. There is a small number of very fine carbides present. In the EBSD IQ map of 

the 780 °C condition (Fig. 5.16b) there is a mixture of martensite, recovered ferrite, and recrystallized 

ferrite. The AI of the martensite is 3.5, meaning the martensite is banded in the microstructure. Martensite 

is present within recovered ferrite but is not found along recrystallized ferrite boundaries, indicating either 

Martensite 
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that (1) austenite grew preferentially in the recovered ferrite regions, and/or (2) there was less time for 

austenite to grow along the recrystallized ferrite boundaries because recrystallization occurred 

simultaneously with austenite formation. It is also apparent that austenite pinned recrystallized ferrite, 

preventing ferrite from growing to the preferred equiaxed shape, maintaining the banded microstructure.  

 

 

 
(a)                                                              (b) 

Figure 5.15 SEM micrograph (etched in 2 pct Nital) for the 2.4 °C/s condition heated to 756 °C (a), and 
EBSD IQ map for 2.4 °C/s heated to 776 °C (b). The austenite grew within recovered ferrite bands 
leading to thick martensite bands.  

 

 
(a)                                                              (b) 

Figure 5.14 SEM SEI micrograph (etched in 2 pct Nital) for the 1 °C/s condition heated to 756 °C (a), 
and EBSD IQ map for 1 °C/s heated to 776 °C (b). The austenite grew along carbide bands located on 
grain boundaries elongated in the rolling direction leading to thin martensite bands.   
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SEM micrographs (Ac1 + 30 °C) and EBSD IQ scans (Ac1 + 50 °C) for 140 °C/s and 693 °C/s are 

shown in Fig. 5.17. The 140 °C/s heating rate was used with intercritical temperatures of 774 °C 

(Fig. 5.17a) and 794 °C (Fig. 5.17b). The 693 °C/s heating rate was used with intercritical temperatures of 

769 °C (Fig. 5.17c) and 796 °C (Fig. 5.17d). These micrographs show a microstructure of recovered 

ferrite with martensite present in bands along the rolling direction. The AI of the martensite for both 

heating rates was found to be 2.8. In this case austenite growth along subgrain boundaries in the rolling 

direction occurred after austenite nucleated at and consumed elongated pearlite, leading to martensite 

bands.  

 
(a)                                                              (b) 

Figure 5.16 SEM micrograph (etched in 2 pct Nital) for the 13.1 °C/s condition heated to 760 °C (a), 
and EBSD IQ map for 13.1 °C/s heated to 780 °C (b). The austenite grew in the rolling direction within 
recovered ferrite. Austenite pinned the recrystallized ferrite maintaining the banded microstructure.  

 

5.6.1 Summary of Austenite Growth Behavior and Martensite Distribution 

 A summary of the degree of martensite banding is shown in Table 5.5. The slowest heating rate, 

0.3 °C/s, has the lowest AI at 1.5. The AI increased with heating rate to a peak of 3.5 with a heating rate 

of 13.1 °C/s, then decreased to an AI of 2.8 at rapid heating rates of 140 °C/s and 693 °C/s. The change in 

martensite banding with heating rate can be correlated to microstructural differences during austenite 

formation with the different heating rates. In a fully recrystallized microstructure (0.3 °C/s), austenite 

growth occurred along recrystallized ferrite grain boundaries at the equiaxed ferrite grains, leading to a 

microstructure of evenly distributed martensite. With a heating rate of 1 °C/s, the 12 pct of elongated 

recovered ferrite and elongated carbide bands led to an increase in martensite banding for an AI of 2.0. 

With intermediate heating rates of 2.4 and 13.1 °C/s, austenite grew preferentially within bands of 

recovered ferrite which led to martensite bands for an AI of 3.1 and 3.5, respectively. With rapid heating 

rates of 140 and 693 °C/s, austenite nucleated and consumed the elongated pearlite, and further growth 
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occurred in a microstructure of recovered ferrite along subgrain boundaries in the rolling direction after 

nucleation within former pearlite, for an AI of 2.8. The AI is likely lower for rapid heating rates than 

intermediate heating rates because for intermediate heating rates the austenite grew in the recovered 

ferrite bands, whereas with rapid heating the recovered ferrite was present throughout the microstructure. 

Growth still occurred preferentially in the rolling direction because of the directionally oriented recovered 

ferrite with rapidly heated steels, but martensite banding was somewhat reduced because austenite growth 

was not functionally restricted to recovered ferrite bands.   

 

Table 5.7 – Summary of Anisotropy Index (AI) for the Ferrite-Pearlite C-Mn-Nb Steel Heated at 
Different Rates to Ac1 + 50 °C and Directly Quenched. 

Heating Rate, °C/s Ac1 + 50 °C AI  

0.3 775 °C 1.5 
1 776 °C 2 

2.4 776 °C 3.1 
13.1 780 °C 3.5 
140 794 °C 2.8 
693 806 °C 2.8 

 

5.7 Discussion of Interaction between Austenite Formation and Ferrite Recrystallization 

There are two primary possibilities for the preferential nucleation and growth of austenite in 

recovered ferrite rather than recrystallized ferrite grain boundaries. First, recrystallization is slower in 

Mn-rich areas because of solute drag, and austenite formation also occurs preferentially in Mn-rich areas. 

Therefore, SIMS measurements of Mn were performed to test for Mn segregation to determine if Mn 

segregation is the cause of recovered ferrite bands. The results of this analysis are shown in Section 6.3. 

Second, stored energy from cold work reduces the activation energy for austenite nucleation and provides 

a greater density of favorable nucleation sites in the recovered ferrite because of the many boundaries 

(Sections 2.4.2-2.4.3).  

The elongated carbide bands or partially spheroidized pearlite in rapidly heated steels helped in 

contributing to the formation of banded austenite leading to martensite bands in the quenched 

microstructure. The preferential nucleation and growth of austenite within both elongated pearlite and 

recovered ferrite makes it difficult to separate the effects of elongated pearlite in the cold-rolled 

microstructure from the effects of recovered ferrite. Heat treatments with steel spheroidized prior to cold-

rolling are explored in Section 6.4. The spheroidized microstructure allowed the study of recrystallization 

effects on austenite nucleation independent of pearlite spheroidization. 



96 
 

 The banded austenite microstructure in the intercritical region was maintained in part through 

austenite pinning ferrite boundaries (Fig. 5.16b), which led to ferrite grains with a rectangular shape, 

elongated in the rolling direction.  

 

 
(a)                                                                     (b) 

 
(c)                                                                    (d) 

Figure 5.17 SEM micrograph (etched in 2 pct Nital) for the 140 °C/s condition heated to 774 °C (a), 
and for the 693 °C/s heated to 769 °C (b). EBSD IQ map for 140 °C/s heated to 794 °C (b) and 
693 °C/s heated to 806 °C (d). The austenite grew in the rolling direction within recovered ferrite.  
 

5.8 Microhardness 

Vickers microhardness data of the ferrite-pearlite C-Mn-Nb processed with different heating rates 

and intercritical temperatures are shown in Figure 5.18 and Table 5.8. Microhardness data were obtained 

to study the effect of heating rate and microstructure on the resulting strength of the steel. Hardness data 

as a function of peak temperature obtained at heating rates of 1, 2.4, and 140 °C/s are shown in Fig. 5.18a 

and heating rates of 0.3, 13.1, and 693 °C/s are shown in Fig. 5.18b. Ferrite is the lowest strength phase, 

Martensite 

Martensite 



97 
 

martensite has the highest strength, and deformed ferrite or recovered ferrite has an intermediate strength. 

Therefore Vickers microhardness is the result of the combination of these phases. 

 
(a)                                                                    (b) 

Figure 5.18 Vickers microhardness evolution with increasing peak temperature. At medium heating 
rates there was a drop in hardness from recrystallization. At low and high heating rates when little or no 
recrystallization occurred, hardness increased with increasing martensite fraction.  
 

Table 5.8 – Microhardness (Hv) Values for each Heating Rate and Intercritical Temperature. 

Ac1 + X °C 0.3 °C/s 1 °C/s 2.4°C/s 
 -10 167 ± 2 198 ± 2 274 ± 2 
 10 171 ± 4 179 ± 2 251 ± 5 
 30 235 ± 8 203 ± 5 214 ± 5 
 50 270 ± 2 242 ± 4 238 ± 6 
 70 276 ± 7 264 ± 4 255 ± 6 
 

     Ac1 + X °C 13.1 °C/s 140 °C/s Ac1 + X °C 693 °C/s 

-10 280 ± 2 301 ± 2 -10 327 ± 5 
10 257 ± 4 307 ± 5 10 326 ± 4 
30 270 ± 6 320 ± 4 40 357 ± 5 
50 275 ± 4 350 ± 2 50 327 ± 5 
70 287 ± 5 321 ± 7 80 320 ± 6 

 

For the lowest heating rate, 0.3 °C/s, there was a small increase in hardness between Ac1 - 10 °C 

(715 °C) and Ac1 + 10 °C (735 °C) from the small fraction of martensite at Ac1 + 10 °C, then a strong 

increase in hardness to Ac1 + 30 °C (755 °C) as the martensite fraction increased, followed by smaller 
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increases in microhardness leading to the final intercritical annealing temperature of Ac1 + 70 °C 

(795 °C).  

For 1 °C/s, there was a small decrease in hardness from Ac1 – 10  °C (716 °C) to Ac1 + 10 °C 

(736 °C) from ferrite recrystallization, followed by an increase in hardness as annealing temperature 

increased due to the increasing martensite fraction. For 2.4 °C/s, hardness decreased over a larger 

temperature range than the 1 °C/s heating rate, between 716 °C (Ac1 – 10 °C) and 756 °C (Ac1 + 30 °C), 

because of recrystallization (only 26 pct recrystallized at Ac1 – 10 °C), and an insufficient amount of 

martensite was present to make up for the hardness lost due to ferrite recrystallization: <1 pct at Ac1 + 

10 °C and 7 pct at Ac1 + 30 °C. Hardness increased between Ac1 + 30 °C and Ac1 + 70 °C (796 °C) 

because of increasing martensite fraction, from 7 pct to 28 pct. For 13.1 °C/s, there was a small decrease 

in hardness due to ferrite recrystallization between Ac1 – 10  °C (720 °C) and Ac1 + 10 °C (740 °C), 

between 22 and 27 pct recrystallized, then hardness increased slowly with increasing annealing 

temperature. For this heating rate, austenite formation was rapid enough that recrystallization was 

suppressed, and the martensite fraction increased enough to increase hardness despite the small amount of 

recrystallization that occurred with increasing temperature. The degree of recrystallization increased to 48 

pct by Ac1 + 50 °C, while the fraction of martensite was 12 pct at Ac1 + 30 °C, 25 pct at Ac1 + 50 °C, and 

43 pct at Ac1 + 70 °C.  

For samples heated at 140 °C/s, the hardness increased with annealing temperature from the 

increase in martensite fraction, but decreased at the highest annealing temperature (804 °C), likely 

because of ferrite recrystallization. For 693 °C/s, the hardness changed little with increasing temperature 

because both martensite and recrystallized ferrite increased with peak temperature. The greater fraction of 

martensite increased the strength, but the greater fraction of recrystallized ferrite decreased the strength.   

5.8.1 Microhardness Summary 

At the lowest temperature, Ac1 – 10 °C, the hardness was greatest at the highest heating rates due 

to there being less time for ferrite recrystallization and pearlite spheroidization. For medium heating rates, 

there was a decrease in hardness with increasing peak temperature from ferrite recrystallization followed 

by an increase in hardness as the martensite fraction increased. For heating rates of 0.3 °C/s, 1 °C/s, 

2.4 °C/s, and 13.1 °C/s, the hardness of each condition converged at higher peak temperatures because 

they all are largely recrystallized and have similar fractions of martensite. For high heating rates, the 

hardness increased from increasing martensite fraction, while little ferrite recrystallization occurred to 

decrease the strength of the steel.  

5.9 Summary 

The change in austenite formation behavior leading to martensite banding with rapidly heated 

cold-rolled steel comes from two primary factors:  
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1) Changes in cementite distribution and morphology. Austenite nucleation occurred in carbon-rich 

areas, so cementite morphology and distribution affected the final martensite distribution. 

a. Slow heating  rates allowed time for pearlite to spheroidize leading to an even 

distribution of carbides for austenite nucleation. 

b. Medium heating rates led to spheroidized carbides that remained in bands in the rolling 

direction. 

c. High heating rates led to a microstructure of elongated pearlite or partially spheroidized 

pearlite. 

2) Austenite nucleated and grew preferentially along boundaries in recovered ferrite. 

a. With slow heating rates the ferrite was fully recrystallized so austenite nucleated and 

grew along equiaxed ferrite grain boundaries leading to an equiaxed distribution of 

martensite.  

b. With medium heating rates, recovered ferrite was present in bands along the rolling 

direction. Austenite grew preferentially within the recovered ferrite rather than along 

recrystallized ferrite boundaries. The recovered ferrite existed in bands following the 

rolling direction leading to martensite bands. 

c. With high heating rates, very few equiaxed ferrite grain boundaries were available for 

nucleation and growth, so austenite grew in the rolling direction along the directionally-

oriented recovered ferrite.  

 

References 
 
[5.1] D. Z. Yang, E. L. Brown, D. K. Matlock, and G. Krauss, “Ferrite Recrystallization and Austenite 

Formation in Cold-Rolled Intercritically Annealed Steel,” Metallurgical Transactions A, vol. 16, 
no. 8, pp. 1385–1392, 1985. 
 

[5.2] G. R. Speich, V. A. Demarest, and R. L. Miller, “Formation of Austenite During Intercritical 
Annealing of Dual-Phase Steels,” Metallurgical Transactions A, vol. 12, no. 8, pp. 1419–1428, 
1981. 

 
[5.3] C.-S. Oh, H. N. Han, C. G. Lee, T.-H. Lee, and S.-J. Kim, “Dilatometric Analysis on Phase 

Transformations of Intercritical Annealing of Fe−Mn−Si and Fe−Mn−Si−Cu Low Carbon TRIP 
Steels,” Metals and Materials International, vol. 10, no. 5, pp. 399–406, 2004. 

 

 

 

 



100 
 

 

CHAPTER 6 

EFFECTS OF HEAT TREATMENT AND MICROSTRUCTURE VARIABLES ON RAPIDLY 

HEATED COLD-ROLLED STEEL 

 

 Several questions remained on how to interpret certain transformation behavior in the ferrite-

pearlite C-Mn-Nb steel observed and analyzed in Chapter 5.  First, because recrystallization and pearlite 

spheroidization occurred during heating, it was difficult to separate the effects of heating rate from 

microstructural changes before austenite formation. This question was in part solved by adding two types 

of tests: step heat treatments and spheroidization heat treatments prior to cold rolling. The step heat 

treatments used either slow heating to achieve complete recrystallization and pearlite spheroidization 

prior to Ac1, or rapid heating to minimize microstructure changes prior to Ac1. After initial heating, to just 

below Ac1, the heating rate was changed and samples were heated to pre-determined intercritical 

temperatures followed by immediate quenching (0 s hold time). The selected heat treatments and 

subsequent analyses are described in Section 6.1. For the second set of experiments, spheroidization heat 

treatments were performed on the hot-rolled steel prior to cold rolling so that the cementite of the heated 

steel would be spheroidized regardless of heating rate, and thus, the effect of ferrite recrystallization on 

austenite formation could be isolated from the effects of different degrees of pearlite spheroidization. 

These steels were then heat treated with selected heating parameters used with the ferrite-pearlite steel 

studied in Chapter 5 for a direct comparison between the two different prior microstructures. This series 

of heat treatments and results from analyses are described in Section 6.4.  

The second question remaining from the research presented in Chapter 5, was: What happens if a 

hold time in the intercritical region is used? Is the austenite banding reduced by allowing time for 

austenite to grow along newly recrystallized ferrite boundaries? Therefore experiments with a hold in the 

intercritical region after heating with different rates were performed to compare with the directly 

quenched experimental conditions. A single heating rate was used for heat treatment (no step heating), 

followed by a hold to achieve nominally 30 pct austenite. The selected heating rates and hold times 

followed by metallographic analysis and comparison are shown in Section 6.2.  

The third question that was explored was: How does the Mn distribution in the microstructure 

affect the formation of martensite bands? It had been proposed [6.1] that areas of higher Mn concentration 

exhibited slower recrystallization kinetics leading to bands of recovered ferrite where austenite 

preferentially formed. Therefore, SIMS analysis was performed to measure the Mn distributions for 

correlation with areas which corresponded with bands of unrecrystallized ferrite in partially recrystallized 

microstructures. See Section 6.3 for the results of SIMS analysis.  
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6.1 Step Heating Annealing Treatments 

 The use of step heating treatments provided a means to separate the fundamental effects of 

heating rate on transformation response from differences in the microstructure present prior to austenite 

formation on the distribution of martensite after quenching. The effects of step heating on critical 

temperatures, Ac1 and Ac3, were determined from dilatometry analysis on samples heated at 0.3 °C/s to 

715 °C followed by heating to 1100 °C at rates between 2.4 °C/s and 693 °C/s. Ac1 and Ac3 temperatures 

obtained on step-heating samples were compared to critical temperatures measured on samples 

continuously heated to 1100 °C at a range of heating rates (Section 5.4). The effects of step heating on 

austenite formation were evaluated with two sets of experiments shown schematically in Fig. 6.1. With 

slow heating to Ac1 - 10 °C (715 °C) followed by rapid heating to the intercritical temperature, designated 

slow-fast heating (Fig. 6.1a), spheroidization and recrystallization occurred prior to the intercritical region 

so that the microstructure consisted of spheroidized carbides and recrystallized ferrite, leaving heating 

rate as the only difference between austenite formation behaviors. With rapid heating to Ac1 – 10 °C 

(734 °C) followed by slow heating, designated fast-slow heating (Fig. 6.1b), the same microstructure of 

recovered ferrite and pearlite was present prior to slow heating into the intercritical region. Peak 

temperatures were Ac1 + 50 °C for continuous heating kinetics of the final heating rate (Table 5.1), which 

was 775 °C for 0.3 °C/s, 776 °C for 1 °C/s and 2.4 °C/s, 780 °C for 13.1 °C/s, 794 °C for 140 °C/s, and 

809 °C for 693 °C/s.  

  
                                          (a)                                                                   (b) 
Figure 6.1 Schematic representation of the step heat treatments employed with slow heating to 715 °C 
followed by fast heating (a) and fast heating to 734 °C followed by slow heating (b). For all heat 
treatments, samples were quenched after the maximum temperature was reached, as indicated by 
arrows.  
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6.1.1 Austenite Transformation Kinetics 

 Table 6.1 compares austenite transformation temperatures between continuous heating with a 

single heating rate and slow-fast step heating with the ferrite-pearlite C-Mn-Nb steel (Section 3.1.2). 

Slow-fast step heated samples were heated at 0.3 °C/s to 715 °C, followed by heating rates of 2.4, 13.1, 

140, and 693 °C/s. Both Ac1 and Ac3 were greater with step heating than with continuous heating for all 

but one condition (Ac3 for sample processed at 13.1 °C/s), indicating that the formation of a spheroidized 

and recrystallized microstructure prior to transformation suppressed austenite transformation kinetics. The 

lower Ac1 and Ac3 of the continuously heated condition is interpreted to be due to austenite formation 

being driven by the retained energy of cold work. Increased heating rate led to increased transformation 

temperatures, regardless of starting microstructure.  

 
Table 6.1 – Comparison between Austenite Transformation Temperatures of Step and Continuous Heated 

Samples. 
 

 

 

 

 

6.1.2 Microstructure Evolution during Step Heating 

 Figure 6.2 shows SEM SEI micrographs for slow-fast step heating treatments. All samples were 

heated at 0.3 °C/s to 715 °C, followed by heating at 2.4 °C/s to 776 °C (Fig. 6.2a), 13.1 °C/s to 780 °C 

(Fig. 6.2b), 140 °C/s to 794 °C (Fig. 6.2c), or 693 °C/s to 809 °C (Fig. 6.2d). High magnification 

micrographs of the 2.4 °C/s and 140 °C/s heat treatments are shown in Figs. 6.2e and 6.2f, respectively. 

All microstructures are made up of martensite, recrystallized ferrite, and carbides. The martensite 

fraction, as determined with point cointing, is 38 pct for 2.4 °C/s (Fig. 6.2a), 14 pct for 13.1 °C (Fig. 

6.2b), 34 pct for 140 °C/s (Fig. 6.2c), and 23 pct for 693 °C/s (Fig. 6.2d). The intercritical temperatures 

were selected relative to Ac1 of continuous heating kinetics rather than selected based on measured step 

heating kinetics, which led to the different martensite fractions.  

The martensite fractions are similar for the conditions step heated at 2.4 °C/s (Fig. 6.2a) and 

140 °C/s (Fig. 6.2c), 38 and 34 pct, respectively, but with heating rates that are two orders of magnitude 

Heating Rate Ac1 (°C) Ac3 (°C) 

0.3 °C/s to 715 °C, 2.4°C/s to 1100 °C 739 902 
2.4°C/s to 1100 °C 732 896 

0.3 °C/s to 715 °C, 13.1°C/s  to 1100 °C 751 894 
13.1°C/s  to 1100 °C 731 896 

0.3 °C/s to 715 °C, 140°C/s  to 1100 °C 758 909 
140°C/s  to 1100 °C 743 902 

0.3 °C/s to 715 °C, 693°C/s  to 1100 °C 787 926 

693°C/s  to 1100 °C 758 894 
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apart, so those conditions are compared below. There are more retained carbides in the 140 °C/s sample 

than the 2.4 °C/s sample, which is interpreted to be from less time available for carbon diffusion. 

The anisotropy index (AI) of martensite is 1.5 for the 2.4 °C/s condition (Fig. 6.2a) and 1.6 for 

the 140 °C/s condition (Fig. 6.2c), indicating that heating rate did not appreciably impact the distribution 

of martensite. It was interpreted that the martensite distribution primarily depended on the recrystallized 

ferrite-spheroidized carbide microstructure. The microstructures of samples heated at 13.1 °C/s (Fig. 

6.2b) and 693 °C/s (Fig. 6.2d) are similar to the 140 °C/s condition (Fig. 6.2c) but have lesser fractions of 

martensite.  

Figures 6.2e (2.4 °C/s) and 6.2f (140 °C/s) are high magnification micrographs to show the 

martensite-ferrite interface of step-heated samples with different final heating rates. The 2.4 °C/s heat 

treatment led to a smooth interface between martensite and ferrite; however, the 140 °C/s heat treatment 

led to many uneven interfaces between martensite and ferrite. The difference between martensite-ferrite 

interfaces of slowly and rapidly heated samples is interpreted to be due to the time available for austenite 

formation prior to quenching. With slow heating, the energy of the interface is reduced over time; with 

rapid heating, there is insufficient time for the energy of the interface to be reduced through surface area 

reduction.  

 Figure 6.3 shows SEM SEI micrographs for the fast-slow step heating annealing treatments. 

These samples were heated at 140 °C/s to 734 °C followed by heating at 0.3 °C/s to 775 °C (Fig. 6.3a) or 

1 °C/s to 776 °C (Fig. 6.3b). For comparison, a sample heated continuously at 0.3 °C/s to 775 °C is shown 

in Fig. 6.3c, and a sample continuously heated at 140 °C/s to 794 °C is shown in Fig. 6.3d. Table 6.2 

shows the AI of the martensite for each heat treatment. The step heated samples (Figs. 6.3a-6.3b) and the 

continuously heated 0.3 °C/s (Fig. 6.3c) samples all have microstructures of martensite and recrystallized 

ferrite. The continuously heated 140 °C/s sample (Fig. 6.3d) has a microstructure of recovered ferrite and 

martensite. Both of the fast-slow heated (Figs. 6.3a-6.3b) microstructures have an AI of 2.9 which is 

similar to the continuously heated 140 °C/s sample (Fig. 6.3d) which has an AI of 2.8. The sample heated 

continuously at 0.3 °C/s (Fig. 6.3c), however, has much less banded martensite with an AI of 1.5. The 

difference in banding between these heat treated samples was related to the microstructure prior to 

austenite formation, rather than heating rate. The slow-fast heated sample had a microstructure of 

recrystallized ferrite and spheroidized carbides prior to austenite formation, which led to a low AI. The 

fast-slow heated sample had a microstructure of recovered ferrite and partially spheroidized pearlite prior 

to austenite formation, leading to a high AI.  

6.1.3 Step Heat Treatments Summary 

 The step heat treatments show that for the formation of martensite banding, the microstructure 

prior to austenite formation (Ac1) is more important than heating rate itself. A microstructure of  
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                                  (a)                                                                            (b) 

 
                                (c)                                                                              (d) 

 
                                  (e)                                                                             (f) 
Figure 6.2 SEM SEI micrographs of the ferrite-pearlite C-Mn-Nb steel heat treated using a heating rate 
of 0.3 °C/s to 715 °C, followed by heating at 2.4 °C/s to 776 °C (a, e), 13.1 °C/s to 780 °C (b), 140 °C/s 
to 794 °C (c, f), and 693 °C/s to 809 °C (d). The samples were directly cooled after reaching the peak 
temperature. The martensite distribution was largely unchanged by heating rate. Etched in 2 pct Nital.  
 

Smooth interface 

Uneven interface 
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Table 6.2 – Anisotropy Index (AI) of Martensite for Fast-Slow Step Heated Samples Compared with 
Continuously Heated Samples. 

Heat Treatment AI  

140°C/s to 734°C-0.3°C/s to 775°C 2.9 
140°C/s to 734°C-1°C/s to 776°C 2.9 
140°C/s to 794°C 2.8 
0.3°C/s to 775°C 1.5 

  

 
(a)                                                                            (b) 

 
                                   (c)                                                                           (d) 
Figure 6.3 SEM SEI micrographs for ferrite-pearlite C-Mn-Nb samples heated at 140 °C/s to 734 °C 
followed by 0.3 °C/s to 775 °C (a) or 1 °C/s to 776 °C (b) and comparison continuous heated samples 
heated at 0.3 °C/s to 775 °C (c) and 140 °C/s to 794 °C (d). AI = 2.9 for (a), 2.9 for (b), 1.5 for (c), and 
2.8 for (d). Etched in 2 pct Nital.  
 

spheroidized carbides and recrystallized ferrite (i.e. produced by a slow-fast heating cycle) led to an even 

distribution of martensite, whereas a microstructure of elongated pearlite and recovered ferrite (i.e. a 

result of fast-slow heating cycle) led to bands of martensite. These microstructures developed regardless 

of the heating rate in the intercritical region. 
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6.2 Isothermal Annealing Treatments 

 All heat treatments performed in the heating rate study described in Chapter 5 utilized continuous 

heating, followed by direct quench after reaching the final annealing temperature, which resulted in a 

banded martensite microstructure with rapid heating. To evaluate the potential evolution of martensite 

banding with annealing time, heat treatments were performed with a hold at intercritical annealing 

temperatures, and analysis of the resulting microstructures was completed. 

6.2.1 Isothermal Austenite Formation Kinetics 

 Isothermal austenite transformation kinetics were calculated using the lever rule with dilatometry 

(Section 3.3.2) to determine heat treatments to achieve a similar fraction of martensite. The austenite 

transformation kinetics are shown in Fig. 6.4. For each condition, the steel was heated at the indicated rate 

until the isothermal temperature and held for 1000 s. Figure 6.4a shows isothermal hold temperatures of 

nominally 735 °C and Fig. 6.4b shows isothermal hold temperatures of nominally 755 °C. The 

transformation temperatures were selected based on the temperatures utilized for 0 s hold time heat 

treatments described in Chapter 5, to compare the evolution of microstructure between 0 s and after a hold 

at the intercritical annealing temperature. The cause of the “dips” in the austenite formation are not 

related to a reduction in austenite fraction. The dips occur periodically with a fixed time in between 

regardless of heating rate, and are therefore interpreted to be due to the experimental technique employed. 

The rate of austenite formation was faster with both higher annealing temperature and higher heating rate. 

Possible explanations for why the austenite transformation kinetics increased with higher heating rates are 

varied, and discussed in Section 2.4.4, but include superheat, more diffusion paths and nucleation sites 

within recovered ferrite, or a shift from nucleation and growth to diffusionless austenite transformation.  

6.2.2 Isothermal Austenite Formation Microstructure 

Isothermal anneal heat treatments were selected to achieve approximately 30 pct austenite before 

quenching, with the hold time for each heating rate obtained from the data in Fig. 6.4. Selected heat 

treatments are shown schematically in Fig. 6.5. Figures 6.6-6.8 show SEM SEI micrographs of 

intercritically annealed samples after heating at 2.4, 13.1, and 140 °C/s, respectively. Figure 6.6 

represents microstructure developed after heating with a rate of 2.4 °C/s, Fig. 6.7 a heating rate of 

13.1 °C/s, and Fig. 6.8 a heating rate of 140 °C/s. In Figs. 6.6-6.7 the evolution of microstructure with 

temperature is shown at high magnification in (a) and (b), then low magnification images are shown to 

compare the degree of banding between continuously heated and isothermally annealed samples in (c) and 

(d), and high magnification images of the samples shown in (c) and (d) are shown in (e) and (f) to 

compare differences in the distribution of martensite relative to recovered ferrite subgrain boundaries and 

recrystallized ferrite grain boundaries. The 140 °C/s condition in Fig. 6.8 represents two different 

isothermal hold temperatures, 734 °C and 754 °C. High magnification images showing the evolution of 
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the microstructure with temperature are shown in Figs. 6.8a and 6.8b, low magnification images of the 

two intercritically annealed conditions are shown in Figs. 6.8c and 6.8d to compare differences in the 

degree of martensite banding, and high magnification images of the two intercritically annealed 

conditions are shown in Figs. 6.8e and 6.8f to compare the distribution of martensite relative to recovered 

ferrite subgrain boundaries and recrystallized ferrite grain boundaries.  

Table 6.3 shows the AI of each heat treatment to compare the degree of martensite banding 

between the different heat treatments. The AI is lower for the samples held at the intercritical annealing 

temperature than those samples directly quenched from the intercritical temperature. The differences in 

microstructure which led to the different AI values are discussed below along with the respective 

micrographs. Table 6.4 shows the martensite fraction determined with quantitative metallography for each 

of the intercritically annealed samples. The martensite fraction is higher than that estimated by analysis of 

dilatometry, which is related to the observed dips. Without the dips the estimated austenite fraction would 

have been higher, and would therefore have been closer to the final martensite fraction.  

 

 
                                        (a)                                                                      (b) 
Figure 6.4 Austenite formation with time at indicated temperature after heating at different rates. 
Austenite formation was faster with higher intercritical annealing temperature or higher heating rate.   
 

Figure 6.6 shows micrographs of samples heated with a rate of 2.4 °C/s. Figure 6.6a shows a 

sample heated to 756 °C and directly quenched. This microstructure shows 89 pct recrystallized ferrite 

with martensite surrounded by recovered ferrite and a lesser amount of martensite along recrystallized 

grain boundaries, which indicates that austenite growth occurred primarily within the recovered ferrite. 

With a sample directly quenched from 776 °C (Fig. 6.6b), recovered ferrite is largely absent and 
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martensite is present in bands along the rolling direction. With a sample directly quenched from 796 °C 

(Fig. 6.6c, 6.6e), martensite is present in bands along the rolling direction (AI = 3.3), along with 

recrystallized ferrite. With a sample held at 756 °C for 1000 s (Fig. 6.6d, 6.6f), martensite is present with 

an AI of 2.6, along with recrystallized ferrite. The AI of the sample heated to 796 °C and directly 

quenched is greater than the AI of the sample heated to 756 °C and held for 1000 s (Table 6.3), indicating 

that a hold at a lower intercritical annealing temperature led to less martensite banding. As seen in the 

Figs. 6.6a-b, austenite grew preferentially in the recovered ferrite regions at the early stages of austenite 

formation. With a long hold at 756 °C, further austenite growth occurred on recrystallized ferrite 

boundaries which led to a lower AI; however, the banding was not completely eliminated, as the original 

bands of austenite were not removed through further growth along equiaxed boundaries.  

 

 
Figure 6.5 Schematic representation of the intercritical annealing heat treatments. Arrow represent 
quenching. 
 

Figure 6.7 shows micrographs of samples heated at 13.1 °C/s. The microstructure for a sample 

heated to 740 °C and directly quenched (Fig. 6.7a) consists of 27 pct recrystallized ferrite, partially 

spheroidized pearlite, and recovered ferrite with small martensite constituents along boundaries within the 

recovered ferrite. A sample heated to 760 °C and directly quenched (Fig. 6.7b) consists of 38 pct 

recrystallized ferrite, martensite and recovered ferrite, and much of the pearlite visible in Fig. 6.7a is 

absent. A sample heated to 780 °C and directly quenched (Fig. 6.7d, 6.7f) consists of martensite with 

recovered ferrite and 48 pct recrystallized ferrite. The majority of the martensite is present around 

recovered ferrite rather than along recrystallized ferrite boundaries. The AI of the directly quenched 

780 °C sample is 3.5. The sample heated to 740 °C and held for 768 s (Fig. 6.7c, 6.7e) contains  
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(a)                                                                    (b) 

 
                                 (c)                                                                     (d) 

 
                                 (e)                                                                     (f) 
Figure 6.6 SEM SEI micrographs for ferrite-pearlite C-Mn-Nb samples heated at 2.4 °C/s to 756 °C  
and directly quenched (a), to 776 °C and directly quenched (b), to 796 °C and directly quenched (c, e), 
and to 756 °C for 1000 s (d, f). The AI of (c) is 3.3 and the AI of (d) is 2.6, so a longer hold at lower 
intercritical temperature led to less martensite banding. Etched in 2 pct Nital. 
  

 

Martensite 

Martensite 

Martensite 

Recovered ferrite 

Recovered ferrite 
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                                 (a)                                                                     (b) 

 
                                 (c)                                                                     (d) 

 
                                 (e)                                                                     (f) 
Figure 6.7 SEM SEI micrographs for ferrite-pearlite C-Mn-Nb samples heated at 13.1 °C/s to 740 °C  
and directly quenched (a), to 760 °C and directly quenched (b), to 740 °C and held for 768 s (c, e), and 
to 780 °C and directly quenched (d, f). The AI of (c) is 3.5 and the AI of (d) is 2.8, so a longer hold at 
lower intercritical temperature led to less martensite banding. Etched in 2 pct Nital. 
  

 

Martensite 

Martensite 

Martensite 

Recovered ferrite 

Recovered ferrite 
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                                 (a)                                                                     (b) 

 
                                   (c)                                                                       (d) 

 
                                  (e)                                                                       (f) 
Figure 6.8 SEM SEI micrographs for ferrite-pearlite C-Mn-Nb samples heated at 140 °C/s to 754 °C 
and directly quenched (a), to 794 °C and directly quenched (b), to 734 °C for 399 s (c, e), and to 
754 °C for 86 s (d, f). The AI in (b) is 2.8, (c) is 2.7, and (d) is 2.6, so heat treating with a lower 
intecritical temperature for longer time led to less martensite banding. Etched in 2 pct Nital. 
 

Martensite 

Martensite 

Martensite 

Recovered ferrite 

Recovered ferrite 
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Table 6.3 – Anisotropy Index (AI) for Heat Treatments with Different Hold Times at Intercritical 
Temperature. 

Heat Treatment AI  

2.4°C/s 796°C , held for 0 s 3.3 
2.4°C/s 756°C, held for 1000s 2.6 

13.1°C/s 780°C, held for 0 s 3.5 
13.1°C/s 740°C, held for  768 s 2.8 

140°C/s 794°C, held for 0 s 2.8 
140°C/s 754°C, held for 86 s 2.7 
140°C/s 734°C, held for 399 s 2.6 

 
Table 6.4 – Martensite Fraction for Each of the Intercritically Annealed Samples Determined with 

Quantitative Metallography. 

Heat Treatment Martensite Fraction 

2.4°C/s 756°C, held for 1000 s 0.43 

13.1°C/s 740°C, held for 768 s 0.42 

140°C/s 754°C, held for 86 s 0.44 

140°C/s 734°C, held for 399 s 0.45 
 

recrystallized ferrite and martensite, with an AI of 2.8. Therefore it is apparent that heat treatments at a 

lower intercritical annealing temperature and a longer hold time led to a reduced AI, but banded 

martensite was still present. With the sample directly quenched from 780 °C (Figs. 6.7d and 6.7f), 

austenite formation occurred primarily within a microstructure of recovered ferrite, but with a sample 

held at 740 °C for 768 s (Figs. 6.7c and 6.7e), ferrite recrystallized and allowed some austenite to form in 

the presence of recrystallized ferrite boundaries. The reduction in AI appears to be from austenite 

formation along recrystallized ferrite boundaries which were not directionally oriented along the rolling 

direction. However, the initially formed austenite bands were present even after the hold at the 

intercritical temperature. 

For the sample heated at 140 °C/s to 754 °C and directly quenched (Fig. 6.8a), the microstructure 

contains 8 pct recrystallized ferrite, martensite, recovered ferrite, and partially spheroidized pearlite. The 

sample heated to 794 °C and directly quenched (Fig. 6.8b) contains 13 pct recrystallized ferrite, 

martensite, and recovered ferrite. The samples heated 734 °C for 399 s (Fig. 6.8c, 6.8e) was 96 pct 

recrystallized and the sample held at 754 °C for 86 s (Fig. 6.8d, 6.8f) was 87 pct recrystallized. The 

sample heated at 140 °C/s to 794 °C and directly quenched had an AI of 2.8, the sample heated to 754 °C 

for 86 s had an AI of 2.7, and the sample heated to 734 °C for 399 s had an AI of 2.6. Therefore, the 

longer the hold at intercritical annealing temperature, the lower the degree of martensite banding. More 

time at intercritical annealing temperature meant more time for austenite formation in the presence of 

equiaxed, recrystallized ferrite boundaries. With austenite formation along equiaxed boundaries, the 
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degree of banding is less than that of austenite formed in a microstructure of directionally-oriented, 

recovered ferrite.   

6.2.3 Discussion of the Impact of Hold Time at Intercritical Annealing Temperature on Austenite 

Distribution 

The reduction in martensite banding with a hold at intercritical temperature, as evidenced by a 

comparison of AI values in Table 6.3, was greater for the 2.4 and 13.1 °C/s heating rates than the 

140 °C/s heat treatments. The reduction in banding was less for the rapidly heated sample for three 

reasons. First, the degree of banding in the directly quenched samples was greater for the two lower 

heating rates, so more reduction in AI was possible with a hold at intercritical temperature. Second, the 

hold times used to achieve the desired martensite fraction were shorter for the rapidly heated samples 

because of the faster intercritical austenite formation kinetics, so less time was available for austenite to 

form along newly recrystallized ferrite boundaries. Third, the rapid intercritical austenite formation 

kinetics of the 140 °C/s heating rate meant much of the austenite formation occurred within a few seconds 

of reaching the intercritical temperature, where little time had passed for recrystallization. 

6.3 SIMS Measurements of Mn Distribution 

 Manganese slows ferrite recrystallization through solute drag, so ferrite recrystallization 

preferentially occurs in areas of lower Mn content [6.2]. A previous study [6.1] indicated that bands of 

Mn contribute to martensite banding formation in rapidly heated cold-rolled steels because Mn solute 

drag within bands of high Mn leads to bands of recovered ferrite and austenite formation occurs in these 

locations either because 1) Mn segregated regions also create preferential areas for austenite formation, or 

2) recovered ferrite serves as a preferential location for austenite formation. Therefore, the ferrite-pearlite 

C-Mn-Nb steel was studied with SIMS analysis to measure the Mn distribution. 

The ferrite-pearlite C-Mn-Nb steel was studied using samples heat treated at 2.4 °C/s to 736 °C 

and 13.1 °C/s to 780 °C. Both were heated with a single heating rate and then directly quenched from the 

intercritical temperature (0 s hold time). Figure 6.9 shows EBSD IQ maps of the 2.4 °C/s condition (Fig. 

6.9a) and the 13.1 °C/s to 780 °C (Fig. 6.9b) These heat treatments were chosen because the samples 

exhibited partially recrystallized microstructures and the recovered ferrite was located within bands along 

the rolling direction. Martensite was also present within the recovered ferrite.   

SIMS scans are shown in Figs. 6.10 (200 x 200 µm) and 6.11 (50 x 50 µm). The 2.4 °C/s to 

736 °C condition is shown in Figs. 6.10a-6.10b and 6.11a-6.11b, and the 13.1 °C/s to 780 °C condition is 

shown in Figs. 6.10c-6.10d and 6.11c-6.11d. The images on the left show the Fe+ distribution and the 

images on the right show the Mn+ distribution after normalization to Fe+. The distribution of Fe+ varies 

because the yield of sputtering varies with different crystal orientations [6.3]. Therefore, the effect of 

crystal orientation on the Mn+ distribution can be removed if Mn+ is normalized to Fe+.  SEM SEI 
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images of each condition to view the MnS are shown in Fig. 6.10e (2.4 °C/s 736 °C) and Fig. 6.10f 

(13.1 °C/s 780 °C). The areas in SEM images are shown with squares in the SIMS scans in 

Figs. 6.10b-6.10c. In each image linear features, highlighted by arrows, are discussed below. 

Large 200 x 200 µm area scans (Fig. 6.10) were performed to assess the broad distribution of Mn. 

In both samples Mn appears to be evenly distributed outside of some elongated, high concentration Mn 

areas that are along the rolling direction. To investigate those high concentration areas and to view the 

fine-scale Mn distribution in the bulk, Fig. 6.11 shows 50 x 50 µm scans, at the same magnification as for 

the EBSD scans in Fig. 6.9. The Fe+ scan in the 2.4 °C/s 736 °C condition (Fig. 6.11a) shows orientation-

dependent variations between grains and a black color in the Mn-concentrated areas, indicating that the 

concentration of Fe+ was lower in these areas. These Mn-concentrated features were analyzed with SEM 

SEI observations (Figs. 6.10e-f). These features were found to be a different structure than the 

surrounding matrix, are oriented parallel to the rolling direction, and appear to be similar to features 

previously found to be MnS [6.4]  Apart from the features interpreted to be MnS stringers, the Mn 

distribution is essentially uniform for both samples.  

Figure 6.12 shows line scans which were performed across the normal direction of the 

50 x 50 µm scans to analyze the quantitative measurement of Mn across the surface. Segregation of Mn 

outside of the MnS is indistinguishable from noise; i.e. the Mn distribution is essentially uniform. There 

are some outlier Mn values, but these are small points (<1 µm) visible in the area scans, while potential 

Mn segregated regions were expected to be several microns wide to coincide with the recovered ferrite 

bands.  

6.3.1 Manganese Distribution Summary 

The measured Mn distribution was uniform, so recovered ferrite bands were not found to be the 

result of Mn segregation. Therefore, either banded martensite can be the result of rapid heating with a 

homogenous distribution of Mn, or other techniques would be necessary to confirm the presence of Mn 

segregation. More analysis would be required to confirm how recovered ferrite bands form in a 

microstructure of homogeneous Mn. However, preferential austenite formation within recovered ferrite 

can still be explained without Mn segregation. Austenite formation occurred preferentially within 

recovered ferrite because of the many heterogeneous nucleation sites provided by subgrain boundaries 

and because the retained energy from cold work reduced the activation energy required for austenite 

formation, rather than because of preferential austenite formation within Mn-concentrated regions. 

6.4 Rapidly Heated Ferrite-Spheroidized Carbide Steels 

In Ferrite-Pearlite steels martensite banding was found to increase with heating rate because of 

two primary factors. First, with high heating rates there was less time for spheroidization, so austenite 

nucleated and consumed elongated pearlite contributing to austenite banding. Second, austenite  
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                                      (a)                                                                (b) 
Figure 6.9 EBSD IQ maps of the samples chosen for SIMS analysis. The 2.4 °C/s heat treatment to 
736 °C is shown in (a), and 13.1 °C/s to 780 °C is shown in (b). These samples were chose for SIMS 
analysis because of the distinct recovered ferrite bands, which were expected to have a higher 
concentration of Mn.  
  

preferentially grew in the rolling direction within recovered ferrite bands. Because of the difficulty 

distinguishing between the effect of pearlite spheroidization and interactions between austenite formation 

and ferrite recrystallization, a processing route (Section 3.1.2) was developed to achieve a starting 

material of a cold-rolled ferrite-spheroidized carbide microstructure. 

Figure 6.13 shows SEM SEI micrographs comparing the cold-rolled microstructure of the ferrite-

spheroidized carbide steel and ferrite-pearlite steel. Both conditions have deformed ferrite. The ferrite-

pearlite steel (Fig. 6.13a, 6.13c) has pearlite elongated in the rolling direction, and the ferrite-spheroidized 

carbide steel (Fig. 6.13b, 6.13d) has relatively well distributed, spheroidized carbides. 

6.4.1 Austenite Transformation Kinetics 

 Transformation temperatures for the ferrite-spheroidized carbide and ferrite-pearlite steels were 

both determined using analysis of dilatometry. The measured Ac1 and Ac3 temperatures are shown in 

Table 6.5. Despite the different prior microstructures, for each heating rate austenite transformation 

temperatures were very similar between the two conditions, usually within ± 3 °C. Therefore chosen 

annealing temperatures relative to Ac1 were the same for each condition. 

6.4.2 Ferrite Recrystallization Kinetics 

Heating rates of 0.3, 2.4, 13.1, and 140 °C/s were selected based on transformation kinetics of the 

ferrite-pearlite prior microstructure studied in Chapter 5. Each heating rate was used with intercritical 

temperatures of Ac1 – 10 °C, Ac1 + 10 °C, and Ac1 + 50 °C, with Ac1 experimentally predicted using 

analysis of dilatometry of the ferrite-pearlite steel with heating rates of 1, 10, 100, and 1000 °C/s. The  

Recovered ferrite bands 
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                           (a)                                                                              (b) 

         
                           (c)                                                                              (d) 

                                      
                           (e)                                                                               (f)  
Figure 6.10 SIMS scans with an area of 200 x 200 µm for samples heated at 2.4 °C/s to 736 °C (a-b) 
and 13.1 °C/s to 780 °C (c-d). Fe+ scans are on the left and the normalized Mn+ scan is on the right. 
SEM SEI images of areas with MnS are shown for the 2.4 °C/s condition (e) and 13.1 °C/s (f). There is 
a homogeneous distribution of Mn except for the presence of MnS stringers. Rolling direction indicated 
by the arrow.  
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                           (a)                                                                              (b) 

 
                           (c)                                                                              (d) 
Figure 6.11 SIMS scans with an area of 50 x 50 µm for samples heated at 2.4 °C/s to 736 °C (a-b) and 
13.1 °C/s to 780 °C (c-d). Fe+ scans are on the left and the normalized Mn+ scan is on the right. There 
is a homogeneous distribution of Mn except for the presence of MnS stringers. Rolling direction 
indicated by the arrow.  
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                                 (a)                                                                            (b) 

 
                                 (c)                                                                            (d) 
Figure 6.12 SIMS scans (a, c) with an area of 50 x 50 µm and line scans (b, d) for samples heated at 
2.4 °C/s to 736 °C (a-b) and 13.1 °C/s to 780 °C (c-d). The MnS in the line scan is pointed out by 
arrow, and has been cut off to show the Mn distribution outside of the MnS. There is a homogeneous 
distribution of Mn except for the presence of MnS stringers. Rolling direction indicated by the arrow. 
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                                   (a)                                                                         (b) 

 
                                 (c)                                                                          (d) 
Figure 6.13 SEM SEI micrographs comparing the ferrite-pearlite microstructure (a, c) to the ferrite-
spheroidized carbide microstructure (b, d). Both have been cold-rolled 60 pct. 2 pct Nital etch.  
 

peak temperatures are summarized in Table 5.1. Each heat treatment was performed with a single heating 

rate and directly quenched from the intercritical temperature (0 s hold time). The selection of heating rates 

and Ac1 temperature based on the ferrite-pearlite condition allowed a direct comparison between the cold-

rolled ferrite-pearlite and cold-rolled ferrite-spheroidized carbide microstructures. 

The degree of recrystallization was compared between the ferrite-pearlite and ferrite-spheroidized 

carbide condition and then, for comparison, heating rates were selected for each condition which had the 

most similar recrystallization kinetics. The selection of heating rates based on ferrite recrystallization 

kinetics allowed a comparison between austenite formation in the presence of similar fractions of 

recrystallized and recovered ferrite.  

Ferrite recrystallization kinetics of the ferrite-spheroidized carbide steel are compared directly to 

the ferrite-pearlite steel in Table 6.6 using data from microhardness (below Ac1) and EBSD (above Ac1).  
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Table 6.5 – Comparison between Austenite Transformation Temperatures of the Ferrite-Spheroidized 
Carbide and Ferrite-Pearlite Starting Microstructures. 

Heating Rate (°C/s) Ac1 Ac3 

0.3 °C/s Ferrite-Pearlite 731 ± 4 893 ± 2 
0.3 °C/s Spheroidized 730 ± 1 901 ± 3 

1 °C/s Ferrite-Pearlite 729 ± 2 898 ± 1 
1 °C/s Spheroidized 732 ± 2 899 ± 2 

2.4 °C/s Ferrite-Pearlite 732 ± 2 896 ± 4 
2.4 °C/s Spheroidized 732 ± 2 899 ± 2 

13.1 °C/s Ferrite-Pearlite 731 ± 2 896 ± 2 
13.1 °C/s Spheroidized 733 ± 3 900 ± 1 

140 °C/s Ferrite-Pearlite 743 ± 2 902 ± 4 
140 °C/s Spheroidized 746 ± 4 901 ± 6 

693 °C/s Ferrite-Pearlite 758 ± 3 894 ± 2 
693 °C/s Spheroidized 757 ± 2 897 ± 3 

 

Three heating rate pairs with similar degrees of recrystallization for each condition are marked with 

boxes: 0.3 °C/s for both conditions; 2.4 °C/s for the ferrite-spheroidized carbide condition with 13.1 °C/s 

for the ferrite-pearlite condition; and 13.1 °C/s for the ferrite-spheroidized carbide condition with 

140 °C/s for the ferrite-pearlite condition. The boxes indicate which conditions are compared in the 

microstructural analysis in Section 6.4.4. Ferrite recrystallization was slower for the ferrite-spheroidized 

condition than for the ferrite-pearlite condition. The ferrite-pearlite condition was not aged prior to cold-

rolling, while the ferrite-spheroidized carbide condition was aged at 700 °C for 1 h prior to cold-rolling 

(Section 3.1.2). Therefore the difference in ferrite recrystallization kinetics is interpreted to be due to the 

small, pinning carbides present in the ferrite-spheroidized carbide condition because of aging. 

With a heating rate of 0.3 °C/s, both the ferrite-pearlite and ferrite-spheroidized carbide 

conditions were fully recrystallized by Ac1 + 10 °C (735 °C). For the 2.4 °C/s heating rate, the ferrite-

spheroidized carbide condition had a recrystallized ferrite fraction of 0.20 at Ac1 + 10 °C, while the 

ferrite-pearlite condition with a heating rate of 13.1 °C/s had a fraction of 0.27. The degree of 

recrystallization at Ac1 + 50 °C was 0.31 for the ferrite-spheroidized carbide condition at 2.4 °C/s, and 

0.48 for the ferrite-pearlite condition at 13.1 °C/s. The 13.1 °C/s heating rate ferrite-spheroidized carbide 

and 140 °C/s heating rate ferrite-pearlite conditions had degrees of recrystallization of 0.07 and 0.08, 

respectively, at Ac1 + 10°C, and 0.13 for both at Ac1 + 50°C.  

6.4.3 Cementite Morphology 

Figure 6.14 shows SEM SEI micrographs comparing the carbide distribution of the ferrite-

pearlite and ferrite-spheroidized carbide conditions after heating at 0.3 °C/s to 735 °C. The ferrite-pearlite  
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Table 6.6 – Comparison of Degree of Recrystallization during Continuous Heating for the Ferrite-
Spheroidized Carbide and Ferrite-Pearlite Conditions. Conditions with a Similar Degree of 

Recrystallization are Marked with Boxes. 

Heating Rate (°C/s) Prior Microstructure Ac1 - 10°C Ac1 + 10°C Ac1 + 50°C 

0.3 Ferrite-Pearlite 0.97 1 1 
0.3 Spheroidized 0.74 1 1 
2.4 Ferrite-Pearlite 0.26 0.61 1 

2.4 Spheroidized 0.08 0.2 0.31 
13.1 Ferrite-Pearlite 0.22 0.27 0.48 
13.1 Spheroidized 0.02 0.07 0.13 
140 Ferrite-Pearlite 0.06 0.08 0.13 
140 Spheroidized 0.01 0.03 0.06 

 

steel is shown in Fig. 6.14a and the ferrite-spheroidized carbide steel is shown in Fig. 6.14b. Both 

microstructures contain recrystallized ferrite, spheroidized carbides, and a few small martensite 

constituents located at grain boundaries. The ferrite-pearlite condition has an average carbide size of 

0.17 ± 0.07 µm and the ferrite-spheroidized carbide condition has an average carbide size of 0.28 ± 0.12 

µm, indicating that the carbides are larger in the ferrite-spheroidized carbide condition and there is more 

variation in the size of the carbides. There is a greater number of carbides in the ferrite-pearlite condition 

because of the smaller size of the carbides. Both conditions have well distributed, spheroidized carbides.  

The evolution of the carbide size and distribution with heating rate is shown in Fig. 6.15. The 

ferrite-spheroidized carbide condition is shown after heating at 0.3 °C/s to 715 °C (Fig. 6.15a), 2.4 °C/s to 

716 °C (Fig. 6.15b), and 13.1 °C/s to 720 °C (Fig. 6.15c). The ferrite-pearlite condition for 13.1 °C/s to 

720 °C is shown in Fig. 6.15d. The 0.3 °C/s sample contains recrystallized ferrite and spheroidized 

carbides, and the 2.4 °C/s and 13.1 °C/s conditions contain recovered ferrite, recrystallized ferrite, and 

carbides. The ferrite-pearlite condition (Fig. 6.15d) contains spheroidized carbides within the former 

pearlite. Carbides are less visible in ferrite-spheroidized carbide condition processed with heating rates of 

2.4 °C/s and 13.1 °C/s than 0.3 °C/s because of the small size of the carbides and the difficulty 

distinguishing between subgrain boundaries and carbides. For the ferrite-spheroidized carbide condition, 

the carbide sizes are the same for the 2.4 °C/s sample (Fig. 6.15b) and the 13.1 °C/s sample (Fig. 6.15c) 

with an average carbide size of 0.16 ± 0.04 µm, but the 0.3 °C/s condition (Fig. 6.15a) has larger carbides 

and more variation in size with an average of 0.28 ± 0.12 µm. For all heating rates in the ferrite-

spheroidized carbide condition the carbides are well dispersed. For the ferrite-pearlite steel with heating 

of 13.1 °C/s to 720 °C (Fig. 6.15d), there are spheroidized carbides within recrystallized ferrite and a 

mixture of spheroidized carbides and cementite lamellae within former pearlite. The spheroidization of 

carbides in the ferrite-pearlite steel is described in Section 5.3. The ferrite-pearlite condition with a 
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140 °C/s heating rate contains former pearlite with a combination of spheroidized carbides and cementite 

lamellae, meaning the cementite is localized to bands in the shape of the original elongated pearlite. 

6.4.4 Intercritical Annealing 

 Figures 6.16-6.23 compare the effect of starting microstructure, i.e. cold-rolled ferrite-pearlite vs. 

cold-rolled ferrite-spheroidized carbide, on austenite nucleation and growth in samples heated at different 

heating rates to Ac1 + 10 °C or Ac1 + 50 °C (see Table 5.1) and immediately quenched. For each figure, 

SEM SEI micrographs are shown in (a, c) and EBSD IQ maps are shown in (b, d), both are at the same 

magnification but a different area within the sample. The ferrite-pearlite steel is shown in the upper 

micrographs (a-b) and the ferrite-spheroidized carbide steel is shown in the lower micrographs (c-d). High 

magnification SEM micrographs of each condition are shown in (e-f) for Figs. 6.20-6.23.  

 

 
                           (a)                                                                          (b) 
Figure 6.14 SEM SEI micrographs comparing samples with two starting microstructures: the ferrite-
pearlite condition (a) and the ferrite-spheroidized carbide condition (b). Samples were heated at 
0.3 °C/s to 735 °C. 2 pct Nital etch. 
 

The AI values of the microstructure for each condition heat treated with different heating rates to 

Ac1 + 50 °C are summarized in Table 6.7. The AI of ferrite-pearlite and ferrite-spheroidized carbide 

conditions with similar degrees of recrystallization are compared. For all three comparisons (low, 

medium, and high heating rates), the AI is lower for the ferrite-spheroidized carbide condition. The 

microstructural differences giving the different AI are discussed below with the respective micrographs. 

Figure 6.16 shows micrographs for the ferrite-pearlite and ferrite-spheroidized carbide conditions heated 

at 0.3 °C/s to 735 °C. The microstructures of both steels are fully recrystallized. Grain sizes, as measured 

by EBSD, are 5.7 ± 2.8 µm for the ferrite-pearlite steel and 7.0 ± 3.4 µm for the ferrite-spheroidized 

carbide steel. The ferrite grains are more rectangular in shape in the ferrite-pearlite condition than the 

ferrite-spheroidized carbide condition. In both steels martensite is present at recrystallized ferrite grain 
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boundaries. The reason for the rectangular grains in the ferrite-pearlite steel is interpreted to be the result 

of an array of pinning carbides in the rolling direction, suppressing growth in the normal direction [6.5]. 

The presence of martensite along ferrite grain boundaries indicates that austenite nucleated along grain 

boundaries. 

 
                                   (a)                                                                    (b) 

 
                                  (c)                                                                      (d) 
Figure 6.15 SEM SEI micrographs showing the distribution of carbides in samples heated to Ac1 -
 10 °C. The ferrite-spheroidized carbide condition was heated at 0.3 °C/s to 715 °C (a), 2.4 °C/s to 
716 °C (b), and 13.1 °C/s to 720 °C (c) show spheroidized, well dispersed carbides. The ferrite-pearlite 
condition heated at 13.1 °C/s to 720 °C (d) has spheroidized carbides within recrystallized ferrite and 
partially spheroidized pearlite. Etched in 2 pct Nital. 
  

Figure 6.17 shows SEM SEI micrographs and EBSD IQ maps for the ferrite-pearlite and ferrite-

spheroidized carbide conditions heated at 0.3 °C/s to 775 °C (Ac1 + 50 °C). Both conditions contain 

martensite and recrystallized ferrite. In both conditions the martensite is essentially evenly distributed, 

with an AI of 1.5 for the ferrite-pearlite condition and 1.3 for the ferrite-spheroidized carbide condition. 

Recrystallized ferrite 

Carbides 

Deformed ferrite 

Carbides 
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The small difference between AI for the two conditions is interpreted to be related to the rectangular 

shape of the ferrite grains in the ferrite-pearlite condition.  

 

 
                               (a)                                                                    (b) 

 
                               (c)                                                                    (d) 
Figure 6.16 SEM SEI micrographs and EBSD IQ maps comparing austenite nucleation with a heating 
rate of 0.3 °C/s to 735 °C for the ferrite-pearlite steel (a-b) and ferrite-spheroidized carbide steel (c-d). 
Both microstructures are composed of recrystallized ferrite, spheroidized carbides, and a small fraction 
of martensite. SEM metallography performed after etching with 2 pct Nital. 

 

Figures 6.18a and 6.18b show the ferrite-pearlite steel heated at 13.1 °C/s to 740 °C and 

Figs. 6.18c and 6.18d show the ferrite-spheroidized carbide steel heated at 2.4 °C/s to 736 °C. The degree 

of recrystallization for the two conditions is similar, 0.27 for the ferrite-pearlite steel and 0.2 for the 

ferrite-spheroidized carbide steel. Higher magnification SEM micrographs of those samples represented 

in Fig. 6.18 are shown in Fig. 6.19. In both conditions small martensite constituents are located on 

subgrain boundaries or boundaries between recovered ferrite, indicating the locations of austenite 

nucleation prior to quenching. There are black stains around carbides from etching.  
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                           (a)                                                                            (b) 

 
                            (c)                                                                         (d) 
Figure 6.17 SEM SEI micrographs and EBSD IQ maps of the ferrite-pearlite condition (a-b) and the 
ferrite-spheroidized carbide steel (c-d) after heating at 0.3 °C/s to 775 °C. Both microstructures are 
composed of recrystallized ferrite. AI = 1.5 for (a, b) and AI = 1.3 for (c, d). SEM micrographs are on 
the left and EBSD IQ maps are on the right.  

 

Figure 6.20 shows micrographs of the ferrite-pearlite steel heated at 13.1 °C/s to 780 °C 

(Figs. 6.20a, 6.20b, and 6.20e) and the ferrite-spheroidized carbide steel heated at 2.4 °C/s to 776 °C 

(Figs. 6.20c, 6.20d, and 6.20f). The fraction of recrystallized ferrite is 0.48 for the ferrite-pearlite 

condition and 0.31 for the ferrite-spheroidized carbide condition. Both conditions have bands of 

recovered ferrite. The ferrite-pearlite condition has an AI of 3.5 and the ferrite-spheroidized carbide 

condition has an AI of 3.1, indicating that both have a banded martensite microstructure. An intermediate 

degree of recrystallization led to martensite banding regardless of the cementite distribution because 

austenite preferentially grew within recovered ferrite which existed in bands along the rolling direction. 

The somewhat lower value of AI for the ferrite-spheroidized carbide condition is interpreted to be the 

result of the different carbon distribution prior to austenite formation (see Fig. 6.14). 
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                      (a)                                                                                    (b)  

  
                       (c)                                                                                    (d)  
Figure 6.18 SEM SEI micrographs and EBSD IQ maps for the ferrite-pearlite steel (a-b) heated with a 
rate of 13.1 °C/s to 740 °C and the ferrite-pearlite steel (c-d) heated with a rate of 2.4 °C/s to 736 °C 
and directly quenched. SEM metallography performed after etching with 2 pct Nital. 
 

Figure 6.21 shows the ferrite-pearlite steel heated at 140 °C/s to 754 °C (Figs. 6.21a and 6.21b) 

and the ferrite-spheroidized carbide steel heated at 13.1 °C/s to 740 °C (Figs. 6.21c and 6.21d). The 

degree of recrystallization is similar for each condition, 0.08 for the ferrite-pearlite steel and 0.07 for the 

ferrite-spheroidized carbide steel. Higher magnification SEM micrographs are shown in Fig. 6.22 to 

demonstrate differences in austenite nucleation. The ferrite-pearlite condition is shown in Fig. 6.22a and 

the ferrite-spheroidized carbide condition in Fig. 6.22b. The location of austenite prior to quenching can 

be seen by the location of martensite. In the ferrite-pearlite condition austenite nucleated within the 

partially spheroidized pearlite. In the ferrite-spheroidized carbide condition austenite nucleated within the 

recovered ferrite. The difference in location of austenite nucleation led to a more random distribution of 

nuclei in the ferrite-spheroidized carbide condition.   

Rx ferrite Recovered ferrite 
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                                 (a)                                                                               (b) 
Figure 6.19 SEM SEI micrographs showing the microstructure at the point of austenite nucleation for 
the ferrite-pearlite condition heated at 13.1 °C/s to 740 °C (a) and the ferrite-spheroidized carbide 
condition heated at 2.4 °C/s to 736 °C (b). Austenite nucleated along recovered boundaries in both 
conditions. Etched in 2 pct Nital.  

 

Figure 6.23 shows the ferrite-pearlite steel heated at 140 °C/s to 794 °C (Fig. 6.23a, 6.23b, and 

6.23e) and the ferrite-spheroidized carbide steel heated at 13.1 °C/s to 780 °C (Fig. 6.23c, 6.23d, and 

6.23f). SEM SEI micrographs are on the left and EBSD IQ maps are on the right. The fraction of 

recrystallized ferrite is 0.13 for both microstructural conditions. The AI of the ferrite-pearlite condition 

was 2.8 and the AI of the ferrite-spheroidized carbide condition was 2.6, indicating that martensite bands 

are present in both. The presence of martensite bands indicates that preferential growth of austenite in 

recovered ferrite occurred along the rolling direction. The small difference in AI is due to the difference 

in the prior microstructures. 

6.5 Summary 

● As shown with step heat treatments, the microstructure prior to the intercritical region controlled 

the final martensite distribution, not heating rate. Microstructures of recrystallized ferrite and 

distributed carbides led to evenly distributed martensite. Microstructures with elongated pearlite 

and unrecrystallized ferrite led to bands of martensite in the rolling direction.  

● Rapidly heated cold-rolled ferrite-spheroidized carbide steels developed bands of martensite 

despite the lack of elongated pearlite. Slowly heated ferrite-spheroidized carbide samples had an 

even distribution of martensite. With partially recrystallized samples, austenite grew within bands 

of recovered ferrite. With rapidly heated samples, martensite banding was found in ferrite-

spheroidized carbide steels because austenite grew along the rolling direction along subgrains 

within the directionally oriented recovered ferrite.  

 

Martensite Recrystallized ferrite 

Recovered ferrite 

Carbides 
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                                 (a)                                                                      (b) 

 
                                  (c)                                                                      (d) 

 
                                  (e)                                                                      (f) 
Figure 6.20 SEM SEI micrographs and EBSD IQ maps comparing martensite with a heating rate of 
13.1 °C/s to 780 °C for the ferrite-pearlite steel (a-b, e) and 2.4 °C/s to 776 °C for the ferrite-
spheroidized carbide steel (c-d, f). Austenite grew within elongated recovered ferrite. AI = 3.5 for (a-b) 
and AI = 3.1 for (c-d). SEM metallography performed after etching with 2 pct Nital. 
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                                 (a)                                                                      (b) 

 
                                 (c)                                                                      (d) 
Figure 6.21 SEM SEI micrographs and EBSD IQ maps comparing ferrite recrystallization with a 
heating rate of 140 °C/s to 754 °C for the ferrite-pearlite steel (a-b) and 13.1 °C/s to 740 °C for the 
ferrite-spheroidized carbide steel (c-d). The degree of recrystallization is similar for the two conditions. 
SEM metallography performed after etching with 2 pct Nital. 
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                                 (a)                                                                                       (b) 
Figure 6.22 SEM SEI micrographs showing the microstructure at the point of austenite nucleation for 
the ferrite-pearlite condition heated at 140 °C/s to 754 °C (a) and the ferrite-spheroidized carbide 
condition heated at 13.1 °C/s to 740 °C (b). Austenite nucleated within partially spheroidized pearlite 
in the ferrite-pearlite condition and along recovered ferrite boundaries in the ferrite-spheroidized 
carbide condition. Etched in 2 pct Nital. 
 

●  Faster heating to the intercritical region results in more rapid austenite formation during 

intercritical hold.  

● Intercritical annealing reduced, but did not eliminate, martensite banding when compared with 

directly quenched samples.  

● SIMS analysis showed Mn distribution was essentially homogeneous in the ferrite-pearlite C-Mn-

Nb steel, indicating either that austenite bands could form in the absence of Mn segregation, or 

that the technique employed was not able to detect bands of Mn segregation.   

 

Table 6.7 – Anisotropy Index (AI) of the Ferrite-Pearlite and Ferrite-Spheroidized Carbide 
Conditions. 

Heating Rate (°C/s) Ferrite-Pearlite, AI Ferrite-Spheroidized Carbide, AI 

0.3 1.5 1.3 
13.1/2.4 3.5 3.1 
140/13.1 2.8 2.6 
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                                 (a)                                                                      (b) 

 
                                 (c)                                                                      (d) 

 
                                 (e)                                                                      (f) 
Figure 6.23 SEM SEI micrographs and EBSD IQ maps comparing martensite distribution with a 
heating rate of 140 °C/s to 794 °C for the ferrite-pearlite steel (a-b, e) and 13.1 °C/s to 780 °C for the 
ferrite-spheroidized carbide steel (c-d, f). AI = 2.8 for the ferrite-pearlite condition and 2.6 for the 
ferrite-spheroidized carbide condition. SEM metallography performed after etching with 2 pct Nital. 

 
 
 
 

Martensite 
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CHAPTER 7 

SUMMARY AND DISCUSSION 

 

  Two sets of experiments were developed: 1) a series of alloys with two different cold reductions 

were heated at different rates and transformation temperatures were determined using analysis of 

dilatometry. Specifically, the impact of composition and cold work on transformation behavior with 

different heating rates were considered, allowing a better understanding of how to vary these parameters 

when designing processing parameters or steel alloys. The transformation kinetics information was 

combined with metallographic analysis of heat treated samples. 2) A cold-rolled C-Mn-Nb steel was 

tested with different heating rates selected for different degrees of recrystallization during austenite 

formation to test the impact of ferrite recrystallization on austenite formation. The steel was tested with 

two different starting microstructures: ferrite-pearlite and ferrite-spheroidized carbide, both with 60 pct 

cold reduction. Austenite formation in an unrecrystallized ferrite microstructure was theorized to 

contribute to the development of martensite bands. Heat treated samples were analyzed with SEM, EBSD, 

dilatometry, and microhardness to study the changes in transformation behavior. The results of this study 

were extended by adding step heating tests, heat treatments with an intercritical hold, and SIMS 

measurements of Mn distribution. 

7.1 Effect of Heating Rate on Austenite Transformation Kinetics 

Transformation temperatures were found to increase as heating rate increased. Figure 7.1 shows 

the change in transformation temperature with heating rate for the 33 and 58 pct CR 15B25 steel for Ac1 

(Fig. 7.1a) and Ac3 (Fig. 7.1b), generated from data in Table 4.1. Note that the temperature scales for both 

figures are different because of the different temperature ranges for Ac1 and Ac3. A logarithmic fit to the 

increase in transformation temperatures is also shown. Futhermore, as shown in Figure 4.3 for the cold-

rolled 1019M, 1020, and 15B25 steels, the increase in transformation temperatures with heating rate was 

also found to be logarithmic. Ac1 increased at a rate less than observed for Ac3. The higher sensitivity to 

heating rate exhibited by Ac3 is interpreted to reflect the fact that Ac1 is controlled by austenite nucleation 

which occurs through short-range diffusion, while Ac3 is controlled by long-range diffusion. However, 

with the cold-rolled C-Mn-Nb steel, in both the ferrite-pearlite and ferrite-spheroidized carbide 

conditions, Ac3 was found to be independent of heating rate (see Section 6.4.1).  

Greater cold work minimized the increase in transformation temperatures with heating rate for 

1020, 1019M, and 15B25 steels (see Fig. 7.1). Figures 4.5-4.10 show SEM SEI micrographs of the 

nominally 40 and 60 pct CR steels heated at 1 °C/s (a), 10 °C/s (b), 100 °C/s (c) and 1000 °C/s (d) to 
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20 °C above Ac1 and quenched. The density of martensite constitutents is greater with the rapid heating 

rate condition, and the martensite is located within recovered ferrite. Therefore, the energy from cold 

work was retained to promote austenite formation, which is interpreted to be the cause of the lesser 

increase in transformation temperatures with heating rate in the nominally 60 pct CR steels.  

 
                                       (a)                                                                     (b) 
Figure 7.1 Increase in Ac1 (a) and Ac3 (b) for 33 and 58 pct CR 15B25 steel, along with a logarithmic 
fit. The 58 pct CR condition had lower transformation temperatures. 

 

The relative effects of alloying additions on Ac1 and Ac3 were found to remain with changing 

heating rate, though minor deviations occurred due to the degree of cold work and kinetics of ferrite 

recrystallization. Figure 7.2 shows the change in Ac1 (Fig. 7.2a) and Ac3 (Fig. 7.2b) for the 59 pct CR 

1020 and 58 pct CR 15B25. 15B25 had higher Ac1 and lower Ac3 than the 1020 steel at heating rates from 

1 to 1000 °C/s because of alloy additions. Additions of Si and Cr led to higher Ac1 and additions of C, 

Mn, and Cr led to lower Ac3.  

7.1.1 Comparisons with Previous Literature on Austenite Transformation Kinetics 

 Previous literature [7.1] has indicated that hot-rolled steels exhibit a greater increase in 

transformation temperatures with heating rate than cold-rolled steels (See Section 2.6). Similar behavior 

was seen when testing 1020, 1019M, and 15B25 steels with different degrees of cold reduction: an 

increase in cold reduction led to a decrease in transformation temperatures at a specific heating rate. 

Therefore, austenite transformation was driven by the energy from cold work and the higher number of 

potential heterogeneous nucleation sites provided by the subgrain boundaries of recovered ferrite, as 

shown in Eqs 2.1 and 2.3.  

 San Martin et al. [7.2] found that transformation temperatures increased linearly with heating rate 

in a hot-rolled ferrite-pearlite steel. However, when simple fits were used with the data given by Azizi-
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Alizamini et al. [7.1] it was found that a logarithmic fit was superior to a linear fit (See Section 2.6). For 

1020, 1019M, and 15B25 steels cold-rolled to nominally 40 and 60 pct CR, a logarithmic fit was also 

better than a linear fit. Therefore, a logarithmic increase in transformation temperatures with heating rate 

was found to be closest to modelling the change in Ac1 and Ac3 in the studied alloys. Therefore, the 

increase in transformation temperatures with heating rate slows, i.e. the difference between 1 and 10 °C/s 

is greater than 100 and 110 °C/s.  

 
                                       (a)                                                                     (b) 
Figure 7.2 Increase in Ac1 (a) and Ac3 (b) for 58 pct CR 15B25 and 59 pct CR 1020, along with a 
logarithmic fit. The 58 pct CR 15B25 had higher Ac1 and lower Ac3 at all heating rates.  
 

7.2 Effect of Heating Rate on Austenite Transformation Behavior 

Heating rate affected intercritical annealing of cold-rolled low-carbon steels in several ways. 

First, rapid heating minimized the change in carbon distribution, while slow heating allowed cementite 

spheroidization and ripening of carbides. Second, prior to transformation, rapid heating led to a 

microstructure of recovered or deformed ferrite while slow heating led to recrystallized ferrite. Third, 

austenite transformation behavior was found to differ depending on the distribution and morphology of 

cementite and the degree of recrystallization. Fourth, slower heating allowed sufficient time for interface 

migration to reduce interfacial energy which led to “smooth” interfaces between martensite and ferrite in 

the heat treated microstructure, while rapid heating led to uneven interfaces.   

Figures 7.3-7.4 show schematic representations of observed austenite formation behavior for 

ferrite-pearlite steels (Fig. 7.3) and ferrite-spheroidized carbide steels (Fig. 7.4). Table 7.1 is a legend for 

identifying the features represented in the schematics in Figs. 7.3 and 7.4. For both conditions the starting 

microstructure of deformed ferrite is shown (1), followed by the microstructure at Ac1 – 10 °C to show 
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the changes that occurred prior to austenite formation (2), followed by the microstructure at Ac1 + 10 °C 

to show the differences in austenite nucleation (3), followed by the microstructure at Ac1 + 50 °C to show 

the final distribution of austenite which becomes martensite upon quenching (4).  

The starting cold-rolled microstructure for both conditions is shown in Fig. 6.13. Both have 

deformed ferrite, while the ferrite-pearlite condition has elongated pearlite and the ferrite-spheroidized 

condition has spheroidized carbides which are relatively well distributed. 

The process of recrystallization and pearlite spheroidization with different heating rates is 

described in Sections 5.2-5.3 and 6.4. Slow heating in both conditions led to a microstructure of 

recrystallized ferrite and spheroidized carbides. Rapid heating led to a microstructure of recovered ferrite 

for both conditions, and pearlite in the ferrite-pearlite steel or spheroidized carbides for the ferrite-

spheroidized carbide steel. Intermediate heating rates led to partially recrystallized ferrite with recovered 

ferrite remaining in bands along the rolling direction, and spheroidized pearlite or bands of carbides in the 

ferrite-pearlite steel or spheroidized carbides in the ferrite-spheroidized condition.  

 

Table 7.1 – Legend for Schematic Representations of Microstructural Features in Figures 7.3 and 7.4. 

 
Deformed ferrite 

 
Deformed ferrite and 
carbides 

 
Recovered ferrite 

 
Recovered ferrite and 
carbides 

 
Recrystallized ferrite 

 
Recrystallized ferrite 
and carbides 

 

Recrystallized ferrite, 
carbides (grey), and 
austenite nuclei (black) 

 

Austenite along 
recrystallized ferrite 
boundaries 

 Pearlite 

 

Recovered ferrite, 
carbides (grey), and 
austenite nuclei (black) 

 Austenite that has 
consumed pearlite 

  

 

7.2.1 Effect of Heating Rate on Austenite Nucleation Behavior 

 In a microstructure of evenly distributed carbides, the primary influence of heating rate on the 

location of austenite nucleation was found to be the degree of recrystallization. Figure 7.5 shows the 

microstructure of the ferrite-spheroidized carbide C-Mn-Nb steel heated at 0.3 °C/s (Fig. 7.5a) and 

13.1 °C/s (Fig. 7.5b) to 735 °C, i.e. Ac1 + 10 °C and quenched. These images were first shown in 

Figs. 6.14a and 6.22b. Both microstructures consist of carbides, ferrite, and small martensite constituents. 

The location of the former austenite nuclei are visible by the location of martensite. In the 0.3 °C/s heated 

sample, martensite is located on recrystallized ferrite boundaries, whereas in the 13.1 °C/s sample, 
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martensite is located on subgrain boundaries within recovered ferrite. Therefore, with spheroidized 

carbide microstructures and fully recrystallized ferrite, austenite nucleation occurred on recrystallized 

ferrite boundaries, and with recovered ferrite, austenite nucleation occurred on subgrain boundaries and 

boundaries between recovered ferrite.  

 

 
                           (a)                                                 (b)                                               (c)                                     
Figure 7.3 Schematic representation of observed microstructural evolution in the cold-rolled ferrite-
pearlite C-Mn-Nb steel. The initial cold rolled microstructure is shown in (1), the microstructure prior 
to austenite formation (Ac1 – 10 °C) is shown in (2), the microstructure after austenite nucleation 
(Ac1 + 10 °C) is shown in (3), and the microstructure at Ac1 + 50 °C is shown in (4). Slow heating is 
shown in (a), intermediate heating in (b), and fast heating in (c).  
 

With partially recrystallized microstructures, austenite nucleation can occur on either 

recrystallized ferrite boundaries, on subgrain boundaries within recovered ferrite, or on boundaries 

between recrystallized and recovered ferrite, so these microstructures were analyzed to determine the 

preferential sites for austenite nucleation. Figure 5.10 shows the ferrite-pearlite C-Mn-Nb steel heated at 

2.4 °C/s to 736 °C, i.e. Ac1 + 10 °C, and quenched. An SEM SEI micrograph is on the left and an EBSD 

IQ map with overlaid boundaries is on the right. The microstructure is made up of spheroidized carbides 

and a mixture of recrystallized and recovered ferrite. The majority of martensite is found within recovered 

ferrite indicating that subgrain boundaries served as austenite nucleation sites. Therefore, in spheroidized 

carbide microstructures with intermediate heating rates leading to partial recrystallization, the majority of 

austenite nucleation occurred in recovered ferrite rather than on recrystallized ferrite boundaries. 
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                          (a)                                                 (b)                                                (c)                                    
Figure 7.4 Schematic representation of observed microstructural evolution in the cold-rolled ferrite-
spheroidized C-Mn-Nb steel. The initial cold rolled microstructure is shown in (1), the microstructure 
prior to austenite formation (Ac1 – 10 °C) is shown in (2), the microstructure after austenite nucleation 
(Ac1 + 10 °C) is shown in (3), and the microstructure at Ac1 + 50 °C is shown in (4). Slow heating is 
shown in (a), intermediate heating in (b), and fast heating in (c). 
 

 
                                 (a)                                                                            (b) 
Figure 7.5 SEM SEI micrographs of ferrite-spheroidized carbide C-Mn-Nb steel heated at 0.3 °C/s (a) 
or 13.1 °C/s (b) to 10 °C above Ac1 and quenched. The microstructure of the 0.3 °C/s sample is 
recrystallized and the 13.1 °C/s is primarily recovered ferrite. Austenite nucleated on recrystallized 
boundaries in the slowly heated sample and within recovered ferrite in the rapidly heated sample. 
Etched in 2 pct Nital. 
 

 With ferrite-pearlite steels there are added effects from changes in cementite distribution with 

different heating rates. Figure 5.12a shows the ferrite-pearlite C-Mn-Nb steel heated at 140 °C/s to 
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754 °C, i.e. Ac1 + 10 °C, and quenched. The martensite is located within former pearlite, and also within 

recovered ferrite, indicating the locations of austenite nucleation. Therefore, in the rapidly heated cold-

rolled ferrite-pearlite steel, austenite nucleation occurred at both former pearlite and recovered ferrite. 

Carbides are visible near the martensite away from pearlite colonies, which were the likely carbon sources 

for the original austenite nuclei. While pearlite is typically the preferential site for austenite nucleation 

due to the high concentration of carbon, rapid heating led to promotion of austenite nucleation at carbides 

within recovered ferrite away from pearlite.  

The impact of heating rate on nucleation density was also investigated. Figure 7.6 shows the 

ferrite-pearlite C-Mn-Nb steel heated to Ac1 + 10 °C and quenched, 735 °C for 0.3 °C/s (Fig. 7.6a) and 

736 °C for 2.4 °C/s (Fig. 7.6b). These images were first shown in Figs. 5.8a and 5.10a. The 0.3 °C/s 

condition was fully recrystallized and the 2.4 °C/s was partially recrystallized. Carbides in the 0.3 °C/s 

condition are evenly distributed while carbides were retained in bands in the 2.4 °C/s condition. There is a 

greater number of martensite constituents in the 2.4 °C/s sample. Therefore, the stored energy of cold 

working promoted austenite nucleation; concurrent austenite formation and ferrite recrystallization did 

not reduce austenite nucleation.  

7.2.2 Comparisons with Literature on Austenite Nucleation Behavior 

 Previous literature reported austenite nucleation within recrystallized microstructures occurred on 

grain boundaries and triple points near carbides in spheroidized carbide microstructures and on ferrite-

pearlite interfaces within ferrite-pearlite microstructures (See Section 2.1). These nucleation sites are 

preferential because the activation energy of nucleation is reduced by heterogeneous nucleation sites 

(Section 2.1.1). In slowly heated samples where a recrystallized ferrite and spheroidized carbide 

microstructure developed, similar behavior was observed, where austenite nucleation occurred on grain 

boundaries and triple points.  

 In rapidly heated cold-rolled steels, austenite nucleation occurred on subgrain boundaries within 

recovered ferrite (Section 2.4.3). This behavior was observed in the studied steels in this thesis. In rapidly 

heated ferrite-pearlite steels, austenite nucleation occurred at ferrite-pearlite boundaries, but also within 

recovered ferrite near carbides. In rapidly heated ferrite-spheroidized carbide steel, austenite nucleation 

occurred on sugrain boundaries and on boundaries between recovered ferrite grains.  

 Austenite nucleation behavior observed in previous research with partially recrystallized 

microstructures was mixed, with some reporting preferential nucleation within recovered ferrite and 

others reporting that ferrite recrystallization hindered austenite formation (Sections 2.4.1 and 2.6). As 

described above (Section 7.2.1), austenite nucleation was observed to occur preferentially within 

recovered ferrite. Austenite nucleation density was found to increase with heating rate, including in 

partially recrystallized microstructures.  
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One mechanism proposed in earlier research for reduced austenite nucleation in partially 

recrystallized microstructures was that moving, recrystallizing ferrite boundaries do not provide suitable 

nucleation sites (Section 2.4.3). There are several types of “moving” boundaries: 

1) Subgrain boundaries within recovered ferrite – these boundaries move as the subgrains grow. Subgrain 

boundaries were found to be preferential sites for austenite nucleation, so the movement of these 

boundaries did not appear to hinder austenite nucleation. 

2) Boundaries between recrystallized and recovered ferrite – these boundaries move as the recrystallized 

ferrite consumes the recovered ferrite. Many austenite nuclei were found at boundaries between 

recrystallized and recovered ferrite (see Fig. 5.10b). Therefore, the movement of these boundaries did not 

hinder austenite nucleation. 

3) Boundaries between recrystallized ferrite – the movement of these boundaries is known as grain 

growth. Grain growth is much slower than austenite formation or recrystallization, so it is not expected 

that grain growth would significantly hinder austenite formation. 

 The reasons for reduced austenite nucleation at recrystallized ferrite boundaries appears to be 

from preferential austenite nucleation within recovered ferrite and, with sufficiently rapid heating, 

because ferrite recrystallization was concurrent with austenite (recrystallized boundaries were not present 

at the beginning of austenite formation), rather than because moving ferrite boundaries were not suitable 

nucleation sites.  

 
                                 (a)                                                                            (b) 
Figure 7.6 SEM SEI micrographs for 0.3 °C/s to 735 °C (a) and 2.4 °C/s to 736 °C (b) for the ferrite-
pearlite C-Mn-Nb steel. Martensite is indicated by arrows which is where austenite nucleated prior to 
quenching within recovered ferrite. Etched in 2 pct Nital. 
 

7.2.3 Effect of Heating Rate on Austenite Growth 

 Austenite growth following nucleation is also affected by the degree of recrystallization. 

Figure 7.7 shows SEM SEI micrographs of the ferrite-pearlite C-Mn-Nb steel heated at 0.3 °C/s to 
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755 °C, i.e. Ac1 + 30 °C (Fig. 7.7a) and the ferrite-spheroidized carbide C-Mn-Nb steel heated at 

13.1 °C/s to 780 °C, i.e. Ac1 + 50 °C (Fig. 7.7b). These images were first shown in Figs. 5.14a and 6.23f. 

For the 0.3 °C/s condition, austenite formation occurred within a recrystallized ferrite matrix, so austenite 

growth was along recrystallized ferrite boundaries. For the 13.1 °C/s condition, minimal recrystallization 

occurred, so austenite growth was primarily along subgrain boundaries within recovered ferrite. There are 

carbides in the microstructure of the 0.3 °C/s condition because of the lower fraction of martensite, while 

very few carbides are in the 13.1 °C/s condition.  

Austenite growth within partially recrystallized microstructures was also investigated. Figure 7.8 

shows SEM SEI micrographs of the ferrite-pearlite C-Mn-Nb steel heated at 2.4 °C/s to 756 °C, i.e. 

Ac1 + 30 °C, and quenched (Fig. 7.8a), and the ferrite-spheroidized carbide C-Mn-Nb steel heated at 

2.4 °C/s to 776 °C, i.e. Ac1 + 50 °C, and quenched (Fig. 7.8b). These images were first shown in 

Figs. 5.16a and 6.20f. In both conditions, the majority of martensite is surrounded by recovered ferrite 

with a few isolated martensite constituents on recrystallized ferrite boundaries. Therefore, austenite 

growth occurred preferentially within recovered ferrite in partially recrystallized microstructures.  

 

 
                                 (a)                                                                            (b) 
Figure 7.7 SEM SEI micrographs for the ferrite-pearlite C-Mn-Nb steel heated at 0.3 °C/s to 755 °C (a) 
and the ferrite-spheroidized carbide condition heated at 13.1 °C/s to 780 °C (b). Austenite grew along 
recrystallized ferrite boundaries in the 0.3 °C/s sample and within recovered ferrite in the 13.1 °C/s 
sample. Etched in 2 pct Nital. 
 

 In rapidly heated ferrite-pearlite steels, the early stages of austenite growth are affected by the 

distribution and morphology of pearlite. Figure 5.11 shows the ferrite-pearlite C-Mn-Nb steel heated at 

13.1 °C/s to 740 °C, i.e. Ac1 + 10 °C, and quenched (Fig. 5.11a) and to 760 °C, i.e. Ac1 + 30 °C,  and 

quenched (Fig. 5.11b). At 740 °C, small martensite constituents are present away from pearlite, but at 

760 °C, pearlite is largely absent, indicating that austenite nucleated at and consumed the pearlite, 
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controlling to some extent the location of austenite growth until the pearlite was consumed. After the 

pearlite was consumed, growth of austenite continued into the recovered ferrite.  

 

 
                               (a)                                                                                           (b) 
Figure 7.8 SEM SEI micrographs of the ferrite-pearlite C-Mn-Nb steel heated at 2.4 °C/s to 756 °C, i.e. 
Ac1 + 30 °C, and quenched (a) and the ferrite-spheroidized carbide C-Mn-Nb steel heated at 2.4 °C/s 
to 776 °C, and quenched (b). Martensite is located primarily within recovered ferrite rather than on 
recrystallized ferrite boundaries.  
 

7.2.4 Preferential Austenite Formation within Recovered Ferrite  

 As described above, austenite formation occurred preferentially within recovered ferrite rather 

than on recrystallized ferrite boundaries. The reasons for preferential growth of austenite within recovered 

ferrite are similar to those for preferential austenite nucleation within recovered ferrite (See Section 

7.2.2). First, the high density of subgrain boundaries increased the likelihood that a boundary was present 

near a carbon source. Second, stored energy of cold work was released through the formation of austenite 

within deformed or recovered ferrite (see Sections 2.4.2-2.4.3). Third, with concurrent austenite formation 

and ferrite recrystallization, recrystallized boundaries formed concurrent with austenite, meaning less 

time was available for austenite formation along these boundaries as opposed to the already present 

recovered ferrite. While Mn segregation had previously been proposed to be the reason why austenite 

formed preferentially within recovered ferrite (Section 2.4.3), no Mn segregation was found through 

SIMS analysis (Section 6.3).  

7.2.5 Formation of Martensite Bands with Rapid Heating of Cold-Rolled Steel and Explanation 

of Schematic Model 

 Step heat treatments showed that the microstructure leading into the intercritical region controlled 

the final martensite distribution, not heating rate, see Section 6.1. A microstructure of recovered ferrite 

and elongated pearlite led to martensite bands (rapid heating prior to Ac1), and a microstructure of 

spheroidized carbides and recrystallized ferrite led to evenly distributed martensite (slow heating prior to 

Austenite grew within 
recovered ferrite 

Austenite grew 

on G.B.s 

Austenite grew 

on G.B.s 
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Ac1), regardless of the heating rate in the intercritical region. These two conditions can be seen in the 

schematic representations for microstructure development for “slow” and “fast” heating shown in 

Figures 7.3-7.4. With slow heating, austenite nucleation occurred randomly in the microstructure of 

equiaxed ferrite grains and evenly distributed carbides, and grew along the ferrite boundaries leading to 

evenly distributed carbides. With rapid heating, austenite nucleation and growth occurred along 

directionally-oriented recovered ferrite, and boundaries between recovered ferrite grains. With a ferrite-

pearlite microstructure, the banding was further increased by preferential austenite nucleation within the 

elongated pearlite.  

 Figures 7.3-7.4 also show schematic representations of austenite formation with intermediate 

heating rates, where the greatest degree of banding was found. With intermediate heating, the ferrite was 

partially recrystallized, and the ferrite-pearlite steel was partially spheroidized. Recovered ferrite was 

present in bands along the rolling direction (see Figs. 5.13c and 5.17b). With a ferrite-pearlite 

microstructure (Fig. 7.3), austenite nucleation occurred preferentially within pearlite or bands of 

spheroidized carbides, which helped contribute to the final banded microstructure. With a ferrite-

spheroidized carbide microstructure (Fig. 7.4), austenite nucleation occurred preferentially within the 

recovered ferrite bands. In both conditions, partial recrystallization led to retained, elongated recovered 

ferrite and recrystallized ferrite. Austenite formation occurred preferentially in the recovered ferrite which 

was already in bands along the rolling direction, which led to martensite banding.   

 Martensite banding was somewhat reduced by using a starting microstructure of ferrite-

spheroidized carbide rather than ferrite-pearlite. Table 7.2 shows AI values of martensite for cold-rolled 

ferrite-pearlite and ferrite-spheroidized carbide C-Mn-Nb steels heated to 50 °C above Ac1 and quenched. 

The lowest AI values were for steels heated sufficiently slowly for full recrystallization prior to 

austenititization, the highest were for partially recrystallized microstructures, and rapid heating led to 

intermediate AI values. Therefore, the more random distribution of austenite nuclei in ferrite-spheroidized 

carbide steels led to somewhat reduced martensite banding, but the greatest effect on the final martensite 

distribution arose from austenite growth within recovered ferrite. 

Table 7.3 shows the effect of intercritical annealing time on martensite banding. Each heat 

treatment was performed on the ferrite-pearlite C-Mn-Nb steel. Samples with a hold at the intercritical 

temperature have a lower AI value than samples continuously heated to a higher intercritical temperature. 

Figure 6.7 compares a sample heated at 13.1 °C/s to 780 °C (Fig. 6.7f) to a sample heated at 13.1 °C/s to 

740 °C and held for 768 s (Fig. 6.7e). More martensite is present along recrystallized ferrite boundaries in 

the sample held at temperature, which is interpreted to be the reason for the lower AI values vs 

continuously heated samples.  
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Table 7.2 – Anisotropy Index (AI) of the Ferrite-Pearlite and Ferrite-Spheroidized Carbide Conditions. 

Heating Rate Prior Microstructure AI  

0.3 °C/s Ferrite-Pearlite 1.5 

0.3 °C/s Ferrite-Spheroidized Carbide 1.3 

13.1 °C/s Ferrite-Pearlite 3.5 

2.4 °C/s Ferrite-Spheroidized Carbide 3.1 

140 °C/s Ferrite-Pearlite 2.8 

13.1 °C/s Ferrite-Spheroidized Carbide 2.6 

 

Table 7.3 – Anisotropy Index (AI) for Heat Treatments with Different Hold Times at Intercritical 

Temperature. 

Heat Treatment AI  

2.4°C/s 796°C , held for 0 s 3.3 
2.4°C/s 756°C, held for 1000s 2.6 
13.1°C/s 780°C, held for 0 s 3.5 
13.1°C/s 740°C, held for  768 s 2.8 
140°C/s 794°C, held for 0 s 2.8 
140°C/s 754°C, held for 86 s 2.7 
140°C/s 734°C, held for 399 s 2.6 

 

7.2.6 Literature on Martensite Banding Formation in Rapidly Heated Cold-Rolled Steel 

 Previous literature has proposed several mechanisms to describe an increase in banding with 

rapid heating of cold-rolled steels, including the suppression of ferrite-boundary nucleated austenite, prior 

microstructure, and preferential austenite formation within Mn-rich deformed ferrite (See Section 2.4.5). 

In observations summarized in Sections 7.2.1-7.2.2 and 7.2.4-7.2.5, it was found that martensite banding 

was formed because of preferential austenite formation within recovered ferrite which remained in bands 

along the rolling direction.  

 The theory that reduced austenite nucleation at recrystallized ferrite boundaries led to banding is 

as follows (Section 2.4.5): with slow heating, austenite forms in both pearlite and recrystallized ferrite 

boundaries. However, with fast heating, austenite grows from the elongated pearlite in the rolling 

direction because recrystallizing ferrite boundaries are not as suitable for austenite nucleation. However, 

this theory does not altogether fit the observations described in this thesis. Rather, if heating were 

sufficiently rapid that recrystallized ferrite boundaries did not exist, austenite grew preferentially in the 
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rolling direction because of the directionally-oriented recovered ferrite. With partially recrystallized 

microstructures, austenite formation occurred preferentially in the bands of recovered ferrite. 

 Prior microstructure was also found to affect the final martensite distribution in previous 

literature, with even slowly heated dual-phase steels exhibiting banding in some cases with anisotropic 

starting microstructures (Section 2.4.5). In research described in this thesis, it was found that ferrite-

spheroidized carbide microstructures had somewhat reduced martensite banding because austenite nuclei 

were more evenly distributed. 

 Observations in this thesis were closest to those describing preferential austenite formation within 

bands of Mn-rich deformed ferrite (Section 2.4.5). However, with SIMS analysis of the Mn distribution, 

no segregation of Mn was observed, indicating that while preferential austenite formation within bands of 

recovered ferrite was the primary cause for martensite banding, Mn segregation may not be required for 

this behavior. More research is required to study the formation of bands of recovered ferrite. Preferential 

austenite formation occurred within recovered ferrite for the reasons given in Sections 7.2.1 and 7.2.4.  

7.2.7 Effect of Heating Rate on Martensite/Ferrite Interfaces 

 Figure 6.2 shows SEM SEI micrographs of step heated samples. Slow-fast samples heated at 

0.3 °C/s to 715 °C followed by heating at 2.4 °C/s to 776 °C or followed by 140 °C/s to 794 °C are shown 

in Figs. 6.2e and 6.2f, respectively. For the sample heated slowly into the intercritical region (Fig. 6.2e), 

the martensite-ferrite interface is smooth, while the sample rapidly heated into the intercritical region 

(Fig. 6.2f) has uneven martensite-ferrite interfaces. The difference in interfaces is interpreted to be the 

result of more time available for interfacial energy reduction with slow heating.  

7.3 Implications of Research 

 Opportunities are available to improve the mechanical properties of AHSS through rapid heating, 

but microstructural evolution is quite different in rapidly heated cold-rolled steels because of the 

interaction between recrystallization and austenite formation. The differences in microstructural evolution 

must be understood when developing different processing routes and alloys. As shown with the C-Mn-Nb 

steel, austenite formation can occur in partially recrystallized microstructures with very low heating rates, 

i.e. 2.4 °C/s, which can lead to banded microstructures. Therefore, even with conventional processing 

(with relatively low heating rates), microstructural evolution can be affected by recovery and 

recrystallization depending on the composition.  

When developing cold-rolled AHSS with many alloy additions, particularly recrystallization-

retarding additions, possible changes in austenite formation in the presence of recovered ferrite must be 

understood to avoid forming banded microstructures. In general, it may be recommended that austenite 

formation in the presence of recovered ferrite should be avoided so that banded microstructures are not 

formed during processing. Therefore, the heating rates employed during processing and ferrite 
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recrystallization kinetics of each alloy need to be known to avoid austenite formation in the presence of 

recovered ferrite. To develop cold-rolled AHSS for rapid processing, alloying additions which lead to 

suppressed recrystallization should be avoided so that austenite formation occurs in a recrystallized 

microstructure.  

 Researchers must also be aware of interactions between recrystallization and austenite formation 

when performing laboratory experiments. When mimicking industrial processing at the laboratory level, 

heating rates must be matched as closely as possible to avoid differences in microstructures due to heating 

rate effects. Laboratory processing may be appreciably different from conventional processing in cases 

such as salt pots, which have relatively rapid heating. In these cases it may be beneficial to utilize a 

subcritical preheat with cold-rolled steels so that recrystallization occurs prior to intercritical annealing. In 

cases of measuring changes in microstructure evolution with different heating rates, the degree of 

recrystallization at different heating rates should be measured to analyze the effect of recrystallization on 

the transformations.  

7.4 Conclusions 

● Ac1 and Ac3 temperatures increased logarithmically with heating rate. Cold work minimized the 

increase in Ac1 and Ac3 across all heating rates because of the retained energy from cold work 

and heterogeneous nucleation sites provided by subgrain boundaries within recovered ferrite.  

● Basic alloying effects on Ac1 and Ac3 were found to affect the relative transformation 

temperatures between alloys at all measured heating rates.  

● Rapid intercritical annealing of cold-rolled ferrite-pearlite steel led to an increase in martensite 

banding because of suppression of recrystallization and spheroidization. Slow heating led to 

austenite formation in a microstructure of well distributed, spheroidized carbides and 

recrystallized ferrite, which led to well distributed martensite. Rapid heating led to austenite 

formation along elongated pearlite and directionally-oriented recovered ferrite. Intermediate 

heating rates led to austenite formation along bands of carbides and within bands of recovered 

ferrite. 

● Rapid annealing of cold-rolled ferrite-spheroidized carbide steels led to martensite banding 

despite the lack of elongated pearlite. Austenite formation occurred along the rolling direction 

because of the directionally-oriented recovered ferrite. With intermediate heating rates, austenite 

formation occurred within bands of recovered ferrite leading to higher AI values than rapid 

heating rates.  

● The microstructure during austenite formation was found to control the distribution of martensite 

in the quenched microstructure rather than heating rate in the intercritical region.  
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CHAPTER 8 

FUTURE WORK 

 

● The mechanisms for rapid intercritical austenite formation after rapid heating are still unknown, 

and the proposed theories in prior work are inconsistent, such as increased diffusion in recovered 

ferrite and reduced pearlite spheroidization [8.1] or diffusionless austenite formation [8.2]. 

Advanced in-situ techniques such as laser confocal imaging may help provide more information 

about the process of austenite formation at different heating rates. 

● More research is required to determine the mechanism(s) that led to recovered ferrite being 

retained in bands with partially recrystallized microstructures.  

● The effects of heating rate on intercritical annealing transformation behavior should be extended 

to other AHSS such as Medium-Mn, TRIP, and Q&P. The effect of heating rate on 

transformation behavior during cooling is largely unexplored [8.3]. A faster heating rate can 

increase the retained austenite fraction in TRIP and Medium-Mn steels [8.4-8.5]. Different 

distributions of carbon and other elements in austenite with different heating rates prior to 

isothermal treatments used in TRIP and Q&P processing could greatly affect the transformation 

behavior during partitioning or austempering.  

● Mechanical testing of rapidly heated steels remains limited [8.3, 8.6, 8.7]. More tests of the effect 

of the developed martensite banding after rapid heating are required [8.8]. Also, tests with 

varying degrees of recovered ferrite should be explored to find if there is a beneficial effect to a 

combination of recrystallized ferrite, recovered ferrite, and martensite.  

● Alloy development of cold-rolled steels designed for rapid heating remains to be explored. It is 

expected that alloying pathways to maximize the rate of pearlite spheroidization and ferrite 

recrystallization would minimize martensite banding while allowing the benefits of rapid heating 

such as decreased grain size.  
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APPENDIX A 

DILATOMETRY COMPARISON BETWEEN MMC DILATOMETER AND GLEEBLE 3500 

 

Dilatometry measurements were obtained with two experimental systems: a push-rod MMC 

dilatometer at Los Alamos National Laboratory (LANL) and the Gleeble® 3500 where dimensional 

changes were measured with a non-contact laser dilatometer.  Samples for both methods were machined 

parallel to the rolling direction. The MMC dilatometer measured change in sample length and the 

Gleeble® 3500 laser and contact dilatometers measured the change in sample width. Thus, the MMC 

dilatometer measured length change in the rolling direction while the Gleeble® 3500 measured width 

change transverse to the rolling direction. The MMC dilatometer ultilized induction heating and the 

Gleeble® 3500 ultilized resistance heating. In this appendix, measured transformation temperature data 

obtained with the two different test systems are compared.  

A.1 Experimental Setup 

Comparisons were made between MMC and Gleeble® 3500 dilatometry measurements with 

1020, 1019M, and 15B25 steel alloys. Compositions, cold-reductions, and specimen thicknesses are 

described in Section 3.1.1. Dilatometry measurements were made on samples machined from both cold 

rolled conditions for each steel. For all tested specimens, the surface finish was maintained in the as-

received condition. 

The sample geometry used for Gleeble® 3500 dilatometry is described in Section 3.3. Samples 

were 75 mm x 6 mm x sheet thickness with the length in the rolling direction. The experimental setup for 

Gleeble® 3500 dilatometry is described in Section 3.3. A free span of 15 mm was used, and the 

dilatometer measured the change in sample width, i.e. across the machined 6 mm dimension. 

Thermocouples were spot welded to the sample centerline in the center of the sample free span where the 

dilatometer was placed.  

A schematic of the MMC dilatometer experimental setup is shown in Figure A.1. MMC 

dilatometer samples were 10 mm x 3 mm x sheet thickness with the 10 mm dimension machined parallel 

to the rolling direction. The MMC dilatometer measured change in length of each sample in the rolling 

direction.  

Because the MMC dilatometer measures the change in length of the entire specimen, it is very 

sensitive to any temperature differences along the sample length. The Gleeble® 3500 dilatometer 

measures dilation in a small plane, so it is less affected by temperature differences. The temperature 

gradient across the sample width measured with the Gleeble® 3500 was smallest with narrower 

specimens and smaller sample free span [A.1]. With a 30 mm sample free span and 10 mm sample width, 
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temperature measurements at the center and 3 mm from center were indistinguishable [A.1]. Therefore, a 

6 mm sample width was used to minimize the temperature gradient. Furthermore, a narrower 15 mm 

sample free span was chosen to ensure a minimal temperature gradient.  

The method for determining transformation temperatures from dilation data is shown in Section 

3.3.2. A linear increase in specimen size with temperature is assumed to represent expansion of a single 

phase or mixture of phases, such as ferrite and pearlite or austenite. For two phase mixtures it is also 

assumed that the relative fraction of the two phases remains constant. On heating, the point at which the 

curve deviated from linearity is the point at which a phase transformation initiated (Ac1), and the point at 

which the curve again reached linearity is the point at which the phase transformation is complete (Ac3). 

 

 
Figure A.1 Schematic of the MMC dilatometer experimental setup. The entire sample length of 10 mm 
is measured during heating. The sample is heated using induction.  
 

A.2 Comparison of Transformation Temperatures 

Comparisons were made between transformation temperatures measured with an MMC 

dilatometer and with data based on the laser dilatometer with the Gleeble® 3500. Tables A.1-A.3 

compare measured critical temperatures (Ac1 and Ac3) obtained from analysis of laser dilatometer data 

with the Gleeble® 3500 to data obtained with a contact push-rod MMC dilatometer for samples heated at 

1, 10, 100 °C/s, respectively. These comparisons are between average values from 3 tests/condition on the 

Gleeble® 3500 and 1 test/condition on the MMC dilatometer. Table A.4 contains the average differences 

between the MMC dilatomer calculated transformation temperatures and the Gleeble® 3500 
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transformation temperatures. The absolute difference was small for Ac1 temperatures, usually less than 

10 °C regardless of heating rate. The measured Ac1 temperature with the MMC dilatometer was, on 

average, 2 °C lower than the Gleeble® 3500 value. Ac3 temperatures were usually higher when tested 

with the MMC dilatometer, averaging 12 °C higher than those measured on the Gleeble® 3500, or an 

average absolute difference of 17 °C.  

Because of the relatively large difference between Ac3 temperatures determined using the two 

experimental setups, comparisons were made between dilation curves of the MMC and Gleeble® 3500. A 

comparison between dilatometry curves for 59 pct CR 1020 heated at 1 °C/s is shown in Fig. A.2. Ac1 

temperatures were nearly identical, and the overall curve shapes are similar. However, with the MMC 

dilatometer, Ac3 was reached at a higher temperature. The resulting higher Ac3 temperature determined 

from MMC dilatometer data likely arises from temperature differences along the gauge length; the entire 

sample must reach Ac3 before linearity is reached. If a thermal gradient were present along the sample 

(from uneven heating or cooling at the ends of the samples where contact is made with the platens), then 

the measured dilation was different than if no thermal gradient was present. However, the Gleeble® 3500 

only measures dilation in a small plane of the sample, so it was less affected by temperature differences 

along the gauge length. To measure Ac1, a deviation in linearity can be measured if any portion of the 

sample transforms to austenite. Therefore, if the center of the sample (away from the platens) reaches the 

transformation temperature, then the transformation can be detected through analysis of the dilation data, 

regardless of any thermal gradient present. However, to measure Ac3, the entire sample must reach the 

transformation temperature, meaning the measured Ac3 temperature is higher because the relatively lower 

temperature portion of the specimen must reach Ac3 before the complete transformation is detected.  

A.3 Summary 

Despite the differences in dilation measurement (contact vs laser), heating (induction vs 

resistance), and orientation (longitudinal vs transverse), measured transformation temperatures are very 

similar between the two dilatometry experimental setups for Ac1 transformation temperatures. Ac3 is 

12 °C higher, on average, for the MMC dilatometer. The higher average temperatures are likely due to the 

MMC dilatometer measuring the entire sample, so the displacement measurements are very sensitive to 

thermal gradients, whereas the Gleeble® 3500 laser dilatometer measured only a small portion of the 

specimen. 
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Table A.1 – Comparison between Laser Dilatometry and Contact Dilatometry – 1 °C/s. 

Steel   Gleeble® (°C) MMC (°C) MMC – G (°C) 
39 pct CR 1020  Ac1 732 720 -12 

 
Ac3 853 870 17 

59 pct CR1020  Ac1 730 735 5 

 
Ac3 856 899 43 

59 pct CR 1019M  Ac1 728 728 0 

 
Ac3 859 891 32 

41 pct CR 1019M Ac1 730 717 -13 

 
Ac3 860 877 17 

33 pct CR 15B25  Ac1 742 735 -7 

 
Ac3 836 841 5 

58 pct CR 15B25  Ac1 743 749 6 
  Ac3 839 861 22 

 

Table A.2 – Comparison between Laser Dilatometry and Contact Dilatometry – 10°C/s. 

Steel   Gleeble® (°C) MMC (°C) MMC – G (°C 

39 pct CR 1020  Ac1 733 726 -7 

 
Ac3 861 882 21 

59 pct CR 1020  Ac1 730 729 -1 

 
Ac3 866 882 16 

59 pct CR 1019M  Ac1 728 726 -2 

 
Ac3 859 887 28 

41 pct CR 1019M Ac1 735 727 -8 

 
Ac3 860 854 -6 

33 pct CR 15B25  Ac1 754 750 -4 

 
Ac3 857 871 14 

58 pct CR 15B25  Ac1 751 742 -9 

  Ac3 851 -  - 
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Table A.3 - Comparison between Laser Dilatometry and Contact Dilatometry – 100°C/s. 

Steel   Gleeble® (°C) MMC (°C) MMC - G (°C) 

39 pct CR 1020  Ac1 739 731 -8 

 
Ac3 878 878 0 

59 pct CR 1020  Ac1 741 748 7 

 
Ac3 880 853 -27 

59 pct CR 1019M  Ac1 737 743 6 

 
Ac3 872 877 5 

41 pct CR 1019M Ac1 737 748 11 

 
Ac3 873 888 15 

33 pct CR 15B25  Ac1 771 754 -17 

 
Ac3 872 857 -15 

58 pct CR 15B25  Ac1 754 771 17 

 
Ac3 857 869 12 

 

Table A.4 – Summary of Laser and Contact Dilatometry Data. 

Transformation Average MMC - G (°C) Average Absolute Difference (°C) 
Ac1 -2 8 
Ac3 12 17 

 
 

 

Figure A.2 59 pct CR 1020 steel heated at 1 °C/s using a MMC push-pin dilatometer and a 
Gleeble® 3500 laser dilatometer. The shape of the curves and Ac1 is similar, but the Ac3 temperature 
was higher for the MMC dilatometer data. 
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APPENDIX B 

RECRYSTALLIZATION MEASUREMENT WITH DILATOMETRY 

 

Prior to the start of the ferrite-to-austenite transformation in cold-rolled steels, measurements of 

sample dimension on heating exhibit a change in slope measured by contact dilatometry. This slope 

change coincides with the start of recrystallization. The reason for this measured change is unclear 

because there should be no volume change during recrystallization. Several theories have been proposed 

to explain this unexpected behavior, and selected theories are reviewed below.  A deviation from linearity 

consistent with recrystallization was observed with the MMC and Gleeble® 3500 contact dilatometers but 

not with the non-contact laser dilatometer, so comparisons were made between these different test 

methods, as well as with previously reported literature data for dilation measurements during 

recrystallization. 

B.1 Literature Review 

There are two major theories for why changes in dilation measurement occur during 

recrystallization: (1) dislocation annihilation and texture changes, or (2) stress induced changes. There are 

different mechanistic explanations for stress-induced changes during recrystallization, however. These 

different theories are explained below. 

B.1.1 Dislocation Annihilation and Texture Evolution 

De Cock et al. [B.1] studied a 0.014C-0.02Mn-0.01P low carbon steel which was hot rolled, 

coiled at 740 °C, and cold rolled to 60 and 80 pct. Expansion data on heating were measured with an 

Adamel Lhomargy DT1000 high-resolution dilatometer. Change in length for a 12 x 2 x 0.8 mm sample 

was measured under vacuum with a linear variable differential transformer (LVDT) under vacuum. 

Samples were heated by radiation to 700 °C at 0.3 °C/s. Texture changes after heat treatment were 

measured using a D-5000 X-ray diffractometer with the Schulz reflection method.  

 An example of a dilatometric curve with the observed slope change is in Figure B.1 [B.1]. 

“Sample A” was 60 pct CR, and “sample B” was 80 pct CR. It can be seen that there is more deviation 

with greater cold reduction. De Cock et al. found that the slope change started between 550 and 650 °C, 

well below the austenite transformation which begins at 885 °C with the studied steel. They confirmed 

with hardness measurements that recovery and recrystallization indeed occurred at the temperatures 

where the change in slope in the curve was observed. They first hypothesized that dislocation annihilation 

might explain the deviation. The dislocation density was found to decrease from 1016 m-2 in the cold-

rolled sample to 1010 m-2 in the recrystallized samples. However, the researchers determined that 

dislocation annihilation alone was insufficient to explain the dilation behavior.  
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Figure B.1 Dilatometry curves of 60 pct cold-rolled steel, “sample A,” and 80 pct cold-rolled steel, 
“sample B.” Greater cold reduction led to a greater deviation from linearity during 
recrystallization [5.1].  

 The authors stated that “since it was demonstrated that the detected anomaly also depends on 

whether the thermal expansion in the longitudinal or transversal direction of the samples is studied, the 

above explanation may not be sufficient.” However, there are no dilatometric curves in the article 

showing measurements in the transverse direction. It is implied that the change in slope during 

recrystallization was not seen when measuring in the transverse direction, but this is unclear. In texture 

analysis of the steel, they found that the α-fiber orientation (RD || <110>) dominates in the cold-rolled 

material, but the -fiber (ND || <111>) is prevalent in the recrystallized steel. The change in texture is 

important because the planar orientations can affect thermal expansion because the material is anisotropic. 

The elastic modulus along different orientations is given by the following equation:  

 1/E<hkl>  = s11 -2((s11 – s12) – ½(s44))L (6.1) 

where L = (l2hl
2
k + l2kl

2
l + l2hl

2
l), and lh, etc. are the direction cosines of the direction with the crystal axes. 

The maximum value of E will be obtained along the <111> direction (L = l/3), followed by the <110> 

direction (L=l/4), and the lowest along the <100> (L=0) in BCC materials. Therefore, a transition from α-

fiber to -fiber could produce a decrease of the thermal expansion coefficient. This change would be 

greatest when the α-fiber is most intense, which means the difference would increase with greater cold 

reduction, consistent with the data in Fig. B.1.  

 Azizi-Alizamini et al. [B.2] evaluated the effects of heating rate on recrystallization of a cold 

rolled 0.0026C-0.16Mn-0.068Ti steel. Data on 10 x 60 x 1.8 mm samples machined parallel to the rolling 

direction were obtained on a Gleeble® 3500 under vacuum with heating rates between 1 and 900 °C/s. A 
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contact dilatometer measured the change in width (transverse to the rolling direction). They compared 

hot-rolled material to the same steel with 80 pct cold reduction. A change in slope consistent with 

recrystallization was measured in the cold-rolled material. A faster heating rate, however, resulted in a 

smaller deviation in the slope. At 900 °C/s, no change in slope was measured, an observation attributed to 

limited recrystallization with higher heating rates. 

To rule out potential effects of residual stresses induced by cold rolling and concentrated in the 

surface of the samples, samples were mechanically thinned by polishing. However, data on as-received 

and polished samples were equivalent indicating that the presence of residual stresses did not cause 

observed deviations in displacement data. The potential effects of starting microstructure were considered 

by annealing samples at 690 °C for 24 hours prior to cold rolling to produce a fully spheroidized 

microstructure. Both the ferrite-pearlite and spheroidized samples exhibited a similar change in slope 

during recrystallization. When a sample was cooled before austenite transformation and reheated, the first 

heating had a decrease in slope consistent with recrystallization, but the slope deviation was not observed 

upon reheating.  

A difference in strain of 0.1 pct between recrystallized and cold-rolled steel was measured during 

continuous heating prior to Ac1, and the researchers compared this value to published literature. Gridnev 

et al. [B.3] found a reduction in specific volume of 0.37 pct for 80 pct cold-drawn steel wires. Assuming 

isotropic change in length, Azizi-Alizamini et al. estimated 0.12 pct change, similar to the 0.1 pct 

measured. The researchers concluded that the change in slope during recrystallization was caused by 

dislocation annihilation and texture changes, and cited De Cock et al. However, De Cock et al. indicated 

that the dilation response during recrystallization was only present in the rolling direction due to the 

directional dependence of texture changes. Azizi-Alizamini et al. offered no explanation for why texture 

changes were a viable mechanism despite measuring dilation transverse to the rolling direction.  

B.1.2 Recrystallization Plasticity 

 Another possible explanation of the change in dilation behavior during recrystallization is due to 

the imposed stress from contact dilatometry, and its effect on transformation plasticity, i.e. deformation at 

applied stresses much smaller than the yield stress during a phase transformation. A commonly cited 

mechanism for transformation plasticity was first proposed by Greenwood and Johnson for phase 

transformations [5.4]. Their model described plastic deformation of the weaker phase to accommodate the 

externally applied stress and an internal stress caused by the volumetric change. However, in the case of 

recrystallization there is no weaker phase to accommodate the stress. Saotome and Iguchi [B.5] performed 

in-situ analysis during a ferrite-to-austenite transformation under applied stress in pure iron. They found 

that superplastic deformation is induced by sliding of ferrite-austenite interfaces along prior ferrite grain 

boundaries during austenite formation. Figure B.2 shows schematic representations of sliding interfaces 
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along with growing austenite. In each figure, the location of the austenite affected where the sliding 

occurred. In Fig. B.2a, the austenite was growing along a ferrite boundary, and the ferrite-ferrite boundary 

below was sliding. In Fig. B.2b, austenite was growing at a triple point, and the interface above was 

sliding. In Fig. B.2c, the austenite was already present along the boundary, and the two surrounding 

ferrite grains were sliding.  

 
                            (a)                                                    (b)                                             (c) 

Figure B.2 Schematic representations of sliding interfaces during austenite formation. Austenite 
growing along a boundary is shown in (a), austenite growing at a triple point in (b), and austenite along 
a boundary in (c).  
 

B.1.3 Accelerated Coble Creep 

Han and Lee [B.6] created a model based on accelerated Coble creep that could explain sliding 

behavior of transformation plasticity. In this model the researchers assumed that the diffusion of atoms 

occurs to the nearest site in the transformed phase. When an external stress is applied, the atoms move to 

positions where they can release the applied stress, therefore accelerating Coble creep. The model fit well 

with measurements during austenite-to-ferrite and ferrite-to-austenite transformations under different 

levels of uniaxial compressive stress.  

 Han et al. [B.7] then applied their migrating interface induced plasticity model to 

recrystallization, which was also found to exhibit transformation plasticity, despite occurring without a 

phase transformation, and at much lower temperatures than would be expected with general creep. 

Recrystallization-induced plasticity cannot be explained by Greenwood and Johnson’s model because 

there is little volume mismatch between unrecrystallized and recrystallized ferrite. 

Han et al. [B.7] evaluated the effect of an imposed compression stress, applied parallel to the 

displaced measured direction, on dilation response of a 0.007C-0.16Mn-0.06Ti steel with 65 pct cold 

reduction to assess the dilation response during recrystallization. Data were obtained with Dilatronic III 

dilatometer at a heating rate of 1 °C/s on 6 mm long samples, machined parallel to the rolling direction 

with 2 mm diameter. Dilatometric data were obtained with imposed compressive stresses of 1.6, 3, and 

4.9 MPa. Figure B.3 shows dilation data as a function of temperature for a cold rolled sample with an 
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applied compression stress of 3 MPa; a marked deviation from linearity is observed at approximately 

650 C. Also shown (dashed line) are data obtained on a sample that was previously heated to 810 °C to 

produce a fully recrystallized microstructure. Reheating of the recrystallized samples resulted in a linear 

plot which, when compared to the cold-rolled data, supports the conclusion that the deviation from 

linearity in the cold rolled sample reflects the onset of recrystallization. With data similar to the results in 

Fig. B.3, they showed the magnitude of the strain (i.e. degree of deviation from linearity) increased with 

stress but the temperature at the onset of recrystallization was independent of stress. Based on the 

observed effects of stress they concluded that the strain of the sample during recrystallization was due to 

transformation plasticity.  

 

Figure B.3 Dilatometry curves for a 0.007C-0.16Mn-0.06Ti 65 pct cold-rolled steel, with an applied stress 
of 3 MPa. The first test (solid line) deviates from linearity during recrystallization. The repeat test (dotted 
line) did not exhibit the same behavior because the material had recrystallized [6.9]. 
  

B.1.4 Preferential Movement of Defects 

Éstrin [B.9, B.10] proposed an alternative explanation for the mechanism of recrystallization-

induced plasticity. Dilatometric samples of a Fe-3 pct Si steel with 80 pct cold reduction were tested. 

Dilation data on samples subjected to axial compression stresses of 16 or 29 MPa were obtained twice on 

each sample. First data were obtained on the as-cold-rolled material, heated at 5 °C/s to 1000 °C. 

Subsequently the previous recrystallized sample was reheated. Figure B.4 shows dilation curves of these 

tests. The first heating occurred with the cold-deformed material, and the second heating occurred in a 

recrystallized microstructure. With a recrystallized microstructure, the strain increased linearly with 

temperature. With the cold deformed microstructure, a deviation from linearity occurred at the same 

temperature (nominally 450 °C) with both degrees of applied stress, and this temperature coincided with 
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the start of recrystallization. The extent of strain during recrystallization was greater with the applied 

stress of 29 MPa than the applied stress of 16 MPa.  

Éstrin proposed that the primary controlling factor for recrystallization induced plasticity is the 

motion of defects. When recrystallization occurs without load, defects move randomly in every direction, 

and the sample size does not change. Under load, there is a preferential direction for the movement of 

defects, so deformation occurs along this preferred direction. The recrystallization-induced plasticity was 

observed at temperatures much lower than regular creep and stresses much lower than the yield point. 

 
Figure B.4 Dilatometry curves for (1) first heating and (2) second heating for applied stresses of 16 MPa 
and 29 MPa on initially cold-rolled Fe-3Si steel. The steel is cold rolled in the first heating and 
recrystallized in the second heating. The start temperature of recrystallization, as indicated by the 
deviation in strain, did not change with applied stress.  
 

B.2 Experimental Setup 

In this thesis, dilation behavior during recrystallization of cold-rolled steel was measured using a 

Gleeble® 3500 with both a laser and contact dilatometer and with a contact MMC dilatometer. The 

experimental setups for these are described in Sections 3.3 and A.1. Laser dilatometry has zero stress 

applied to the sample in the direction of measured dilation. The MMC dilatometer has only the force 

required to hold the sample between the platens, but the force still results in an axial stress during the test. 

The contact dilatometer used in the Gleeble® 3500 must have enough force to hold the dilatometer onto 

the sample, and the contact area of the dilatometer was much smaller than the MMC dilatometer, so the 

local contact stress was interpreted to be greater with the Gleeble® 3500 than the MMC dilatometer.  The 

Gleeble® 3500 tests measured dilation transverse to the rolling direction and the MMC dilatometer tests 

measured in the rolling direction, so the different test methods allow a comparison between different 
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levels of stress as well as orientation. 1020 steel with cold reductions of 39 and 59 pct were tested to 

compare the effect of the degree of cold reduction. 

B.3 Results 

Representative dilation tests based on Gleeble® 3500 and MMC dilatometer data on samples 

heated at 1 °C/s are shown in Figure B.5. Data in Fig. B.5 included: 39 pct CR and 59 pct CR 1020 tests 

from the MMC dilatometer; 59 pct CR 1020 from the laser dilatometer; a reheated 59 pct CR 1020 

specimen with the Gleeble® 3500 contact dilatometer; and 39 pct CR 1020 tested by the contact 

dilatometer on the Gleeble® 3500. The dilation curves are on heating, and are cut prior to Ac1 (720 °C). 

There is no deviation from linearity prior to Ac1 in either 59 pct CR or 39 pct CR 1020 when tested with 

laser dilatometry. The 59 pct CR 1020 specimens measured with the laser dilatometer and the reheated 

specimen measured with the contact dilatometer are indistinguishable. Deviations consistent with 

recrystallization are seen with cold-rolled specimens with both the MMC and Gleeble® 3500 contact 

dilatometers. Greater deviation was observed with the 59 pct CR 1020 than the 39 pct CR 1020, which is 

consistent with De Cock et al. [B.1]. Greater deviation was seen with the Gleeble® 3500 contact 

dilatometer than that of the MMC dilatometer, which is either due to greater stress being applied by the 

Gleeble® 3500 contact dilatometer or because of the different orientations (transverse or rolling 

direction).  

Dilatometry curves from contact dilatometry during continuous heating below Ac1 with the 

Gleeble® 3500 and MMC dilatometer are shown in Figures B.6a and B.6b, respectively. The Gleeble® 

3500 measured dilation transverse to the rolling direction, and the MMC dilatometer measured dilation in 

the rolling direction. The tests were completed at 1, 10, and 100 °C/s with 39 pct CR 1020. With high 

heating rates less recrystallization occurred, so a smaller deviation in dilation was expected during 

recrystallization. Both figures illustrate that the greatest deviation from linearity is associated with the 

lowest heating rate, and the recrystallization start temperature increases with increasing heating rate. 

There is no deviation from linearity consistent with recrystallization with heating rates of 100 °C/s when 

measured with MMC dilatometry, but there a deviation was observed with the Gleeble® 3500 test. There 

is a much greater difference in strain between 100 and 10 °C/s when testing with the Gleeble® 3500 than 

when tested with the MMC dilatometer. Laser dilatometry results are not shown in Fig. B.6 because there 

was no difference across heating rates. Consistent with the data shown in Fig. B.4, there is no evidence of 

recrystallization seen when measuring with laser dilatometry. Dilation measured with the Gleeble® 3500 

contact dilatometer had greater deviations from linearity during recrystallization than the MMC 

dilatometer at all heating rates, which can be explained by a higher applied stress or from the two 

different orientations.  
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Figure B.5 Dilatometry curves for 39 pct CR and 59 pct CR 1020 with different testing methodologies. 
Gleeble® γ500 with a laser dilatometer measuring transverse to the rolling direction is marked “laser,” 
and with a contact dilatometer is marked “Gleeble® γ500 contact.” Tests performed with the MMC 
dilatometer, which is a pushrod dilatometer measuring in the rolling direction are marked “MMC.” Laser 
dilatometer did not measure a change during recrystallization, but both contact dilatometers did. The 
Gleeble® 3500 measured the greatest change in slope. A greater change was measured with the 59 pct CR 
1020 than the 39 pct CR 1020 with the MMC dilatometer.  
 

B.4 Comparison with Literature 

Based on the dilation data presented in Fig. B.6, deviations during recrystallization were not 

observed with laser dilatometry, i.e. zero stress, and the deviations were greater the Gleeble® 3500 

contact dilatometer than the MMC dilatometer. The theory of De Cock et al., [B.1] that texture changes 

and dislocation annihilation lead to a difference in measured dilation, appears not to be applicable to the 

material considered here, because deviations in displacement would have been observed with the laser 

dilatometer. Therefore, any mechanism for a change in strain during recrystallization must include an 

effect of stress. Though the researchers stated that a much greater deviation from linearity would be 

observed in the rolling direction vs the transverse direction, recrystallization was observed in dilation data 

with both orientations (Figs. B.5-B.6). Indeed, greater strain was seen with the transverse direction 

(Gleeble® 3500), though this may be related to greater applied stress. Therefore, applied stress 

contributed to the observed deviation from linearity during recrystallization, which is likely best 

explained by recrystallization induced plasticity. 
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Because recrystallization was not observed in zero stress dilatometry (laser dilatometer), 

explanations with a stress basis, recrystallization-induced plasticity, are the best for the observed 

behavior. However, the mechanism of recrystallization-induced plasticity is unknown. As discussed in 

Section B.1.3, one proposed mechanism is directional diffusion of atoms due to the applied stress [B.7, 

B.8]; another proposed mechanism is a directional movement of defects as discussed in Section B.1.4 

[B.9, B.10]. The defect-based model has more similarities to previous research involving flow stress and 

dynamic recrystallization [B.11]. Dynamic recrystallization models are typically based on grain 

boundaries, dislocations, and other defects rather than diffusion of atoms. Dynamic recrystallization may 

reduce flow stress through similar mechanisms so comparisons between dynamic recrystallization and 

recrystallization-induced plasticity may be useful in the future.  

 
(a)                                                                       (b) 

Figure B.6 Dilatometry curves for 39 pct CR 1020 with (a) Gleeble® 3500 contact dilatometer and (b) 
MMC pushrod dilatometer. The Gleeble® 3500 measured dilation transverse to the rolling direction, and 
the MMC dilatometer measured dilation in the rolling direction. There is a greater deviation from 
linearity across all heating rates with the Gleeble® 3500 contact dilatometer. There is a greater 
difference between 100 and 10 °C/s when measuring with the Gleeble® 3500 contact dilatometer.  

B.5 Summary 

Measured deviations from a linear strain increase were observed during continuous heating of 

cold-rolled steel with low applied stress. Several explanations have been suggested to explain the 

observed deviation. The model that the deviation during recrystallization is due to dislocation annihilation 

and texture changes appears to be insufficient, as the deviation would be expected to be seen regardless of 

stress applied, but was not observed with laser dilatometry. A more reasonable explanation of the dilation 

deviation during recrystallization is recrystallization-induced plasticity, and possible mechanisms for 
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recrystallization-induced plasticity are accelerated Coble Creep or dislocation motion due to the 

directional applied stress.  
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