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ABSTRACT 

 Thermomechanical processing (TMP) of microalloyed steels has been shown to produce 

refined microstructures by austenite grain boundary pinning and elevation of the austenite no-

recrystallization temperature. This project investigated the effects of chemical composition 

(specifically, Al, V, and Nb), thermal and thermomechanical processing variations in 

preconditioning 1045 steel bars for subsequent induction hardening in order to achieve refined 

prior austenite grain sizes and improved mechanical performance. Multistep hot torsion on a 

Gleeble® 3500 was utilized to simulate hot rolling and TMP bar rolling schedules. A method for 

analyzing microstructural development (specifically focused on austenite recrystallization and 

strain accumulation) during hot torsion deformation was developed and utilized to assess 

microalloying and processing effects on strain retention in austenite. Subsequent induction 

hardening simulations were carried out using resistive heating and water quenching. 

Microstructures developed during rolling, intermediate heat treatment, and simulated induction 

hardening were examined using prior austenite grain boundary etching, light optical microscopy, 

and scanning electron microscopy. Nano-scale precipitates were characterized using transmission 

electron microscopy and small-angle X-ray scattering. Results show beneficial effects of both 

microalloying and thermomechanical processing in achieving refined austenite after rolling. 

Refined pre-induction microstructures resulted in finer post-induction prior austenite grain sizes, 

highlighting the advantage of refined as-rolled structures for induction hardening applications. 

Additionally, simulated induction hardened conditions with a range in prior austenite grain sizes 

(from 10-60 µm) were tested to failure in 3-point bending. The most refined post-induction prior 

austenite grain size resulted in a fracture load of approximately double that of the coarsest prior 

austenite grain size condition, demonstrating a benefit of refinement in prior austenite grain size 
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for induction hardened steels. The austenite grain size that developed during simulated induction 

heating was not well correlated with precipitate size. While the influence of Zener pinning is thus 

uncertain, the results suggest a more prominent effect of austenite nucleation on the austenite 

grain size distribution after short-time austenitizing. Microalloy additions contributed to 

refinement of simulated induction hardened austenite grain size primarily by facilitating 

refinement of the pre-induction microstructures and to a much smaller extent from precipitate 

pinning of austenite grains. 
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CHAPTER 1 

INTRODUCTION 

 Thermomechanical processing of microalloyed steels has been shown to produce refined 

final microstructures by austenite grain boundary pinning and elevation of the austenite no-

recrystallization temperature (TNR) [1]–[4]. Austenite grain boundary pinning by second phase 

precipitation reduces the extent of grain growth during processing at austenitizing temperatures.  

Elevation of TNR via solute and/or precipitation effects allows for the retention of deformed 

austenite grains during rolling, therefore providing increased surface area for heterogeneous 

ferrite nucleation and growth. Both phenomena lead to refinement of as-rolled microstructures, 

potentially influencing subsequent heat treating response. While TMP has been widely 

implemented in sheet and plate steel products, rapid processing speeds and other factors 

associated with bar steel processing have precluded its widespread implementation in bar 

products [5]. This project investigates the effects of chemical composition, thermal treatments, 

and thermomechanical processing variations in preconditioning steel bars for subsequent 

induction hardening in order to achieve refined prior austenite grain sizes (PAGS) and improved 

mechanical performance. With the threat of intergranular fracture along prior austenite grain 

(PAG) boundaries for quenched medium and high carbon steels, microstructural refinements 

accomplished through TMP, microalloying, and induction processing may aid in suppressing 

instances of low toughness intergranular fracture [6]. Processing details for this study are 

designed to investigate effects of microalloying additions either in solution, as fine precipitates 

(formed in ferrite), or coarser precipitates (formed in austenite). 

In accordance with the objectives set forth in this study, two primary research questions 

(each involving a larger number of contributing factors) were proposed: 
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1. How do vanadium (V) and niobium (Nb) affect the evolution of austenite during rolling 

and influence microstructural development during thermomechanical processing above 

and below the no-recrystallization temperature of modified 1045 steels? 

 How do V and Nb affect austenite pancaking & recrystallization behavior during 

rolling? 

 How do variations in austenite conditioning (austenite grain size and morphology) 

affect final microstructure after cooling? 

 How do microalloy precipitate arrays evolve through processing under various 

rolling temperatures, cooling rates, intermediate heat treatments, and induction 

hardening steps? 

2. How do pre-induction microstructural features (including ferrite grain size and phase 

fraction, prior austenite grain size and morphology, and precipitate dispersions) affect 

final austenite grain size and mechanical performance following rapid austenitization? 

 Are intermediate heat treatments beneficial in achieving finer induction hardened 

austenite grain sizes? 

 How sensitive are different “starting” microstructures (obtained through a range 

of thermal and thermomechanical processing steps) to austenite grain coarsening 

during deeper case depth induction hardening simulation? 

 

The experimental plan and materials for this investigation have been organized to provide 

insight into the research topics presented above and elucidate the underlying mechanisms 

contributing to microstructural evolution in microalloyed bar steels undergoing thermal and 

thermomechanical processes. In order to observe microstructural changes occurring during 

rolling processes of microalloyed steels, multistep hot torsion testing has been conducted using a 
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Gleeble® 3500. Subsequent induction hardening simulations have been carried out using the 

rapid resistive heating and water quenching capabilities of a Gleeble. The resulting 

microstructures developed during rolling, intermediate heat treatments, and induction hardening 

have been examined using prior austenite grain boundary etching, light optical microscopy, and 

scanning electron microscopy. Nano-scale carbonitride precipitation events have been examined 

using transmission electron microscopy and small-angle X-ray scattering. 
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CHAPTER 2 

BACKGROUND & LITERATURE REVIEW 

2. Background 

The following sections review relevant studies previously conducted in the areas of 

microalloyed steels, nano-scale precipitation, characterization techniques for fine precipitate 

dispersions, thermomechanical processing, hot torsion deformation, and induction hardening. 

2.1  Microalloying Concepts 

Three primary microalloying elements are utilized in high strength low alloy (HSLA) 

steels: vanadium (V), niobium (Nb), and titanium (Ti). They are frequently added to commercial 

steel grades to increase steel strength and/or toughness. Because these elements are strong 

carbonitride formers, small additions (at levels up to about 0.1 wt pct) are capable of providing 

significant strengthening when properly processed. The strengthening of HSLA steels comes 

through two primary mechanisms: grain size refinement and microalloy precipitation 

strengthening [5]. Microalloying elements studied in this project include vanadium and niobium, 

each used to enhance strength and refine microstructural features. The effects of V and Nb atoms 

present in solute and/or precipitate form within austenite have been explored by a large number 

of previous researchers [4], [7]–[20]. Although the relative contributions of microalloy solute 

atoms and carbonitride precipitates to microstructural evolution during hot deformation have 

been disputed, authors generally agree that V and Nb are capable of affecting austenite evolution 

(in some capacity, including strain hardening, recovery, recrystallization, grain growth, and 

decomposition) whether present in solute or precipitate form. When V and Nb are in solution 

within austenite, they are capable of slowing austenite grain growth through solute drag. 

Alternatively, V and Nb are capable of forming carbide, nitride, and/or carbonitride precipitates. 
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Due to their size and distribution (typically on the order of 1-40 nm, dispersed in austenite), 

carbonitride precipitate arrays can serve as effective pinning sites. Such precipitates can slow 

austenite grain boundary movement and fine particles can impede dislocations, thus resulting in 

strengthening via Hall-Petch and precipitation strengthening mechanisms. 

Microalloy additions are capable of suppressing recrystallization during 

thermomechanical rolling by elevating a steel’s “no recrystallization” temperature (TNR). 

Niobium is particularly effective at raising the no recrystallization temperature and is frequently 

employed to avoid recrystallization during hot deformation of austenite [21], [22]. The 

temperature range for thermomechanical rolling of austenite generally falls between the Ar3 (the 

temperature at which austenite begins to decompose during cooling) and TNR, although ferritic or 

intercritical rolling may also be employed for certain applications. Rolling within this 

temperature regime allows steelmakers to condition austenite (as opposed to an austenite/ferrite 

mixture). The “pancaked” morphology of unrecrystallized austenite grains deformed during 

controlled thermomechanical rolling can thus be preserved (in the absence of subsequent 

recrystallization events). Changes in austenite character (such as austenite grain size, aspect 

ratio, grain boundary area, and dislocation density) can influence subsequent phase 

transformations upon cooling to room temperature.  

Deformed austenite fosters microstructural refinement in several ways. For hot 

deformation with subsequent cooling at modest rates, deformation below TNR tends to produce 

finer final ferrite microstructures upon transformation. The unrecrystallized austenite contains 

high dislocation densities including low-angle dislocation substructures which enhance 

microalloy carbonitride precipitation and accelerate ferrite formation. The defect population 

retained in deformed and unrecrystallized austenite provides some additional driving force for 
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transformation, as well as preferential sites for nucleation [23]–[25]. These factors lead to higher 

rates of ferrite nucleation upon cooling, and serve as effective methods of grain refinement. 

When direct quenching from austenite is employed, refinement of austenite during processing is 

also shown to significantly refine the resulting martensitic microstructure following quenching 

[26], [27]. Data from multiple authors are combined in the Figure 2.1, where refinement of prior 

austenite grain size is shown to result in finer martensite packets and blocks after quenching [27], 

[28]. 

 

  

(a) (b) 

Figure 2.1 Effect of prior austenite grain size on martensite packet size [28] and block width 

[27] after quenching. 

 

One recent study concerning austenite grain size control by Nb microalloy carbonitride 

precipitation makes use of  multiple empirical datasets to approximate the size distributions (and 

size evolution) of precipitates on the nanometer scale [29]. The study simulated changes in 

precipitate sizes through various heat treatment processes, such as normalization. The authors 

propose a carbonitride size distribution based on previously reported experimental results for 

microalloyed steels, which is presented in Figure 2.2 [29]. The larger precipitates are assumed to 
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be the result of precipitation in austenite (where temperatures are sufficient to allow a moderate 

degree of precipitate coarsening), while the large number of small precipitates is attributed to 

precipitation within ferrite (where solubility and mobility of V and Nb are decreased) [29]. 

Microalloy carbonitride precipitation is often observed to occur during one of three processing 

steps for commercially-produced steels: precipitation in ferrite (typically observed in the <10 nm 

size range), dynamic precipitation in austenite during rolling (often observed from 10-40 nm, 

depending on processing), and precipitation and/or retention in high temperature austenite (often 

times allowing precipitates to grow up to ~100 nm in diameter) [4], [2], [16], [29]–[34]. 

 

Figure 2.2 Predicted precipitate size histogram for niobium carbonitride particles formed in a 

microalloyed steel during rolling [29]. The distribution consists of two 

populations of Nb(C,N) precipitates centered about 2.5 nm and 7.5 nm 

representing carbonitrides formed in ferrite and austenite, respectively. 

 

Another study focused on the occurrence of ferrite/austenite (α/γ) interphase precipitation 

of carbonitrides during the decomposition of austenite upon cooling [35]. One interesting 

outcome of this study is a map of the expected regions of interphase and random precipitation in 

time-temperature space. This information is superimposed on a continuous cooling 

transformation (CCT) diagram by the authors, which is presented in Figure 2.3. Interphase 

precipitation is reported to occur during the γ  α transformation at higher temperatures, while 

lower transformation temperatures lead to an α/γ interface velocity which is faster than the solute 
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diffusion required for precipitation [35]. Thus, lower transformation temperatures (corresponding 

to faster cooling rates) are expected to result in random carbonitride precipitation within 

supersaturated ferrite. In either case, precipitation of V and Nb carbonitrides in ferrite tends to 

occur with a rational orientation relationship that is well-documented in literature. Originally 

discovered by Baker and Nutting, the so-called Baker-Nutting orientation relationship (BNOR) 

provides the crystallographic relationship between MX precipitates (displaying a B1 structure) 

and ferrite [36]: 

(001)MX  ∥  (001) α 

[100] MX ∥  [110] α 

 

The BNOR represents a 45° rotation about the (100) direction of one cubic phase, with 

relation to the other, as shown in Figure 2.4. For carbonitride precipitation in austenite (FCC), 

cube-on-cube orientations are most commonly observed [37]. 

 

 

Figure 2.3 Schematic continuous cooling transformation diagram showing the regions where 

interphase and random precipitation are expected to occur within a microalloyed 

steel upon cooling [35]. 
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Figure 2.4 Schematic representation of the Baker-Nutting orientation relationship commonly 

exhibited by V and Nb carbonitrides precipitated within ferrite. The BCC ferrite 

unit cell is presented as solid lines, while the B1 carbonitride unit cell is 

represented with dotted lines [36].  

 

There is also evidence to suggest that microalloying elements, particularly V, may 

interact with manganese sulfide (MnS) particles present within austenite to affect subsequent 

transformation behavior [35], [38]–[41]. In their investigation of a 1040 bar steel, Kirby et al. 

discuss the increasing propensity for intragranular ferrite formation with increasing amounts of V 

in solution. Manganese sulfides present within austenite can provide sites for heterogeneous VN 

formation. VN precipitates are then capable of providing preferential nucleation sites for ferrite 

during cooling. The presence of such intragranular ferrite is capable of altering the average 

ferrite grain size and mechanical properties of air-cooled medium carbon steels (such as 

toughness) [35], [38]. 

2.1.1 Analysis of Fine Precipitate Dispersions 

When examining nano-scale precipitate distributions, the nucleation events preceding 

growth are of interest. Atomic clustering is often overlooked due to limitations of microscope 

resolution or failure to be properly detected during electrolytic dissolution studies [42]–[44]. 

Some previous studies have investigated the clustering of solute niobium atoms during various 

thermal and thermomechanical processes. The primary distinction between atom clusters and 



10 

 

second phase precipitates is often made according to size, stoichiometry, and/or crystal structure; 

though different authors appear to qualify these terms in different ways [45], leading to some 

ambiguity in the application of the term “clustering” in this literature. Work by Kostryzhev et al. 

compared a steel microalloyed with both niobium and titanium to a steel without microalloy 

additions for analysis of precipitation and recrystallization effects. In their work, the authors use 

the phrases “Nb atom clusters” and “NbTi(C, N) precipitates” to distinguish between clusters and 

distinct second phase particles. Clusters were typically associated with local concentrations of 

substitutional atoms (such as Nb), whereas enrichments in both substitutional and solute atoms 

(C, N) represented precipitates. The authors also noted that the distribution in size and location 

of precipitates and atom clusters within the microstructure can have significant effects on the 

occurrence and kinetics of austenite recrystallization behavior during hot deformation [42], [45].  

Leslie et al. discuss the concept of “centers for rapid precipitation” to describe very fine 

regions with high local concentrations of Al and/or N atoms which remain at high temperatures 

and therefore accelerate subsequent precipitation/growth when the temperature is decreased. The 

authors point out that these ‘centers’ are likely either undissolved AlN precipitates (which have 

been only partially dissolved at elevated temperature) or stable nuclei (which have nucleated at a 

high temperature and have reached the necessary critical radius to become thermodynamically 

stable). The effects of such sites for subsequent growth can hasten precipitation kinetics of AlN 

by two orders of magnitude [44]. Other researchers have calculated the necessary radii for 

niobium carbides to become thermodynamically stable within austenite [43]. Values ranged from 

0.50 nm (at 900 °C) up to 1.29 nm (at 1025 °C). These values are of interest to the current study 

since finishing deformations are carried out at 1000 °C and 800 °C for hot rolling and TMP, 

respectively. This indicates that Nb-rich precipitates which form along dislocation substructures 
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developed during finishing deformation passes remain thermodynamically stable at diameters of 

2 nm (in the case of hot rolling) and <1 nm (for TMP). Furthermore, research also suggests that 

the kinetics of Nb-C clustering/precipitation are sufficiently fast to occur during a typical bar-

rolling process [45]. Previous data report evidence of Nb-C clustering during deformation steps 

carried out at 825 °C (and during subsequent holding at lower temperatures). Empirical results of 

Nb-C clustering events are presented in Figure 2.5(a), where atom probe tomography highlights 

local enrichments of Nb and C atoms. A frequency histogram is also presented in Figure 2.5(b), 

where clusters on the order of 1-5 nm are observed following deformation at 825 °C [42]. The 

term ‘Guinier radius,’ also referred to as the ‘radius of gyration’ by other authors, refers to a 

mathematical approach for approximating the size of small particles using small-angle scattering 

techniques, originally proposed by Andre Guinier. 

 

  

(a) (b) 

Figure 2.5 Niobium clustering during thermomechanical processing of a microalloyed HSLA 

steel. (a) Atom probe tomography image showing clustering of Nb (red) and C 

(purple) atoms after deformation at 825 °C. (b) Histogram of observed Nb cluster 

sizes after deformation at 825 °C (and subsequent holding at two different 

temperatures) [42]. (Color image - see pdf version) 

 

Due to the small size of microalloy precipitates formed during TMP processing (often 

<10 nm), advanced characterization methods are needed for precipitate analysis. Transmission 
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electron microscopy (TEM), atom probe tomography (APT), small-angle neutron scattering 

(SANS), wide-angle X-ray scattering (WAXS), and small-angle X-ray scattering (SAXS) have 

all been successfully implemented for precipitate analysis on the nanometer scale [46]–[51]. 

When conducted with a high-energy synchrotron X-ray source, SAXS data can be collected after 

penetrating up to 2 mm of a steel specimen. By sampling relatively large volumes of material, 

this technique allows for higher statistical certainty of bulk precipitation behavior [48], [49], 

relative to the limited sampling volumes involved in TEM examination. WAXS analysis is 

utilized for characterization of any crystalline phases present (particularly useful for quantifying 

phase fractions, in many cases) [50], [51]. With this information, complementary SAXS data can 

be used to calculate size distributions of second phase particles present within the sampled 

volume [51]. While SAXS characterization is effective for analysis of fine precipitate volume 

fractions, it does require prior knowledge (or assumption) of approximate precipitate 

composition and shape distributions for accurate signal interpretation. In order to more 

accurately inform the precipitate shape and size assumptions necessary for SAXS analysis, 

concurrent TEM investigations are often conducted. Goertz et al. have presented methods for 

analyzing SAXS data (complemented with direct observation via TEM) for particles of both 

normal and log-normal size distributions [48], while others have applied the technique to steel 

alloys of similar compositions to those of interest in the current investigation [49]. Furthermore, 

Oba et al. successfully implemented SAXS for characterization of spherical and disc-shaped 

vanadium carbides for sizes as small as 0.5 nm [49]. A comparison of particle size distributions 

obtained through various analytical methods on a material containing spherical silica particles is 

presented in Figure 2.6 [48]. The authors implemented TEM, analytical ultracentrifuge (AUC), 

and three methods of interpreting SAXS data: maximum entropy method (MEM), log-normal 
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fitting, and Gaussian fitting. Their results show reasonable agreement between AUC and the 

various SAXS interpretation methods, all of which indicate slightly lower average particle sizes 

than TEM observations.  

 

 

Figure 2.6 Comparison of measured particle size distributions when measured by different 

techniques for spherical silica particles. Characterization techniques included 

transmission electron microscopy, analytical ultracentrifuge (AUC), and three 

methods of interpreting SAXS data: maximum entropy method (MEM), 

log-normal fitting, and Gaussian fitting [48]. 

 

2.2 Thermomechanical Processing 

Thermomechanical processing of steels at low finishing temperatures has been shown to 

produce refined final microstructures by producing pancaked austenite grains with high 

dislocation densities and grain boundary area prior to transformation [26], [52]. The evolution of 

austenite grain morphology throughout a thermomechanical rolling schedule is presented in 

Figure 2.7, where austenite grains begin relatively large and equiaxed. Through successive 

deformation and recrystallization events during roughing deformations, grains become more 

refined. The final thermomechanical finishing deformations are carried out at sufficiently low 

temperatures to allow austenite grains to remain elongated in the rolling direction after the final 

deformation pass. Use of microalloying elements (particularly Nb) can elevate a steel’s TNR, thus 

providing an operating space for implementation of TMP. While TMP has been widely 



14 

 

implemented in sheet and plate steel products, rapid processing speeds associated with bar steel 

manufacturing have precluded its widespread implementation in long products [5].  

It is considered that the mechanical properties most essential for typical induction 

hardened bar applications (namely, case hardness and strength, wear resistance, fracture 

toughness, and fatigue life) might be enhanced through the employment of thermomechanical 

processing when conducted using steels containing suitable microalloying additions. In a review 

paper, Matlock et al. describe pertinent applications of microalloyed bar steels in the automotive 

sector where these mechanical properties are essential [53]. Previous work has shown that the 

grain refinement which can be achieved in final components may contribute to strength via Hall-

Petch behavior (in either the core or the hardened case), or may enhance toughness in the 

martensitic case by suppressing intergranular fracture along prior austenite grain boundaries [6]. 

With the potential for quench embrittlement in medium carbon steels [54], the microstructural 

refinement obtained through TMP also holds promise to increase fracture toughness by 

suppressing this embrittlement mechanism. 

 
Figure 2.7 Schematic depicting the evolution of austenite grain morphology during a 

thermomechanical rolling process. Austenite grains begin a rolling process as 

equiaxed and become elongated during deformation steps. Given sufficient 

driving force and thermal activation, grains may recrystallize and coarsen. Under 

thermomechanical rolling conditions, austenite recrystallization and grain growth 

may be suppressed, thus preserving the deformed grains within the 

microstructure.  
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2.3 Hot Torsion 

Hot torsion testing has been employed in numerous hot rolling simulations and 

recrystallization studies for its ability to accurately impose large amounts of strain with precise 

control of temperature and strain rate [55]–[57]. Torsional deformation, in combination with 

precise temperature control, has been found to be highly useful for assessing the effects of hot 

deformation on static recrystallization, dynamic recrystallization, hot flow strength, and final 

microstructure. Complete rolling schedules can be simulated through multipass torsion 

experiments by varying the temperature, strain, strain rate, and interpass time of each pass to 

match the thermal and mechanical conditions of real industrial rolling processes. Hot torsion 

schedules involving deformation passes of equal strain, strain rate, and interpass time are also 

employed for the analysis of austenite recrystallization and decomposition. Calvo et al. [55] 

describe the usefulness and limitations of real and equal torsion schedules in studies designed to 

understand austenite evolution during hot deformation.  

The ability to impart successive strains with controlled interpass times between 

deformation steps up to very large strains without failure has made multistep hot torsion a 

broadly implemented experimental technique in the study of hot flow behavior for metallic 

systems. The gradients in stress, strain, strain rate, and temperature inherent to this type of test 

present certain experimental and analytical challenges, however. Previous researchers have 

employed a variety of methods for interpreting hot torsion testing data, including analysis of hot 

flow curves [58], mean flow stress (MFS) plots [59], [60], and microstructural analysis [24]. 

Microstructural inferences are often based on the mechanical response of metals undergoing 

torsional deformation, though difficulties in interpreting mechanical data can arise for 

thermomechanical simulations of rolling processes where strains and strain rates vary with pass 
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and radial position [55]. Conclusions are often based on macro measurements of torsional stress 

and strain, with less emphasis on direct microstructural analysis [58], [60], [61], [62]. 

Methods have been developed to infer microstructural information from torque-twist 

data, focusing primarily on austenite recrystallization and decomposition behaviors. Calvo et al, 

among other authors, review the procedure of converting torque-twist data from a standard hot 

torsion experiment into values of mean flow stress  [55]. Once MFS values have been tabulated 

for each pass, knowledge of the average temperature over which each pass was conducted allows 

for the construction of graphical tools for empirical determination of key microstructural 

phenomena. Of particular interest in such analysis techniques are approximations of TNR, Ar3, 

and Ar1 (the temperature at which austenite decomposition is complete during cooling) 

temperatures. These techniques have been widely implemented, but often lack verification by 

detailed microstructural analysis. 

Figure 2.8 presents examples of mechanical data typical to multistep hot torsion 

experiments utilizing equivalent deformation parameters across a range of deformation 

temperatures [62]. In Figure 2.8(a), the stress-strain relationships for multiple torsional 

deformation passes are given. For Figure 2.8(b), the MFS of each deformation pass is plotted as 

a function of (absolute temperature)
-1

 at which each pass was conducted. For conditions falling 

within the first linear region (I), full recrystallization is expected to occur either during or 

between successive deformation passes. For deformations carried out under full recrystallization 

conditions, the only mechanism for increasing MFS is the temperature dependence of flow 

strength [62]. When recrystallization ceases (or becomes incomplete), strain hardening is able to 

occur through successive increases in dislocation density. Thus, region II represents a 

combination of strengthening mechanisms which result in a larger sensitivity of MFS to 
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temperature (observed as an increased slope). The point of transition between full and partial 

recrystallization is often designated as an empirical measurement of a material’s TNR value. It 

should be noted, however, that measured TNR values depend on many factors (such as pass strain, 

strain rate, interpass time), and thus should not be viewed as stand-alone material characteristics 

without context [57], [63]. 

 

 
 

(a) (b) 

Figure 2.8 Interpretation of hot flow behavior from multistep hot torsion experimentation 

including (a) stress-strain behavior and (b) mean flow stress versus inverse 

absolute temperature [62]. The MFS values for each deformation step in region I 

relate to conditions where complete recrystallization is interpreted to occur. In 

region II, partial or no recrystallization is expected. 

 

The states of stress and strain developed during torsional deformation have been 

quantified and reviewed [64]–[67]. Of particular consequence for torsion tests is the fact that, 

unlike deformation in tension and compression, principal stress and principal strain axes do not 

coincide [65], [67]. Also, due to rotation of the principal strain axes during torsional 

deformation, the axes of principal strain and the principal strain increments are not collinear [65], 

[67]. This means that the angle of inclination of the principal strain axes for a strained element 

(with respect to the specimen axis) for a torsional strain path is dependent on the amount of shear 
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strain imparted to the material, a concept that will be explored in greater detail in the 

experimental portion of this document. 

Analyses of multipass torsion experiments often focus on mechanical behavior during hot 

deformation, such as mean flow stress trends [13], [58], [61], [62], [68], [69]. Many studies make 

inferences related to microstructural changes, such as recrystallization behavior, based on the 

mechanical response of metals subjected to hot torsional deformation. Analysis of microstructure 

is less emphasized, although quantitative microstructural analysis is sometimes employed for the 

study of texture evolution during hot torsion deformation [56], [57], [66], [70]–[72]. The 

conditioning of austenite into pancaked grains is of considerable importance for its implications 

in subsequent recrystallization behavior and final microstructure in steels. For industrially rolled 

steels, austenite pancaking can be observed by quenching and sectioning parallel to the rolling 

direction. In this way, the orientation of maximum austenite grain thinning and elongation (and 

therefore the largest aspect ratio) can be readily viewed. While grain pancaking also occurs in 

metals deformed in torsion, such grains are not expected to elongate in a planar fashion due to 

the geometry of the imposed strain. Previous authors have observed grain elongation during 

torsional deformation in alloys including low-carbon HSLA steels [73], [74], austenitic stainless 

steels [8], [75], aluminum [76], an Al-Zn-Mg alloy [77], an Al-Mg-Mn alloy [78], and a 

magnesium alloy [71]; however, these studies did not explore quantitative relationships between 

microstructural characteristics and imposed shear strain. 

2.4  Induction Hardening 

Induction heating technologies have been successfully implemented in many facets of 

metal processing from pre-heating of forged components to selectively heating specific portions 

of gear teeth for case hardened applications [79], [80]. Common to all instances of induction 
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heating is the application of an alternating current (AC) through an induction coil situated in 

close proximity to the desired component. The resulting alternating magnetic field created in 

response to the AC induces eddy currents within the workpiece. The material’s intrinsic 

resistivity results in Joule heating within the specimen [81]. 

Induction hardening is a commonly-implemented industrial surface hardening heat 

treatment which involves rapid heating and quenching. Induction hardening operations are 

capable of selectively heating specific regions within a workpiece. For steel components, 

induction hardening is often implemented to austenitize the outer surface region of a workpiece. 

Quenching from this state results in a hardened martensitic “case” microstructure while leaving 

the virgin microstructure largely unaffected in the “core” region near the center of the 

component.  

Selective heating of specific regions of components during induction heating is controlled 

through selection of AC frequency through the induction coil. The so-called “skin effect” arises 

from the tendency of metal components to conduct larger eddy current densities near their 

surfaces during an induction heating process (the region closest to the induction coil). The depth 

of heating during an induction cycle is a function of AC frequency, resistivity of the workpiece, 

and the relative magnetic permittivity of the workpiece according to the following relationship 

[81], [82]:   √     

d = skin depth, or “reference depth”   = resistivity of the workpiece 

µ = relative magnetic permeability of the workpiece 

f = frequency of the alternating current 

 



20 

 

The relationship between AC frequency and reference depth for various metals and alloys 

is given in Figure 2.9, where similar slopes (dependences of reference depth on frequency) are 

observed across a range of materials and temperatures [83]. The negative slopes observed 

indicate that deeper case depths can be achieved in metallic workpieces by using lower 

frequencies, with increases in frequency resulting in more shallow heating. For induction 

hardened components, case depths are typically selected based on the anticipated loads incurred 

by the final component in service. By controlling the AC frequency (in addition to other process 

parameters, such as scan speed), heat treaters are able to achieve hardened cases to desired 

depths for various component geometries.  

 

Figure 2.9 Relationship between reference depth and AC frequency for copper, iron, lead, 

brass, and Nichrome across a range of temperatures and frequencies for an 

induction heating process [83]. 

 

In addition to gradients in temperature and microstructure generated during an induction 

hardening operation, residual stresses can also result. During the final quench, martensite is 

formed in the outer case region. The volume expansion related to this phase transformation from 

austenite to martensite during quenching can produce compressive residual stresses at the outer 

surface of induction hardened components. Tensile residual stresses are produced in subsurface 
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regions and keep the component in static equilibrium. The specific magnitudes, locations, and 

directionality of residual stresses resulting from induction hardening can significantly impact the 

mechanical performance of final components [82], [84], [85]. For instance, compressive residual 

surface stresses are often beneficial in suppressing crack growth. However, high magnitude 

tensile residual stresses (particularly in sensitive regions of the microstructure, such as the case-

core transition region) can be detrimental to fracture response in certain instances. Considerable 

research has focused on optimizing residual stress profiles for various induction hardening 

applications [86], [87].  

2.4.1 Preconditioning Microstructures for Induction Hardening 

Extensive work has been devoted to understanding the preconditioning of steel bars by 

use of various thermal processes in order to optimize microstructures for subsequent induction 

hardening. A sample of relevant work is summarized below:  

 The following order of pre-induction microstructures was determined for increasing 

fatigue endurance limit: ferrite/pearlite mixtures, bainitic structures, and tempered 

martensite [88]. 

 Favenyesi reported increased fatigue strengths for tempered martensite pre-induction 

microstructures, relative to ferrite-pearlite structures for medium carbon steels [89]. This 

increase in fatigue strength was accompanied by a change in crack initiation location, 

with prior ferrite-pearlite microstructures failing at the case-core interface (location of 

microstructural transition) and previously tempered martensite microstructures initiating 

fatigue cracks at the outer surface (location of maximum stress).  

 Finer microstructures with more uniform carbide distributions allow for more 

homogeneous austenite formation during the rapid heating associated with induction 
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hardening. For this reason, avoidance of coarse ferrite is especially important in reducing  

the required extent of carbon redistribution during reheating [85], [89], [90]. 

 Both Smith and Clarke presented results showing austenite homogenization rates 

increasing with decreasing carbide sizes (in a variety of microstructures including fine 

and coarse pearlite, spheroidized pearlite, bainite, tempered martensite, and ferrite-

carbide) [34], [91], [92]. These studies have highlighted the effect of pre-induction 

carbide size on austenitization response during rapid induction processing. 

 Multiple studies have focused on embrittlement caused by both rapid austenitizing and 

quenching associated with induction hardening of medium carbon steels [34], [54], [93], 

[94]. Another study proposed that intergranular fracture could be suppressed through 

austenite refinement [6]. 

 Grange investigated austenite formation during rapid heating and presented evidence of 

austenite nucleation along prior austenite grain boundaries in quenched (martensitic) 

structures [95]. As shown in Figure 2.10, austenite nucleation often occurs 

hetereogeneously. Preferential nucleation sites present within the pre-heated 

microstructure can affect the nucleation rate of austenite during rapid processing. For 

cases where the density of preferential austenite nucleation sites is low (Figure 2.10(a)), 

the relatively large regions between nuclei can allow for austenite growth. When 

nucleation sites are more closely spaced (Figure 2.10(b) & Figure 2.10(c)), however, 

grains begin to impinge on one another earlier. In this way, the effects of refined starting 

microstructures may be manifested as refined final austenite grain sizes following rapid 

heat treatment [95]. 
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(a) (b) (c) 

Figure 2.10 Austenite nucleation along prior austenite grain boundaries during rapid heating 

(by submerging in a lead bath). Pre-heating conditions consisted of martensite 

with varying prior austenite grain sizes including (a) coarse, (b) fine, and (c) 

ultra-fine grained austenite [95]. 

 

While considerable work has been conducted on the austenitization and homogenization 

responses of various steel microstructures during heating at a range of heating rates, less research 

focuses on the extent of austenite grain growth during very short time frames (such as induction 

hardening situations). One recent study highlights the effects of substitutional solute atoms on 

austenite grain coarsening during rapid austenitization treatments [96]. Opportunities still exist to 

expand on this concept by investigating potential effects from carbonitride precipitates in 

producing induction hardened components with refined prior austenite grain sizes, which 

represents a major portion of this thesis research. 
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CHAPTER 3 

EXPERIMENTAL PROCEDURES 

3. Experimental Procedures 

The experimental plan was designed to analyze the independent and combined effects of 

microalloyed steel composition and processing, each of which is known to influence dissolution 

and precipitation behavior [16]. The anticipated precipitation of substitutional elements including 

Al, V, and Nb along with interstitial carbon and nitrogen within the steel led to the development 

of a matrix of experiments designed to provide insight into the effects of microalloy additions 

under varying processing parameters. Thermal processing differences compare hotversus 

thermomechanical rolling, and direct-quenching versus slow-cooling. The effects of reheating  

the rolled product were also investigated to compare the response of off-line treatments (such as 

normalizing, reaustenitizing and quenching, tempering) to that of as-rolled microstructures. As 

noted by Nissan, induction hardening case depth is another important variable to consider in the 

analysis of induction processed bars [88]. For this reason, two induction hardening case depths 

were selected for simulation in this study. The experimental materials, plan, and procedures 

utilized for this study are presented in the sections that follow. 

3.1 Experimental Materials 

A medium carbon steel grade, 1045, was selected for this study due to its industrial uses 

in induction hardening applications. Additions of Al, V, and Nb to this base chemistry were 

selected in order to examine the effects of each element throughout the various thermal and 

thermomechanical processing steps. Three steels were provided by Gerdau Special Steels North 

America (GSSNA) - Monroe Division. The first alloy contains 0.021 wt pct Al, and has been 

correspondingly labeled 1045 Al. The other two alloys each contain a V addition (of 0.09 wt pct, 
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nominally), indicated as 10V45, without an intentional Al addition. In order to study the effects 

of multiple microalloying agents, 0.02 wt pct Nb was added to the final steel alloy (along with 

V). This alloy is designated as 10V45 Nb. The chemical compositions of these alloys are given 

in Table 3.1. 

 

Table 3.1 - Chemical Compositions of Experimental Steels 

wt pct C Mn Si Ni Cr Mo Ti 

1045 Al 0.45 0.72 0.24 0.08 0.12 0.04 0.001 

10V45 0.45 0.82 0.28 0.07 0.15 0.03 0.001 

10V45 Nb 0.46 0.85 0.27 0.08 0.14 0.03 0.001 

 

wt pct Nb V Al N S P Cu 

1045 Al 0.001 0.003 0.021 0.0097 0.025 0.010 0.13 

10V45 0.001 0.084 0.000 0.0127 0.027 0.011 0.15 

10V45 Nb 0.020 0.092 0.000 0.0124 0.030 0.018 0.16 
 

 

3.1.1 Carbide and Nitride Formation 

Each of the experimental alloys used in this study contains one or more substitutional 

solute additions (Al, V, Nb) capable of combining with interstitial carbon and/or nitrogen to form 

fine-scale precipitates, even at very low concentrations. Precipitation of carbides and nitrides 

along austenite grain boundaries and deformation substructure is a critical factor in controlling 

austenite grain size, making the solubility of these elements within austenite of interest. 

Solubility isotherms for each experimental alloy and deformation temperature are given in 

Figure 3.1. All solubility equations are taken from Turkdogan [97] and represent equilibrium 

solubilities in austenite for Fe-C-X and Fe-N-X systems, where X= Al, V, or Nb. The bulk 

compositions of each experimental steel alloy are superimposed as solid symbols. Stoichiometric 

lines are plotted for one-to-one stoichiometries for the various MX compounds. The isotherms 

plotted in Figure 3.1 represent the expected equilibrium solubility for AlN, VN, VC, NbN, and 

NbC in the absence of other precipitating species. In the case of NbC, the stoichiometric line is 
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omitted from the plot because it is nearly vertical and essentially lies along the y-axis. The 

solubility isotherms plotted represent the equilibrium solubility of carbides and nitrides at 

temperatures corresponding to the roughing (1200 °C), hot rolling (1000 °C), and TMP rolling 

(800 °C) steps, and indicate which processing steps are carried out at temperatures where second 

phase particles are expected. When present, these microalloy carbides and/or nitrides can have 

significant impacts on the development of microstructures during elevated temperature 

deformations. For all steels investigated, significant precipitation of carbide and/or nitride 

particles is not expected to occur at the roughing temperature of 1200 °C. For finishing 

deformations carried out at lower temperatures, all three of the steel alloys examined are 

expected to contain carbide and/or nitride precipitates, with TMP finishing at 800 °C resulting in 

the greatest degree of precipitation (under equilibrium conditions). The extent of precipitation 

resulting in each alloy after rolling under hot and TMP rolling conditions is discussed in 

Chapter 5. 

The solutionizing temperatures for relevant phases have also been tabulated for each 

alloy, and are presented in Table 3.2, based on calculations using the same solubility expressions 

[97], ignoring mixing on the C/N and Nb/V sub-lattices. This table presents the equilibrium 

solubilities of relevant compounds (MX) for each experimental alloy in the absence of other 

precipitating species. While experimental processing is not conducted under equilibrium 

conditions, such results give baseline information for expected dissolution and precipitation 

phenomena within the context of relevant steel processing steps. They also verify that 

microalloying elements should be solutionized at the designated austenitization temperature of 

1200 °C. 
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Figure 3.1 Solubility isotherms for carbide and nitride formation in 1045 steels. Alloy 

compositions indicated by solid squares. Isothermal curves shown for roughing 

temperature (1200 °C), hot roll finishing (1000 °C), and TMP finishing (800 °C). 

The NbC stoichiometric line is nearly vertical, and is therefore not shown [97]. 
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Table 3.2 - Calculated Dissolution Temperatures for MX Compounds in Austenite [97] 

Alloy AlN VN VC NbN NbC Nb (CN) 

1045 Al 1161 °C --- --- 880 °C 875 °C 944 °C 

10V45 --- 1047 °C 861 °C 895 °C 875 °C 948 °C 

10V45 Nb --- 1054 °C 870 °C 1099 °C 1189 °C 1195 °C 
 

 

3.2 Material Processing 

In order to better understand the rolling process for steel bars in an industrial setting, a 

mill visit was carried out at the Gerdau bar mill in Monroe, MI, where details of the rolling 

process were noted and summarized for laboratory simulation. Bars of each of the experimental 

alloys listed in Table 3.1 were industrially rolled from continuous cast 152 mm (6 in) square 

billets to 54 mm (2.125 in) diameter bars. The bar rolling process from billet reheating to final 

precision sizing block reductions is shown schematically in Figure 3.2. Billets were austenitized 

at 1200 °C in a reheat furnace and rough rolled through six horizontal-vertical 2-roll roughing 

stands at the same temperature (nominally). Surface temperatures were measured at billet 

discharge from the reheat furnace, at the entry to the finish rolling stands, and after final sizing. 

Conventional hot rolling (HR) without intermediate cooling lead to a final rolling temperature of 

1000 °C. For TMP, bars were cooled in water boxes followed by an equalization zone to achieve 

a finish rolling surface temperature of 800 °C, nominally. All bars were subjected to 

approximately 40% finishing reduction on six closely spaced 3-roll stands and three 3-roll sizing 

stands. After rolling, the bars were air cooled on a walking-beam cooling bed. 
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Figure 3.2. Schematic illustration of industrial bar rolling process. After exiting the reheat 

furnace, billets enter a series of 2-roll roughing stands. Optional water boxes 

following the roughing stands offer capability of intermediate cooling to attain 

HR or TMP finishing temperatures. A series of 3-roll reducing stands and 

precision sizing blocks complete the bar rolling process before air cooling. 

 

3.2.1 Physical Simulation of Rolling Using Hot Torsion 

Hot torsion was utilized to simulate the process of industrial bar rolling in a laboratory 

setting [23], [98], [99]. The experimental parameters (pass strain, strain rate, interpass time, and 

temperature) were tailored to match the thermal and mechanical conditions experienced by bars 

during rolling [55]. The deformation schedule is given schematically in Figure 3.3, with the 

finishing passes being conducted above and below the no-recrystallization temperature (TNR) for 

HR and TMP, respectively. Calculations of TNR based on empirically-derived equations estimate 

values of 900 °C for the 1045 Al and 10V45 steels, and ~1000 °C for the 10V45 Nb steel [62], 

[100]. Initial experimentation using the 10V45 steel and methods described by Bai et al. resulted 

in an estimation of TNR within 10 °C of the estimated value [62], verifying the validity of the 

empirically-calculated value. Details of the thermomechanical simulation are given in Table 3.3, 

where the equivalent true strain for each mill pass has been converted into true shear strain for 

use in fixed-end (axially constrained) hot torsion simulation. The information provided in 

Table 3.3 corresponds to the bar rolling process presented in Figure 3.2. 
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Figure 3.3. Hot roll (HR) and thermomechanical processing (TMP) schedules for simulated 

bar rolling. Specimens were reheated to 1200 °C for solutionizing and roughing 

steps. Subsequent cooling to either 1000 °C or 800 °C was conducted prior to 

finishing deformations for HR and TMP steps, respectively. 

 

Table 3.3 – Pass-by-pass Parameters for Thermomechanical Simulation of Bar Rolling 

Pass 

Nominal 

Temperature 

(°C) 

True 

Strain 

(area 

reduction) 

True Shear 

Strain 

Strain Rate 

(s
-1

) 

Time to Next Pass 

(s) 

Roughing 1 1200 -0.233 0.403 2.065 7.00 

Roughing 2 1200 -0.298 0.517 3.467 5.20 

Roughing 3 1200 -0.331 0.573 5.276 3.73 

Roughing 4 1200 -0.335 0.581 7.467 2.67 

Roughing 5 1200 -0.306 0.531 9.382 1.96 

Roughing 6 1200 -0.262 0.453 10.614 42.33 

       

Finishing 1 1000 or 800 -0.342 0.592 18.862 0.27 

Finishing 2 1000 or 800 -0.331 0.573 25.543 0.19 

Finishing 3 1000 or 800 -0.256 0.443 26.308 0.15 

Finishing 4 1000 or 800 -0.046 0.080 5.458 0.14 

Finishing 5 1000 or 800 -0.047 0.082 5.853 0.14 

Finishing 6 1000 or 800 -0.034 0.058 4.346 1.06 

      

Precision 

Sizing 
1000 or 800 -0.128  0.222 19.103 --- 

 

Microstructural gradients within specimens undergoing hot torsional deformation 

necessitated the selection of a specific radial location to control the deformation behavior, since 
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shear strain varies with radial position. The radial position used for this study is referred to as the 

effective radius (r*), and is positioned at 72.4% of the gage radius [101]. Use of this particular 

position as the effective radius holds benefits for both mechanical and microstructural 

interpretations of hot torsion tests. Barraclough et al. have shown that the effects of strain rate 

sensitivity and strain hardening behavior are minimized at the position of the effective radius 

[101]. That is, the calculated bulk values of stress and strain are least affected (by any particular 

combination of strain rate sensitivity and strain hardening behavior) at the location of the 

effective radius. The selection of an effective radius also allows for microstructural examination 

away from the surface (thus avoiding the effects of oxidation/decarburization which may have 

occurred at elevated temperature). 

Utilizing equations provided by Barraclough et al., the pass-by-pass strains incurred 

during the bar rolling process were converted into the appropriate angles of twist for hot torsion 

simulation purposes [101]. The relevant relationships for such conversion and analysis are 

presented in Equations 3.1-3.4, and each term is defined in Table 3.4. This analysis assumes pure 

torsion (without any tensile or compressive loading on the specimens) and uniform torsional 

strain along the length of the specimen gauge section. 
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(3.2) 

  (3.3) 
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Table 3.4 - Definition of Variables [101] 

Variable Explanation 

 Radius (mm) 

 Effective radius, 0.724 (mm) 

 Angle of twist (radians) 

 Gauge length (mm) 

 Torque (N·m) 

 
Shear strain 

 
Shear stress (N/mm

2
) 

 Equivalent true stress (N/mm
2
) 

 Equivalent true strain 
 

 

 

The expressions given in Equations 3.1-3.4 allowed for conversion of the pass-by-pass 

strain and strain rate values from a bar rolling process into equivalent laboratory deformations 

using hot torsion. The specific calculated parameters for each deformation pass are given in 

Table 3.5. 

All thermomechanical simulations of industrial bar rolling processes were carried out on 

a Gleeble® 3500 using multi-step hot torsion. Cylindrical specimens with a gauge section of 

14.4 mm length and 7.2 mm diameter were machined from the mid-radius of bars for all torsion 

experiments [101]. The specimen geometry utilized for all hot torsion experiments is given in 

Figure 3.4 below. 

3.2.2 Cooling After Rolling Simulation  

Medium carbon bar steels are typically air-cooled after rolling, resulting in 

microstructures consisting of proeutectoid ferrite and pearlite. In order to most accurately 

recreate appropriate cooling rates during laboratory simulations of bar rolling, the surface 

temperatures of bars were recorded using a handheld pyrometer during cooling on the walking 

beam cooling bed at the Gerdau Monroe mill [102]. The resulting cooling profiles are presented 

a

*a a






*a

*a
a

a
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in Figure 3.5 for steel bars ranging from 16 mm to 76 mm in diameter.  The surface cooling 

profile for the 35 mm diameter bar was used for laboratory simulations of cooling after rolling. 

 

Table 3.5 – Pass-by-pass Parameters for Thermomechanical Simulation of Bar Rolling in 

Torsion 

Rolling 

Step 

Temperature 

(°C) 

True Shear 

Strain  

Angle of 

Twist 

(radians) 

Cumulative 

Angle of 

Twist 

(radians) 

Cumulative 

True Strain at 

Effective 

Radius 

Roughing 1200  
  

  

R1 " 0.403 2.23 2.23 0.403 

R2 " 0.517 2.86 5.08 0.920 

R3 " 0.573 3.17 8.25 1.493 

R4 " 0.581 3.21 11.46 2.074 

R5 " 0.531 2.93 14.39 2.605 

R6 " 0.453 2.50 16.90 3.059 

Finishing 800/1000         

F1 " 0.592 3.27 17.66 3.651 

F2 " 0.573 3.17 20.07 4.224 

F3 " 0.443 2.45 22.51 4.667 

F4 " 0.080 0.44 22.95 4.747 

F5 " 0.082 0.45 23.40 4.828 

F6 " 0.058 0.32 23.72 4.886 

Precision 

Sizing 
800/1000         

PSB " 0.222 1.22 24.95 5.108 
 

 

In addition to ferrite-pearlite microstructures, direct quenching to form as-rolled 

martensitic microstructures was also investigated as a possible route for preconditioning steel 

bars for subsequent induction hardening. For instances where direct quenching was employed in 

the Gleeble, compressed helium gas was utilized to accelerate cooling following simulated bar 

rolling steps. Light optical microscopy and microhardness measurements verified the ability of 

helium quenching to produce martensitic structures following rolling. 
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Figure 3.4 Machinist’s specification for Gleeble® hot torsion specimen geometry. Gauge 
section consists of a cylindrical region 14.4 mm in length and 7.2 mm in diameter. 

 

 

 

Figure 3.5. Thermal profiles for steel bars of varying diameters during cooling on walking 

beam cooling bed following precision sizing reductions. All cooling profiles 

represent surface measurements recorded by a pyrometer during cooling. Adapted 

from [102]. 
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3.3 Off-line Heat Treatments (Pre-Induction) 

In addition to the processing and cooling rate differences during simulated bar rolling, a 

series of intermediate heat treatments was conducted in order to evaluate potential changes in 

induction hardening response of microstructures receiving various precursor steps (between 

rolling and induction hardening steps). Because carbonitride precipitation is of critical 

importance to understanding microstructural evolution in thermomechanically processed steels, 

intermediate heat treatments were designed with the goal of observing the extent and effects of 

precipitation occurring during various thermal cycles. When present, fine-scale precipitation is 

expected to contribute to microstructural refinement through grain boundary (and deformation 

substructure) pinning. 

3.3.1 Normalizing 

Normalizing was carried out for each of the three experimental alloys (and two 

processing schedules) using as-rolled bars. Steel specimens were heat treated in stainless steel 

bags with a titanium ‘getter’ and argon backfill to minimize oxidation and decarburization.  

The goal of the normalization study was to examine any relevant microstructural changes 

under isothermal holding conditions approximately 50 °C above the Ae3 temperature. Three 

empirically-based predictions of austenite stability were used to estimate the Ae3 temperature for 

each experimental alloy. The expressions taken from literature are given in Equations 7.4-7.6 

from Andrews, Eldis, and Grange, respectively [103]–[106]. The predicted values of Ae3 for each 

alloy have been tabulated, and are presented in Table 3.6. From these data, an isothermal hold 

temperature of 805 °C was selected for the normalizing heat treatment.  

                √                                                                               
 

(3.5) 
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                  √                
 

(3.6) 

                                      
 

(3.7) 

 

Table 3.6- Predicted Ae3 Values for Each Experimental Steel Alloy 

Steel Alloy 
Andrews (    

[103] 

Eldis (    

[104] 

Grange (    

[105] 
Average (    

1045 Al 751 712 773 745 

10V45 767 714 773 751 

10V45 Nb 760 711 770 747 
 

 
 

While normalizing of commercial components involves air cooling after austenitizing, 

the small size of specimens used for normalizing heat treatment required furnace cooling in order 

to achieve cooling rates representative of larger (commercial) sections normalization processes. 

For this reason, all samples were furnace cooled after austenitization. The cooling profile was 

measured using a thermocouple, and is given in Figure 3.6. 

3.3.2 Reaustenitizing and Quenching 

In addition to normalizing heat treatment, the effects of reaustenitizing and quenching 

were also investigated. The same austenitization time and temperatures (20 minutes at 805 °C) as 

normalizing heat treatment were used. However, austenitization was followed by a water quench 

step to form martensite. 

The effects of tempering at two different temperatures following quenching have also 

been analyzed. Two tempering temperatures were selected for observation of subsequent 

induction hardening response. A lower tempering temperature (150 °C) was intended to allow for 

some iron carbide precipitation, while a higher tempering temperature (500 °C) was selected to 
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allow for diffusion of both interstitial and substitutional atoms within the martensite, promoting 

microalloy precipitation. 

 

Figure 3.6. Thermal profile for steel specimens heat treated in the normalized condition. 

Specimens were austenitized for 20 minutes at 805 °C in argon-filled stainless 

steel bags and cooled according to the thermal profile given above. 

 

Heat treatments were conducted in argon-filled stainless steel bags using box furnaces. 

Water quenching was conducted by submerging specimens into 5-gallon water buckets and 

agitating for 60 seconds to ensure rapid, homogeneous cooling of specimens. Tempering 

treatments were carried out for 1 hour with subsequent water quenching. 

3.4 Characterization of Microstructures Using Light Optical Microscopy  

Light optical microscopy (LOM) was utilized for characterizing as-rolled microstructures 

for steel bars both as-received from Gerdau and processed through laboratory rolling 

simulations. Microstructures were also investigated after various heat treatments (including 

normalizing, reaustenitizing and quenching, and induction hardening) using LOM. 
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3.4.1 Metallographic Preparation Procedures 

In order to examine microstructural features following various thermal and 

thermomechanical treatments, specimens were metallographically prepared using the following 

procedure: 

1. Sectioning to appropriate size on abrasive cut-off saw 

2. Hot mounting in Bakelite 

3. Grinding to 1200 grit silicon carbide paper 

4. Polishing to 1 micron diamond  

5. Ultrasonic cleaning in ethanol bath (for specimens prior to PAG etching) 

6. Etching in a fume hood 

7. When appropriate, placing microhardness indent(s) to indicate the location of interest 

8. Recording micrographs using an inverted light metallograph with digital camera 

 

Two etchants were used to carry out the metallographic etching steps necessary in this 

study. The first etchant consisted of 2% nitric acid and 98% ethanol. This etchant was used to 

reveal features of martensitic conditions as well as ferrite-pearlite microstructures. The second 

etchant was developed to reveal prior austenite grain boundaries present within quenched 

specimens. The procedure used for prior austenite grain boundary etching was as follows: 

 

1. Prepare specimens according to steps 1-4 of the metallographic procedures outlined 

previously  

2. Add 5.5 grams of picric acid to 280 mL of deionized water in a 500 mL beaker 

-When weighing picric acid, attain the solid matter from the bottom of the reagent 

bottle (picric acid crystals), minimizing the amount of liquid included in measurement 

of mass 

3. Add magnetic stir rod to the beaker 

4. Place beaker onto hot plate 

5. Set temperature to 68 °C 

6. Turn on magnetic stirring to agitate the mixture 
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7. Slowly add 8.4 mL of Teepol (wetting agent) into the mixture 

8. Place a watch glass over beaker and allow to heat to desired temperature 

9. While etchant is heating, place polished specimens into ethanol bath and 

ultrasonically clean for 5-10 minutes to ensure surface cleanliness 

10. Remove specimens from ethanol and dry with forced air 

11. Once etchant reaches the desired temperature, set aside watch glass and add 2 mL of 

hydrochloric acid as an activating agent 

12. Preheat specimens for 20 seconds using heat gun 

13. Perform etching step by submerging the exposed metal surface completely and 

agitating. 10-15 seconds is typically sufficient for the first step 

14. Rinse specimen: first with water, then with ethanol 

15. Dry specimen using forced air to prevent water spots 

16. Examine the quality of the etch using a light microscope 

17. If necessary, perform backpolishing (very lightly using 0.5 µm diamond slurry) 

and/or repeat etching step until prior austenite grain boundaries can be distinguished 

-If etch is too aggressive, shorter etching times may be utilized 

-If martensitic lath boundaries appear during etching, additional Teepol can be added 

in order to slow the etching rate 

-If prior austenite grain boundaries do not become visible after etching, adding up to 

2.5 grams of picric acid can be helpful. Longer etching times are sometimes 

beneficial as well. 

18. When appropriate, place microhardness indent(s) to indicate the location of interest 

19. Take micrographs using an inverted light metallographic with digital camera 

 

Metallography was conducted for each of the three experimental alloys in the as-rolled 

condition in order to characterize the microstructures resulting from both hot rolling as well as 

thermomechanical rolling. Images were recorded at the center, mid-radius, and surface of the 

bars in order to characterize the microstructural variation through the cross-section of the bars. 

Figure 3.7 shows the plane of view for all micrographs of the as-received bars. Other orientations 
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of specimen sectioning (such as those implemented in analyzing microstructural development 

during hot torsion deformation) are presented in later sections. 

 

 
Figure 3.7 Sectioning schematic of a steel bar cross-section showing location and orientation 

for metallographic preparation and imaging. The shaded face indicates the plane 

of imaging. 

 

3.4.2 Grain Size Measurements 

In preparation for grain size measurements, specimens were metallographically polished 

and etched (with either 2% nital or saturated picric acid etchant) according to the procedures 

outlined in the previous section. Once microstructural features were clearly visible in light 

optical microscopy, the standards set forth in ASTM E112-13 were utilized in order to obtain 

grain size values for specimens following various thermal and thermomechanical processing 

treatments [107]. Figure 3.8 shows the overlay of three concentric circles superimposed over a 

micrograph using ImageJ software. Approximately 1,500 intersections between grain boundaries 

and superimposed circles were counted for each reported value of grain size in this study. Once a 

sufficient number of intersections had been tabulated, dividing the total circumferential line 

length by the total number of intersections yielded the reported (average) grain size values. In 

cases where grain sizes were quantified for non-contiguous phases (such as proeutectoid ferrite 
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grain size in ferrite-pearlite structures), linear arrays were superimposed onto micrographs. 

Measurements of chord length were made until approximately 1,500 counts had been tabulated 

and averaged. 

 

 

Figure 3.8 Representative light optical micrograph of a martensitic condition etched to reveal 

prior austenite grain boundaries. Three concentric circles, each of known 

circumference, have been superimposed in order to count intersections with grain 

boundaries. Image taken from 10V45 Nb specimen in the hot roll, air cooled, and 

2 mm induction simulated condition. 
 

3.4.3 Microconstituent Fraction Measurements 

Previous work has highlighted the role of ferrite fraction and grain size on the induction 

hardening response of carbon steels. Consequently, analysis of ferrite and pearlite constituent 

fractions was completed in the near-surface region for each of the as-received conditions, 

following the guidelines set forth in ASTM E562-11 [108]. An example light optical micrograph 

with superimposed grid array used for analysis in ImageJ is presented in Figure 3.9. A minimum 

of 700 points were tabulated for each condition and averaged to calculate the reported constituent 

fractions. 
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Figure 3.9 Representative light optical micrograph of a slow cooled steel condition etched to 

reveal microconstituents of pearlite and proeutectoid ferrite. A square grid array 

has been superimposed in order to count intersections with grain boundaries. 
 

 

3.4.4 Analysis of Microstructures Following Hot Torsion Deformation  

In order to accurately simulate the bar rolling schedules employed in this study (with 

finishing passes carried out at temperatures above and below TNR), the value of the no-

recrystallization temperature needed to be confirmed. A multipass hot torsion experiment 

consisting of 24 equivalent passes at varying temperatures was conducted to approximate the 

value of TNR. A processing schematic for this experiment is presented in Figure 3.10. Each 

deformation pass imparted a shear strain of 0.25 at a strain rate of 2 s
-1

. The 10V45 material was 

used for this experiment due to availability of machined specimens.  

The method employed by Calvo et al. (among others) was used to calculate the mean 

flow stress for each deformation pass [55], [62]. The results of this multipass deformation 

procedure are presented in Figure 3.11, where the value of TNR is estimated to be 890 °C. This 

procedure better informed subsequent processing steps (in which deformations were conducted 

at temperatures both above and below this empirical value of TNR). The TMP simulation of bar 

rolling employed finishing deformations at temperatures approximately 90 °C below the 

empirically-obtained TNR value, with the anticipation that austenite pancaking would result. 
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Analysis of microstructure through light optical microscopy was pursued in order to 

better understand austenite grain size and morphological evolution throughout rolling simulation 

 

Figure 3.10 Time-temperature profile for 10V45 specimen subjected to 24 equivalent 

deformation passes while undergoing continuous cooling. Such experimentation 

is commonly used for calculation of mean flow stress per pass [63]. 

 

Figure 3.11 Mean flow stress as a function of the inverse of pass temperature for the 24 

torsion passes carried out on the continuously cooled 10V45 specimen. The 

change in slopes indicates the end of complete recrystallization, and thus gives an 

experimental estimate of TNR [63]. 
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in hot torsion. The gauge section of torsion specimens consisted of a cylindrical volume having a 

diameter of 7.2 mm and length of 14.4 mm. Multiple orientations of viewing specimens 

following torsional deformation were explored, and two specific orientations were found to be 

most useful for analyzing microstructures developed during hot torsion testing. Each of these 

orientations is presented schematically in Figure 3.12 in the reference frame of the cylindrical 

gauge section common to torsion specimens. All grain size measurements were conducted on 

specimens prepared from the cross-sectional view, since grain morphologies remain equiaxed in 

this orientation throughout processing (since there is no in-plane strain in the cross-section). 

Specimens prepared from the tangential plane of torsion specimens were used to evaluate 

austenite pancaking and recrystallization, as detailed below. 

 

    

Figure 3.12 Schematic view of the tangential and cross-sectional planes of interest in the 

reference frame of a cylindrical torsion gage section [63]. All micrographs viewed 

after torsion testing were obtained using these two orientations. 

 

Following hot torsion deformation, specimens were sectioned parallel to the torsional 

axis and precision ground to the plane of interest using measurements of chord length to verify 

radial position. Once the proper radial position was reached, a linear array of microhardness 
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indentations was made along the line of reference as fiducial marks for subsequent 

measurements and analysis, as seen in Figure 3.13. 

 
Figure 3.13 Schematic view of the tangential plane of interest in the reference frame of a 

cylindrical torsion gage section, where microhardness indents have been placed 

as fiducial marks along a reference line parallel to the torsional axis [63].  

 

Once specimens were metallographically prepared in the tangential view, light optical 

micrographs were taken in both the as-polished and as-etched conditions. Figure 3.14 presents a 

light optical micrograph in the as-polished condition following hot torsional strain (γ=5.18) 

showing how the reference line was established for microstructural analysis. A vertical line 

through the microhardness indents was drawn (using ImageJ digital image analysis software) to 

establish the line of reference. Lines parallel to the elongated microstructural features of interest 

were drawn to the point at which they crossed the reference line. The angle between these two 

lines was termed the angle of inclination (Θ) for a given microstructural feature. Angles of 

inclination were measured for both manganese sulfide inclusions (MnS) and prior austenite 

grains (PAGs). While picric acid etching was needed for analysis of prior austenite grain 

boundaries, the inclination angles of MnS were measured in the as-polished condition (where 
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they could be most clearly observed). Light optical microscopy was used for all microstructural 

observations of inclination angle. 

 
Figure 3.14 Light optical micrograph showing the superimposed reference line for 

measurement of θ, shown on a polished specimen to reveal elongated MnS 
inclusions following hot torsional deformation to γ=5.18. 

 

All distinguishable prior austenite grains in tangential sections within ~300 µm of the 

reference line were analyzed for microstructural assessment. Approximately 400 grains were 

measured for each condition, and used to approximate accumulated shear strain (γacc) 

distributions using Equation 3.8. Note that calculation of γacc did not include grains which 

appeared equiaxed, as they presented no obvious angle of inclination. Characterization of such 

grains (assumed to be recently recrystallized), was conducted by a separate manual point 

counting procedure to approximate the area fraction recrystallized. Square grid arrays were 

overlaid onto micrographs of PAGs until approximately 2,500 points were counted. 

In addition to the effective radius, two supplemental locations were selected to enhance 

the understanding of austenite evolution throughout the volume of a specimen undergoing hot 

torsion deformation. Using a single specimen, tangential sections were prepared at 50 and 90% 

of the radius (nominally) and etched to reveal the PAG boundaries. Measurements of prior 
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austenite grain inclination and recrystallized fraction were conducted at these radial locations as 

well. 

A mathematical relationship between shear strain imparted during torsion testing (γ) and 

the resulting inclination angle expected for microstructural features (θ) has been developed, as 

given in Equation 3.8 [63]. The details associated with derivation, verification, and limitations of 

this relationship can be found in the referenced ASTM paper by Whitley et al. [63]. 

 

θ = arctan(γ) (3.8) 
 

3.5 Induction Hardening Simulation 

The rapid heating and quenching procedures typical of induction hardening were 

simulated using resistive heating to achieve comparable time-temperature cycles. Finite element 

modeling produced representative time-temperature cycles to be reproduced using the physical 

simulation capabilities of a Gleeble®. The effects of rapid austenitization were explored in the 

context of case depths of 2 and 6 mm in order to assess the effects of case depth on induction-

hardened austenite grain size. 

3.5.1 Finite Element Model of Induction Hardening 

The specimen dimensions used in hot torsion simulation (7.2 mm diameter) precluded the 

use of actual induction processing following torsion experimentation. In order to accurately 

recreate the thermal history during induction scan hardening, the induction process was first 

modeled using a 2D coupled electromagnetic and thermal finite element method (FEM) program, 

Flux2D. Modeling of the induction hardening process was conducted in conjunction with two 

industrial collaborators. Inductoheat® provided expertise on physical parameters and constraints 

of typical scan hardening operations and provided a 2-turn induction coil for use in modeling 
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efforts. The software for the FEM model was provided and implemented by Fluxtrol, Inc®. Both 

collaborators also provided follow-up expertise in optimizing thermal profiles for induction 

hardening operations [109], [110]. 

In the model, the inductor and quench head move, relative to the bar. A constant bar 

speed of 19 mm/s was used for the shallow (2 mm) case depth. A constant bar speed of 9.5 mm/s 

was used for the deeper (6 mm) case depth. A non-linear heat transfer coefficient was utilized to 

simulate a water spray quench, and radial symmetry in 3D was assumed [110]. The model was 

based on an industrially-available 2-turn induction coil with a flux concentrator for use in a scan 

hardening operation of a 38 mm diameter bar. The modeled thermal profile for a 38 mm bar 

undergoing a scan-hardening process is presented in Figure 3.15. 
 

 

Figure 3.15. Modeled thermal profile evolution through the cross-section of a 38 mm diameter 

bar undergoing a 2 mm case depth scan induction hardening process using a 2 

turn coil. Results provided through finite element model created by Fluxtrol®. 

(Color image - see pdf version) 

 

The resulting time-temperature cycles produced through finite element modeling at 

Fluxtrol® are presented in Figure 3.16, with the Ae3 temperature overlaid. The time-temperature 
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relationships for both case depths of interest are shown for the near-surface region of a bar. As 

expected, the amount of time in the austenite phase field and peak temperature are both increased 

for the deeper case condition. The heating portion of the thermal cycle shows an interruption at 

approximately 700 
o
C (for the 2 mm case depth, and ~850 °C for the 6 mm case) which reflects 

the space between the first and second turns of the induction coil during scan hardening. The 

cooling process also reflects two-step behavior, with the initial (slower) cooling regime 

representing the time between the exit of the second induction coil and the beginning of the 

water quench. During this time, the time-temperature relationship is governed predominantly by 

conduction of heat to the bar core. The final (rapid) cooling step represents the final water 

quench step (often times including polymer additives, in actual practice). These time-temperature 

cycles provided baseline targets for physical simulation efforts. 

 

  

(a) (b) 

Figure 3.16 Modeled time-temperature cycles for the near-surface (0.5 mm subsurface) region 

of a 38 mm diameter bar undergoing (a) 2 mm and (b) 6 mm case depth scan 

induction hardening processes using a 2-turn induction coil. Results provided 

through finite element model created by Fluxtrol®. Ae3 temperature for a 0.45 wt 

pct C steel overlaid for reference. 
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3.5.2 Physical Simulation of Induction Hardening in a Gleeble 3500 

During induction hardening simulation, specimens were heated at approximately 

590 °C/s to 705 °C, allowed to cool naturally for a fraction of a second (which represents 

conduction of heat from the bar surface to the bar core during the time the bar passes between the 

two coils of the inductor), and then heated to a final peak temperature of 984 °C (at a rate of 

approximately 730 °C/s) to simulate the heating of the bar when passing through the second coil 

of the inductor. The cooling cycle utilized forced air followed by a water spray quench to most 

accurately simulate the delay and final quench steps of the scan induction hardening process. 

Surface cooling rates of approximately 3500 °C/s were accomplished during the final water 

quenching step. Images captured of a specimen throughout various stages in an induction 

hardening simulation are presented in Figure 3.17. The Gleeble® programs (and laboratory 

notes) for all induction hardening experiments can be found in Appendix A. 

 

 

 

Figure 3.17 Photographs of a specimen undergoing 2 mm case depth induction hardening 

simulation in a Gleeble® 3500. Specimen is held between copper grips (a) and 

heated to a peak temperature of 984 °C in two pulses (b-c) using resistive heating. 

Power is turned off (d), and a two-part forced air (e) followed by water (f) 

quenching process is carried out to simulate cooling after a scan induction heating 

process. (Color image – see pdf version) 
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The resulting time-temperature cycles accomplished through physical simulation efforts 

on the Gleeble® are presented in Figure 3.18, where experimental results (dashed line) are 

compared to target time-temperature cycles from FEM modeling (solid line). Once experimental 

parameters were correctly accounted for, time-temperature cycles obtained through successive 

experiments were observed to consistently reproduce similar results. 

  

 

Figure 3.18 Modeled time-temperature cycle for the near-surface (0.5 mm subsurface) region 

of a 38 mm diameter bar undergoing a 2 mm case depth induction scan hardening 

processes using a 2 turn induction coil. Results of finite element model (solid 

line) provided by Fluxtrol®. Experimental data recorded by type-K 

thermocouples are superimposed (dashed line). 
 

3.6 Mechanical Testing 

In order to analyze the influence of preconditioning on fracture behavior after induction 

hardening, specimens were heat treated to achieve a range of prior austenite grain sizes to be 

subsequently tested as notched bend specimens. To accomplish this, the 10V45 Nb alloy and a 

non-microalloyed 1045 alloy (with no added carbide or nitride forming elements, such as Al, V, 

Nb, or Ti) were first heat treated to achieve a large range in PAGS by varying the time and 
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temperature of austenitization treatment before quenching. These two alloys were selected in 

order to highlight the effects of microalloy additions in the 10V45 Nb alloy. 

After initial machining to 11x11x90 mm blanks, specimens were subjected to induction 

hardening simulations in the Gleeble®. Induction hardening cycles were performed to simulate 

both shallow (2 mm) and deep (6 mm) case depths for each alloy. All specimens were water 

quenched after austenitization, followed by a 4 minute temper at 200 °C. This method did not 

provide the same residual stress characteristics of an induction hardened surface, but isolated the 

influence of microstructure. The specimen geometry and tempering parameters were selected to 

produce results which could be compared to those of Cryderman on higher carbon steels [7.24]. 

Final machining involved grinding to a width of 10 mm and machining a 2 mm deep notch. Wire 

electro-discharge machining was utilized to prepare the V-notch with a radius of 0.1 mm. 

Specimens were tested to failure in 3-point bending at a constant crosshead displacement rate of 

0.0077 mm/s. A photograph of the experimental test setup is shown in Figure 3.19. Steel rollers 

were placed 44 mm apart, according to ASTM E399-12
e3 

[111]. 

 

 

Figure 3.19 Notched martensitic steel specimen undergoing 3-point bend testing on a servo 

hydraulic load frame. 
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3.7 Analysis of Carbonitride Precipitates 

Nano-scale carbonitride precipitation within the experimental alloys was examined using 

a combination of bright field TEM, dark field TEM, Energy Dispersive X-Ray Spectroscopy 

(EDS), and Small-Angle X-Ray Scattering techniques. The sample preparation and data analysis 

procedures involved in each technique are detailed in the sections that follow. 

3.7.1 TEM- Ferrite + Pearlite Microstructures 

For conditions where precipitation in ferrite was expected, a centered dark field imaging 

technique was capable of selectively illuminating fine precipitates through knowledge of their 

specific orientation relationship with ferrite (BNOR). Accordingly, thin foil TEM specimens 

were prepared by sectioning, mechanically grinding to approximately 0.1 mm thickness, and 

then electropolishing in a jet polisher. A solution of 30% nitric acid in methanol was used at 

approximately -30 °C with a current of 30 mA for 2-5 minutes to prepare TEM specimens. 

Specimens of 10V45 Nb were prepared from the near-surface regions of bars in both the HR and 

TMP conditions, since it is expected that this alloy would display the greatest extent of 

precipitation during processing. 

 A Phillips CM12 transmission electron microscope using a tungsten filament at 120 kV 

was used for imaging. Once loaded, samples were oriented down a 110-type zone axis of 

proeutectoid ferrite present within the air-cooled microstructures. From the 110 type zone, 

specimens were tilted along a 020 Kikuchi band to a systematic row that contained the 020 

ferrite spot and expected 200 (Nb,V)(C,N) reflection. From the systematic row, bright field 

images were produced by tilting the specimen to obtain a two beam condition by making the 020 

ferrite reflection bright and orienting the objective aperture over the transmitted beam. Centered 

dark field images were obtained by adjusting the beam deflector coils to move the 200 

(Nb,V)(C,N) reflection onto the optic axis and placing the objective aperture over the 
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(Nb,V)(C,N) reflection. This process is outlined in Figure 3.20, where the beam stop indicates 

the location of the aperture used for centered dark field imaging of the precipitates in ferrite. As 

discussed in a previous section, the Baker-Nutting orientation relationship is given as 

(001)MC∥(001)α and [100]MC∥[110]α. 

 

    

(a) (b) 

Figure 3.20 TEM diffraction patterns within ferrite crystal of a 10V45 Nb steel showing (a) 

electron diffraction from a (110) zone, and (b) dark field electron diffraction from 

a systematic row with the beam stop pointing to the location of the aperture used 

for imaging of precipitates near the Baker-Nutting orientation relationship. 

 

Due to crystallographic symmetry, the Baker-Nutting orientation relationship has 3 

equivalent variants. For this reason, roughly one-third of the precipitates maintaining the BNOR 

within a particular field of view are expected to be illuminated under the selected diffraction 

conditions. 

3.7.2 TEM- Martensitic Microstructures 

Following the precipitate study for industrially rolled air cooled bars, specimens were 

prepared in the TMP rolled + direct quenched condition using hot torsion capabilities on the 

Gleeble®. The 10V45 Nb alloy was selected for further TEM investigation since it resulted in 

the finest PAG sizes (and was expected to have a large number of fine carbonitride precipitates). 
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By quenching the material directly after rolling simulation, only precipitates in the parent 

austenite microstructure should be present (as opposed to prior observations in the air cooled 

condition, where precipitation can occur in ferrite during cooling). In addition to the rolled + 

quenched condition, another 10V45 Nb specimen was prepared after 2mm induction hardening 

simulation in order to compare the pre- and post-induction hardened structures. 

Following processing, specimens were etched to reveal prior austenite grain boundaries. 

Site-specific focused ion beam (FIB) liftouts were then performed with the intention of capturing 

prior austenite grain boundaries (as well as grain interiors, for comparison). Scanning electron 

microscope images showing the locations selected for preparation of FIB liftouts for TEM 

analysis are given in Figure 3.21. The procedure used for completing each liftout is outlined in a 

series of SEM images taken throughout the process in Figure 3.22. After the liftout process was 

completed, specimens were analyzed in an FEI Talos TEM. 

 

      

(a)       (b) 

Figure 3.21 Scanning electron microscope images showing the locations selected for 

preparation of TEM foils using a focused ion beam. 10V45 Nb specimens 

prepared in each condition: (a) TMP + Quench, and (b) TMP + Quench + 2mm 

induction simulation, and etched to reveal prior austenite grain boundaries. The 

site-specific FIB liftouts were then performed to capture prior austenite grain 

boundaries (as well as grain interiors, for comparison).  
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Figure 3.22 Scanning electron microscope images showing the process of preparing a thin foil 

for TEM analysis using a focused ion beam. (a) A layer of platinum 

(approximately 20 μm in length) is first deposited which shields the underlying 

material from ion bombardment during (b-c) the etching of trenches on either side 

of the deposited platinum. (d) Samples were then removed from the substrate 

material, and (e) welded to a copper grid in preparation for subsequent TEM 

analysis. 

 

3.7.3 Small-Angle X-ray Scattering (SAXS) 

This study implemented SAXS as a complementary technique for analysis of fine 

dispersions of carbonitrides present within the three experimental alloys following a variety of 

processing conditions. Specimens of each experimental material were processed using a 

combination of thermal (Gleeble and box furnace) and thermomechanical (Gleeble) treatments, 

and sent to the Advanced Photon Source at Argonne National Laboratory for analysis of 

precipitate size distributions at various stages in processing. The facilities at Argonne National 

Laboratory included capabilities for high-energy synchrotron X-ray analysis, which was utilized 

to carry out the experiments for this investigation. The energy of the resulting X-rays 
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(71.676 keV, with wavelength = 0.17297 Angstroms.) was sufficient for penetrating steel 

specimens up to thicknesses of 2 mm. 

Specimens were sectioned using an abrasive cut-off saw, and ground to thicknesses of 1-

2 mm in preparation for SAXS characterization. After grinding was complete, each specimen’s 

thickness was measured using a digital micrometer. Specimens were then mounted onto 

sampling wheels before shipping to Argonne. 

By sampling relatively large volumes of material, the SAXS technique allowed for higher 

statistical certainty of bulk precipitation behavior [48], [49], relative to the limited sampling 

volumes involved in TEM examination. The approximate volumes sampled during SAXS 

analysis are presented in Table 3.7. Assuming spherical grains with a 10 µm diameter, the 

sampled volume corresponds to the volume of approximately 45,000-90,000 grains.  

 

Table 3.7 – Approximation of Sampled Volumes for Specimens during SAXS Analysis 

Beam 

Diameter 

(mm) 

Beam 

Radius 

(mm) 

Area of 

Beam 

(mm
2
) 

Thickness 

of Steel 

(mm) 

Number 

of 

Detectors 

Number 

of 

Sampled 

Volumes 

Total 

Sampled 

Volume 

(µm
3
) 

0.1 0.05 0.00785 1.0 - 2.0 4 3 

2.4x10
7
 

(1 mm) 

- 

4.7x10
7
 

(2 mm) 

 

 The degree to which various second phase particles produce detectable changes in the 

transmitted X-ray signal depends on multiple factors (including physical density of second phase 

particle, electronic structure, crystal structure, stoichiometry, and matrix characteristics). In order 

to best accommodate the expected differences in contrast values between the carbides and 

nitrides present within the experimental steel alloys, predicted contrast values were first 
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calculated using IGOR Pro software with Irena SAS plug-in. The calculated contrast values 

expected for each carbide and nitride in BCC iron are presented in Table 3.8. 

 

Table 3.8 – Calculated Contrast Values for Second-Phase Particles in Iron [10
20

 cm
-4

] 

Phase 
Calculated Contrast 

[10
20

 cm
-4

] 

AlN 1219 

VC 268.8 

VN 196.5 

NbC 7.35 

NbN 5.63 

Fe3C 522.85 

 

After calculating the expected contrast values for second phases relevant to the 

experimental steel alloys, an approximation was selected for particle volume fraction analysis of 

each material. The second phase contrast values used for SAXS analysis of each experimental 

material are given in Table 3.9. The process of converting SAXS data received from Argonne 

National Laboratory into precipitate size distributions is outlined with accompanying screen 

captures in Appendix B. 

 

Table 3.9  – Contrast Values Utilized for Analysis of Second-Phase Particles in Each 

Experimental Alloy 

Experimental 

Alloy 

Contrast Value Used for SAXS 

Analysis 

[10
20

 cm
-4

] 

1045 Al 1200 

10V45 200 

10V45 Nb 6 
 

 

Challenges can arise in interpreting SAXS results for materials with multiple 

precipitating species. In some cases, differences in contrast values between various scatterers 
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(second phase particles) can make quantitative analysis of volume fraction and particle size 

difficult. Matrix microstructures are also known to affect the interpretation of second phase 

particles through SAXS (by contributing to the background signal, particularly affecting analysis 

of the finest precipitates). In order to reduce the potential complicating factors associated with 

SAXS interpretation, all comparisons of precipitate distributions were normalized by alloy and 

compared only against similar matrix microstructures (martensitic vs ferrite-pearlite). 
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CHAPTER 4 

 

RESULTS & DISCUSSION OF BAR ROLLING: EFFECTS OF MICROALLOYING, 

THERMOMECHANICAL PROCESSING, AND TORSION SIMULATION 

4.1 Characterization of Industrially Rolled Bars 

 

The microstructures of steel bars following a rolling process can affect the response of 

the bar to subsequent heat treatments, including induction hardening. Because multiple alloys 

and rolling methods were employed for this study, the condition of each bar in the near-surface 

region (the region of interest for case hardening treatments such as induction hardening) was of 

interest. The near-surface (within 2-3 mm of the bar surface, just below the decarburized surface 

layer) microstructures of bars in the as-rolled condition were characterized via light optical 

microscopy, as shown in Figure 4.1. TMP rolling resulted in refinement of the final air-cooled 

microstructure of each steel as compared to the HR condition, as seen from the micrographs in 

Figure 4.1. The most pronounced refinement was observed in the 10V45 Nb under TMP 

finishing conditions. 

Microstructural constituent fractions were quantified to better characterize the 

microstructures developed during rolling of each steel alloy and processing route, and are 

presented in Figure 4.2. Rolling at the lower finishing temperature significantly increased the 

ferrite fractions of steels 1045 Al and 10V45 Nb, while having little effect on the 10V45 ferrite 

fraction. The difference in ferrite formation for the V-microalloyed alloy could arise from a 

propensity for intragranular ferrite nucleation commonly reported for steels containing V [35], 

[38]–[41].  
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As-

Rolled 
1045 Al 10V45 10V45 Nb 

Hot 

Rolled 

 

TMP 

Figure 4.1 Light optical micrographs taken at the surface region of bars of the experimental 

steels industrially rolled under HR and TMP conditions. The three experimental 

steels are shown for each rolling condition after air cooling. Etchant used was 2% 

nital. 

 

The observed variations in ferrite fraction are believed to arise from differences in the 

number of nucleation sites within the parent austenite prior to transformation, a topic which will 

be further discussed in a later section. The state of the parent austenite structures responsible for 

each of the air-cooled microstructures shown in Figure 4.1 was explored in detail by examination 

of microstructural development in laboratory hot torsion simulations of the bar rolling process. 
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Figure 4.2 Ferrite phase fraction analysis for each steel and processing method in the air-

cooled condition. Bars were industrially rolled and air cooled on a walking-beam 

rake type cooling bed to produce a microstructure of proeutectoid ferrite and 

pearlite. Phase fraction analysis conducted just below the visible decarburization 

layer. 

 

4.1.1 Characterization of Industrially Rolled Bars after Normalizing 

As noted in Section 2.4, ferrite fraction and grain size can impact the formation (and 

homogenization) of austenite during rapid heat treatment. Light optical microscopy and manual 

point counting techniques were used to characterize ferrite fraction and size in each steel 

microstructure following normalizing. Figure 4.3 compares the resulting microstructures 

observed for each experimental alloy and rolling condition after the normalizing heat treatment. 

Ferrite-pearlite microstructures are observed in each case, with banding evident in most 

conditions. For each steel in the HR condition, noticeable microstructural refinement is achieved 

through the normalizing heat treatment (relative to as-rolled microstructures). The finer as-rolled 

microstructures of bars in the TMP condition were maintained after normalizing, with the 

microalloyed steels in the TMP condition producing the finest as-normalized microstructures. 
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Rolled + 

Normalized 
1045 Al 10V45 10V45 Nb 

Hot Rolled 

 

TMP 

Figure 4.3 Light optical micrographs of as-rolled + normalized bars for each alloy using 

hot-rolling or TMP starting microstructures, then normalizing for 1 hour at 805 °C 

and air cooling. All micrographs taken in the near-surface region of bars, with the 

bar rolling direction oriented vertically. Etchant used was 2% nital. 

 

Analysis of microconstituent fraction by manual point counting quantified the volume 

fraction of free ferrite (ferrite grains, distinct from ferrite lamellae within pearlite colonies). The 

free ferrite fractions of each steel in the as-rolled and rolled + normalized conditions are 

presented in Figure 4.4, along with the average ferrite grain sizes for each steel alloy and rolling 

condition. The size and amount of ferrite are critical factors in the austenitization response of 

ferrite-pearlite steels during induction hardening [34], [85], [88], [89]. Refined ferrite grains 

could aid in the formation of austenite during induction heating by increasing the number density 

of nucleation sites for austenite and decreasing the carbon diffusion distance required for 

austenite formation and growth. As seen in Figure 4.4, lower finishing temperature rolling tends 

to produce structures with larger fractions of fine-grained ferrite. Normalizing treatment and the 

addition of microalloying elements also tended to produce final microstructures composed of 
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finer ferrite grains. The smallest ferrite grains were observed in the microalloyed steels after 

TMP rolling and normalizing (with average grain sizes below 5 μm).  

 

  

(a) (b) 

Figure 4.4 Proeutectoid ferrite characteristics in the near-surface of bars after rolling and 

normalization heat treatment. The (a) ferrite fraction, and (b) average ferrite grain 

size are presented for each experimental alloy in both the HR and TMP 

conditions. 

 

4.2 Hot Torsion Results 

The following sections outline the mechanical and microstructural observations utilized 

for the analysis of specimens undergoing hot torsional deformation. Bulk mechanical behavior is 

complemented by in-depth characterization of austenite grain size, morphology, recrystallization, 

and strain accumulation throughout the volume of hot torsion specimens. 

4.2.1 Hot Torsion Simulation: Stress-Strain Observations  

In addition to microstructural observation, experimental simulation in hot torsion allowed 

for analysis of mechanical response during processing. The pass-by-pass torque-twist data for 

specimens of each steel alloy and processing schedule have been compiled for comparison. By 
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applying equations 3.3 and 3.4 to the torque-twist data, equivalent true stress-strain relationships 

can be explored. A representative example is given in Figure 4.5, where stress during each 

torsional deformation step is plotted as a function of total strain in order to view the progression 

of hot flow behavior throughout the multistep process. The drop in stress between passes is a 

result of stress relief during interpass periods in the torsion simulation. 

The peak torque values for each deformation step during roughing passes (1200 °C), HR 

finishing (1000 °C), and TMP finishing (800 °C) are illustrated in Figure 4.6(a). In this way, the 

hot flow behavior of each alloy can be easily compared across the full sequence of processing 

conditions. When compared to rolling loads incurred during industrial rolling processes in a mill, 

similar trends in hot flow behavior throughout processing were noted [112]. In every case, the 

following sequence was observed in order of increasing flow strength: 1045 Al, 10V45, 

10V45 Nb. As noted in a previous section, microalloy carbonitrides are expected to be dissolved 

at 1200 °C. For deformation passes at lower temperatures (Figure 4.6(b, c)), precipitate effects 

are expected to contribute to the observed differences in flow strengths for the three steels 

studied. The effects of solute drag and precipitate pinning of austenite grain boundaries could 

also contribute to strengthening in these steels by suppressing recrystallization and/or grain 

growth. Direct observation of the austenite evolution is difficult during industrial processing, so 

interrupted rolling simulations were conducted by quenching at various points in the hot torsion 

simulation. Microstructural analysis of steels at various points in the rolling simulation allowed 

for a better understanding of the state of austenite throughout a rolling scenario. These results are 

presented in a later section. 
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Figure 4.5 Equivalent true stress-strain relationship for hot rolling simulation of a 1045 Al 

specimen in multistep hot torsion. 
 

4.2.2 Microstructural Gradients in Torsion Specimens 

The gradients in shear strain through the cross-section of torsion bars necessitated 

microstructural characterization at multiple locations within torsion specimens. Viewing 

specimens at various points through the cross-section allowed for a more thorough understanding 

of the effect of shear strain gradients on austenite conditioning (and the formation of subsequent 

transformation products). Figure 4.7 presents example micrographs of the 10V45 material 

following three differing hot torsion deformation schedules. Images were obtained through light 

optical microscopy and stitched together using ImageJ software. As expected, variations in shear 

strain during hot torsion deformation resulted in significantly greater refinement near the surface 

of the torsion bars, relative to the coarser interior where strain was minimal. 
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(a) 

 

(b)                                                                                         (c) 

Figure 4.6 Maximum torque experienced for each deformation step in the simulation of 

industrial bar rolling through subsized torsion testing; (a) roughing passes carried 

out at 1200 °C, (b) hot rolling passes for each experimental alloy deformed at 
1000 °C, (c) TMP finishing passes for each experimental alloy at 800 °C. Note 
changes in the torque scaling. 
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Hot Roll + Air Cool         Hot Roll + Quench             TMP + Air Cool 

               

Figure 4.7 Light optical microscopy images showing microstructural gradients along the 

cross-sections of 10V45 specimens deformed in torsion using a Gleeble® 3500 to 

simulate industrial bar rolling. All images taken at the same magnification, and 

stitched together using ImageJ software. Etchant used was 2% nital. 
 

Surface 

Center 

Surface 
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Higher magnification micrographs were recorded for each experimental material 

following hot torsion deformation under both hot and TMP rolling conditions. The air-cooled 

microstructures are presented in Figure 4.8-Figure 4.10, where observably finer features can be 

seen in the surface regions of each specimen. This refinement effect persisted across all 

experimental alloys and processing conditions. In some cases, prior austenite grain boundaries 

are clearly delineated through the growth of ferrite grains, which serves as an indirect means of 

comparing parent austenite grain sizes across the sample locations, alloys, and processing routes. 

In the following sections, a more direct approach for studying austenite strain accumulation, 

recrystallization, and grain size is presented. 

4.2.3 Prior Austenite Grain Size Analysis 

The evolution of austenite characteristics during rolling was of interest with respect to its 

implications in subsequent microstructural development. Accordingly, prior austenite grain sizes 

were measured in the cross-sectional plane (perpendicular to the torsional axis) following both 

hot rolling and TMP deformation schedules. All specimens were helium quenched after the final 

deformation pass in order to preserve the state of the parent austenite. In addition to final 

austenite grain sizes after rolling, the austenite grain size at the initiation of roughing 

deformation (upon exiting the reheating furnace) was characterized for each alloy by holding 

specimens at 1200 °C for 20 minutes and helium quenching. The resulting prior austenite grain 

sizes for each experimental steel alloy and thermomechanical condition are presented in 

Figure 4.11. Austenite grains are observed to grow to approximately 100 µm during reheat 

furnace simulation at 1200 °C. Hot rolling was observed to produce final austenite grain sizes in 

the 35-40 µm range. Further refinement was achieved through TMP rolling, with microalloy 

additions of V and Nb resulting in austenite grain sizes <20 µm. The 1045 Al alloy also realized 
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additional austenite refinement under TMP rolling conditions, resulting in a final austenite grain 

size of ~30 µm. 

 

1045 Al Hot Rolled + Air Cool TMP + Air Cool 

Surface 

  

Effective Radius, 

r* 

  

Center 

  
Figure 4.8 Light optical micrographs of 1045 Al torsion specimens after simulated bar 

rolling under hot rolling and thermomechanical conditions, followed by air 

cooling. Etchant used was 2% nital. 
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10V45 Hot Rolled + Air Cool TMP + Air Cool 
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Center 

  
Figure 4.9 Light optical micrographs of 10V45 torsion specimens after simulated bar rolling 

under hot rolling and thermomechanical conditions, followed by air cooling. 

Etchant used was 2% nital. 
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10V45 Nb Hot Rolled + Air Cool TMP + Air Cool 
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Effective 
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Center 

  
Figure 4.10 Light optical micrographs of 10V45 Nb torsion specimens after simulated bar 

rolling under hot rolling and thermomechanical conditions, followed by air 

cooling. Etchant used was 2% nital. 
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Figure 4.11 Prior austenite grain size values measured in the cross-sectional view of torsion 

specimens following reheat furnace simulation (1200 °C), hot roll simulation 

(1000 °C), and TMP simulation (800 °C).  

 

4.2.4 Analysis of Austenite Pancaking and Recrystallization  

A method for quantitatively analyzing local microstructural features through 

characterization of inclination angle was presented in Section 3.4.4. In the context of the current 

study, austenite grain inclinations were recorded. In order to verify the relationship between γ 

and θ proposed in Equation 3.8 (and thereby link microstructural observations with quantitative 

degrees of strain accumulation), a series of experiments was conducted by subjecting torsion 

specimens to shear deformations ranging from 0.5 to 6. This range of shear strains fully 

encompasses the strain range of the rolling simulation used to carry out this study. Specimens 

were then sectioned in the tangential orientation (as shown in Figure 3.3) and metallographically 

prepared in the polished condition. Light optical microscopy then allowed for measurement of 

the inclination angles (θ) of the MnS inclusions present within the specimens. The resulting 

measurements of such MnS inclination angles are presented in Figure 4.12, where 

experimentally measured values (solid symbols) are observed to closely match the functionality 
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of the γ-θ relationship predicted by Equation 3.8 (dashed line). With this empirical support for 

the validity (and applicability) of Equation 3.8 for relating observed inclination angles of 

microstructural features to deformation history, specimens were next examined to characterize 

inclination angles of prior austenite grains. 

 

 

Figure 4.12 Manganese sulfide inclusion inclination angles measured in the tangential 

orientation as a function of total shear strain imposed on the specimen at the 

location of the effective radius. The dashed line represents the predicted 

inclination angles, as given by Equation 3.8. Solid symbols represent empirically-

measured inclination angles. 

 

Representative light optical micrographs of a steel specimen subjected to TMP rolling 

simulation are given in Figure 4.13. A composite microstructure containing grains of various 

inclinations is evident. Figure 4.13(a) gives an overview of the austenite microstructure 

developed during TMP simulation. Figure 4.13(b) presents a higher magnification image 

highlighting four specific features present within the microstructure. These features are identified 

and interpreted as follows: 
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A) Manganese sulfide (MnS) inclusions, elongated and initially oriented parallel to the 

original rolling direction (vertical). Inclination angles of these inclusions indicate the total 

amount of shear strain imparted. Since MnS inclusions do not recrystallize during 

thermomechanical processing, the accumulated shear strain of these features should be 

equal to the total shear strain imposed. 

B) Highly elongated austenite grains with orientations inclined at the same angle as MnS, 

indicative of grains which have not recrystallized during thermomechanical treatment. 

C) Elongated austenite grains oriented at angles less than the θ -values observed for the MnS 

inclusions indicate grains that recrystallized and then were subjected to additoinal strain. 

The magnitude of strain defined based on θ defines the amount of strain accumulation in 

the grain after the last recrystallization event. 

D) Small, equiaxed, recrystallized austenite grains lacking observable shear strain 

accumulation. 

 

Observed differences in inclination angles within the microstructure indicate local 

variations in the occurrence of recrystallization and extent of shear strain accumulation. The 

distributions of inclination angles measured for PAGs and MnS inclusions in the vicinity of the 

reference line are presented as histograms in Figure 4.14. The calculated θ for the total imposed 

strain (γ=5.18) applied during this experiment is 79.1° and is indicated by the vertical dashed line 

in Figure 4.15(b). The distribution of measured angles for the MnS inclusions is concentrated 

around this angle. In contrast, the measured angles for the austenite grains shown in 

Figure 4.14(a) exhibit a wider distribution with most grains exhibiting inclinations less than the 

angle associated with the total imposed strain. The observation that many of the austenite grains 

exhibit inclination angles substantially less than 79.1° indicates that recrystallization of such 
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grains occurred at some point in the hot deformation schedule. The shear strain imposed below 

TNR during TMP rolling simulation was γ=2.05, which correlates to an inclination angle of 64.0°. 

This value is shown as a dashed vertical line in Figure 4.14(a). The peak in the distribution of 

prior austenite grain inclination angles is observed to closely match the angle expected for the 

imposed finishing strain. The inclination angles in Figure 4.14(a) below 64.0° indicate that 

varying degrees of recrystallization occurred during finishing passes below the expected 

(experimentally measured) TNR. These distributions in θ were used to assess the variations in 

localized accumulated shear strains. This technique not only allows for observation of 

microstructural constituents on a grain-by-grain basis, but also serves to supplement the bulk 

mechanical interpretations of hot flow behavior commonly used for analysis of torsion 

experiments. 

 

  
(a) (b) 

Figure 4.13 Light optical micrograph of (a) overall PAG structure and (b) higher 

magnification after thermomechanical simulation of bar rolling. Manganese 

sulfide inclusions (A) and some austenite grains (B) expected to accumulate all 

imposed shear strain without recrystallizing. Other austenite grains (C) predicted 

to deform in shear after recrystallizing, or (D) recrystallize in the later stages of 

rolling simulation. Images taken from 10V45 steel. Etchant used was saturated 

picric acid. 
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(a) (b) 

Figure 4.14 Histograms showing the distributions of measured inclination angles for (a) PAGs 

and (b) MnS inclusions after thermomechanical simulation of bar rolling. The 

dashed lines represent the expected inclination angles calculated for (a) the shear 

strain imposed below the measured TNR (γ=2.05) and (b) the total shear strain 

imposed (γ=5.18). Data are from hot torsion testing of 10V45 steel. 

 

The accumulated shear strains for austenite grains and MnS inclusions were calculated 

using Equation 3.8 based on the measured grain inclinations. These accumulated shear strain 

distributions are presented in Figure 4.15 and provide insight into the grain-by-grain evolution of 

austenite during hot deformation. As seen in Figure 4.15(b), the spread in accumulated shear 

strain (γacc) values appears substantial for MnS inclusions, despite the small variability in their 

measured inclination angles. This spread in calculated MnS inclusion accumulated shear strain 

arises from the nature of the relationship between γ and θ. The functionality of Equation 3.8 is 

revisited to assess the empirical applicability at varying strain levels. Figure 4.16 gives the 

derivative of inclination angle, with respect to imposed shear strain. Higher values of     ⁄  

indicate greater sensitivity of inclination angles to changes in imposed strain, which implies that 

the implementation of empirical measurements is best suited for lower values of imposed strain. 
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This function decreases monotonically, indicating that increasing values of imposed shear strain 

will necessarily produce smaller changes to the inclination angle of microstructural features. For 

a given uncertainty in measured θ, the corresponding range of calculated γ values will be 

minimized at lower values of shear strain. At higher strains, small variations or uncertainty in the 

θ measurements leads to greater variation or uncertainty in the calculated value of γ. For this 

reason, the analytical technique for characterizing γacc by inclination angle measurements was 

recommended for values of accumulated shear strain below about γ = 4 [63]. The fact that the 

shear strain accumulated in MnS inclusions exceeds γ = 5 explains the large variation shown in 

Figure 4.15(b). Any variability in the initial alignment of MnS in the as received bars will also be 

reflected in empirical measurements. 

 

  
(a) (b) 

Figure 4.15 Histograms showing the distributions of accumulated shear strains calculated 

from measured inclination angles for (a) PAGs and (b) MnS inclusions after 

thermomechanical simulations of bar rolling. Dashed lines represent (a) finishing 

strain and (b) total imposed strain. Data are from hot torsion testing of 10V45 

steel. 
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Figure 4.16 The derivative of microstructural inclination angle (θ) with respect to imposed 

shear strain (γ). This function indicates the sensitivity of inclination angle changes 

at various levels of accumulated shear strain. 

 

The tangential microstructural observation methodology (given in Figure 4.17(a)) for 

specimens following hot torsion deformation was utilized to analyze the condition of austenite in 

each experimental alloy following TMP simulation. Representative light optical micrographs, 

taken in the tangential orientation, are presented for each alloy in Figure 4.17, where a saturated 

picric acid solution was used to etch prior austenite grain boundaries. As expected for steels 

processed with deformation passes below TNR, austenite pancaking was observed. While all three 

experimental materials displayed noticeable grain elongations in orientations indicative of shear 

strain accumulation, the degree of recrystallization varied greatly between the alloys. 

Accumulated strain in the unrecrystallized austenite, as well as the fraction of recrystallized 

austenite, were identified as parameters of interest from metallographic analysis of tangential 

sections. 
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(a) 

 
(b) 

 
(c) 

Figure 4.17 Light optical micrographs in the tangential view for steels (a) 1045 Al TMP, (b) 

10V45 TMP, and (c) 10V45 Nb TMP, processed in hot torsion. All samples 

processed in the TMP condition, direct quenched after the final finishing pass, 

sectioned tangentially, and etched to reveal prior austenite grain boundaries. 

Microhardness indents indicate the orientation of the torsional axis for 

construction of a reference line. Etchant used was saturated picric acid. 
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After observing the microstructural differences as a result of V and Nb microalloying 

during TMP simulation (noted above), shear strain accumulation and recrystallized fraction of 

austenite were quantified. The results of the accumulated strain distributions are presented for 

each alloy as side-by-side boxplots in Figure 4.18. The values plotted for each dataset include the 

1
st
 quartile (bottom of each box), median (middle line within each box), and 3

rd
 quartile (top of 

each box). The whiskers extend to the recorded values furthest from the median (within the range 

of 1.5 x the interquartile range), as is commonly done for the construction of boxplots. The 

observed angles of inclination within the deformed austenite of each steel alloy appeared similar. 

The major difference in the condition of austenite for the three experimental alloys was the 

fraction recrystallized, where V and Nb were observed to effectively suppress austenite 

recrystallization (from ~40% recrystallized fraction in the 1045 Al alloy to <1% in the 

10V45 Nb). The area fraction of recrystallized grains has been superimposed onto Figure 4.18 

for comparison, and illustrates the effect of V and Nb microalloying on austenite 

recrystallization. 

The microalloyed steels were expected to contain austenite grains in a more heavily 

pancaked state, thus displaying higher degrees of accumulated strain. While this behavior is 

reflected in the recrystallized area results, initial observations of inclination angles from PAGs in 

each alloy did not reveal large differences. In order to more directly assess the effects of V and 

Nb microalloying on austenite strain accumulation during TMP rolling, the distributions in PAG 

inclination angles were analyzed further for the 1045 Al and 10V45 Nb alloys. Figure 4.19 

presents the histograms of measured inclination angles for the 1045 Al and 10V45 Nb steel 

alloys following TMP rolling simulation and helium quenching. A Q-Q plot of 1045 Al and 

10V45 Nb inclination angles is given in Figure 4.19(c), which is a statistical graphing method 
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that plots (x,y) data pairs corresponding to equivalent percentiles of two different distributions. A 

one-to-one correspondence has been superimposed as a dashed line. The data in Figure 4.19(c) 

fall above the one-to-one line, indicating larger measured inclination angles present in the 

10V45 Nb alloy than the 1045 Al at each percentile of the distribution. The magnitude of the 

observed differences from the one-to-one correspondence is most significant at lower values, and 

lies within ~5° for large inclination angles. These results indicate a slight increase in strain 

accumulation during TMP deformation as a result of V and Nb additions, in agreement with the 

concept of elevation of TNR through the addition of microalloy elements. 

 

 
Figure 4.18 Comparative boxplots of austenite conditioning following TMP rolling simulation 

in hot torsion. The experimental steels were tangentially sectioned to the location 

of the effective radius, etched to reveal prior austenite grain boundaries, and 

analyzed for austenite inclination and area fraction of recrystallized grains using 

image processing software. 
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(a) (b) 

 

(c) 

Figure 4.19 Analysis of austenite conditioning following TMP rolling simulation in hot 

torsion. Histograms of measured PAG inclination angles for (a) 1045 Al and (b) 

10V45 Nb alloys indicate slightly increased inclination angles for the 10V45 Nb 

alloy. A Q-Q plot (c) is presented as a means of a more direct comparison of the 

two distributions. The one-to-one correspondence between PAG inclination 

angles for the 1045 Al and 10V45 Nb alloys is overlaid as a dashed line. 
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4.2.5 Analysis of Heterogeneity in Torsion Specimens: Recrystallization and Strain 

Accumulation 

The effects of torsional strain gradients were next considered for their implications in the 

evolution of microstructure (and contributions to observed hot flow behaviors). Representative 

micrographs from two radial positions within a single torsion specimen (in addition to the 

location of the effective radius shown in Figure 3.13), nominally 50 and 90% of the radius, are 

shown in Figure 4.20. Differences in PAG inclinations and recrystallized fraction are evident, as 

expected for regions of a specimen that received unequal shear strains (due simply to radial 

position within the twisted cylinder). Angles of inclination were measured for PAGs at the three 

positions (50, 72.4 and 90 % of the radius), and used to calculate accumulated shear strain 

distributions using Equation 3.8. 

  
(a) (b) 

Figure 4.20 Light optical micrographs showing PAG structures of 10V45 steel torsion 

specimens tangentially sectioned to (a) 50% of the radius and (b) 90% of the 

radius after TMP simulation of bar rolling. Reference lines for each of these 

positions are indicated by microhardness indentations. Etchant used was saturated 

picric acid. 

 

To understand the microstructural evolution and heterogeneity present within torsion 

specimens, the accumulated shear strain distributions for each location were plotted as a function 

of their respective radial positions in Figure 4.21. The dashed line in Figure 4.21 represents the 
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location-dependent total shear strain imparted during the simulated finishing passes (applied 

approximately 90 °C below TNR). The fact that the observed levels of accumulated shear strain 

fall slightly below the expected values near the specimen surface is consistent with the finish of 

recrystallization being inhomogeneous within the torsion bar. That is, some recrystallization 

occurred during finishing passes at locations closer to the specimen surface where stored strain 

energy from deformation provided an increased driving force for subsequent recrystallization.  

In order to elucidate possible reasons for the differences in expected and observed levels 

of accumulated strain, micrographs were also analyzed for area fraction recrystallized austenite. 

As seen in Figure 4.21, the area fraction of recrystallized grains dramatically increased with 

radial distance from the torsional axis. This increased degree of recrystallization explains the 

differences in expected and observed γacc values for regions near the torsion specimen surface, 

since an increase in recrystallization would result in less strain accumulation (locally).  

 

 

Figure 4.21 Accumulated shear strain (γacc) for elongated austenite grains versus radial 

position within a single 10V45 torsion specimen with percent recrystallization 

superimposed. The range of γacc shown for each radial position is the interquartile 

range of the data (first quartile, median, and third quartile). The expected γacc 

values for strain accumulation below TNR are indicated by the dashed line. 
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Analyses of austenite inclination angles and area recrystallized provide the ability to 

assess morphological changes occuring during multipass torsion deformation directly from 

analysis of microstructure. Of particular significance is the ability to analyze the microstructural 

condition of specimens exhibiting combinations of refined, equiaxed grains and grains with 

varying levels of accumulated strain. Such instances of incomplete recrystallization can be 

observed based on grain inclinations in the tangential view. Analysis of local regions within solid 

bars, when used in tandem with analytical techniques focused on torque-twist behavior, can 

provide a fuller understanding of the microstructure-mechanical response relationships for 

materials undergoing hot torsion deformation. 
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CHAPTER 5 

 

RESULTS & DISCUSSION: CHARACTERIZATION OF INDUCTION HARDENED 

MICROSTRUCTURES, PRECIPITATE DISTRIBUTIONS, AND MECHANICAL 

BEHAVIOR 

 

5 Results & Discussion 

The experimental results presented in this chapter address the second research question 

proposed for this project: 

How do pre-induction microstructural features (including ferrite grain size and phase 

fraction, prior austenite grain size and morphology, and precipitate dispersions) affect 

final austenite grain size and mechanical performance following rapid austenitization? 

 Are intermediate heat treatments beneficial in achieving finer induction hardened 

grain sizes? 

 How sensitive are various microstructures (obtained through a range of thermal 

and thermomechanical processing steps) to austenite grain coarsening during 

deeper case depth induction simulation? 

In order to address these questions, simulated induction hardened microstructures were 

created (with various pre-induction treatments) using a Gleeble® 3500 and characterized by 

LOM, SEM, TEM, SAXS, and 3-point bend testing. 

 

5.1 Induction Hardening Results 

The induction hardening responses of each experimental alloy and pre-induction 

processing route were evaluated using physical simulation capabilities of the Gleeble® 3500, 
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light optical microscopy, scanning electron microscopy, transmission electron microscopy, 

energy-dispersive X-ray spectroscopy, and small-angle X-ray scattering. The following sections 

present the microstructural characterization of induction hardened specimens of various 

preconditions in order to examine effects of preconditioning on post-induction PAGS. 

 

5.1.1 Induction Hardening Results: General Observations 

Before characterizing prior austenite grain sizes of induction hardened conditions, two 

properties of the as-induction processed microstructures were investigated: austenite grain 

morphology, and the presence of any non-martensitic transformation products (such as 

Widmanstätten ferrite). In light of austenite pancaking events occurring during TMP rolling 

simulations, discussed in Section 4.2.4, austenite morphologies were examined in the tangential 

orientation also after induction hardening simulation. Light optical micrographs taken on 

tangential views confirmed that pancaked PAGs produced during TMP rolling would result in 

austenite grains of equiaxed morphology following the rapid reaustenitization process of 

induction hardening. A representative micrograph in the tangential orientation is given in 

Figure 5.1, where refined, equiaxed prior austenite grains are observed alongside elongated 

manganese sulfide inclusions. Equiaxed PAGs were observed in the tangential view of all 

specimens following induction hardening simulation. 
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Figure 5.1 Light optical micrograph revealing equiaxed prior austenite grains in the 

tangential view of a 10V45 Nb specimen following hot torsion TMP simulation, 

quenching to room temperature, and 2 mm case induction hardening simulation. 

 

Previous investigation by Rothleutner revealed the presence of ferrite in the same 

experimental steels following certain induction hardening processes [113]. Accordingly, 

induction simulated specimens from the current study were examined using a field-emission 

scanning electron microscope to verify the presence or absence of ferrite formation during the 

induction hardening thermal cycle. Figure 5.2 presents images of two microstructural features 

where Rothleutner observed the greatest extent of heterogeneous ferrite formation during 

induction hardening. Prior austenite grain boundaries and triple points were pointed out as 

particularly susceptible locations for ferrite formation [113]. Viewing many fields of view at the 

same magnification did not reveal the presence of ferrite in the current steels after induction 

hardening simulation, as seen in Figure 5.2, where boundaries and triple points within the parent 

austenite do not appear decorated by ferrite. 
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Figure 5.2 Secondary electron SEM images of induction hardened 10V45 steels following 

industrial hot rolling and air cooling. Previous work by Rothleutner observed 

ferrite formation (a) along prior austenite grain boundaries and (c) at austenite 

triple points during induction processing. SEM analysis of steels in the current 

investigation following simulated 2 mm induction hardening (b,d) did not indicate 

ferrite formation along prior austenite grain boundaries or triple points. 

 

5.1.2 Induction Hardening Results: Effects of Microalloying and Rolling Temperature 

The state of austenite following induction hardening was evaluated in each alloy for HR 

and TMP preconditions. The equiaxed prior austenite grain structures of all specimens were 

examined in the cross-sectional orientation for grain size analysis, and representative 

micrographs of each condition are presented in Figure 5.3. Light optical micrographs were then 

used to measure average prior austenite grain sizes for each condition. For specimens 
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preconditioned through hot torsion simulation, the same position used for previous grain size 

measurements (the effective radius, r*) was used for post-induction PAGS. 

 

Rolled + 

Quench + 

2 mm Case 

Depth 

1045 Al 10V45 10V45 Nb 

Hot Rolled 

 

TMP 

Figure 5.3 Light optical micrographs of each experimental steel alloy following hot torsion 

simulation of bar rolling, direct quenching to room temperature with compressed 

helium, induction hardening (2 mm case depth simulation), sectioning in the 

cross-sectional orientation, and metallographic etching to reveal prior austenite 

grain boundaries. 

 

A comparison of prior austenite grain sizes for each steel alloy following both rolling 

simulation and rolling simulation + induction hardening simulation is presented in Figure 5.4, 

where the effects of microalloy additions, lower temperature finish rolling, and induction 

hardening are shown graphically. The following trends in prior austenite grain size are observed: 

 In every condition, the following trend was observed in order of decreasing PAGS: 

1045 Al, 10V45, 10V45 Nb. 
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 Prior processing at the lower finishing temperature (TMP) was seen to refine the 

austenitic grain size before induction hardening for every experimental alloy. 

Refinements on the order of 10-20 microns were observed, which correlate to 30-50% 

reduction in grain diameter, relative to the HR condition for each alloy. 

 Induction hardening resulted in further refinement of PAGS for every alloy and starting 

condition. For the HR starting condition, PAGS refinement of 10-20 microns resulted 

from the induction hardening process (25-60% refinement); thus resulting in similar 

austenite grain sizes as the TMP rolled and direct quenched condition prior to induction 

processing. For steels in the TMP condition, additional PAGS refinement of 4-9 microns 

(15-50% refinement) was observed after induction hardening. 

 Refined starting microstructures resulted in refined final prior austenite grain sizes after 

induction hardening in every condition. 

 

 

Figure 5.4 Prior austenite grain sizes for each steel alloy following high (HR) and low 

(TMP) temperature simulated rolling and direct quenching. Superimposed (in 

dashed lines and open symbols) are the prior austenite grain size data after 

induction hardening simulation of steels for each precondition. Error bars 

represent the pooled standard deviation for PAGS measurements. 
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During reheating of quenched (martensitic) steels, microstructural features such as 

martensite packet boundaries, block boundaries, and prior austenite grain boundaries can act as 

preferential sites for heterogeneous austenite nucleation. The character of each of these 

microstructural features is expected to be refined by austenite conditioning [114]. The increased 

number density of preferential nucleation sites for austenite during rapid austenitization is 

interpreted to contribute to the persistence of microstructural refinement trends through the 

induction hardening process. 

5.1.3 Induction Hardening Results: Effects of Cooling Rate after Rolling 

The response of dissimilar starting microstructures (martensite vs ferrite-pearlite) to 

induction hardening was next investigated in the context of bar cooling rate following rolling. 

While industrially-rolled bars are typically air cooled after rolling, direct quenching was 

explored for potential induction hardening response benefits (such as refinement of post-

induction PAGS). Specimens of each steel alloy (1045 Al, 10V45, 10V45 Nb), rolling condition 

(HR, TMP), and cooling rate (air cooled, helium quenched) were processed through simulated 

2 mm case depth induction hardening. The resulting austenite grain sizes developed during 

induction simulation are presented in Figure 5.5. As discussed in the previous section, increasing 

microalloy content and lower temperature finishing tended to result in austenite grain refinement 

(which persisted through induction hardening). Additionally, air cooled preconditions tended to 

result in finer final PAGS compared to direct-quenched preconditions. As predicted by the 

superposition of these three contributing factors, the finest austenite grain size was observed in 

the 10V45 Nb alloy after TMP rolling, air cooling, and induction simulation. 
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(a) (b) 

Figure 5.5 Prior austenite grain sizes for each steel alloy following high (HR) and low 

(TMP) temperature rolling, cooling at two different rates, and 2 mm case 

induction hardening simulation. Error bars represent the pooled standard 

deviation for PAGS measurements. 

 

In order to more easily distinguish the effects of cooling rate in preconditioning 

microstructures for induction hardening, Figure 5.6 presents induction hardened PAGS of direct 

quenched preconditions against the equivalent (alloy and rolling temperature) condition with air 

cooling as the preconditioning step. A one-to-one correspondence is superimposed as a dashed 

line. All six data points lie above the one-to-one correspondence, indicating that direct quenching 

to martensite was less effective at producing refined induction hardened austenite grain sizes 

than slow cooling to form ferrite + pearlite. While previous work suggests that austenite 

formation can be enhanced through preconditioned microstructures containing more 

homogenous distributions of carbides, the results in Figure 5.6 show benefits of ferrite + pearlite 

for achieving PAG refinement during induction hardening [88]–[92]. 
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Figure 5.6 Induction hardened prior austenite grain sizes for each experimental alloy, 

finishing temperature, and cooling rate comparing the effects of cooling rate after 

rolling in preconditioning steel bars for induction hardening. A one-to-one 

correspondence between air cooled and direct quenched preconditions is 

superimposed as a dashed line for reference. Error bars represent the pooled 

standard deviation for PAGS measurements. 
 

5.1.4 Induction Hardening Results: Effect of Prior Ferrite Grain Size 

The effect of initial ferrite grain size was explored in the context of final (induction 

hardened) austenite grain sizes. Ferrite grain size has been documented to affect austenitization 

response during rapid heating situations in the context of austenite grain size and carbon 

diffusion distance [85], [88]–[92]. Induction hardened prior austenite grain sizes are plotted as a 

function of pre-induction ferrite grain sizes in Figure 5.7(a), where a positive correlation is 

observed. Analyzing the data from hot rolled (Figure 5.7(b)) and TMP (Figure 5.7(c)) 

preconditions individually, an apparent linear relationship between ferrite grain size and 

induction hardened PAGS is observed. Furthermore, the slopes of the trend lines appear very 

similar. That is, changes in ferrite grain size produce similar changes in induction hardened 

austenite grain size, independent of rolling condition. The positive correlation between pre-

induction ferrite grain size and post-induction prior austenite grain size is attributed to increases 
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in austenite nucleation sites within the ferrite + pearlite structure for finer starting conditions 

[95]. 

 

 

(a) 

  

(b) (c) 

Figure 5.7 Induction hardened prior austenite grain sizes shown as a function of pre-

induction ferrite grain size for each experimental material and rolling condition in 

the air cooled precondition. (a) Overall trend appears to be a positive correlation, 

while grouping data according to rolling procedure (b), (c) reveals linear trends 

between ferrite grain size and final induction hardened austenite grain size. Trend 

lines are drawn with equivalent slopes. 
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5.1.5 Induction Hardening Results: Effects of Intermediate Heat Treatments 

In addition to the different rolling schedules and cooling rates examined, intermediate 

(off-line) heat treatments were also explored as potentially beneficial precursors to induction 

hardening. The heat treatments selected for investigation were: normalization, reaustenitization + 

quenching, and reaustenitization + quenching + tempering. By altering the micro- and nano-

sctructure prior to induction processing, each of these heat treatments was explored for potential 

refining effects of austenite during induction processing. The post-induction prior austenite grain 

size data for each alloy is presented in Figure 5.8 for specimens in the hot rolled (HR) + air 

cooled (AC) starting condition. The effects of pre-induction normalizing on final induction 

hardened PAGS can be seen in Figure 5.8(a), where normalizing is observed to have little effect 

on PAGS in the 1045 Al and 10V45 steels. When applied to the 10V45 Nb alloy, however, 

normalizing was observed to result in PAGS refinement of nearly 50% after induction. The 

effects of reaustenitization (ReAust) and quenching and tempering prior to induction processing 

are presented in Figure 5.8(b), where refining effects are observed in all cases (relative to 

equivalent conditions without intermediate heat treatment). The most dramatic refining effects 

were again observed in the steel microalloyed with both V and Nb. 

The effects of alloying and intermediate heat treatment were presented in Figure 5.8. The 

added effect of rolling condition is presented in Figure 5.9, where data from TMP-rolled samples 

are included for each heat treatment and alloy. For normalized conditions (Figure 5.9(a)) the 

changes in post-induction PAGS resulting from prior TMP rolling were minimal for all 

materials. For normalized conditions, microalloy content was observed to have a larger impact 

on final PAGS than rolling temperature. When specimens were subjected to reaustenitization and 

quenching before induction hardening (Figure 5.9(b)), an overall decrease in PAGS was 

observed for each alloy, relative to induction hardening of as-rolled bars. In each case, the 
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10V45 Nb alloy displayed the highest degree of microstructural refinement. Low temperature 

tempering (176 °C) of the TMP rolled materials after reaustenitization and quenching 

(Figure 5.9(c)) resulted in the finest post-induction average prior austenite grain size, with all 

three materials displaying PAGS <10 µm. 

 

  

(a) (b) 

Figure 5.8 Prior austenite grain sizes for each experimental alloy following hot rolling 

(intermediate heat treatment) and 2 mm induction hardening simulation. Heat 

treatments compared to as-rolled + induction conditions include (a) normalization 

and (b) reaustenitization + quenching + tempering. Error bars represent the pooled 

standard deviation for PAGS measurements. (Color image - see pdf version) 

 

As noted in Figure 5.9, steels rolled in the TMP condition, air cooled, reaustenitized, 

quenched, and tempered displayed the finest PAGS of those studied thus far. The effect of a 

higher temperature tempering treatment was next explored by tempering at 500 °C, rather than 

176 °C. The induction hardened PAGS measurements for each steel alloy following high 

temperature tempering are presented in Figure 5.10, along with the data from low temperature 

temper and no temper pretreatments. Overall, post-induction PAGS were slightly coarser with 

high temperature tempering, relative to the lower tempering temperature. 
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(a) 

  

(b) (c) 

Figure 5.9 Prior austenite grain sizes for each experimental alloy following hot and TMP 

rolling (intermediate heat treatment) and 2 mm induction hardening simulation. 

Heat treatments include (a) normalization, (b) reaustenitization + quenching, and 

(c) tempering prior to induction simulation. Error bars represent the pooled 

standard deviation for PAGS measurements. 
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Figure 5.10 Prior austenite grain sizes for each steel alloy following TMP rolling, air cooling, 

reaustenitization, quenching, (tempering), and 2 mm induction hardening 

simulation. Error bars represent the pooled standard deviation for PAGS 

measurements. 

 

5.1.6 Induction Hardening Results: Effect of Double Induction Hardening 

The effect of a 2-cycle induction hardening simulation (each for a 2 mm deep case) on 

austenite grain size development was explored for potential implications on additional grain size 

refinement. This section presents prior austenite grain size data for each steel alloy and rolling 

condition after air cooling and double induction simulation. PAGS for double induction hardened 

conditions are then compared with single induction treatments of the corresponding 

preconditions. Figure 5.11 presents the PAGS data for each alloy and rolling condition following 

air cooling and 2 induction hardening cycles. As observed with other pre-induction treatments, 

double induction hardening resulted in the finest PAGS for the 10V45 Nb alloy, with TMP 

rolling resulting in a small refining effect for each alloy. 
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Figure 5.11 Prior austenite grain sizes for each experimental alloy following hot and TMP 

rolling air cooling, and 2 induction hardening cycles (each simulative of a 2 mm 

case depth treatment). Error bars represent the pooled standard deviation for 

PAGS measurements. 

 

As a method of comparing PAGS results after multiple iterations of 2 mm induction 

hardening simulation, the measured PAGS for double induction hardened conditions were 

plotted as a function of the measured PAGS for single induction hardening. The relationship 

between single- and double-induction PAGS is presented in Figure 5.12, where a one-to-one 

correspondence has been superimposed to represent equivalent prior austenite grain sizes 

regardless of single or double induction cycling. With three data points falling on either side of 

the one-to-one line, the number of induction hardening cycles (1 or 2) does not appear to have a 

strong systematic effect on PAGS for the preconditions studied. In order to more closely 

examine the specific conditions experiencing additional refinement with a second induction 

hardening step (and those experiencing a degree of coarsening), Figure 5.13 presents PAGS data 

for each steel and rolling condition after both single and double induction hardening simulations. 

The 10V45 alloy experienced coarser PAGS in the double-induction condition, relative to single 

induction, for both HR and TMP preconditions. For the 1045 Al alloy, the second induction 
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hardening cycle was observed to result in coarser PAGS in the hot rolled precondition but finer 

PAGS for the TMP precondition. In the case of the 10V45 Nb alloy, little change in PAGS was 

observed with double induction treatment of the TMP precondition. However, the second 

induction hardening step was observed to refine the PAGS by nearly 50%, relative to single 

induction treatment in the HR condition. 

 

 

Figure 5.12 Prior austenite grain sizes for each experimental alloy following high (HR) and 

low (TMP) temperature rolling, air cooling, and 2mm induction simulation (1 or 2 

cycles). Superimposed is a one-to-one correspondence between single and 

double-induction simulated conditions. Error bars represent the pooled standard 

deviation for PAGS measurements. 

 

5.1.7 Induction Hardening Results: Effect of Case Depth 

The extent of austenite grain growth occurring during deeper case depth scenarios was 

investigated by thermal processing through simulated 6 mm case depth induction hardening. As 

discussed in Section 3.5.1, the thermal cycle to achieve a 6 mm case through induction hardening 

involves a longer time at elevated temperature and a higher peak temperature than a 2 mm case 

depth treatment. The effects of increased temperature and time on austenite grain coarsening are 

presented in the following results. 
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(a) (b) 

Figure 5.13 Prior austenite grain sizes for each experimental steel alloy following (a) hot 

rolling and (b) TMP rolling, air cooling, and 2mm induction simulation (1 or 2 

cycles). Error bars represent the pooled standard deviation for PAGS 

measurements. 

 

As noted in Section 5.1.3, air cooled preconditions resulted in finer PAGS after (2 mm 

case depth) induction hardening than direct quenched conditions. Because this project aims to 

achieve highly refined post-induction prior austenite grain sizes, the primary focus of the 6 mm 

case depth study centered around steels rolled in the TMP condition and air cooled (those 

displaying the finest PAGS during 2 mm case depth simulation). Accordingly, specimens of each 

steel in the TMP rolled + air cooled condition were subjected to 6 mm case depth induction 

hardening simulation. Figure 5.14 gives the measured PAGS for both 2 mm and 6 mm case 

depths. As expected, the increased time and temperature experienced during 6 mm case depth 

simulation resulted in significantly coarser PAGS for all three alloys. Microalloying additions 

resulted in refinement of approximately 10 µm for 2 mm case conditions, and ~7 µm for the 

6 mm case depth conditions. 
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Figure 5.14 Prior austenite grain sizes for each experimental alloy following TMP rolling, air 

cooling, and induction hardening simulation under shallow (2 mm) and deep 

(6 mm) case scenarios. Error bars represent the pooled standard deviation for 

PAGS measurements. 

  

The effects of intermediate heat treatment on austenite grain size development during 

deeper case induction hardening were explored by subjecting specimens to normalizing and to 

reaustenitization and quenching treatments before 6 mm case induction hardening. The resulting 

PAGS are presented in Figure 5.15. While 6 mm case depth induction hardening simulation was 

still observed to result in substantially coarser PAGS than 2 mm induction, pretreatment by 

normalizing led to a slight refining effect (of ~7 µm). Preconditioning by reaustenitizing + 

quenching (Figure 5.15(b)) did not result in significant refinement after 6 mm case depth 

induction hardening. In contrast to other induction hardened conditions, the TMP + air cool + 

normalized + 6 mm induction hardened condition resulted in finest PAGS for the 1045 Al alloy. 

While the exact cause for this anomaly is unknown, it may relate to the mechanism governing 

austenite formation and coarsening during rapid austenitization. 
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(a) (b) 

Figure 5.15 Prior austenite grain sizes for each experimental alloy following TMP rolling, air 

cooling, intermediate heat treatment, and induction hardening simulation under 

shallow (2 mm) and deep (6 mm) case scenarios. Specimens subjected to (a) 

normalizing or (b) reaustenitizing and quenching prior to induction hardening 

simulation. Error bars represent the pooled standard deviation for PAGS 

measurements. 

 

 While TMP + air cooling was the primary focus for deeper case induction trials, three 

conditions in the direct-quenched state were selected for analysis as well. For direct-quenched 

preconditions, the coarsest (1045 Al HR) and two finest (10V45 TMP, 10V45 Nb TMP) 

conditions were selected for 6 mm induction simulation in order to examine the widest range of 

expected post-induction PAGS. The resulting PAGS for each precondition are presented in 

Figure 5.16, where austenite coarsening is again observed during deeper case depth induction 

processing. The extent of austenite grain coarsening during simulated 6 mm case depth induction 

hardening is seen to be greatest for the HR 1045 Al alloy. 
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Figure 5.16 Prior austenite grain sizes for each experimental alloy following direct quenching 

after rolling and induction hardening simulation to 2 mm or 6 mm case depth. 

Error bars represent the pooled standard deviation for PAGS measurements. 

 

 Comparison of 2 mm and 6 mm case depth PAGS, as presented in Figure 5.17, better 

shows the relationship between PAGS for a given precondition after undergoing induction 

hardening simulation to either case depth. All six data points lie above the one-to-one line, 

representative of the fact that deeper case simulation resulted in increased prior austenite grain 

sizes for every precondition. Additionally, analysis of data within the context of pre-induction 

cooling rate (air cooling/quenching) reveals an apparent linear trend between 2 mm and 6 mm 

case depth PAGS, with conditions exhibiting larger PAGS for 2 mm induction hardening also 

resulting in coarser PAGS following 6 mm induction hardening. 
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Figure 5.17 Prior austenite grain sizes for each steel alloy following 6 mm case depth 

induction hardening simulation as a function of the equivalent precondition 

undergoing 2 mm case depth induction hardening. A one-to-one correspondence 

is superimposed for reference. 

  

5.2 Characterization of Microalloy Precipitates by TEM 

The initial processing step for this study involved a high temperature solutionizing step. 

Subsequent processing steps (both thermal and thermomechanical) were carried out below the 

equilibrium solubility temperatures for carbides, nitrides, and carbonitrides expected to 

precipitate in microalloyed steels. In order to better understand the precipitation events occurring 

in the experimental materials throughout various processing steps, characterization of microalloy 

precipitates was carried out using a combination of transmission electron microscopy, energy-

dispersive X-ray spectroscopy, and small-angle X-ray scattering techniques. 

5.2.1 Transmission Electron Microscopy of Ferrite-Pearlite Conditions 

Characterization of microalloy precipitation in the 10V45 Nb alloy served as a reference, 

since it was expected to display the greatest degree of precipitation during rolling. Thin foil 

specimens were taken from the near-surface region of industrially-rolled bars, since the interests 

of this project center around surface hardening treatment. Results are first presented for the near-
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surface regions of the 10V45 Nb steel in the hot rolled condition. A bright field transmission 

electron micrograph is presented in Figure 5.18(a), where a precipitate is observed near a ferrite-

pearlite interface. In Figure 5.18(b), the precipitate is selectively illuminated using the dark field 

technique described in section 3.7.1, suggesting that the precipitate maintains a Baker-Nutting 

relationship with the surrounding ferrite grain. 

 

  

(a) (b) 

Figure 5.18 Bright field transmission electron micrograph (a) of a pearlite-proeutectoid ferrite 

interface. A precipitate (believed to be Nb,V (C,N)) approximately 8.5 nm 

diameter is observed near the interface in a 10V45 Nb HR steel bar. A dark field 

image in the same location (b) illuminating the same precipitate, suggesting that 

the precipitate maintains a Baker-Nutting orientation relationship with the 

surrounding ferrite grain. 

 

Additional images revealed dispersions of carbonitride precipitates within proeutectoid 

ferrite grains. Figure 5.19 presents a series of micrographs showing both a collection of 

precipitates (c) as well as the ferrite grain (b) and surrounding microstructure (a) from which the 

images were taken. Two dark field images are stitched together in Figure 5.20 to show a larger 

field of view of precipitates within another proeutectoid ferrite grain. These micrographs 

revealing precipitate arrays were used for analysis of precipitate size distributions. 

8.5 nm ppt
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(a) (b) (c) 

Figure 5.19 (a) Lower magnification bright field transmission electron image, (b) higher 

magnification bright field image, and (c) centered dark field image revealing 

carbonitride precipitates taken in the near-surface region of a 10V45 Nb bar 

following industrial HR rolling and subsequent air cooling on a walking beam 

cooling bed. 

 

 

 

Figure 5.20 Centered dark field TEM images revealing carbonitride precipitates in the near-

surface region of a 10V45 Nb bar following industrial HR rolling and subsequent 

air cooling on a walking beam cooling bed. 

 

Energy dispersive X-ray spectroscopy was used to investigate the chemical composition 

of V- and Nb-containing precipitates in a scanning transmission electron microscope (STEM). 



110 

 

Bright field and STEM-HAADF (high-angle annular dark field) transmission electron 

micrographs are presented in Figure 5.21, along with an EDS map showing the distribution of 

relevant chemical species. The observed particle, measuring approximately 100 nm in diameter, 

was contained within a proeutectoid ferrite grain. The relatively large size of this precipitate 

made it conducive to chemical analysis (since the ratio of precipitate to iron matrix is largest for 

coarse precipitates). EDS analysis indicated an increased concentration in carbon, nitrogen, and 

niobium within the second phase particle. Slight enrichment of vanadium, aluminum, and 

titanium was also observed, indicating the observed particle was most likely a mixed 

carbonitride, Nb,V(C,N). The size of the particle shown in Figure 5.21 suggests that it was 

formed at a relatively high temperature in austenite. Although finer precipitates (in the 1-10 nm 

range) are of more interest for their possible grain boundary pinning and precipitate 

strengthening effects, chemical analysis via EDS of <10 nm precipitates is often inconclusive. 

Additional EDS scans taken in the vicinity of other second-phase particles within ferrite grains 

are presented in Appendix C. All precipitates detected through EDS observations appeared to be 

mixed Nb,V(C,N), with slight changes in the relative amounts of V and Nb. 

Utilizing the same specimen preparation technique and diffraction conditions, 

transmission electron microscopy was also conducted for the 10V45 Nb steel in the TMP 

condition. An example bright field/dark field pair of micrographs is presented in Figure 5.22, 

where arrays of precipitates are noted with an alignment that may suggest interphase 

precipitation or preferential precipitation along dislocation substructure. The presence of linear 

arrays of precipitates within ferrite was only observed in the TMP condition. 
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(a) (b) 

   

                        (c)                                                                  (d) 

Figure 5.21 (a) Bright field and (b) STEM-HAADF TEM images taken in the near-surface 

region of a 10V45 Nb bar following industrial hot rolling and subsequent air 

cooling on a walking beam cooling bed. Higher magnification image given in (c), 

revealing a large niobium-rich carbonitride precipitate present within proeutectoid 

ferrite. EDS maps (d) reveal enrichment of carbon, nitrogen, and niobium. EDS 

scans also seem to indicate slight increases in aluminum, vanadium, and titanium 

levels within the observed carbonitride precipitate. 
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(a) (b) 

Figure 5.22 (a) Bright field and (b) dark field TEM images revealing carbonitride precipitates 

taken in the near-surface region of a 10V45 Nb bar following industrial TMP 

rolling and subsequent air cooling on a walking beam cooling bed. 

 

Following imaging of carbonitride precipitates within multiple ferrite grains, precipitate 

diameters were measured (150-200 precipitates counted per condition). The resulting size 

distributions for each rolling condition are presented in Figure 5.23, where precipitate sizes 

between 2-4 nm are observed in the highest frequencies for both conditions. The measured 

distributions, particularly for the HR condition, appear very similar to the predicted Nb(C,N) 

distribution from a previous study presented in Section 2.1. These measurements were used as a 

complementary technique to better inform results of the SAXS study. 
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(a) (b) 

Figure 5.23 Histograms of carbonitride precipitate diameter distributions, as measured from 

TEM dark field images. Relative frequencies are presented for the industrially 

rolled 10V45 Nb alloy in the (a) Hot-Rolled and (b) TMP conditions in the near-

surface region. The mean precipitate sizes for each distribution are superimposed 

as dashed lines. 

 

5.2.2 Transmission Electron Microscopy of Martensitic Conditions 

Scanning-transmission electron microscopy was further used to investigate the 

distribution of nano-scale precipitates within the martensitic conditions prepared using a 

site-specific FIB liftout technique. Sites were selected to contain regions within multiple prior 

austenite grains (along with accompanying prior austenite grain boundaries). Specimens were 

prepared in the TMP+Quench and TMP+Quench+2 mm induction conditions for the 10V45 Nb 

alloy. Overall images of the FIB-prepared TEM specimens are given in Figure 5.24. Initial 

viewing of prepared specimens shown in Figure 5.24(a,b) in a scanning-transmission electron 

microscope was unable to elucidate any information on the precipitation condition of either 

specimen, necessitating a followup thinning procedure on the FIB. The results of secondary 

thinning are shown in Figure 5.24(c,d), where thinning was carried out until small perforations in 

the specimens were observed (to create the thinnest specimen possible). The images presented in 
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Figure 5.25 and Figure 5.26 were collected by viewing the extremely thin regions adjacent to 

visible voids in the liftout specimens. 

 

  

(a) (b) 

  

(c) (d) 

Figure 5.24 Bright field images of site-specific focused ion beam liftouts for 10V45 Nb steel 

in the direct quenched (a,c) and direct quenched + 2 mm induction hardened 

conditions (b,d). Initial images (a,b) were obtained after extraction from the 

substrate material. Specimens were later thinned to perforation, and images (c,d) 

were recorded using scanning electron microscopy. Sites were selected to include 

regions within multiple prior austenite grains for each liftout. 

 

A pair of bright field/STEM-HAADF images is presented in Figure 5.25, with arrows 

pointing to observed features believed to be carbonitride precipitates within martensite for the 

10V45 Nb steel in the TMP + quenched condition. These features appear lighter in the STEM-
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HAADF image, indicating a higher average atomic number. This information, along with the 

measured sizes (3-5 nm diameters), suggests that the second phase particles are niobium-rich 

carbonitride precipitates. 

 

  

(a) (b) 

Figure 5.25 (a) Bright field and (b) STEM-HAADF TEM images of a 10V45 Nb specimen 

following simulated TMP rolling and subsequent helium quenching. Arrows 

indicate observed features in the 3-5 nm size range, thought to be carbonitride 

precipitates within martensite. 

 

Some of the features observed through bright field imaging (such as those highlighted in 

Figure 5.25) were believed to be microalloy precipitates. The small fraction and very fine size of 

such particles, however, precluded the possibility of verifying structure/composition by TEM 

diffraction methods. As a secondary approach, a series of 40-minute EDS scans was performed 

in multiple regions of each martensitic liftout specimen with the goal of identifying microalloy 

carbonitrides present within each microstructure. Figure 5.26 presents the data from one of the 

EDS scans, where a slight enrichment in vanadium appears present within the circled region. 

Even with highly thinned specimens and long-time data collection, EDS scans were unable to 
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conclusively identify microalloy precipitates in the martensitic conditions. In order to extend the 

characterization of microalloy precipitates to martensitic conditions, small-angle X-ray scattering 

was pursued. 

 

  

(a) (b) 

Figure 5.26 (a) Bright field TEM micrograph and (b) energy dispersive X-ray spectroscopy 

map showing distribution of vanadium within an induction hardened 10V45 Nb 

specimen with TMP+Quench precondition. Data collected during a 40-minute 

scan on an FEI Talos TEM. Color image- see pdf. 

 

5.3 Characterization of Microalloy Precipitates by Small-Angle X-Ray Scattering 

In order to better understand the state of microalloy precipitation across the range of 

microstructural conditions examined in this study, small-angle X-ray scattering was utilized. The 

synchrotron X-ray source at Argonne National Laboratory allowed for sampling volumes 

substantially larger than those used in TEM analysis. The following sections highlight the effects 

of rolling temperature, intermediate heat treatment, and induction hardening on precipitation in 

two of the steel alloys. 

5.3.1 SAXS Results: General Observations 

Through discussions with X-ray scientists at Argonne National Laboratory, the following 

decisions were made concerning the most appropriate interpretation of SAXS data: 
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1. The 1045 Al and 10V45 alloys were most suitable to interpretation by SAXS, since 

the number of precipitating microalloy species is constrained in each of these 

materials. In the case of the 1045 Al steel, AlN is the primary precipitating species of 

interest. In the case of the 10V45 steel, V may precipitate as a carbide or nitride. 

However, the calculated contrast values for each of these V-rich phases (as well as V 

carbonitride) in an iron matrix are very similar, making interpretation relatively 

straightforward. In the case of the 10V45 Nb steel, however, the effects of Nb 

precipitation can be convoluted by V precipitation. Because the precipitating carbides 

and nitrides from V and Nb produce signals with very different contrast values 

through SAXS analysis within each 10V45 Nb specimen, additional information on 

precipitate character would be needed in order to correctly interpret the data for this 

steel. Mixed solubility between Nb, V, C, and N also contributes uncertainty when 

analyzing precipitate distributions in the 10V45 Nb alloy. The presence of multiple 

precipitating species (with differing contrast values) makes analysis of precipitate 

volume fraction and average size through SAXS unreliable, and thus SAXS results 

focus on the 1045 Al and 10V45 alloys. 

2. Certain aspects of the SAXS data in this study could be susceptible to systematic 

error. The largest source of potential systematic error could arise from interpretation 

of background signal. The methodology for SAXS interpretation in this study, 

described in Appendix B, applied a baseline background value systematically across 

each alloy. Due to the potential for systematic shifts in precipitate data (primarily in 

volume fractions of fine precipitates), the data derived from SAXS analysis for this 
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study should be interpreted in the context of relative trends (in precipitate size and 

volume fraction) rather than absolute magnitudes. 

3. Additionally, background signal can be affected by matrix microstructure containing 

the second-phase precipitates of interest. For this reason, comparisons for this study 

are drawn between conditions with similar matrix microstructures (ferrite-pearlite and 

ferrite-pearlite, or martensite and martensite) in order to minimize potential effects of 

background signal differences. 

In accordance with the discussion points described above, this study examined precipitate 

distributions in the 1045 Al and 10V45 steels through SAXS analysis. Volume fractions are 

presented as normalized values (by dividing obtained volume fraction data by the largest 

observed value to create a scale from 0 to 1 for each alloy), and comparisons are made only 

between conditions containing similar matrix microstructures. 

5.3.2 Effect of Rolling Temperature on AlN and V(C,N) Precipitation 

Small-angle X-ray scattering results were used to better understand the character of 

precipitating constituents in the 1045 Al and 10V45 steel alloys throughout various thermal and 

thermomechanical treatments. Of particular interest are the precipitate volume fraction and size. 

The effect of rolling temperature on microalloy precipitation is presented in Figure 5.27 for the 

1045 Al and 10V45 alloys with subsequent air cooling. While little difference is observed 

between the rolling conditions of 10V45, analysis suggests that an increase in the number of fine 

precipitates occurs when 1045 Al is subjected to TMP rolling. This increase in fine precipitation 

is seen as a slight increase in volume fraction accompanied by a sharp decrease in average 

precipitate size. 
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(a) (b) 

Figure 5.27 AlN and V(C,N) precipitate size and volume fraction results analyzed from 

synchrotron SAXS for (a) 1045 Al and (b) 10V45 steels in the hot rolled and 

TMP rolled conditions. Specimens were industrially rolled and air cooled. 

 

5.3.3 Effect of Intermediate Heat Treatment on Microalloy Precipitation 

The effects of intermediate heat treatments on AlN and V(C,N) precipitation were next 

characterized through SAXS analysis. Precipitate volume fraction and size data are presented for 

steels subjected to hot rolling and air cooling with and without subsequent normalizing treatment 

in Figure 5.28. Normalizing treatment is observed to result in increased precipitation for both 

alloys, and is accompanied by a decrease in average precipitate size. These observations suggest 

additional precipitation in low temperature austenite (805 °C) and/or during the slow cooling 

step associated with normalizing.  

The effect of low-temperature tempering was next explored for the reaustenitized and 

quenched conditions. Figure 5.29 presents the precipitate size and volume fraction results for 

1045 Al and 10V45 steel alloys following hot rolling, air cooling, reaustenitization, and 

quenching before and after low temperature tempering. The low mobility of substitutional Al and 

V is expected to preclude significant precipitation at temperatures as low as 176 °C. SAXS result 
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confirm this expectation, with nearly identical volume fractions of precipitation before and after 

1 hour tempering at 176 °C. 

 

  

(a) (b) 

Figure 5.28 AlN and V(C,N) precipitate size and volume fraction results analyzed from 

synchrotron SAXS for (a) 1045 Al and (b) 10V45 steels in the hot rolled, air 

cooled condition before and after normalizing heat treatment. 

 

  

(a) (b) 

Figure 5.29 AlN and V(C,N) precipitate size and volume fraction results analyzed from 

synchrotron SAXS for (a) 1045 Al and (b) 10V45 steels in the hot rolled, air 

cooled, reaustenitized (805 °C), and quenched condition. Data also presented after 

low temperature tempering for 1 hour at 176 °C. 
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5.3.4 Effect of Induction Hardening on AlN and V(C,N) Precipitation 

Changes in the size and amount of nano-scale precipitates as a result of induction 

hardening were next examined. Precipitate characterization through SAXS is presented in 

Figure 5.30 and Figure 5.31 for 1045 Al and 10V45 specimens in the direct quench precondition 

following hot rolling and TMP rolling procedures, respectively. Each figure presents results for 

both pre-induction and post-induction hardening simulation. In most cases, induction hardening 

resulted in decreased volume fractions of precipitates and increased average precipitate sizes. 

These observations suggest dissolution of the finest precipitates during rapid induction heating, 

thus leaving a larger average precipitate size but smaller volume fraction. The exception to this 

trend occurred in the 10V45 alloy in the simulated hot rolled and direct quenched precondition. 

In this case, an increase in volume fraction and decrease in average precipitate size was observed 

after induction simulation. This behavior occurred in the precondition containing a substantially 

lower pre-induction volume fraction of precipitates (approximately 5% of the volume fraction 

observed in the TMP+quench precondition). Thus, it is interpreted that the 10V45 hot 

roll+quench precondition contained a larger amount of supersaturated V available for 

precipitation during rapid induction processing. 

The evolution of microalloy precipitate size and volume fraction during induction 

hardening simulation in the hot rolled, air cooled, reaustenitized, and quenched precondition was 

evaluated. Figure 5.32 presents the precipitate size and volume data for pre- and post-induction 

conditions of 1045 Al and 10V45 steels. For both alloys, induction hardening is seen to increase 

the precipitate volume fraction while reducing average precipitate size, suggesting a degree of 

fine precipitation during the induction cycle. These trends were also observed in Figure 5.28(b), 

where the pre-induction volume fraction of precipitates was noted to be small. The relatively low 

volume fractions of precipitates observed in the reaustenitized and quenched preconditions in 
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Figure 5.32 are expected to leave supersaturated Al and V in the matrix martensite available for 

subsequent precipitation upon reheating. 

 

  

(a) (b) 

Figure 5.30 AlN and V(C,N) precipitate size and volume fraction results analyzed from 

synchrotron SAXS for (a) 1045 Al and (b) 10V45 steels in the simulated hot 

rolled and quenched condition both before and after 2 mm induction hardening 

simulation. 

 

  

(a) (b) 

Figure 5.31 AlN and V(C,N) precipitate size and volume fraction results analyzed from 

synchrotron SAXS for (a) 1045 Al and (b) 10V45 steels in the simulated TMP 

rolled and quenched condition both before and after 2 mm induction hardening 

simulation. 
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(a) (b) 

Figure 5.32 AlN and V(C,N) precipitate size and volume fraction results analyzed from 

synchrotron SAXS for (a) 1045 Al and (b) 10V45 steels in the hot rolled, air 

cooled, reaustenitized, and quenched condition both before and after 2 mm 

induction hardening simulation. 

 

 The evolution of precipitate distributions occurring during a second induction hardening 

step was also evaluated, and results are presented in Figure 5.33. When compared with single-

induction, a second induction hardening cycle resulted in increased precipitation in the 1045 Al 

alloy. The second induction hardening cycle also resulted in a mean precipitate size decrease to 

~10 nm (compared to ~25 nm after a single induction cycle). Conversely, the addition of a 

second induction hardening cycle had almost no effect on the precipitate size or volume fraction 

of the 10V45 steel, as seen in Figure 5.33(b).  
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(a) (b) 

Figure 5.33 AlN and V(C,N) precipitate size and volume fraction results analyzed from 

synchrotron SAXS for (a) 1045 Al and (b) 10V45 steels in the hot rolled, air 

cooled precondition after both single and double induction hardening cycles (each 

simulative of a 2 mm case depth). 
 

5.3.5 Relationship between Precipitate Size and Volume Fraction 

A trend between precipitate size and volume fraction was observed for the specimens 

evaluated in this work. In nearly every case, increases in precipitate volume fraction were 

correlated with a decrease in precipitate size. Similarly, decreases in precipitate volume fraction 

saw corresponding increases in precipitate size. A schematic description of the principles 

(thermodynamics and kinetics) governing precipitate formation and growth is given in 

Figure 5.34. The tendency for observed precipitate sizes to decrease as volume fraction increases 

would be consistent with differences in precipitation temperature. At higher temperatures, a 

relatively low volume fraction of precipitates is expected (at equilibrium). High mobility of 

atoms at elevated temperature also allows for coarsening of these precipitates formed at high 

temperatures. Conversely, when precipitation occurs at lower temperatures, a larger 

thermodynamic driving force for precipitation can result in a larger volume fraction of 
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precipitates. The relatively low mobility of atoms results in smaller average sizes for precipitates 

formed at lower temperatures.  

 

 

Figure 5.34 Schematic representation of expected microalloy precipitate size and volume 

fraction for precipitation at differing temperatures. 

 

5.3.6 Precipitate Pinning of Austenite Grain Boundaries 

Pinning of austenite grain boundaries at elevated temperatures by nano-scale precipitates 

has been quantitatively examined. Originally proposed by Zener, a model for the prediction of 

the stable matrix grain size (Dcrit) in the presence of second phase particles has been applied to a 

wide range of metallurgical systems with success [115]–[130]. The general form of the Zener 

pinning model is given in Eq. 5.1. 

 

                                                               (5.1) 

Where: 

Dcrit = critical grain size of matrix (austenite) in the presence of second phase precipitation 

A = constant coefficient term 

B = exponential dependence of precipitate fraction (dependent on distribution of precipitates) 

  B = 1.0 for randomly distributed precipitates 

  B = 0.5 for precipitates distributed along grain boundaries 
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 The Zener pinning model was applied to the experimental data using mean precipitate 

size and volume fraction data collected through SAXS, and prior austenite grain sizes measured 

by picric acid etching for the Dcrit parameter. The first conditions examined were three conditions 

held isothermally at 1200 °C (reheat furnace simulation), 1000 °C (hot roll simulation), and 

800 °C (TMP rolling simulation). In order to preserve the state of precipitation in austenite, all 

samples were quenched from the hold temperatures to room temperature. The constant “B” in the 

exponent (of the precipitate volume fraction term) of the Zener model has been shown to vary 

between 0.5 and 1.0 depending on the distribution of precipitates within the microstructure [119], 

[121], [122], [125], [126], [128]–[131]. Values of 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 were thus 

considered in the analysis of the experimental data. Although the general trends were apparent 

regardless of the selected value of B, the best fit came about using a value of B = 0.5, which is 

used to present results in the following paragraphs.  

The Zener model predicts a linear relationship between matrix grain size and the Zener 

parameter (   ⁄ ). When plotted, the experimental data for the 10V45 steel show a strong linear 

correlation for samples quenched from 1200, 1000, and 800 °C as seen in Figure 5.35(a). The 

linear fit of this data results in R
2
=0.9999 and spans a range of ~275-19,000 values of Zener 

parameter and 20-115 µm in prior austenite grain size. The trend for induction hardened 

conditions was next examined in relation to the Zener model. As seen in Figure 5.35(b), the best 

linear fit has R
2
=0.020, indicating poor linear correlation between the prior austenite grain size 

and precipitate characteristics following induction hardening. When combined, the data from 

Figure 5.35(a) and (b) show a large deviation between the isothermally-held specimens and 

induction hardened conditions. In the context of the Zener pinning model, the conditions held at 

1200, 1000, and 800 °C display austenite grain sizes and precipitate distributions in agreement 



127 

 

with pinning-limited austenite grain coarsening. The range in Zener parameter values from ~500-

9,000 for the 10V45 specimens following 2 mm case depth induction hardening was 

accomplished through various preconditioning steps. Six preconditioning treatments were 

investigated for each alloy: HR+air cool+2 mm induction, HR+quench+2 mm induction, HR+air 

cool+2x 2 mm induction, HR+air cool+reaustenitized+quench+2 mm induction, HR+air 

cool+reaustenitized+quench+176 °C temper+2 mm induction, and HR+air 

cool+normalize+2 mm induction. The variations in precipitate size and fraction, however, did 

not result in large changes in austenite grain size following induction hardening. These data 

suggest that pinning by microalloy precipitation is not the dominant factor controlling austenite 

grain size during the rapid reaustenitization process studied. 

Analysis of prior austenite grain size and precipitate distribution results was also carried 

out for the 1045 Al alloy for isothermally-held and induction hardened conditions. The data 

indicate the same trends presented for the 10V45 alloy, with the results from induction hardened 

conditions uncorrelated with measured precipitate size and fraction. Figure 5.36 presents the 

PAGS and SAXS results for the 1045 Al steel in the context of the Zener pinning model. For all 

six preconditions in both the 1045 Al and 10V45 steel alloys, induction hardening resulted in 

austenite grain sizes below the grain size predicted from isothermal data. This trend suggests 

that, given sufficient time and a static precipitate distribution, austenite grains would have 

continued to coarsen to the extent of the isothermally-held conditions at which point grain 

boundary pinning by microalloy precipitates could play a larger role in the refinement of post-

induction microstructures. 
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(a) (b) 

 

(c) 

Figure 5.35 Zener pinning model applied to (a) isothermal, (b) induction hardened, and (c) 

combined data for the 10V45 steel based on precipitate size and volume fraction 

results analyzed from SAXS and prior austenite grain sizes measured by picric 

acid etching. Zener parameter defined as (     ⁄ ). 

 

 While pre-induction ferrite grain sizes (for ferrite-pearlite preconditions) and prior 

austenite grain sizes (for martensite preconditions) showed strong correlation with post-induction 
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PAGS, such correlation has not been observed between post-induction PAGS and precipitate 

size/volume fraction. These trends suggest a stronger influence of micro-scale features (perhaps 

as nucleation sites for austenite during reheating) than nano-scale precipitate distributions on 

austenite formation and growth during induction hardening. In this context, the primary benefits 

of microalloying additions and thermomechanical processing (for achieving refined post-

induction PAGS) appear to arise from the refinement of microstructures during rolling and 

secondary heat treatments prior to induction hardening. 

5.4 Mechanical Testing 

One objective of the current study was to investigate the mechanical behavior of 

induction hardened medium carbon steels preconditioned to attain refined PAGS. Accordingly, 

three-point notched bend testing was carried out to analyze the mechanical response of 

martensitic microstructures with varying prior austenite grain sizes. Figure 5.37 presents the peak 

load data for the 1045 (composition given in Appendix D) and 10V45 Nb alloys after hot rolling, 

air cooling, and induction hardening simulations of 2 mm and 6 mm case depths as a function of 

prior austenite grain size. These conditions were selected to give a wide range of post-induction 

PAGS (from <10 µm to >60 µm). As seen in Figure 5.37, refined PAGS resulted in increasing 

maximum loads at failure, thus demonstrating a benefit of microstructural refinements in 

delaying fracture of notched martensitic specimens to higher loads. 
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(a) (b) 

 

(c) 

Figure 5.36 Zener pinning model applied to (a) isothermal, (b) induction hardened, and (c) 

combined data for the 1045 Al steel based on precipitate size and volume fraction 

data collected through SAXS and prior austenite grain sizes measured by picric 

acid etching. Zener parameter defined as (     ⁄ ). 
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Figure 5.37 Peak load at failure for notched 3-point bend tests of martensitic steel conditions 

as a function of prior austenite grain size for 1045 and 10V45 Nb steels following 

2 mm and 6 mm induction hardening simulation. 

 

Following mechanical testing to failure, scanning electron microscopy was utilized for 

fractographic analysis. Representative secondary electron images are presented for each steel 

alloy (1045 and 10V45 Nb) and induction hardening simulation (2 mm and 6 mm case depths) in 

Figure 5.38. In each case, a mixture of intergranular fracture and ductile rupture was observed. 

For the most highly refined condition (10V45 Nb, 2 mm induction), however, ductile fracture by 

microvoid coalescence (MVC) appears more prevalent. In the cases of coarser austenite 

conditions (6 mm induction), large intergranular facets are observed, with modest degrees of 

MVC decorating the intergranular regions. These results agree with work by Hayashi et al. who 

assert that refinement of austenite is an effective mechanism for avoiding intergranular fracture 

for quenched steels [6]. 
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 1045 10V45 Nb 

2 mm Case 

Depth 

  

 (a) (b) 

6 mm Case 

Depth 

  

 (c) (d) 

Figure 5.38 Secondary electron images of fracture surfaces for martensitic 1045 and 

10V45 Nb steels after simulated induction hardening and 3-point bend testing to 

failure. All images taken at the same magnification for comparison. 

 

Higher magnification secondary electron images are presented in Figure 5.39 for 

comparison of finer fracture features present for the martensitic conditions with varying PAGS. 

The finest PAGS condition (10V45 Nb, 2 mm case depth) is dominated by ductile dimples, while 

the coarsest PAGS condition (1045, 6 mm case depth) displays a larger degree of flat 

intergranular regions. For the two conditions with intermediate PAGS, intergranular fracture and 

MVC are observed in proportions between those observed for the two extreme PAGS conditions. 
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 1045 10V45 Nb 

2 mm Case 

Depth 

  

 (a) (b) 

6 mm Case 

Depth 

  

 (c) (d) 

Figure 5.39 Secondary electron images of fracture surfaces for martensitic 1045 and 

10V45 Nb steels after simulated induction hardening and 3-point bend testing to 

failure. All images taken at the same magnification for comparison. 

 

 The effects of prior austenite grain size on mechanical performance of simulated 

induction and furnace hardened steels have also been investigated in other research. A recent 

study by Cryderman utilized the same processing method (Gleeble® 3500), specimen geometry 

(modified Chapry V-notch), and mechanical testing setup (in 3-point bending) to assess PAGS 

effects in rapidly austenitized and water quenched 0.56 wt pct C steels. The mechanical testing 

data from the present study have been plotted together with the results reported by Cryderman in 

Figure 5.40. The data from Cryderman (solid circles) included a wider range of PAGS and 
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appear to show a piecewise functionality between peak load and log(PAGS). All specimens 

observed by Cryderman to fail by intergranular fracture (specimens with PAGS > 40 µm) appear 

to follow a linear trend, with those failing in a transgranular manner displaying markedly higher 

peak loads. Relative to data presented by Cryderman, the current results display similar trends 

but increased peak loads at fracture for each prior austenite grain size examined. The difference 

in peak loads at an equivalent prior austenite grain size is likely due to the higher hardness for 

the 0.56 wt pct C steels, compared to the 0.45 wt pct C steels in this study. The tendency for 

improved mechanical response of martensitic steels with finer prior austenite grain sizes provides 

impetus to implement the various means examined in this study, such as microalloying, 

controlled thermomechanical processing, pre-induction heat treatment, and induction hardening 

for refinement of PAGS and improved mechanical properties. 

 

 

Figure 5.40 Peak compressive load at failure for 3-point bend tests as a function of prior 

austenite grain size for 1045 and 10V45 Nb steels following 2 mm and 6 mm 

induction hardening simulation. Data from current study shown as X’s, with data 
from a similar study by Cryderman [132] on 0.56C steels superimposed in solid 

circles.  

 

  



135 

 

CHAPTER 6 

CONCLUSIONS 

The results of this study have provided insight into the evolution of austenite during various 

thermal and thermomechanical treatments, the nano-scale microalloy precipitation behaviors that 

influence austenite evolution, and the resulting mechanical performance of steels processed 

through various means. A summary of the key conclusions is presented below: 

1. Microalloy additions of V and Nb, along with low temperature thermomechanical 

processing, can provide austenite grain refinement in 1045 steels. For 1045 Al in the hot 

rolled condition, direct quenching and etching reveals prior austenite grain size > 40 µm. 

With V and Nb additions and TMP implemented, prior austenite grain sizes < 20 µm 

were achieved in the as-rolled state. 

2. Refined austenite achieved through alloying additions and low temperature rolling result 

in larger fractions of ferrite with smaller average grain sizes when direct-cooled after 

rolling. Subsequent normalizing heat treatment results in further refinement in ferrite 

grain size. 

3. Simulated bar rolling via hot torsion deformation produced gradients in strain, 

recrystallization, and shear strain accumulation. A new method for analyzing strain 

accumulation and recrystallization events by local microstructural analysis (for features 

in the “tangential cross-section”) was developed, which allows for better characterization 

of specimens with strain gradients. Based on the developed methodology, additions of V 

and Nb were shown to reduce the extent of austenite recrystallization during 

thermomechanical processing by hot torsion, simulating multipass industrial bar rolling. 
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4. Induction hardening to achieve a 2 mm case depth results in further refinement in PAGS, 

relative to as-rolled structures. Air cooling after rolling was observed to be a more 

effective preconditioning step than direct quenching to achieve refined induction 

hardened PAGS in the steels studied. 

5. Refined pre-induction structures usually produce finer PAGS following 2 mm induction 

hardening. For slow cooled conditions, pre-induction ferrite grain sizes correlated 

positively with induction hardened PAGS. For quenched preconditions, pre- and post-

induction prior austenite grain sizes showed positive correlation. 

6. Pre-induction heat treatments (such as normalizing, reaustenitizing + quenching, and 

tempering) are sometimes capable of producing refinement in PAGS following induction 

hardening. The refining effects of each treatment examined were most substantial for the 

steel microalloyed with both V and Nb. 

7. The increased temperature and processing time associated with deeper case depth 

induction hardening resulted in larger PAGS, relative to shallow case depth induction 

hardening. Whereas 2 mm case depth induction hardening resulted in PAGS <10 µm for 

some conditions, all 6 mm case depth induction hardening PAGS were >20 µm. 

8. For the 1045 Al and 10V45 steels, normalizing heat treatment resulted in increased 

volume fractions of very fine precipitates (<10 nm), relative to the hot rolled condition 

(based on SAXS analysis). 

9. 2 mm case depth induction hardening of 1045 Al and 10V45 steel alloys promotes 

dissolution of the finest microalloy precipitates, thus decreasing volume fractions and 

increasing average precipitate sizes. Exceptions to this trend were observed when pre-
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induction volume fractions of precipitates were very small, for which microalloy 

precipitation during the induction hardening simulation was observed. 

10. Particle pinning of austenite grain boundaries is confirmed as a controlling mechanism 

limiting the extent of grain growth at long holding times at elevated temperatures (800, 

1000, and 1200 °C), with experimental data exhibiting agreement with the linear trends 

predicted by the Zener pinning model. For rapidly austenitized and quenched conditions 

(2 mm induction hardening), empirical data exhibit substantially lower austenite grain 

sizes than predicted by the Zener model, thus suggesting that microalloy precipitate 

pinning is not the dominant factor controlling austenite grain growth during induction 

hardening. Rather, post-induction PAGS tends to correlate more strongly with observed 

precondition microstructural features such as pre-induction PAGS and ferrite grain size. 

11. Increased fracture resistance was demonstrated for martensitic 1045 steels with fine 

PAGS. When PAGS was decreased from ~70 µm to 10 µm, the peak load at fracture (in 

3-point bending) was approximately doubled. This trend toward improved mechanical 

behavior with decreasing PAGS for martensitic steels provides impetus for achieving 

refined PAGS through combinations of thermomechanical processing, microalloying, and 

heat treatment. 
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CHAPTER 7 

FUTURE WORK 

  The results of this study indicate a close correlation between pre-induction 

microstructural feature size (ferrite grain size for ferrite-pearlite starting conditions; prior 

austenite grain size for martensitic starting conditions) and post-induction PAGS. However, a 

strong correlation was not identified between post-induction PAGS and nano-scale precipitate 

distributions. The following are recommended as possible routes for gaining further insight into 

the role of microalloying elements during rapid austenitization, such as induction hardening: 

1. Further characterization of nano-scale precipitate distributions after themal and 

thermomechanical processing routes. Characterization for the present work focused on 

thin foil TEM, EDS and SAXS. Further characterization by carbon extraction replicas, 

electrolytic dissolution, atom probe tomography, and/or small-angle neutron scattering 

could provide additional information concerning the stoichiometry, volume fraction, and 

size distributions of nano-scale precipitates following relevant processing schedules. 

2. Additional SAXS testing could also provide valuable insight. One topic of particular 

interest may include precipitate distributions following 6 mm case depth induction 

hardening (as this study investigated precipitate distributions before and after 2 mm case 

depth induction hardening simulation). Design of an in-situ method for SAXS 

characterization during rapid heating cycles could also provide a deeper understanding of 

the real-time evolution of nano-scale precipitates. Such an experiment could utilize an 

induction coil to accomplish heating rates of interest. Additionally, it is recommended 

that future SAXS experimentation include multiple specimens prepared in identical 

conditions for analysis of uncertainty. 
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3. The current study revealed finer post-induction PAGS for steels in rolled + air cooled 

preconditions, relative to those in rolled + direct quenched preconditions. This 

observation was attributed to changes in the number density of preferential sites for 

austenite nucleation during heating. Additional characterization of austenite nucleation 

and growth behavior during the rapid heating involved in induction hardening may 

provide valuable insight. One method could include dilatometry under high heating rates. 

Quenching of specimens at various points throughout an induction cycle could allow for 

analysis of the locations within the various precondition microstructures where austenite 

forms during rapid heating.  

4. Alternative alloy compositions may also be explored in the context of rapid processing. 

For instance, a 1045 steel microalloyed with only Nb (rather than both Nb and V) would 

be valuable for exploring the individual contribution of Nb. The combination of Nb and 

V within a single alloy precluded SAXS measurements of precipitate size distributions in 

the current study. Additionally, variations in N content may be of interest for future 

investigation. In the case of the Al-bearing steel, changes in the N content would directly 

impact the extent of precipitation (since AlN is the primary precipitating species in that 

steel), and could allow for a more direct comparison of the effects of Al in solution vs Al 

present as fine AlN precipitates. A 1045 steel with no grain refining elements (Al, Ti, V, 

Nb) could also be processed in similar conditions as alloys with added microalloying 

elements to provide baseline comparisons on the effects of Al, V, and Nb. 
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APPENDIX A 

GLEEBLE® 3500 PROGRAMS 

 

This section contains information on experiments run using the Gleeble® 3500. Such 

experimentation included hot torsion programs simulating bar rolling procedures, (both hot 

rolling, and TMP rolling) and subsequent induction hardening simulations (to simulate case 

depths of 2 mm and 6 mm). Screen captures of each of the programs used for Gleeble 

simulations of bar rolling are included in Figure A.1 and Figure A.2, below. 
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Figure A.1 Screen captures of Quicksim2 program used to run Gleeble simulation of a bar 

hot rolling process via multistep hot torsion deformation with subsequent air 

cooling.  
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Figure A.1 Continued  
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Figure A.2 Screen captures of Quicksim2 program used to run Gleeble simulation of a bar 

TMP rolling process via multistep hot torsion deformation with subsequent air 

cooling.  

 



155 

 

 

Figure A.2 Continued  

 

All induction hardening simulations were run using the standard pocket jaw setup in a 

Gleeble 3500. The maximum transformer setting was used to accomplished the desired heating 

rates, and a combination of forced air and water quenching was utilized in order to accomplish 

the appropriate cooling profiles. Induction hardening simulations were carried out using multiple 

specimen geometries (including Gleeble torsion specimens, 6 mm cylindrical specimens, and 

11 x 11 x 90 mm specimens) in order to prepare specimens for various analyses with minimal 

machining costs. Figure A.3 and Figure A.4 give screen capture images for the Quicksim2 

programs used to conduct Gleeble simulations of 2 mm and 6 mm case depth induction 

hardening using the torsion specimen geometry presented in Figure 3.4. In order to accomplish 

the desired cooling profiles, the ‘Quench 2’ cylinder was filled with tap water between each 

simulation, and the pressure of compressed air was varied using both line pressure and needle 

valve settings on the quench box. After each induction hardening simulation, the quench box and 
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quench lines were purged with compressed air in order to ensure optimal quench rates for 

subsequent simulations. Specimens were run with hydraulics turned off. In order to prevent 

fracture of specimens from thermal expansion/contraction during testing, a compressive preload 

force of approximately 700 N (~150 lbs) was applied (using a combination of hand-tightening of 

backing plates and the pneumatic ‘air ram’ feature). 
 

 

Figure A.3 Screen captures of Quicksim2 program used to run Gleeble simulations of 2 mm 

case depth induction hardening using torsion specimen geometry. Quench 1 

consisted of a compressed air quench, and Quench 2 was a forced water quench. 
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Figure A.4 Screen captures of Quicksim2 program used to run Gleeble simulations of 6 mm 

case depth induction hardening using torsion specimen geometry. Quench 1 

consisted of a compressed air quench, and Quench 2 was a forced water quench. 



158 

 

 

 

Figure A.4 Continued 

 

Figure A.5 gives the Quicksim2 program used for Gleeble simulation of 2 mm case depth 

induction hardening using a 6 mm diameter cylindrical specimen. This geometry was used for 

conditions which did not require torsion simulation for preconditioning (i.e. conditions which 

were not direct-quenched after rolling, since only torsion simulation was able to produce direct-

quenched conditions). 
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Figure A.5 Screen captures of Quicksim2 program used to run Gleeble simulations of 2 mm 

case depth induction hardening using 6 mm cylindrical specimen geometry. 

Quench 1 consisted of a compressed air quench, and Quench 2 was a forced water 

quench. 

 

The Quicksim2 program files used to run Gleeble simulations of 2 mm and 6 mm case 

depth induction hardening simulation using the 11 x 11 x 90 mm specimen geometry are 

presented in Figure A.6 and Figure A.7, respectively. This geometry was used to prepare 

specimens for 3-point bend testing. 
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Figure A.6 Screen captures of Quicksim2 program used to run Gleeble simulations of 2 mm 

case depth induction hardening using 11 x 11 x 90 mm specimen geometry. 

Quench 1 consisted of a compressed air quench, and Quench 2 was a forced water 

quench. 
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Figure A.7 Screen captures of Quicksim2 program used to run Gleeble simulations of 6 mm 

case depth induction hardening using 11 x 11 x 90 mm specimen geometry. 

Quench 1 consisted of a compressed air quench, and Quench 2 was a forced water 

quench. 
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Figure A.7 Continued 
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APPENDIX B 

METHODS FOR INTERPRETING SAXS DATA 

 

This section details the process of converting SAXS data obtained through collaboration 

with Argonne National Laboratory into precipitate size and volume fraction information. As 

discussed in Section 5.3.1, the process of interpreting SAXS results was developed through 

discussions with staff scientists at Argonne. In particular, Dr. Jon Almer and Dr. Jan Ilavsky are 

recognized for their expertise and aid in interpreting information on precipitate size distributions.  

A Pixirad detector was used for all SAXS analysis. A glassy carbon specimen was used 

to calibrate intensity, and a gold (on silicon) line standard was used for calibration of position. 

The energy of the source was 71.676 keV, and wavelength was 0.17297 Angstroms. Guard slits 

were set up at dimensions of 0.2 mm x 0.2 mm. For each specimen, 3 points were sampled. The 

spacing between sampling points was 0.1° in the eta (circumferential) direction, and the time 

frames were between 0.3 and 2 seconds. The dimensions of the specimen wheel, along with a 

photograph of a loaded wheel are presented in Figure B.1 and Figure B.2, respectively. 

 

 

Figure B.1 Technical drawing of 3D printed specimen wheel used by Argonne National 

Laboratory’s Advanced Photon Source for synchrotron X-ray SAXS. 
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Figure B.2 Photograph of a sample wheel loaded with steel specimens as well as calibration 

standards in preparation for SAXS analysis at Argonne National Laboratory. 

 

Once sample wheels were loaded with steel specimens, they were shipped to the 

Advanded Photon Source at ANL for SAXS analysis. A photograph of the experimental setup is 

presented in Figure B.3. 
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Figure B.3 Photograph showing the SAXS setup with orientations of source, samples, and 

detectors. 

 

The data collected from SAXS experimentation (intensity vs q) were summed for each of 

the detectors and 3 spots sampled to give total values for each specimen (with the total volume 

sampled for each specimen). The summed totals of intensity and q were then normalized by the 

thicknesses of each specimen (measured using a digital micrometer prior to SAXS analysis). A 

specimen thickness of 1 mm was assumed for initial data calibrations, thus intensity values were 

divided by the measured specimen thickness (in mm) prior to further analysis of second phase 

volume fraction. 

After the aforementioned procedures were completed, Igor Pro (version 6.37.2) was 

utilized for analysis of SAXS data using an Irena plugin, developed specifically for analysis of 

SAXS data by scientists at Argonne National Laboratory. The specific plugin utilized was “Irena 

SAX macros.” This macro created the user interface shown in Figure B.4. From this interface, 

data files were selected (from a folder containing all data from ANL). The variables in the 

‘Distribution parameters’ section dictate the range of precipitate sizes to analyze. The 

dimensions for these boxes are in Angstroms. The ‘Fitting parameters’ section allows for 

subtraction of background (0.1 used as a nominal value given from Dr. Jon Almer at ANL). A 
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box for selecting the appropriate contrast value (dependent on the second phases species and 

matrix material) also appears in this section. For SAXS analysis, sqrt errors were used with a 

1.5x multiplying factor (in order to optimize fitting of data with appropriate second phase 

distributions). The ‘Particle model’ section accounts for shape factors of species of interest. 

Based on TEM observations (Section 5.2.1), shapes of carbonitride precipitates were 

approximated as spheroids with an aspect ratio of approximately 2. 

 

 

Figure B.4 Screen capture image of the user interface within ‘Irena SAS macro’ used in Igor 
Pro for SAXS analysis. The parameters and functionality of this software were 

developed by Argonne National Laboratory and provided for interpretation of 

second phase particle size distributions. 

 

Data was next plotted (intensity vs q), as shown by red square symbols in Figure B.5 

(along with associated sqrt error values shown in green). Iterations were then run (using the input 
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parameters described above) with a “Maximum Entropy” method until a fit was reached which 

satisfied the software’s constraints in matching experimental data. Volume fractions of second 

phase particles (shown as a superimposed histogram, with axes on the top and right sides of 

Figure B.5) were then calculated for each size in the specified range. The volume of ‘scatterers’ 

(the Irena software’s terminology for second phase particles), mean diameter, and median 

diameter were then recorded for further analysis (presented in Section 5.3). 

 

 

Figure B.5 Intensity vs q SAXS data plotted for a 10V45 Nb specimen in the hot rolled + air 

cool + reaustenitize + quench + 176 °C tempered condition. Modeled fit (from 31 

iterations of a maximum entropy method) shown in blue. Precipitate size 

distribution is superimposed as a histograms (with axes along the top and right 

side) across the range of 1-100 nm. 
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APPENDIX C 

ENERGY DISPERSIVE X-RAY SPECTROSCOPY MAPPING 

 

This section provides additional data collected from EDS scans on an FEI Talos TEM. 

Specimens were prepared by the thinning procedure outlined in Section 3.7.1. Specimens include 

10V45 Nb steel in the HR + air cool, and TMP + air cool conditions. EDS maps showing the 

distribution of Al, V, Nb, Fe, C, N, O, B, Mo, and S in the vicinity of second phase particles 

within proeutectoid ferrite grains are presented in Figure C.1-C.4. 

 

 

Figure C.1 Energy dispersive X-ray spectroscopy scan in the vicinity of second phase 

particles within a proeutectoid ferrite grain of a 10V45 Nb specimen in the TMP 

+ air cool condition.  
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Figure C.2 Energy dispersive X-ray spectroscopy scan in the vicinity of second phase 

particles within a proeutectoid ferrite grain of a 10V45 Nb specimen in the TMP 

+ air cool condition.  
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Figure C.3 Energy dispersive X-ray spectroscopy scan in the vicinity of second phase 

particles within a proeutectoid ferrite grain of a 10V45 Nb specimen in the hot 

roll + air cool condition. 
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Figure C.4 Energy dispersive X-ray spectroscopy scan in the vicinity of second phase 

particles within a proeutectoid ferrite grain of a 10V45 Nb specimen in the hot 

roll + air cool condition. 

 

The EDS maps presented in Figures C.1-C.4 revealed mixed solubility between 

V,Nb(C,N) in most cases. It was also noted that sulfur tended to appear more concentrated in all 

instances where Nb enrichment were observed. The reason for S enrichment in regions of Nb 

enrichment is unclear (possibly a precipitation effect, sample preparation effect, or artifact of the 

EDS collection technique). Changes in the relative enrichments of V and Nb are also apparent, 

with some precipitates displaying greater V enrichment (such as Figure C.1), some precipitates 

displaying greater Nb enrichment (Figure C.4), and others displaying intermediate ratios of V 

and Nb (Figures C.2 and C.3). In one case, enrichment of B was also observed in the mixed 

V,Nb(C,N) precipitates (Figure C.3). 
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APPENDIX D 

CHEMICAL COMPOSITION OF NON-MODIFIED 1045 STEEL 

The chemical composition of the non-modified 1045 steel alloy utilized in the mechanical 

testing portion of this study is presented in Table D.1, below. This steel contained no intentional 

grain refining additions of Al, V, Nb, or Ti. 

 

 

Table D.1 - Chemical Composition of Non-Modified 1045 Steel 

wt pct C Mn Si Ni Cr Mo Ti 

1045 0.46 0.85 0.19 0.07 0.09 0.023 0.001 

 

wt pct Nb V Al N S P Cu 

1045 0.003 0.002 0.002 0.0068 0.027 0.010 0.20 
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